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In tro duction

Quantum ChromoDynamics(QCD) is the theory of the strong interaction. It is modelled
in analogyto Quantum Electro Dynamics(QED), andis formulated in terms of elemenary
elds of quarks and gluons. The crosssection for quark pair production in hadronic
collisionscan be expressedsa perturbation seriesin the QCD running coupling constart

s. For small quark masseghis seriesdoesnot corvergesu cien tly fast, but for heavy
quarks, like the charm, bottom and top, it doesso that the predictions of perturbative
QCD canbe confrorted with the experimenrtal results. This implies that measuremets of
su cien t precisionare neededin order to verify the predictions of the theory, to improve
the theory, or to identify aspectswhich are not coveredby it.

The production of bb is particular relevant in seeral respects. For instance in the
corntext of heavy-ion physicsat LHC or RICH energiesbottom production may become
a relevant sourceof J= mesons. Since one of the signaturesof Quark Gluon Plasma
(QGP) formation is the J= production suppression,a preciseunderstanding of the bb
production is neededto evaluate the cortamination from b! J= ewens. In the cortext
of CP violation studies at LHC, but also in other studies where bb events becomea
sourceof badkground like top quark production, a better understandingof bb production
will improve the trigger designand strategies.

By itself, bb production provides a road to improve our knowledgeon the calculation
of perturbative processesn QCD. At presen there are completecalculationsup to next-
to-leading-order(NLO) in the expansionof 5. Howewer, thesecalculationsfail to give an
accuratevalue on the bb production crosssectionat energiesnear threshold, sincehigher
order terms represen large cortributions to the crosssection. This makesbb production
at threshold energiesa suitable test casefor new developmerts and for theoretical tools
which aim at including higher order terms in the perturbative expansion,thus increasing
our knowledgebeyond NLO.

In the past bb production on xed target has beenmeasuredthree times. Howe\er,
theseresults are not all compatible, and in addition, they su er from limited statistics.
In the year 2000HERA- B performeda rst bb crosssection measuremet This was
donewith a detector which was only partially commissionedand the results were based
on a statistically very small sample. In late 2002 and early 2003, HERA- B took its
last data, this time with much more statistics, sud that the accuracywas considerably
increasedover the previousmeasuremen In this thesiswe report on the analysisof the
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new measuremen of the bb crosssectionbasedon this 2002-2003ata sample.
Outline

We rst descrike the theoretical framework of perturbative QCD for the production of
heary quarks. We concertrate on describingthe renormalisation procedure neededand
the techniquesto include high order terms (beyond NLO) in the perturbative expansion.
In Chapter 2 we descrike the HERA- B detectorand the setupfor the data taking period
of 2002-2003.In Chapter 3 we descrike the data taking conditions and data samplesused
in this thesistogether with the simulations neededfor the determination of detector and
trigger e ciencies. Chapter 4 presens a more detailed description of the First Level
Trigger systemtogetherwith a study of its performanceduring the 2002-2003Jata taking
period. In Chapter 5 we descrite the determination of the bb crosssectionthrough the
inclusive B! J= + X deca in the J= muon channel. The last chapter describesthe
seard for exclusiwe fully reconstructeddecasin theB*! J= K* andB°! J= K*
decg channels.



Chapter 1
Heavy a vour pro duction

In this chapter we descrike the theoretical predictions for the bb crosssection high-
lighting the main ideasbehind the presen calculations. First we introduce the dy-
namic quartities neededto describe the production process. Then we presert the
renormalisationand regularisationformalismsneededto give perturbative QCD pre-
dictive power, and highlight the problemsfor the calculation near threshold where
large logarithms prevert fast convergenceof the perturbative expansion. The spe-
ci ¢ approadesto overcomethis problem are described in the cortext of the bb cross
sectionat HERA- B energies.Finally, we alsogive an overview of charmonium pro-
duction models, sinceJ= production is crucial to our measuremet of the bb cross
section,and we commert on nuclear e ects in quarkonium production.

1.1 Parton model

At HERA- B protons of 920GeV collide with xed target materials. At theseenergies,
hard interactions occur betweenthe constituert partons (quarks and gluons)of the nucle-
ons (proton and neutrons). Figure 1.1 shows the processscdematically for two colliding
nucleonsof four momerta P, and P,. The interacting partons carry fractions x; and X,
of the respective total nucleonfour momerta. Typically, the following variablesare used
to descrile the process:

S= (P + Pp)% (1.1)

P1 = X1P1 5 P2 = XoP2; (1.2)

s= (pr+ p2)% (1.3)

Xp = P X1 Xp: (1.4)
pz;max

Xg, introducedin 1.4, is called the \F eynman-xvariable".
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Figure 1.1: Schematicview of two colliding nucleonsof momena P, and P,. The partons
inside the nucleonsare described by parton distribution functions f;. In this processthe
hard interaction ( j ) which producesthe qq pair, occurs betweentwo partons carrying
fractional four momerta x; and X».

In the parton model oneassumeghat the partons (quarks and gluons) are distributed
accordingto the \parton distribution functions" (PDF). ThesePDFs (f (x)) describe the
probability to nd acertain parton with a momertum fraction x of the nucleon. Naturally,
they have to satisfy sumrules, like the momertum sum rule which statesthat the sum of
all parton momena must equalthe total nucleonmomertum:

Z, x
dx xfi(x)=1; (1.5)
0 i
wherethe sumis taken over all quark avours and gluons. In the caseof the proton with

quark composition uud the chargesum rules are:

Z,
dX(fu(X) fu(x)) =2 (1-6)
1
dx(fa(x) fgp) =1 (1.7)
z,°
dx(fs(x) fs) =0 ; (1.8)
0

and similar for the neutron. Basedon the distribution functions which descrike the initial
state dynamics, we can expressthe total quark production crosssectionin an hadronic

collision as x Z

hh! qq = dxidxof i (x)fj (X2) i (1.9)
i 0
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wherethe j represen the partonic crosssections.Eq. 1.9is basedon the QCD factoriza-
tion theorem([1, 2], which statesthat hard parton scatteringcanbeto good approximation
factorised from the initial state process. The hard scattering crosssection can be com-
puted within the framework of perturbative Quantum ChromoDynamics(pQCD) aslong
as the energiesinvolved are large i.e. larger than the QCD scale, ocp, Which will be
discussedoelow.

1.2 Perturbativ e QCD

At short distances{ or equivalertly at high energied it is possibleto computethe cross
section sincethe coupling constart ¢ is small and the leading term of an expansionin

s will give a good appraximation of the exactresult. Sdhematically, the expansionfor a
gqg or gg interaction can be expresseds:

= 2o+ ¢ 1t Z2,+) (1.10)

One refers to calculations up to ( as leading-order (LO) or Born level calculations.
Calculationsup to ; arereferredto asnext-to-leading-order(NLO), up to , asnext-to-
next-to-leading-order(NNLO), and soon.

The crosssectionis then calculatedusingthe Feynmanruleswhich are appliedfollowing
the Feynmandiagrams. Figure 1.2 shonvsall LO diagramswith a qq pair in the nal state.

q q
q q
(@) (b)
q
q
q
q
(© (d)

Figure 1.2: Leading order Feynmandiagramsfor qq production. Both quark-artiquark
annihilation (a) and gluon fusion (b,c,d) cortribute to the production crosssection.

When higher order terms in the perturbative expansionare included, singularities
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arise which must be treated to recover the predictive power of the theory. They can be
summarisedas follows:

Infrared and collinear divergenes The emissionof gluons(Fig.1.3a) by a quark intro-
ducesterms of the form

[EqEg(1 €OS ) ] * (1.11)
into the crosssectionamplitude. Sud terms divergeasthe energyof the gluon vanishes
(Eg! 0) orif the quark and the gluon are collinear (cos 4! 1).

Ultraviolet divergen@s The virtual loops which appear in the propagators have no
constrairnt on the momenium that \runs around”. This leadsto momertum integrals
of the form Z,

dp.

p
which divergelogarithmically for p! 1 (Fig.1.3b).

(1.12)

Figure 1.3showstypical higher order Feynmandiagramsthat cortribute to the mertioned
divergences.

(@) (b)

Figure 1.3: Higher order examplesof QCD Feynman diagrams. a) Initial state gluon
emission.b) Virtual loop diagram.

In the presen work we do not discussthe cortributions of qg interactions, sinceqq in
gg interactions happen at higher ordersin ¢ and thus are suppressedn comparisonto
quark annihilation and gluon fusion [3, 4, 5, 6].

1.3 Renormalisation

We discussnow how the singularities can be removed consisterly.

The ultraviolate divergenes are handled during the calculationsby a technique called
\renormalisation”. This technique is characterisedby two steps. The rst oneis called
regularisation which is a method to isolate the divergences. The secondstep is renor-
malisation, where the couplings, massesand elds are rede ned in such a way that the
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in nities cancelat ead order. In this section we sketch the renormalisation technique
de ned by a\cut o " regularisation, as described in Ref. [7] . In the regularisation,
one applies an upper limit to the momertum integral of the virtual loops. Then one
replacesthe \bare" coupling constarts by an e ective or \renormalised" coupling. When
performing the momertum integral of the virtual loop (Eq. 1.12)with an upper limit M,
terms of the form
M 2
C In(§ (1.13)
appearin ; of Eq. 1.10. Here, C is a constart, Q is the invariant momertum of the
interaction, and M is the upper cuto limit of the integral 1.12. At the end of the
calculation one must take the limit of M | 1 .

In the following step onereplacesthe coupling constart by an e ective one. The idea
behind this technique is that the coupling constart which we naively assumein a certain
vertex interaction (Figure 1.3 a), is in fact the sum of all possibleprocessedike the ones
shown in Figure 1.3 b and c.

Figure 1.4: a) Naive picture of the coupling constart. b) and c) higher order diagrams
cortributing to the \renormalised" coupling.

The rede nition of the coupling constarts introducesnewterms of the form of Eq. 1.13.
The new terms depend, too, on an energyscale (also called renormalisationscale gr),
which in this caseis not constrainedor determined. As it is shavn in Ref. [7], the new
terms cortribute with opposite signsto the onescomingfrom the loops. After combining
them, we obtain
M 2 M 2 2

LAt presen, this is not the most commonly applied technique. Rather,the dimensional regularisation
is usedinstead, where the momentum integrals are performed in a genericdimension\d" and then the
limit \d = 4" is taken [8].

C In(
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Summarising,the in nities in the loopscompensatethe in nities in the coupling. Simi-
lar procedurescanalsobe appliedto the massand to the wavefunctionsof the particles so
asto absorball singularities appearingat all ordersfor any crosssection(seefor example
Ref. [9]).

The renormalisation of the theory leadsto a scaledependert coupling constart (scale
). This dependencecan be derived at rst order as|[7]:

12 _
(33 2n¢) In 2= 2"
wheren; is the number of avoursrunning aroundin a loop correctionto the elemenary

vertex. From this equation we can seethat at large energyscales,the e ective coupling
becomessmall (\asymptotic freedom").

s( 9= (1.15)

This also implies that at energiesmuch larger than the e ective coupling is small
and the perturbative expansionshould corvergereasonablyfast. The value of is not
predicted by theory but must be determined experimertally. We can estimate ¢ for our
caseat HERA- B assumingthe production at threshold energy( 10GeV) and %5 =
498 MeV as determinedin Ref. [10. This resultsin s 0.2, a su cien tly small value
to expect a proper description at the perturbative level.

We now turn to the infrared singularities causedby collinear and soft gluon emissions.
The soft gluon divergencesare found to cancelout whenincluding real and virtual gluon
emissiong[11]. On the other hand, divergencedue to the collinear gluon emissionneed
againa specialtreatment. The main ideato handlethesesingularitiesis to factorisethem
out of the crosssectionand include them in the parton distribution functions. We show
here schematically this procedure,as preserted by P. Nason[12], wherethe crosssection
is expandedas:

Q? .
a= o+ P = 1+ INEHP o "E (116)
wherep is the incoming quark four momenium and is the lower cut-o in the momenium
integral that must be takenaslim ! 0 (represening collinear emission),P is a non-

divergert momertum splitting function, and o(p) and 1(p) represen the leadingand the
next-to-leading componerts, respectively. On the right hand side of Eq. 1.16,the NLO
componert is factorisedin a singular term proportional to the Born level componert and
a nite componert. From now on we keepthe singular terms of order ¢ relative to the
Born term. The main step of the procedureliesin the factorisation of Eq. 1.16as:

_ s 2 (0) s Q? 0) /1) -
a= 1+52In(5)P ) I+ 52 In(=5)P OF (1.17)

R
the symbol  denotesthe convolution of the two elements (f g f()ogt )d).
The factorisation canbe veri ed by expandingthe product of the termsin the parerthesis
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retaining terms up to s and combining 2:

2 2 2
In—<+In= =In—=: (1.18)

The hadronic crosssection, as already shown, is the convolution of the PDFs with the
partonic crosssections (p) = f  4(p). Basedon Eq. 1.17we canrewrite the corvolution
as:

MP=1C) "qp; ); (1.19)
wherenow )
f()=f |+2—Sln(—2)P (1.20)
and
oy — s Q2 0) .
NPy )= I+ > In(=) P (p): (1.21)

Now the factorisation of the divergen logarithms (Eq. 1.17) and the inclusion of the
divergen part into the PDFs (Eg. 1.20) makesof the partonic crosssection(1.21) a nite
qguartity. This procedureholds for any crosssection, using the samesplitting functions
(P). This is the key benet of the factorization and gives a predictive power to QCD
in hadronic collisions. This factorisation leaves a residual new parameter or \scale" ( )
calledthe factorisation scale( ), which appearsboth in the hard crosssectionand in the
distribution functions. The distribution functions are not known analytically; however,
their scaledependencycan be determined and are described by the Dokshitzer-Gribov-
Lipatov-Altarelli-P arisi (DGLAP) equations[14]. Therefore,oncethey are measuredfor
a particular scale{ they are determinedby global ts to experimental data {, they canbe
derived for any other scaleand appliedto any other processbecauseof their universality.

1.4 Scheme dependence and parton distri-
bution functions

There is someambiguity in the way the parton densitiesare de ned (basedon the rst

part of Eg. 1.17). In our exampleit can be seenas a di erent way of performing the
factorisation which may introduce extra constarts in the formulas. For ewvery calculation
the method must be clearly speci ed together with the procedureto compute the cross
section. At presert the most commononeis the \mo di ed-minimal-subtraction” sdieme
MS [15. For the empirical parton distribution functions, there is no common approad
to perform global ts to the data of di erent experimerts. Seral groups provide par-
ton distribution functions which are updated when new data or theoretical calculations

2We show here schematically the treatment of the collinear divergencesup to leading order in pertur-
bation theory only. There is a variety of more complex argumerts for higher order terms, all included in
the factorisation theorem [13] which statesthat Eq. 1.17 holds at all orders.
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becomeavailable. In the results presened in the next sections,parton distributions are
used as deweloped by three di erent groups. They are commonly indicated as CTEQ
(Coordinated Theoretical-Experimertal project on QCD) [16], MRST (Martin, Roberts,
Stirling, Thorne) [17], and GRV (Gluck, Reya and Vogt) [18. A comparisonof the dif-
ferert approadiesand their prediction for HERA data can be found in Ref. [19].

1.5 Heavy quark production at threshold

At presen, seweral full calculationsup to NLO in perturbation theory are available [3,
4,5, 6, 20]. For the perturbative expansionto corvergerapidly, it is necessaryjthat o
is small. Still, in specic kinematic regions, large logarithms in the coe cien ts of the
perturbative expansionspoil its cornvergence.This meansthat a full calculation at NLO
might not yet be good enoughsincelarge correctionscould still be causedat higher orders.
They could appearin di erent obsenables,sud as:

the total crosssection:

{ At very high energy one expectsterms like [ sIn s=m§]n to ariseat all ordersin
perturbation theory. This problem s relevant for bottom production at Tevatron
and LHC energies.

{ At threshold for the production of heavy quarks, terms like [ <In?(1 4m§:s)]2
arise. Sud terms are relevant for top production at the Tevatron or for bottom
production at HERA-B .

di erential distributions:

{ For exampleat high transversemomertum, termslike [ SInz(pT:mq)]n ariseat all
orders.

In the presen work, we are interestedmainly in the problemsthat arisein the calcula-
tion of the total crosssection. At HERA- B , b pairs are producednear threshold, thus
logarithmic terms arising at higher ordersthan NLO cannot be neglectedsincethey have
an important cortribution to the total crosssection. We will briey point to ways how
theselogarithmic terms can be included.

We now rewrite the total crosssectionl1.9including the renormalisation parameterin
the factorisation formula (following the notation of [21], where the location of the large
logarithms becomesexplicit):

Z
X 1
(n;m?) = i dxidx, Fi(xy; 2)F(xz; 2 4 im% s(2); 2 (1.22)
isj
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Here, m is the massof the heary quark, i andj denoteparton indices(i;j = g;q;g), and
the dimensionlessvariables and | are
_ 4m? h

= —>37 = — 1.23
h s '’ X1Xo ( )

wheres is the squareof the certer of massenergy The parton densitiesF;(x;; 2) andthe
partonic crosssections 4 depend on the factorisation scale,which is setto be equalto
the renormalisation scale. Note that they also depend on the factorisation scheme. Here
we usethe \mo di ed-minimal-subtraction" MS sdieme. The partonic crosssection can
be written in terms of dimensionlesdunctions f; (which shouldnot be confusedwith the
PDFs f;(x) of Eq. 1.9):

A “ 2 2y. 2 5(2) . 2y. 2—2 -
i ,m, S( )’ m2 flj ’ S( )’ =m ’ (124)

with
fi 5 s 2); 2=m? =

2 X
(00+4 3 PO+ (PO + 7 1AV =) (1.25)
n=2

wherethe LO termsf{” () aswell asthe NLO cortributions f {7 ( ) are explicitly known.
Multiple-gluon radiation at higher perturbative ordersleadsto strongerlogarithmic cor-

rections and the coe cien t function f{"( ; 2=m?) in Eq. 1.25behavesas:

£ 2=m?) 100 3 (1.26)

with P 1 . Sudtermsdivergeas vanishes( ! 1) in the nearthreshold limit.

This causesproblemsfor the convergenceof the perturbative expansionin this limit.

1.6 Soft gluon resummation

To be ableto recover the predictive power of the calculation in the region near threshold,
di erent techniquesare dewelopedto organisethe large logarithms in a way that they can
be\resummed" at all orders. To understandthe meaningof resummationwe rst rewrite
oncemore the crosssection,now in the following schematic simpli ed form:

=1+ L2+ L+ 1)+ 2L+ L3+ L2+ L+ 1)+ (1.27)

where L is a potertially large logarithm. In this notation, for terms of order 2, the
leading-logarithm order (LL) refersto the L2" componert. The next-to-leading-order



12 1 Heavy avour production

(NLL) includestermsat L2" 1, and soon. The L terms canbe often resummed,i.e. reor-
ganised,into functions whoseexpansionswill reproduce Eqg. 1.27. A typical organisation
could be asfollows:

= 0 explL gui( sL)+ ®( sL)+0O( s( s I—)k)] (1.28)

whereg,., canbe expandedin termsof L. At presen there aretwo estimatesof higher
order logarithmic terms. The rst oneis dueto Kidonakis, Laenen,Moch and Vogt and
includes terms up to NNLO-NNLL [22] and more recerlly up to NNLO-NNNLL [23.
In this approad, the crosssectionis factorisedin a way sud that the dierent large
cortributions are individualised separately Each of theseterms is then resummedand
expandedperturbatively. Finally, the expansionsare convoluted together keepingterms
up to NNLO-NNLL. It is chedkedthat this new expansionmatchesthe exactLO calcula-
tions and alsothosefor NLO. By forcing this last match, someterms which are not known
analytically in the NNLO expansion,canbe deduced. This method is lesssensitive to the
renormalisation scales,as showvn in Figure 1.5, which indicates an improved predictive
power of the calculation. In this calculation two di erent descriptionsof the kinematic of
the nal state are tested; a one particle inclusive (1PI) kinematics and a pair-invariant
mass(PIM) kinematics.

T T T | T T T | T T T T +T T T ]
120 | (a) fnb] in M%‘ A
100 [ =
80 F -
60 [ ~ _ - .
¥ .~ .-3 Figure 1.5: Total bb crosssection
40 [ /// = (in the MS scheme)at xed target
20 C E pp experimerts vs. beam energy
L e e with m,=4.75 GeV, takenfrom [22]
L — s T 1 a: Oneparticle inclusive (1PI) kine-
200 400 600 8%0 1000 1200 matics. b: Pair invariant mass
—— ] Iblea{n[ ev] e (PIM) kinematics. The exact NLO
120 F (b) fnb] in MS" 4  crosssectionis shavn for = m,
100 E E (solid lines), my=2 (upper dotted
C . lines) and 2m,, (lower dotted lines).
80 [ 4  The NNLO-NNLL crosssectionis
C ] showvn for = my (dashed-dotted
60 - B lines), my=2 (upper dashed lines)
40 E - and 2my, (lower dashedlines).
20 | P
o C P Gt ]

200 400 600 800 1000 1200
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In the other approad to include large logarithms, due to Bonciani, Catani, Mangano
and Nason[21], oneaddsto the exact NLO calculationthe NLL cortribution at all orders
inthe ¢ expansion,.e. thereisnoexpansionafter the resummation. Figure 1.6 shavsthe
improvemert of theseenhancedcalculations,in which the dependenceon the unphysical

renormalisation scaleis reducedby including the large logarithmic cortributions.

80 T

| pp —» bb MRSR2
| VS=39.2 GeV, m,=4.75 GeV

1
|
|
1

60

40

o (nb)

A\ —— NLO+NLL

20

— — — — NLO

Figure 1.6: Scaledependenceof the bb crosssectiondeterminedwith the MRSR2 parton
distribution function. Dierent order perturbative calculations are shovn, taken from
[21]. The reduceddependencewhen including higher order terms is seen,re ecting the
increasingaccuracyof the prediction. The c.m.senergywas determined consideringthe
old HERA proton beamenergyof 820GeV. For comparisonwith HERA- B measuremen
the valuesare updated to the presern energy (920 GeV).

1.7 Cross section prediction

The result from Kidonakis et al., at NNLL-NNLO, P s = 416 GeV and using CTEQ5
partons functions is

(bb) = 30 12 nb=nucleon: (1.29)

Basedon the sametechnique but including terms up to NNNLL-NNLO and taking parton
distributions from MRST and GRV98 one obtains, respectively:

(bb) = 28 15 nb=nucleon; (2.30)

(bb) = 25 13 nb=nucleon: (1.31)

The uncertainties in the calculation come from the dependenceon the renormalisation
scale (which wasevaluated at three di erent values,my/2, my, and 2my, the massmy, of
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the b-quark is assumedto be 4.75 GeV) and the choice of the nal state kinematics. In
this calculation two di erent descriptionsof the kinematic of the nal state are tested; a
one particle inclusive (1PI) kinematics and a pair-invariant mass(PIM) kinematics.

The approadt of Bonciani et al. , at HERA- B energy including ordersup to NLO +
NLL and usingthe most recert MRST distributions, resultsin:

(bb) = 254 nb=nucleon: (1.32)

Here, the uncertainties comefrom the dependenceof the calculation on the parameter
wherethree typical valuesweretested (my/2, m, and 2my), and the unknown massof the
b quark, for which three di erent values(4.5, 4.75and 5.0 GeV) were assumed.

At presen there arethree measuremets at xed target experimerts at similar energies.
They usetwo di erent techniquesfor the measuremets: the identi cation of b! J= X
inclusive decas [24, 25 and the courting of simultaneous double semileptonicb decgs
into muons|[2§].

| Experimert | Year | Target | Proton energy| (bb) nb/nucleon| Method | Ref. |

E789 1995 Au 800 GeV 57 15 1.3 [b! J= [[24
E771 1999| Si 800GeV 437, 7 bo! [26]
HERA-B | 2002| C/Ti 920GeV 3214+ b! J= |[29

Table 1.1: The presen experimertal knowledgeof the bb crosssectionin pN interactions.

The measuremets of E789 and E771 were performed at the sameenergy and they
di er by afactor of 7, but uncertainties are still large.

1.8 Hadronisation

The quarks must be con ned into colourlesshadrons, which meansthat after their pro-
duction they must go through a fragmertation and hadronisation processwith unit prob-
ability. The hadronisation processinvolvesinteractions at high s sothat it cannot be
treated perturbativ ely, and no calculationsarethus available. Rather oneusesexperimen-
tal fragmenation functions D which have beenlargely obtainedin the cleanenvironment
of " e collisions. The di erential hadron crosssectioncan be written as:

X
%(e*e I hX)= (e | qo) [D§(2) + D§(2)] : (1.33)
q

It descrikes the di erential crosssection of producing a hadron h carrying a fraction
z of the generatedquark (z E—:). The fragmertation functions DQ(Z) descrike the
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probability of a hadron h to be formed with a fraction z of the energyof the quark g and
must satisfy the probability and momertum constraint

X 21
i zD{(z)dz= 1: (1.34)
h

Possibleparametrisationsof the fragmertation function for heavy quarks are:
. h 1 1 .
Peterson[2T: Dy (z) / = 1 e ; (1.35)

Kartvelishvili28] : D(z2) / z (1 2): (1.36)

Of these, the Petersonfunctional is the most commonly used parametrisation. Fig-
ure 1.7 shows the fragmertation fraction parametrisations together with experimertal
data from ALEPH collaboration [29]. The hardnessof the fragmertation function for the
bottom distribution is clearly visible (as it hasits maximum closeto one).

1.9 J= production

The production of a ct pair follows a similar processasthe onedescriked for bb sinceit can
be treated perturbatively (m¢ > ocp). Most of the pairs will hadroniseinto a DD, and
only a small fraction ( 5%) will form a charmonium state. The charmonium formation
processis not completely understood at presen, and there are three models proposedto
descrike this process(seea summaryin Ref. [30]). The Colour Singlet Model (CSM) [31,
32]assumeghat the ctis createdin a colour singlet state with the samequartum numbers
asthe nal charmonium state. This implies for the J= state with charge conjugation C
= -1, that the rst order diagram must radiate a gluon, thus restricting the production
to O( 3). At presen this model fails to reproduce the measuremets, which may be
interpreted as a hint that octet states may be the main cortribution to charmonium
production.

The other two models, the Colour Evaporation Model (CEM) [33, 34] and the Colour
Octet model basedon Non-Relativistic QCD (NRQCD) calculations[35, 36, 37, 38, 39,
40, 41] assumean initial ¢t pair in both octet or singlet colour states. Only after a non-
perturbative processthe ct pair form a charmonium state. The CEM assumesmultiple
gluon radiation before the formation of the bound state, by which all information on
the state in which the initial cC pair was generatedis lost. This model cannot make a
prediction of the absolute crosssectionsincethe functions describingthe multiple gluon
radiation arenot known. Howewer, it canpredict the relative production ratios of di erent
charmonium states, which seemto be in agreemehn with obsenations. The NRQCD



16 1 Heavy avour production

o ALEPH
= m
§3.5 B
s L
s s |
pd :
S 3¢ * Data ﬁ» +
25 - Peterson ﬁ’ %
2 f ——— Kartvelishvili % +
15 - / J(
05 - + {Y
L /:,:f’f;i; '\\\
0 T‘M—HT}E{/\HH\HH\HH\HH\‘kuuwuumH%
0 01020304 0506 07 0809 1
X

B

Figure 1.7: ALEPH resultson b quark fragmertation with the best tting Petersonand
Kartv elishvili shapes,taken from [29]. The variable x§9 (  z) indicatesfraction of energy
of weakly decagiing B mesonscorrectedby detector acceptanceand resolution.

derivestransition probabilities to form a nal charmonium state for di erent initial colour
states. This model includes se\eral free parametersthat limit its predictive power. It
successfullydescribesthe J= pr distributions but fails to describe the results of CDF on
the J= polarization at high pr [42).

Howewer, the J= crosssectionis well supported by seweral measuremets at di erent
certer of massenergiggFigure 1.8shawvsthe di erent meauremets tted with afunction
of the formF = ae ® with = M2 /s[43.

1.10 Nuclear dependence

In proton nucleuscollision the dependenceof the production crosssectionson the mass
number A of the target nucleusis commonly parameterisedas:

A= o A (1.37)
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where o stands for the proton nucleon crosssection. For the casethat the nucleusis
nothing but a collection of independernt nucleons,one expects = 1. The interaction
betweenthe projectile nucleonand the target nucleonsactually takesplacein a nuclear
ervironment which may a ect the incoming nucleonas well asthe hadronisation process
after the interaction. If this plays a role, is expectedto dier from unity depending
on the processunder study. In the caseof open bb and cc production no in uence of the
nuclear environmert is expected[44]. In open ct production (D mesonproduction) has
beenmeasured[45] and is consisteh with unity; in bb production, no measuremen has
beenreported. In our analysiswe will assume = 1 for bb production.

The situation is di erent for J= production sincethe ct pair must form a bound state
after the production step. A key issueis if the ¢t pair is producedin a color neutral state
or not. If the pair is not generatedin a color neutral state, radiation of soft gluonsand
interactions with nuclear matter may generatethe required transition to a neutral state.
On the other hand, the presenceof many quarks (valenceand seaquarks) canleadto an
enhancemenof open charm at the expenseof cc states. The medanismis not completely
understood, but measuremets of the E866 collaboration [46] which are carried out at a
beamenergyof 800GeV, not too di erent from the oneusedat HERA- B, setthe value
of at0.96 0.01in the rangeof0.0< xg < 0.2.
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Chapter 2

The HERA - B experiment

In this chapter we presen an overview of the HERA- B detector together with a
short historic review and the updated physics goals. After the detector description
the trigger and data acquisition systemsare presentied asthey wereusedin the 2002-
2003set up.

2.1 Motiv ation and history

The HERA- B proposal[47] waspresetted in May 1994and the Tednical DesignReport
(TDR) followed in January 1995[48]. The rst goal of the project wasto measureCP
violation through the B! J= K2 deca channel, which is shavn schematically in Fig-
ure 2.1. This deca processis chosenfor its cleansignature combined with the fact that
the extraction of CP violating parametersis especially clean. Howewer, the crosssection
of this processs suppressedy a factor of 10 ! comparedto the inelastic crosssection. In
order to dealwith this hugesuppressionthe lay-out of the detector wastailored to detect
with good e ciency the nal state particles of just this process,and to suppressthrough
a fast and complextrigger logic the unwanted evert rate. The nal state reconstruction
requiresa good lepton identi cation of both muons and electrons, originating from the
decy of the J= and a good K2 identi cation over a high pion badground.

Dueto the low court rate of the B! J= K¢ channel,a collection of relevant statistics
( 1000per year) requiresa high luminosity together with a highly selectiwe trigger. To
increasethe interaction rate above the 10 MHz frequencyof HERA, a target systemis
required which allows the study of seweral interactions per bunch crossing. The trigger
requiremerns lead to a highly ambitious hardware systemthat selectsJ= ewers at an
early stageof the selectionprocess.

The asserbly of the experimert started in 1998and nished in the year 2000; this
was about two years later than sceduled. In the mean time the competitors for the
measuremen of CP violation (BaBar and Belle) werein an advancedstageto provide a

19
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Figure 2.1: Sthematic view of the goldendecg. Indicated are sometypical parameters
for the kinematicsat HERA- B and somerelevant branching ratios.

measuremenwith a statistical precision[49, 50] well beyond HERA- B capabilities. In

addition, it turned out that someassumptionsin the construction of HERA- B , sud as
the possibility to run at an interaction rate of 40 MHz, had beenoveroptimistic, and that

the commissioningof somesubsystemsgespecially the crucial rst level of the trigger, were
especially time consuming. Last but not least, the shutdown of the HERA accelerator
complex, which started in mid-2000, took longer than foreseen,and prevernted a timely

restart of the experimert. All theseconditionstogether obligedthe HERA- B collabora-
tion to reewaluate its physicsprogram and conceltrate the e orts on other relevant topics
in which the HERA- B detector could still make a valuable cortribution. The updated
physicsgoalsare summarisedin Ref. [51]. At the end of the much prolongedshut-down
of HERA, HERA- B restarted data taking in October 2002, but with rather unstable
beam conditions due to problemswith the HERA madine. Ultimately, a new shut-down
at the beginning of March 2003lead to the decisionthat HERA- B would have to be
stopped de nitiv ely.

We give herea short summary of the presenly mostadvancedstudiesonthe HERA- B
data:

Measuremen of : This is a relevant quartity to test the predictive power of QCD.
The analysisof this measuremenis the subject of this thesis.

Measuremehof J= , %and . production, decay angular distribution and A depen-
dence: At present the production of charmonium is not completely understood and
there are di erent modelsto descrike the production, suc asthe Color Singlet Model
(CSM) [31], the Color Evaporation Model (CEM) [33 [34], and the Non-Relativistic
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QCD approad (NRQCD) [35] [40]. A preciseunderstanding of the J= production
is also of particular interest sinceits suppressionhas beenpredicted in the regime of
the Quark-Gluon-Plasma(QGP) [52); howeer, beforeit is possibleto usea possible
suppressionas evidencethat the QGP regimeis obtained, the production medanism
in \normal" nucleus-rucleuscollisionsmust be understood. HERA- B providesinfor-
mation in the transition region from nucleon-rucleonto nucleus-nucleusinteractions.

With the HERA- B data of the commissioningrun in 2000, a result on the fraction of
J= froma . radiative decg waspublished[53]which favours NRQCD models. With
2002-2003ata, HERA- B is able to improve this result with a signi cantly enhanced
statistical precision. SinceHERA- B canrun simultaneouslywith two di erent materi-
als, it can provide valuabledata on nuclearsuppressiore ects, with reducedsystematic
uncertainties.

Measuremeh of  production [54]: As in the caseof charmonium, bottonium produc-
tion provides an opportunity to investigate quarkonium production models.

Measuremeh of the upper limit D°! * branching ratio: The Standard Model
(SM) prediction of the branching ratio is of the order of 10 *°. The cleansignal of this
channeland the strong suppressiompredicted by the SM make this channelan interest-
ing test-casefor new physicssud as supersymmetrictheories(SUSY), which predict a
signi cantly smaller suppression.HERA- B setsa new upper limit of 2.0 10 ° at
90% con dence level [55].

Measuremen of strangenessroduction (K5, , ): A possiblesignature of a quark
gluon plasmain nucleus-nucleuscollisionsis the enhancemenof particleswith strangeness.
HERA- B already measuredproduction ratios, basedon the year 2000data, nding

no dependenceon target materials [56], i.e. no nuclear dependencein the ratios.

Measuremen of direct photon production at high transversemomertum: In hadronic
collisionsthe processqg! q is an important sourceof photons with high pr. This
processwhich is sensitive to the gluon density, allows the measuremet of the gluon
structure of the nucleon.

Pentaquark production: Recertly, seweral experimerts reported the evidenceof possible
bound states of v e quarks (\P entaquarks") [57, 58, 59, 60, 61, 62, 63]. HERA-B
searted for the *! Kgs+ pand ! , in the high statistics data sample
taken in the running period 2002-2003.In both decgs, results are compatible with no
signal [64].

2.2 DESY and HERA

The HERA- B detector was located at the Deutsces Elektron SYndrotron (DESY)
facility in Hamburg (Germary). The Hadron Electron Ring Anlage (HERA) is a storage
ring of 6336m circumferencethat provides protons of up to 920 GeV and electronsand
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positrons of up to 27.5 GeV. The particles are preacceleratedby a linear accelerator
(LINA C) and then injected into the Positron Elektron TandemRing Anlage (PETRA).
The electronsare acceleratedup to 12 GeV and the protons up to 40 GeV, beforebeing
injectedinto HERA. The protonsare guidedat HERA by superconductingmagnets,while
the light electronsare guided by normal conducting magnets. The two beamscollide at
two interaction points wheretwo \general purpose"detectors,H1 and ZEUS are situated.
The third experimert, HERMES, studiesthe proton spin structure. At presen it usesa
polarised electron/positron beamto collide with a polarisedgaseoudarget. HERA-B ,
the fourth detector, waslocatedin the west hall of the storagering and makesuseonly of
the proton beam. The proton ring cortains spacefor 220bunches( 10 protons ead)
which are separatedby 96 ns. Usually, up to 180bunchesare lled.

North Hall (H1)

East Hall (HERMES)

West Hall (HERA-B)

-a— Electrons

-=a— Protons

-<wvw Synchroton rad.

South Hall (ZEUS)

Figure 2.2: A schematic lay-out of the HERA storagerings. Protons are acceleratedto
920GeV and electrons-sitronsto 27.SGF?V. At HERA- B, protons collide with a xed
nuclear target at a certer of massenergy s = 41.6GeV.

2.3 The HERA - B detector

HERA- B is a forward spectrometer detector built to study collisionsof protons at 920
GeV with dierent xed target materials. It operatesin the halo of the proton beam.
This allows the production of collisionswithout interfering with the core of the beamused
by the collider experimerts (ZEUS and H1).
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The detector preserts an angular coverageof 220mrad in the bendingplane(x) and 160
mrad in the perpendicularnon-bending(y) plane. Figure 2.3shavsa sdhematicview of the
detector. From left to right we have the target systemwherethe primary interactionstake
place. A silicon vertex detector (VDS) determinesthe position of primary and secondary
vertices. The magnet, which provides a vertical magnetic eld, is placedafter the vertex
detectorto determinethe momertum of the chargedparticles. The rst tracking stationst
composedof an inner (ITR) and an outer (OTR) part positioned after the magnetand
before a Cherenlov detector (RICH) which is usedfor hadron identi cation. After the
Cherenlov detector the secondset of tracking stations are positioned. The two last
detectors which are used for lepton identi cation are the electromagnetic calorimeter
(ECAL) and the muon (MUON) detectors. In the following we detail eat of these
componerts.

220 mrad

250 mrad

Proton
Beam Si-Strip

Al Beam
Pipe

Electron Target
Beam V\(wes
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> .u s —————————— &

Vertex
Detector

TRD

Inner / Outer Tracker ‘

Ring Imaging Calorimeter L Muon Detector
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Vertex Vessel Magnet

Figure 2.3: Sthematic top view of the HERA- B detector

2.3.1 The target system

The target systemconsistsof two stations of four wiresead, surroundingthe proton beam
line (Fig. 2.4). It hasthe possibility to move all wiresindependertly and simultaneously
In fact, the wires are not put into the proton beam itself, sincethis would disturb the
beamand the collider experimerts, not to speakof the damageto the HERA- B detector
itself. Rather, the wires are moved only into the halo of the beam. This allows one to
adjust the total interaction rate above or belonv the 10 MHz bunch crossingfrequency
During the 2002-2003ata taking, no more than two wires were used simultaneously in

1In HERA - B internal nomenclaturea station is called superlayer. A superlayer is composedof several
layers at di erent angles. In this thesis we will indistinctiv ely refer them as stations or superlayers.
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order to avoid occupancyproblemsand to make the o -line analysiseasierin the cases
whenit is crucial to know on which wire the primary interaction occurred.

Station 1 Station 2
Pd
Al
Ti Proton Beam

Figure 2.4: Sthematic
A view of the target system.

C /‘/ Wire materials are shavn
\ L as of January 2003.
A/< W
Ti \ C
W

Five di erent materials were presern astarget wires, but only C, W, and Ti were used
during data taking. Thesethree materials were chosensincethey cover a wide range of
atomic numbers. The other wires were were not usedin order to avoid further fragmen-
tation of the limited statistics. The possibility of using simultaneously di erent target
materials permits the study of the A dependenceof crosssectionswith reducedsystem-
atics uncertairties, sinceboth materials are active in (almost) exactly equalexperimertal
conditions, and only the luminosity normalisation might be di erent. Table2.1shovsthe
geometricalshapesand the distributions of the di erent materials in the two target sta-
tions. During the data taking period it was necessaryon two occasionso replacebroken
wires. The wires broke due to misplacemen of the proton beam, sothat they received a
direct hit for a short period of time, which wassu cien t to overheatthe wires and break
them.

2.3.2 Vertex detector

The Vertex Detector System(VDS) is usedto reconstructverticesand impact parameters
with su cient precisionto separatelong lived particles (with deca lengths of a few mm)
from primary interactions. For decag/s of B mesonsa resolution better than 10% of the
meandecg length (9 mm) is desirable. The VDS consistsof 8 layers of silicon micro-
strip detectorsasshawvn in Figure 2.5, with a pitch of 50 m. It is arrangedperpendicular
to the beam direction in a Roman pot systemsud that the detectors can be retracted
during injection and steeringof the proton beam. The VDS is located inside a vesselat a
secondaryvacuumof 10 & mbar, separatedby an aluminium foil from the primary beam
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Name Abbreviation | Material A Shape | Dimension
atomic weight (mm)
Inner 2 12 Carbon 12.01 Ribbon | 0.1 0.5
Outer 2 02 Tungsten 183.84 Ribbon | 0.05 0.5
Bottom 2 B2 Titanium 47.87 Cylinder 0.025
Top 2 T2 Palladium 106.42 Cylinder 0.025
Inner 1 12 Tungsten 183.84 Cylinder 0.025
Outer 1 02 Titanium 47.87 Cylinder 0.025
Bottom 1 Bl Carbon 12.01 Ribbon | 0.1 0.5
Top1l T1 Aluminium 26.98 Ribbon | 0.05 0.5

Table 2.1: Wire speci cations including material, shape and position information for
eadt wire asof January 2003.

vacuum of 10 °® mbar. To prevert radiation damageof the detectorsa minimal distance
to the beamis required. It was estimated that at a radial distance of 10 mm the VDS
would remain operational for one year of HERA- B data taking. In the 2002-2003un
the VDS acdhieved its design performanceproviding a 500 m vertex resolution in the
beamdirection and 60 m in the perpendicular plane.

SUPERLAYERS 7 -

Figure 2.5: Sthematic of the VDS, consistingof 8 layers of silicon micro strip detectors
perpendicular to the beamdirection, ead of them arrangedin a Roman pot system
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2.3.3 The magnet

The HERA- B magnetic eld is provided by a normal conducting magnet which pro-
vides an integrated eld strength of 2.2 Tm in the vertical (y) direction. It is placed
after the VDS and before the tracking chambers. An iron skirt at the entrance of the
magnet protects the VDS from the magnetic elds. An important issueis the shielding
of the electron beam pipe that transversesthe detector. In order to presene the beam
polarisation, elds must be shielded. To achieve this two high metal permeability pipes
were placedas passie shielding around the electron beampipe.

2.3.4 The inner trac ker

The Inner Tracker (ITR) covers the radial distance from the beam pipe up to 25 cm.
To provide the necessarygranularity and resolution it usesMicrostrip Gas Chambers
(MSGC) togetherwith a gaselectronmultiplier (GEM) asshown in Figure 2.6. The strip
pitch is 300 , which givesa spatial resolutionof 80 m. To provide 2 dimensionalspatial
information it has layers at three di erent angles;-5, 0 and 5 degrees’. Unfortunately,
the performanceduring the 2002-2003data taking period was lower than required. The
ITR alsoshaved unstable performanceon a run by run basis,which makesMonte Carlo
simulations quite di cult. Basedon thesefactsit wasdecidednot to include this detector
in the presen analysis.

ionizing
\iide
Figure 2.6: Schematic lay-out of

N GEM-fol the ITR, which consists of Mi-
3.0 mm £y =410V crostrip GasChambers(MSGC) to-

. ,,,,, J00 )¢ 7 gether with a gas electron multi-
/ glass wafer plier (GEM).
2.8$mm

drift electrode
U=-3kv

2The anglesquoted for directions of wires and strips are with respect to the vertical (y) axis.
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2.3.5 The outer trac ker

The Outer Tracker (OTR) is of the honeyconb drift tube designand is shown in Fig. 2.7.
It is placed perpendicularto the beamaxis and covers the regionfrom 25cm up to 3 m
from the beampipe.

signal wires

Pokalon-C foil

endpiece

FR4 strip

/ \ double layer

single layer

""" ORORORORD,
5mm /10 mm
0995090009

Figure 2.7: Scematic lay-out of the OTR. Honeyconi drift tube chambersof 5 and 10
mm cells size,that can be arrangedin a singleand double layer system.

The detectoris segmeted soasto keepthe occupancybelow 20 %. For reasonsof high
voltage stability, the cell size can not be smallerthan 5 mm. This limits the minimum
distanceto the proton beam pipe to 20 cm. For distancesto the beam pipe larger than
50 cm, a cell sizeof 10 mm is used,which reducesthe number of channelsbut still keeps
the occupancyrate at the desired levels [65]. When a charged patrticle traversesthe
chambersit producesfree electronsthrough ionisation in the drift gas;the electronsdrift
in the highly non-linear electrical eld and nearthe wire form an avalande of secondary
electronsthat inducesa signal on this anode wire in the certer of the tube cell. The
time betweenthe crossingof the particle and the arrival of the signal at the anode gives
a measureof the radial distancebetweenthe wire position and the crossingpoint of the
particle. This allowsanimprovemern of the resolution of the systemover the cell size,and
nal valuesof about 200 m have beenadhieved. The chargecollectiontime must be less
than the 96 nsbunch crossingperiod in orderto avoid everts from di erent bunchcrossings
mixing together in the read-out procedure. This is achieved also for the large cell size
of 10 mm by using a fast drift gasmixture of Ar:CF4:CO,. The OTR systemis divided
into two regionswithin the detector as shavn in Figure 2.8. The rst one corntains four
Pattern Recognition Chambers (PC1, PC2, PC3, PC4) which are located between the
magnetand the RICH. They form the core of the track nding; in addition, the stations
PC1 and PC4 also provide information to the First Level Trigger (FLT). The second
sectionof the OTR is placedbetweenthe RICH and the ECAL systems,and it comprise
of the so-calledTrigger Chambers (TC1 and TC2). Their main purposeis to provide
information to the FLT and allows extrapolation of the tracks to the ECAL and MUON
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detectors. Each station cortains layers at three di erent angles(-5, 0 and +5 degrees)
with respect to the vertical y axis, which allows a three-dimensionalreconstruction of the
particle trajectory.

Outer Tracker Superlayers
PC1 PC4

PC2 PC3

Magnet

y zZ

Figure 2.8: OTR tracking stations. The PC chambers are placed betweenthe magnet
and the RICH, and the TC chambersbetweenthe RICH and the ECAL.

To improve the trigger e ciency the stations usedby the FLT have double layers as
showvn in Table 2.2.

Superlayer | zmin [CM] | Zmax [cM] Stereolayers
PC1 702.1 730.7

PC2 742.3 766.4 + +
PC3 777.9 802.0 + +
PC4 822.6 851.2

TC1 1192.2 1211.7

TC2 1305.8 1325.3

Table 2.2: OTR stations. The symbols+; and stand for +5, 0 and -5 degreessingle
layers,respectively. The symbols ; and standfor +5, 0 and -5 degreesloublelayers,
respectively. Thesechambersare usedby the FLT.

During the 2002-2003ata taking period the performanceof the OTR wasstable, with
lessthan 10 % dead channels,a typical cell e ciency of 95%and a track e ciency of

95 % [66]. For the track reconstructionnot all the tracking layers are required to have
a hit.



2.3 The HERA- B detector 29

2.3.6 RICH

The main propose of the Ring Imaging Cherenlov Courter (RICH) [67] is to identify
charged kaonscoming from a B decg. This implies that it hasto separatepions from
kaonsin the momertum rangefrom 3 GeV to 50 GeV 3. As radiator per uorobutane gas
is used (C4F10). Charged particles traversing this gaswill emit light in a conewith an
angle ¢ with respectto the direction of the particle. This angledependson the refractive
index of the radiator gas(n = 1.00137)and the velocity

COS ¢ = (2.1)

If the momertum of the particle is known from the main tracker information, and
is measured,t is possibleto determinethe massof the incidert particle. In the gasused
here the radiation threshold momerta for pions and kaons are 2.7 GeV and 9.6 GeV,
respectively. A sphericalmirror projects the parallel photonsinto a focal point. In order
to placethe focal surfaceoutsidethe particle ux, the mirrors aretilted by 9 degreesaway
from the beam-line. Planar mirrors project the photonsto the focal areaabove and below
the radiator vessel,where the sensitive photomultipliers are placed. Figure 2.9 shows a
sthematic view of the RICH detector and the path of the Cherenlov photons from an
incoming particle.

photon detectors

planar mirrors

spherical mirrors|

D —_— Figure 2.9: Schematic view of the

RICH. Rays emitted by a patrticle
and their path to the photon detec-
tor are indicated.

spherical mirror:

planar mirrors

4710

photon detectors

Figure 2.10 shavs the Cherenlov angle versusthe momertum of di erent particles.
A clear separation of kaons from pions and protons is seenin the desiredrange. The

3For simplicity in the notation in this thesisit is assumedc = 1. Thus momertum and masseswill be
also expressedn GeV.
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RICH detector was not designedto separateelectrons,muons and pions, as can be seen
in the gure. Electrons,muonsand pionsareidenti ed by the responseof the ECAL and
MUON detectors.

electrons

50 |[MUONS T

[/ pions

.~ kaons

40 L i protons

Cerenkov angle (mrad)

30 - )

20 = i

o Ll e e
5 10 15 20 25 30 20 45 50

35
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Figure 2.10: ReconstructedCherenlov angleversusparticle momertum. Linesfor kaons,
pions and protons are clearly separated.

The RICH system was working stably and accordingto designsince the 2000 data
taking period.

2.3.7 Electromagnetic calorimeter

The ElectromagneticCALorimeter (ECAL) consistsof cells of \shashlik" sampling scin-
tillator absorber with a\sandwich" structure asshown in Figure 2.11. Absorber material
(Pb and W) ensuresthat the incident electronsand photons deposit all their energyin

the ECAL. The primary electronsor photonstraversingcells material produce secondary
radiation by Bremsstrahlungand pair production. This createsa short, narrow shower
of electrons-msitrons, that produce scirtillation light when they traversethe scirtillator

material. This light is read out by plastic WaveLength Shifter (WLS) bres running per-
pendicular to the plates and connectedat their endto photomultipliers. To discriminate
betweenhadronsand electrons,the characteristic of the electromagneticshower is used.
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This lead to an energy deposit which for electronsis equal to the total energy or mo-
mertum of the particle. Hadrons do not deposit their full energyin the a calorimeter
as they produce hadronic shavers which penetrate more deeply and exit the rear of the
calorimeter. Thus, candidateswith a ratio of ECAL energyover momertum (E/P) close
to unity are consideredelectronsor positrons. Photons are identied as ECAL clusters
with no assaiated track. As in the caseof the OTR, the radial dependenceof the track
density suggestsa variable cell size so asto equalisethe occupancy Thus, the system
is divided in three sections(inner, middle and outer) with cell sizesof 2.23  2.23cm?,
5.757 5.757cn? and 11.15 11.15cn?, respectively. The ECAL systednwasworking
correctly during the 2002-2003un, with energyresolutions (E)/)E = A/ E(GeV) + B
summarisedin Table 2.3 [68].

Inner Middle Outer
A | 0.205 0.002|0.118 0.001| 0.108 0.002
B <0.02 <0.02 <0.02

Tabl& 2.3: Energy resolution parametersA and B for the energyresolution, (E)=E =
A/ E(GeV) + B . Valuesin this table are still preliminary.

Figure 2.11: ECAL cell. Layers
of absorker material are placedbe-
tween scirtillator plates. The sig-

5 nal is guided to the photomultipli-
o ers(PMTs) by WavelLength Shifter
(WLS) bres.

WLS
fibres

Tungsten
plates

2.3.8 Muon system

The main purposeof the muon system (MUON) is to provide pretrigger information to
the trigger and to identify muons, separatingthem from hadrons. It consistsof concrete
and steal absorbersbetweenfour superlayersof pad and wire chambers(MU1, MU2, MU3
and MU4) as shavn in Figure 2.12. The absorkers stop hadrons, so that most particles
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reading the rear of the muon detectors are in rst instance consideredto be muons;
howewer, deca in ight of pionsand kaonsleadsto muonswhich do not originate for the
primary vertex. Due to the thicknessof the absorber material, the muons must have a
momenum higher than 4.5 GeV to leave hits in all the chambers. The inner region of
the systemat the high occupancyarea, closeto the beam pipe, is made out of gaspixel
chambersof 9 9 mm? cell sizeand 30 mm wire length, oriented along the z direction.
The rst two superlayers (MUl and MU2) consist, in the outer part, of three layers of
muon tube chambers at three di erent angels(-20, 0 and 20 degrees)and a cell size of
12 mm. They are usedto provide track matching with the OTR. The layer MU1 also
provides information to the FLT. The last two superlayers behind the absorkers (MU3
and MU4) consistof vertical doublelayer tub e chamberswith a segmeted cathode (pads)
which is alsoreadout. The padshave an appraximate cell sizeof 12 13 cm?. Theselast
superlayers are placed with no absorker in betweenso as to provide clean information
about position and direction. The muon performance(as summarisedin [69]) shoved an
averagepad e ciency of 92 % and for tube chambersa 99 % double hit e ciency.

MU3 Mmu4
MU1 MU2 ‘ ‘
y I v
X
7 Tube/Pad
Chamber

Figure 2.12: MUON
sdhematic view. It con-
sists of hadron absorbers
between four superlayers.
The inner region is com-
posed of pixel chambers
and the outer part of
tube and pad chambers as
descriked in the text.

Proton

Beam

Pixel
Chamber

Ty e

Iron hadron absorber
Iron/concrete hadron absorbers

2.3.9 Trigger system

The trigger systemof HERA- B is built to Iter only the few interesting everts out of
the huge rate of primary interactions. The primary interaction rate was planned to be
about 40 MHz, whereasthe rate of the original interesting B°! J= K2 ewerts is many
ordersbelow this. The trigger is a multilayer system,starting from pretrigger information
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from the ECAL and MUON system,followed by a hardware tracking systemto perform
a fast lepton selection. The higher level software trigger re nes the track parametersand
performsa dilepton selection. The originally designedschemedi ers from that which was
usedduring the data taking period 2002/2003,and we descrike it hereonly asit wasused
during this period. This mode hasbeendubbed \star mode" and acceptseverts with at
least 2 pretrigger messagesorm the ECAL or MUON, at least one track reconstructed
by the rst level trigger, and a dilepton vertex reconstructedat the SecondLevel Trigger
(SLT).

The pretrigger seeddor the trigger tracks are obtained from the ECAL and the MUON
system. A pretrigger seedwill be issuedby the ECAL whena cluster of v e cellsin a cross
shape, with energyabove 1 GeV is found. For a muon seeda hit coincidencebetweenthe
last two muon stations (pad chambers MU3 and MU4) is required.

The rst level trigger is a hardware trigger composedof dedicatedboardswhich make
a fast decisionon reconstructedtracks. The information of the pretriggers and of the
tracking stations is transmitted through the Trigger Link Boards (TLBs) to the Track
Finding Units (TFUs). Thesetry to nd tracks via a Kalman lter technique [70. A
detailed description of the FLT is donein Chapter 4.

The secondlevel trigger is basedon software and redoes the tracking basedon the
pretrigger seeds.It runs on a farm of PCs where ead one processa particular event so
that se\eral events are processedn parallel. It alsoincludeshit information from PC2 and
PC3 and usesthe drift time to re ne the track parameters. To improve the momertum
determination a VDS reconstruction of the track is also performed. The SLT will accept
an evernt when at least 2 tracks are compatible with a commonvertex.

Finally, a Fourth 4 Level Trigger (4LT) runs simultaneously Its task during the 2002-
2003data taking period wasto reconstruct, monitor and classifysubsampleof the everts.
Figure 2.13shaws an schematic view of the trigger chain, togetherwith the rate reduction
at ead step.

2.3.10 Data acquisition

The Data Acquisition System(DAQ) is shovn shematically in Figure 2.14. HERA- B
represems about 600,000channelsto be inspected and possibly read out by the system
for ead interaction. In a rst step data from up to 128 bunch crossingare stored in the
front end electronicswhile the FLT makesthe trigger decision. The FLT receivesdirect
hit information from the pretriggersand the tracking stations by a systemof linkb oards.
The trigger decisionis passedto the Fast Control System(FCS), which syndronisesthe
di erent subsystems.On a positive trigger decisionthe FCS distributes the signalto the
Front End Drivers(FEDS) to transmit the event information via the switch to the Second

4A third level trigger was foreseenbut nally not implemernted. The nomenclature was kept so that
in our sthemewe passfrom the secondlevel trigger to the fourth level trigger.
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Rate

5 MHz
Pretrigger:
ECAL Cluster > 1 GeV
MUON Pad coincidence
FLT:

Search tracks behind the
magnet. At least one track
and two pretrigger seeds.

20 kHz ;

SLT:

Tracking through magnet and
VDS. Include drift time and all
tracking stations. At least two
tracks from same vertex

100 Hz ;

4L T-FARM:
Event reconstruction,
monitoring and classification

Figure 2.13: Trigger chain.

Execution Time

1 us

11 us

Execution time and reduction rates are shovn explicitly.
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Level Buer (SLB) °. The SLB will provide the input information to the SLT and also
storeit until the SLT makesa decision. If the evert is acceptedby the SLT, the complete
data information is transmitted via the switch to a particular SLT node (processor)to a
possiblethird level trigger evaluation. After this, the event is passedto the fourth level
trigger which operateson a secondfarm of about 200 PCs, wherethe event is completely
reconstructedand stored on tape.

Control Processors Network Buffer

HERA-B
Retector

=

S Eectron
v /AVV

.

Fast Control
7
7
System 7
L1 First Level :
Trigger

Second Level
Trigger

—{=3

v

Second Level
Buffer

L2

Event Control

L3 _ .
Third Level Trigger

A

Level 4
control Router

v

L4 Fourth Level Trigger

Control
Data

Figure 2.14: Architecture schemeof the Data Acquisition System (DAQ) as descrilked
in the text. Shadav areashaws the detector speci ¢ electronics.

5The switch consist of a set of boards which route data betweenthe SLT nodesand the SLBs.
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Chapter 3

Data Samples

In this chapter we introduce the data samples(data and simulation) usedin the
presen studies.

3.1 Data

The data usedin this analysis were taken between October 2002 and February 2003.
The sample can be divided in seeral periods between accessdays, during which work
on commissioningtook place. This work producednew alignmerts and e ciencies of the
di erent detector componerts.

A total sampleof 150 million triggered everts weretaken with the trigger in the \star
mode" which requiresat least two pretriggers, at leastone FLT track and at least two
SLT tracks from a commonvertex. Thesetrigger data leadto a sampleof 300,0000 -line
reconstructedJ= almostequallydistributed in the muon and electrondeca/ channels. A
sampleof 180 million minimum bias events was also collectedwith a trigger that requires
a minimum occupancyin the detector, meaningat least 30 photonsin the RICH or a total
energyin the ECAL greaterthan 1 GeV. In stableand normal conditions, HERA- B was
taking data at 5 MHz interaction rate, with an output of 1200J= per hour on tape
for dilepton triggered events. Eleven di erent wire con gurations were used, including
Carbon, Tungsten and Titanium materials as target wires. A maximum of two wires
were used simultaneously Figure 3.1 shaws the accunulated number of triggered and
minimum bias data versustime.

Table 3.1shovsthe amourt of dilepton data collectedwith the di erent wire con gura-
tions, togetherwith the number of runsin ead one. This shaws clearly the fragmertation
of the data sample. The biggest sub-samplewas taken using carbon targets ( 64 %),
followed by tungsten (27 %) and titanium samples( 9 %).

The total amourt of data taken was only 10 % of what was promised. After a major

37
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Figure 3.1: Cumulative data samplesacquired(as of 15th of February 2003). Minimum
bias and trigger data were taken separately the biggest sample of minimum bias was
takenin a dedicatedperiod in Decenber 2002.

| Target Setting | Wire Material | # Runs| # dileptons |

B1 C 61| 12,516,211
B1B2 CITi 25| 13,679,215
B1I1 CIW 44| 23,009,704
B1I2 ciC 24| 11,524,843
B102 C/W 70| 41,879,965
B2 Ti 17| 6,867,597
B2I2 TiIC 7 61,663
i1 W 9| 177,792
1112 WIC 51| 17,461,433
2 C 81| 22,388,948
02 W 11| 6,841,770

[‘total | [ 385] 156,409,141

Table 3.1: Statistics of the dilepton triggered data on the di erent wire con gurations.
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shut down to upgradethe luminosity at the collider experimerts at HERA (ZEUS and H1)
in the year 2001,a new period of data taking started in 2002. Major problemsappeared
at the start up, due to unacceptablelevels of radiation at the collider experimerts. This
radiation was mainly due to misplacemen of new collimators and to vacuum problems.
Under theseconditionsthe DESY managemeh had to put priority to get HERA running
at the designvalues, which entailed a premature stop of HERA- B . Fig 3.2 shows the
data taking status of the HERA- B detectorin time percernage.

Figure 3.2: Status of the data taking in time percerage distribution at Desy

Runs usedin this analysisare physicsruns with the trigger in the star mode and with
reasonablestatistics. Se\eral runs are discardeddue to:

Testruns with unstable trigger conditions;

Runs with non standard trigger settings;

Trigger e ciency runs;

Runs with broken wires;

Runs during which important deviceswere missingor malfunctioning;

Runs with unstable or unusual vertex distributions;

Runs with too low or too high interaction rates.

Theserequiremerts selected327runs to be usedin this analysis. During data taking it
happenedtwicethat dueto suddenmiss-positioning of the proton beam,the O2 Tungsten

wire was hit directly by the proton beam. This over exposure broke the wire forcing a
replacemen
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3.2 Monte Carlo Simulation

The simulation of triggered heavry quark data in the HERA- B frame is done using two
di erent MC padkages[71]. Oneis the PYTHIA padage[72] usedto simulate the hard
partonic interaction leadingto the heavy quark production. SincePYTHIA is not ableto
reproducenucleare ects and soft interactions, for thesee ects the FRITIOF padkage[73]
is used. The medanismto simulate the completeprocessstarts with PYTHIA generating
the processpN ! qggX, which includesthe hadronisation of the quark pair through the
JETSET padkage[72]. The remaining energycarried by X is then givento FRITIOF in
order to simulate the accompalying soft processe®f the interaction. After this, all nal

state particles are passedto the GEANT 3 padkage[74]to simulate the responseof the
HERA- B detector to these particles. The number of interactions per triggered evert
correspndsto one hard process(triggering interaction) plus minimum bias interactions
following a Poissondistribution with a meanvalue of half an interaction per evert * [75.
For double wire runs, the hard interaction is forced to be in one of the wires and the
minimum bias processis sharedby the two active wires.

The acceptanceof the detector dependson xg and pr. Thesedistributions must there-
fore be reproduced correctly by the simulations. Sincethe MC simulation only includes
calculationsto a limited order in perturbation theory, and sincethe interactions within
nuclear matter are not well understood theoretically, these distributions are not prop-
erly generatedby the padkagesPYTHIA and FRITIOF. To overcomethis problem, the
prompt J= ewens are weighted sud that the distributions of the E789 collaboration
are reproduced. Howeer, this speci ¢ experimert has a positive Xg range acceptance
only, and nothing is known about the behaviour at negative xg. We have assumeda
distribution symmetricin xg. In the caseof J= from b decas, there is no experimertal
information available concerningthe correspnding distributions, in this casethe events
are re-weighted accordingto the NLO-NNLL (Next to Leading Order - Next to Next to
Leading Logarithm) theoretical calculations of Marpanoet al.[3, 4], with a b quark mass
of 4.75GeV and a QCD renormalisationscale = m2+ p3. The HERA- B MC takes
into accourt the hadronisation of the heavy quarks by coupling them with the spectator
partons in the colliding nucleons. We make use of b fragmertation function, by a Peter-
sonshape [27] and with a parameter = 0.006[76, 77, 78] in order to obtain the correct
distributions of the nal hadron states. Finally the intrinsic transversemomerta of the
incoming partons are smearedto t a Gaussiandistribution with averagesquaredtrans-
versemomertum < k% > = 0.5GeV? [79]. Figure 3.3[80] shavs the comparisonof the
Xg and pr distributions with and without the weighting factor. From thesedistributions
we estimatethe fractionsof b! J= andprompt J= , within the HERA- B acceptance,
to befg = (90.6 0.5)%andf,= (77 1) %, respectively.

The MC samplesare grouped in di erent periods (in a morth base)with similar de-
tector characteristicsand con gurations. This includese ciencies of ead detector com-

1At an interaction rate of 5 MHz there is half an interaction per bunch crossingat 10 MHz HERA
bunch crossingrate.
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Figure 3.3: xg (left) and pr (right) distributions for prompt J= (top) andfor J= from
b decgs (bottom). Solid lines shav the MC model we use; the dashedlines showv the
PYTHIA default distributions. The HERA- B Xxg acceptanceas shovn explicitly.

ponert, deadchannels,detector alignmert, trigger e ciencies, etc. In doublewire con g-

urations, two di erent sampleswere generated,ead one cortaining the physics process
generatedon one of the two wires with the minimum bias everts distributed equally on

both wires. On average,for eat wire in eat wire con guration about two million everts

are generatedfor the prompt J= proccessand 500,000for the b! J= ewents.

3.3 Event reconstruction chain

The evert reconstructionis donewith the ARTE software padkages[81]. It cortains tools
for hit preparation, stand alone track reconstruction on di erent detectorsand particle
identi cation. The processstarts with the hit reconstruction form the raw data at eadh
detectorcomponert. The next stepisthe track nding baseon the hit information. In the
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VDS, track segmets are reconstructedby a Cellular Automaton for Tracking in Silicon
(CATS) padkage[82]. A similar cellular automaton is usedto reconstruct tracks in the
pattern recognition chambers [83 while a secondpadkage (RANGER [84]) propagates
tracks to the trigger chambers. For particle identi cation a stand alone tool runs on
the ECAL, the CARE padages[85], which looks for cluster of cellswith energydeposit.

Muon identi cation is done by matching tracks in the tracking chambers with hits in

the MUON chambers[86]. The RITER padkage[87]is useto assignCherenlov rings to

tracks traversingthe RICH detector. Finally segmets in the VDS and in the subdetectors
behind the magnetare matchedinto long tracks by the MARPLE padkage([88]. For these
long tracks with hits before and after the magnet, their momertum is estimated from

their de ection in the magnetic eld. As the last step, the track parametersare re ned

by aret with all available information. After the track nding, the GROVER padage
[89 is invoked for vertex reconstruction.

3.3.1 Track nding and vertexing

Tracking and vertexing at HERA- B are basedon the Kalman Iter technique. The
Kalman Iter determinesthe ewlution of a system, descrited with a state vector, with
the addition of individual new measuremets. It is an iterative method that consist
essenhally of three stepswhich can be summarisedas[70:

Prediction: From the known parametersat the current step, the coordinates of the
sear® window in the next step are estimated.

Filter: The cortribution of the newmeasuremento the total 2 is evaluated. A decision
whether the new measuremenis included or not dependson this cortribution.

Smaother: Recalculatesthe state vector with the information of all measuremets and
propagatesthe information badkwards, making the full information available at eadh
step.

As a tracking method [84], the Kalman Iter starts at the \rear" end of detector with
an initial estimate of the track parametersand uncertainties and proceedssequetially
through the detector stations. At ead step the track parametersare updated with the
new hit information. Basedon this information it predicts the location of the hits in the
next station. The processcortinuesuntil no navigation options are available, e. g. at the
end of the spectrometer or after successig failuresto nd hits in the predicted regions.
This method yields a pattern recognitione ciency of 96 % with a 10 % ghostrate
[84] in a denseernvironment with an averageof 140tracks per evert.

For vertexing, a new measuremencorrespndsto the addition of a reconstructedtrack
[90]. At ead step a new track is added to the vertex and the vertex parameter are
updated accordingly The algorithm starts taking as referencethe target-wire position.
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Thesemethod shaved a reconstruction e ciency for a singlevertex of 97 % with a ghost
rate at the level 1-2 % [91]].
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Chapter 4

First Level Trigger

The primary aim of the FLT is to provide a fast trigger decisionfor J= ewerts based
on the selectionof lepton pairs from a commonvertex in a certain range around the
J= mass. Howeer, in order to increasethe e ciency during the 2002-2003run,
it was changedto provide a trigger signal if at least two trigger seedsof either the
ECAL or the MUON systemwerereceived, and in addition at leastonelepton track
was reconstructed. The rate reduction - in combination with the additional second
level trigger requiremerts - was su cient to read the required reduction rate from
5 MHz to 20 kHz. Note also, that the trigger chain was not set at its full planned
capability, sincethe high pr trigger aswell asthe inner detectorswere not included,
due to late commissioningand instability of their performance.

In this chapter we rst give an overview of the principle of operation and the hardware
implementation of the First Level Trigger. After this, we presen an analysisof its
performanceduring the data taking period 2002-2003.

4.1 Overview

The FLT consistsof 60 hardware processordor track reconstruction working with a 50
MHz clock. It hasto make a decisionwithin 128 bunch crossing(12 s). It receiwes
hits inputs from tracking chambers (every bunch crossing100k bits) and message$rom
pretriggers. The hits of the last 128 bunch crossing(BX) are stored in Wire Memories
(WMs), custom built ASIC ? chips with a 128 bunch crossingpipeline. The processors
commnunicate with ead other via an 80-bit messagecarrying the track parameters. The
FLT messagegravel asyndironously through the network. Track nding is basedon
triple hit coincidencef the three wire viewsin ead superlayer, within a certain region
of interest (Rol). All boardsare 9U VME boards equipped with Motorola 68020CPUs
allowing monitoring and debugging. The hardware is basedon a one-to-onemapping of

1Application-Speci ¢ Integrated Circuit
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the region within tracking chambers on a processor(Track Finding Unit - TFU) in the

trigger hardware. The schematic of the system can be seenin Figure 4.1 which shows
the connectionbetweenthe detector and the TFUs and betweenthe TFUs themseles.
Ead processothasaccesdo hit information in a certain regionde ned by the overlap of
wires of eat of the three views in a particular chamber. As input a processorreceives
track information from a downstream processor,which has determined that the region
of interest de ned by a track is within the wire chamber region covered. Using the hit

information from the wire memories,the track parametersare updated and the region of
interest is de ned in the next upstream trigger chamber, which again corresppndsto a
processorlinked to this regionvia a wire mapping. The track information is then passed
to the processorwhere it is updated. This cortinues until all wire planes have been
traversedby the track. All tracks found in this way in parallel are then passedto the

Track Parameter Units (TPUs). Eadc TPU determinesthe momenum of the particle

assumingthat it was generatedat a referencetarget position. It makesa selectionof the

tracks basedon their transversemomertum and total momertum. For electrons,it makes
alsoa selectionbasedon the ratio of ECAL energyover momernium. The tracks are also
scannedfor multiple copiesof the sametrack. After removal of these clonesthe list of
remainingtracks are passedo the Track DecisionUnit (TDU) wherethe nal track based
trigger decisionis made. In this unit alsotwo track invariant massesan be calculatedin

order to aid the trigger decision.

To start the processthe pretrigger information from the ECAL and MUON systemare
used. From thesereferencepositionsthe FLT starts the badkward tracking seart towards
the target. It usesthe Kalman Iter technique [7( to update the track information at
ead step. The chambersusedin the FLT arethe MU4, MU3, MU1, TC2, TC1, PC4 and
PC1 chambers (seeFigures 2.8 and 2.12). From the pretrigger seedthe lter de nes a
Regionof Interest (Rol) in the closestlayer towards the target. In Figure 4.2 the process
can be seensthematically, starting from the leptonic pretriggersgoingin the direction of
the target. The shadaved areasindicate the Rol seart at eat step of the tracking lIter.

Then track information is propagatedcoded in a messagef 80 bits. The propagated
messageortains the Rol, the destination TFUs and the actual track parameters. This
processallows a fast transmissionof the information, sinceit reducesthe amourt of data
transmitted at ead step substartially, transmitting only a few track parametersand not
the full hit information. This technique is basedon the premise known as \move the
processand not the data".

4.1.1 Pretriggers

The pretriggers de ne either an electron or a muon candidate. Muon pretriggers are
de ned by the muon system. The only particles that can traversethe muon absorbers
and yield a signal are muons, thus, a hit pattern in the last two stations is su cien t to
identify a muon candidate with high probability. The pretrigger algorithm seartes for
hit coincidencesn the pad chambers MU3 and MU4. Figure 4.3 shows the coincidence
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Figure 4.1: Layout of TFU boards performing the track nding at the FLT. Hit infor-
mation is transferred from the pretriggers and the tracking systemto the TFUs. The
TFUs perform the track nding through a Kalman Iter technique from left to right in
the gure. The nal tracks found by the TFUs systemare then passedto a Track Pa-
rameter Unit (TPU) wherea track selectionis performed. Finally, a Track DecisionUnit
(TDU) doesthe last selectionof the event and issuesthe trigger decision.
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Figure 4.2: Schematic track nding procedure. From right to left, the di erent stepsof
the Kalman lter algorithm are shavn. The shadavs correspnd to the region of interest
from layer to layer. At ead step, the track information is updated. The pretrigger regions
are indicated (note that the pr trigger was not usedin the run 2002-2003).

pattern. Sincethe muons traversing the absorbkers su er from multiple scattering, they
presen asigni cant angularspread,which is takeninto accour by a six to onecoincidence
stheme. When a coincidenceis found, a messagas transmitted to the FLT network.

The electronpretriggeris basedonthe ECAL information. Dedicatedpretrigger boards
perform a seart for a local energymaximum in the ECAL cells. To thesecells,the energy
of the adjacen cellsis added, forming a cluster with a crossshape with a total of 5 cells
as shavn in Figure 4.3. A pretrigger messages issuedif the following requiremerns are
ful lled:

Ecentercel > ETn=2 (4-1)
Evota > ETH ; (4.2)

whereE 1y is an (adjustable) threshold. Ety isrelatedto the cut on the transverseenergy
(Er) by:

Eth = Er—P———": (4.3)

This relation is basedon asimpleE1 determination assumingno bendingin the magnet.
In 2002-2003E+ wassetto 1 GeV. The x and y positions of the cluster are determined
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Figure 4.3: Pretrigger seeddrom ECAL and MUON systems.Left: ECAL clusterwith a
crossshape formed around a locally maximum energeticcell. Right: Coincidencesdheme
for the muon pretrigger basedon the pad chambers MU4 and MU3. The dashedlines
shaw the projection of MU3 onto MU4, whereasthe shadaved regionsindicate one of the
possiblecoincidencepatterns.

from the certer of gravity. When a cluster passingthe above threshold cut is found, a
messages passedto the tracking hardware.

4.1.2 Data transmission from the trac king system

Ead wire of the OTR honeyconb cells is connectedvia a 20 cm coaxial cable to an
ASDS8 (8 channel Ampli er-Shap er-Discriminator) chip which treats 8 wires. The ASD8
chip ampli es, shapes and discriminates the signal and sendsa di erential signalto a
Time to Digital Converter (TDC) via twisted pair cablesof about 5 m length. The TDC
determinesthe drift time and codesit into an 8 bit format. Each TDC readsup to 32
wires and storesup to 128 consecutive events. The depth of this bu er correspnds to
about 12 s and de nes the acceptedlatency of the FLT. The hit patterns, without the
drift time are sert to the Trigger Link Boards (TLBs) which map them and sendthem
to the wire memoriesof the FLT system. The TDC also performsa logical OR between
doublelayerscellsin order to increasethe e ciency . If the FLT only receiveshit patterns
from singlelayersthe track e ciency will be determinedby the e ciency of nding a hit
in all 12 wire layersthat cover the FLT in the OTR. Assuminga hit e ciency of 98%we
have for the maximum probability that the FLT nds the track:

FLT wack = OTR ht = 785%; (4.4)

whereasin the caseof an \OR" of ead double layer, this e ciency becomes:
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Fitrack = (1 (1 OTR hit)2 )12 = 995% (4.5)

After a positive FLT decision,the TDC transfers the hit information to the Second
Level Bu er (SLB, SHARC? boards) which is read by the SLT. The complete schemeof
the data transmissioncan be seenin Figure 4.4. For the MUON chambersthe read out
systemis similar to the OTR but without the TDC step, sinceno drift time is determined.

4.1.3 Trigger Link Boards

The data from the Front End Drivers(FED) is transmitted to the TFUs through speci c
trigger link boards[92. The TLBs receiw the information from the TDCs through at

cables. Sincethe FLT operatesindependerily of the HERA- B bunch crossing(BX),

the BX identi cation must alsobe distributed with ead event which is done by the Fast
Control System(FCS). The at cablescortain 34 leads(32 signaland 2 grounds). In the
caseof the OTR, ead pin carriesthe signal of ORed cells. These 32 signalsare fed to
a ProgrammableLogic Device (PLD) which is programmedfor mapping the geometry of
the OTR to the oneusedby the FLT. In addition the BX number of the hits is addedto
the data stream sert to the TFU. Figure 4.4 shaws the position of the TLB in the data
transmissionchain. The mapping is neededbecausethe data from the detector can not
be transmitted directly to the TFUs, but it must be organisedto adjust to the simpli ed

pattern usedby the TFUs calculations. Becauseof the requiremen of a fast calculation,
the FLT needsto assumethat cellsrepreseted by the wire memory (WM) locations are
equidistart. This is not the casewherea TFU coversregionsof both 10 mm and 5 mm
OTR cells; in thesecasesthe signal must be split or merged[93 in a way sud that the
equal spacingcan still be assumed.This procedureis shovn schematically in Figure 4.5.
SomeTFUs cover the regionwherethe OTR is separatedinto two halves. If the closing
betweenthe two halves of the station is not perfect, this may introduce a gap on the
spacingof the cellsof di erent halves. Sincethis disturbs the equidistancybetweenWMs
an additional hit is inserted (hardcoded 1 in the hit pattern) to Il the gap if needed.In
order to increasethe e ciency, the PLDs also makesa logical OR of consecutie cells of
the +5 degreelayers of ead station. This is doneby distributing the cell signalinto the
correspnding bit of the WM and into the previousone.

After the mapping is donethe PLD distributes a 24 bit signalto a Motorola AUTO-
BAHN chip, which performsthe serialisationof the information. The AUTOBAHN chip
createsand distributes two 32 bit padagesduring one bunch crossing. Each padage
cortains 24 bits for hit information and 8 bits for the bunch crossingidenti cation. The
BX identi cation is alsousedto ched transmissionerrors, sinceit is known that it must
be identical for two consecuti\e padkagesand must incremert in the next padkage. The
padkagesare transmitted by 50 m long optical links to an optical receiver at the TFUs

2Super Harvard ARchitecture Computer



4.1 Overview 51

messages
of previous layer
(12 Ghitls )
\ (upfo SHARCS BN i | receiver
Iy g 32 wires) deteg‘;er;tt/a BRERRR (wtoslinks
I = ASD 8 f—| Upto 22 Gbits [TIT111] max. 2,5 candidates
N = 10c | o BX andlLink
H\l\HUDToM W~ ﬁ
(384 wires) T
upto8 N It
Linkooad i T Coincidence] fpje processing 1
/ wios Matrix | cdindance max. 5 candidates / BX| ry
(up to 384 wires) " 1 g
)
o mi
optiod fransmission 128BXs  cdng

T F U transmission

Jstaeolgyers exh of 2 :
aedaoublelyas i max 2.5 candidates / BX
Hedor aea
messages '
to TFUs of following layer
(LVDS)

Figure 4.4: Schematic view of the data transmission. From left to right, an OTR wire
signal is processedby an ASD8 channel, which ampli es, shapesand discriminates the
signal. Then a TDC digitises the signal and sendsit to the TLB. After mapping the hit
information a serialisedsignal is sent via optical links to the TFUs. The TFUs receiwe
alsothe messagdrom the (logically) previousTFUs and, if a triple coincidenceis found,
will update and propagatethe messagdo the next station.
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Figure 4.5: Schematic view of the mapping of the detector cells in the WMs. The
dotted line indicates the separationbetweentwo TFUs. The oneat the right is covering
a region with both cell sizes.In this casethe 10mm cells are splitted into two WM cells
to accommalate with the assumptionof the equal spacingbetweenthe WMs. The logic
OR at the TDC is explicitly shown.

where another AUTOBAHN takesover the serial signal and distributes it nally to the
WNMs.

4.1.4 Track Finding Units

The TFUs are the core of the FLT system. They are dedicated boards which can be
schematically seenin Figure 4.4. There are three WMs on eat TFU, covering the hit
map of eat of the three stereoviewsof the correspnding superlayer. The WMs are dual-
ported, which allows them be written to and read out simultaneously They store 128
everts. A CoincidenceMatrix (CM) performsa seart for hit coincidencesn the three
WMs in the correspnding Rol. If a coincidenceis found, its position will be determined
from the location in memory and this hit is addedto the track and the parametersof the
track are updated. The new parametersare then coded into a messagend passedo the
TFU transmitter. The transmitter will nally distribute the messageo the next TFUs
in the line. Details of the 80 bit messagdransmitted betweenthe TFUs are indicated in
Table4.1

The mostimportant parameterswhich are modi ed at ead step of the processare the
track slope (d ) andthe sizeof the Rol (dd ). The rst onecodesthe track angleafter the
magnet,whereasdd de nes the sizeof the Rol. All the other parametersare transmitted
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Variable Description Nr. bits
TDI Destination identi er 8
n Number of Rols to seart 1
x coordinate at TC2 10
d Minimal track slope 8
dd Sizeof Rols (in slopes) 8
all Flag when hits in all TFUs (for photons) 1
Slope in y (non bending plane) 9
! Cluster width at TC2 2
BX Bunch crossingnumber 8
I D Pretrigger identi er 2
P Initial estimate of momerntum 7
flag Flag to passthe messagdo next TFU (for photons) 1
E* Bremsstrahlungenergy (positron hypothesis) 7
E Bremsstrahlungenergy (electron hypothesis) 7
nu Not used 1

Table 4.1: Description of the messagdransmitted between TFUs. The description of
ead variable and the number of bits usedare shown.

unchangedand will be usedat the nal stageof the calculationsonly. In the caseof muon
candidates,the slopein y ( ) is updated at MU1, sincethe slope provided by MU4 and
MU3 is not precisedueto the multiple scatteringin the absorkers. Calculationsare based
on Look Up Tables(LUTSs) in order to reducethe processingtime (a detailed description
of the TFU logic can be found in Ref. [94]).

It is also possibleto set a cut at the TFU level for everts which produce a large
latency. For this, the di erence betweenthe \write address"and the \read address" of
the wire memory can be usedto reject old messages.If the di erence is bigger than a
certain latency cut, the messages rejected. This cut is di erent for di erent superlayers,
increasingfrom MU4 to PC1, sincethe processingtime increasesaccordingly

Each TFU has 24 optical receiwers. Each of them receives 48 bits of hit information.
Eight optical receiwers are connectedto one WM, which means(24*8) 384 channelsare
covered by each WM. The distribution and coverageof the TFUs can be seenin Figure
4.6 for PC and TC chambers.

To determine the position of the hits, geometry les are producedthat allow the de-
termination of the coordinates represeted by eacy WM. It is assumedthat each WM
coversa sectionof the detector delimited by a parallelogramas shavn in Figure 4.7. The
X position of a general\wire" n at a certain y position is determinedas follows (basedon
the parametersdescrited in Figure 4.7):

Xn = Xo+ (0:5+ n)% +tan (Y VYo): (4.6)
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Figure 4.6: TFUs coveragefor OTR chambers. TFUs numbers assignedto ead super-
layer as: 0-9 PC1; 10-19PC4 ; 20-31TC1 ; 32-43TC2.

whereN x is the number of \wires" of the WM in questionand the shift of 0.5 cell derives
from the fact that the wire is in the middle of the cell and not at the edge.

4.1.5 Track Parameter Unit

The last TFU boardsat PC1 are connectedto the TPUs. Theseboards determine the
track momertum by a propagation of the track to the certer of the magnetand then to
a referencetarget position. The chargeis also determined at this stageby the bending
direction of the track. In the caseof electronsit is alsopossibleto apply a cut on the ratio
betweenenergyand momertum in orderto reject hadronswhich alsodeposit energyin the
ECAL. To prevert a high load of the TDU with alarge number of clonetracks, the TPU is
ableto compareany newincoming track with the last 20 messagesThe most signi cant
bits of the momerta are compared,and if they are identical the cloneis removed from the
list. A description of all the parametersand their discriminating settings can be found
in Ref. [95], which is reproducedin Table 4.2. A detailed description of the TPU can be
found in Ref. [96].

4.1.6 Track Decision Unit

The Track DecisionUnit is the nal step of the FLT. It makesthe decisionwhether the
ewvert is acceptedor rejected. It can work in two di erent modes. One of them is the
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Figure 4.7: TFU geometry The geometryassignedo the WMs is shovn. The parallel-
ogramis de ned by the starting coordinates (Xo; Yo), the sizesx and sy, and the angle of

the layer ( ).
Parameter Description Cut value 2002-2003
Track Cut Maximum number of track to be processed 23
CompareStatus | Remove tracks with similar kinematic (clones) enable
pmin Minimum P; of track 0.5GeV
pmax Maximum P; of track 1000GeV
p min Minimum P of track 0 GeV
p max Maximum P of track 200GeV
(E=P)min Minimum energy-momerium ratio for electrons 0.5
(E=P) max Maximum energy-momertum ratio for electrons 2
En. Brem. Energy cut for bremsstrahlungcorrections disable (no correction)

Table 4.2: TPU parametersfor the track selection. Togetherwith the name of the cut
and the setting for the 2002-2003Jata run is shown.
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\counter trigger"”, which makesa decisionon the number of tracks of a certain type. The
secondmodeis the \pair trigger mode" which calculatesthe invariant massof the di erent

pairs and delivers a decisionbasedon an invariant masscut. Further details of the TDU

can be found in Ref. [97]. In the 2002-2003un a \counter trigger" was usedto select
everts with at least one reconstructedtrack and at least two pretrigger message®f the
sameleptonic type. If the trigger condition wasful lled the BX-ID of the correspnding
interaction is sert to the FCS. This signalis relayed by the FCSto all read out electronics
to sendtheir information to the SLB sothat it is available for the SLT. The TDU also
sendsits track messageso the SLT. With this information the SLT can start the track
searth seededby FLT tracks. This last feature was not usedin 2002-2003. Rather, a
secondTDU was connecteddirectly to the pretriggers, and the SLT was seededby the
pretrigger messagegprovided by this secondTDU.

4.2 Performance

In this sectionwe analysesomefeaturesof the FLT performanceduring data taking.

4.2.1 Testing the TFU geometry , mapping and ca-
bling

As mertioned before, the FLT algorithm assumesequal spacing of the detector wires
mapped into the WMs. This, howewer, is not really the casein the hardware, since
the detector can have slightly di erent spacingdue to, e.g. material between modules,
imperfectionsof the supporting structure or incorrect closing betweenthe two halves of
the detector. In order not to lose e ciency in the tracking seard, the WMs have to
correspnd to the position of the real wires within the sizeof a cell. This is chedked by
comparing the assumedWM position with the real position obtained from data bases
of OTR and MUON. Figure 4.8 shaws a typical spectrum of the di erence of the WM
value and the real x position versusthe real position of the wire (for TFU 42: TC2, +5
degrees). The jumps of the di erence are due to changesof the OTR module every 32
wires. The slope is dueto a small di erence of the cell size( x) determinedby the TFUs,
which is calculated as x = sx=Nx (seeFigure 4.7). This may dier from the exact
cell sizesincethe region covered by the TFU cortains modules with non-equalspacing,
thus the division will not yield the exact cell size. During the 2002-2003un 98% of the
WM wire positions were within a distance of half a cell from the real position, and the
maximum di erence newver exceededhe distance correspnding to onefull cell width. It
is alsopossibleto test the geometryindependerily from the OTR and MUON data bases,
through a comparisonbetweenexternal referencetracks and hits in the WMs. Reference
tracks are reconstructedrequiring a matching segmen in the ECAL and in the RICH.
Sincethesetracks do not requireany information of the OTR system,they arenot a ected
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Figure 4.8: Di erence betweenthe x position assumedby the WM and the real position
of the wire from the OTR data base. The slopesarise from imprecisionin determining

the cell sizeby the TFUs, and the jumps are due to positions of di erent modules.
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by any bias. A uniform shift of the residual distributions from the certral position at any
layer is an indication of misalignmen. Typical distributions are shavn in Figure 4.9.
Sincethe data transmissionbetweenthe detector and the FLT doesnot cortain the wire
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Figure 4.9: ResidualsbetweenWM hits and track positions for referencetracks in the
regioncoveredby TFU 2. The three plots correspndto the TFU coverageof the di erent
stereolayers. Top: +5 . Middle: 0 . Bottom : -5

identi cation, the assignmeh betweenthe WM and the detector wires is basedon the
proper cableconnectionin the ertire data path. Sincethe connectionsare donemanually
and there are  10000ASD8-TDC connections,more than 2000 TDC-TLB cablesand
13000ptical links, the probability of miscablingis not negligible. To have an ideaof the
in uence of amiscabling,onehasto considerthat only onewrongly connectedoptical link
would lead to the lossof 48 channelsout of 348, which meansthat  10%of the a ected
TFUs would becomeine cient. Once a cabling error is iderti ed it can be corrected
only when there is accesgo the detector, which dependson the acceleratorstatus and
the needsof the collider experimerts. But there are caseswhich can be \patc hed up”
remotely. For exampleif the miscabling consistssimply of a swap between ASDS8 !
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TDC or TDC ! TLB cables,and the information is still cortained within the 48 bits of
oneoptical link, it is possibleto reprogramthe TLB to properly distribute the signalinto
the WMs. It is alsopossibleto programthe TLB to sendhardcoded ones(signalsalways
on, to eliminate losses)to a ected TFUs. This may however causeseriousincreaseof
the number of messagespverloadingthe FLT network, which increaseghe latency. The
method usedto seart for miscablingsconsistsof comparing the occupanciesof WMs
and the tracking system. Sud a comparisonis displayed in Figure 4.10 [98] for TFU
16. In this casehits whereacquiredjust beforedata taking. The top of the gure shaws
the simulated WM from the OTR hit pattern. The lower plot in the gure shows the
occupancydirectly from the WM records. The lines delimit the regionscovered by eath
TDC cable and optical link. The shape of the two plots in ead gure should be (very
closeto) idertical. At the beginning of the physicsruns in October 2002, problemsdue

Reconstructed WM TFU:16 ANGLE:1

Occupancy

| TR R S PN S S S T U T T
250 300 350

Channel

Real WM TFU:16 ANGLE:1 (before run)
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Figure 4.10: Wire memory occupancyfor TFU 16,0 stereoview (referred asangle 1
in the gure). The upper plot shavs the simulated WM occupancyfrom the OTR hits.
The lower plot shows the recorded WM occupancy A di erence in the two distributions
would indicated a mapping or cabling problem. Occupanciesare presetted in arbitrary
units.

to cabling and mapping were solved to a level that lessthan 1% channelswere a ected
(mainly miscablingbetweenTDCs and TLBs). Remainingchannelsweremaslked,i.e. the
hit pattern positionsweresetto 1.
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4.2.2 Testing the hardw are and data transmission

A major problemfor the FLT performancewasthe unreliability of the optical transmission
betweenTLBs and TFUs. At the beginningof every run a test was performedto idertify

bad optical transmissionlinks [95). For this the receivershave programmablethresholdsto
discriminate betweena logical 1 and 0. The test consistsof increasingthe threshold of the
TFUs receiwers and cheding the courting of the 3 least signi cant bits. Approximately
5 % of the links shoved problems. Thesewererelated to problemswith the AUTOBAHN

chips and optical transmitter/receiver [99]. A ected links were masked (setting all bits to
1 in the wire memory) during that particular run. Another stringernt test was performed
continuouslyduring data taking. Insidethe WM ASIC, the BX number of two consecutiwe
messagesre compared. Errors were courted and monitored via VME. For working links
only a few shawved bit error problems. The error rate obsened was sud that no direct
in uence on the FLT performancecould be identi ed. Newertheless,even somelinks that

passedall this tests shoved unstable or poor performance.

Another potertial sourcesof ine ciency comesfrom the interconnectionbetweenthe
TFUs. Se\eral tests of the data transition betweenthe TFU and of the performanceof
the TFUs processingwere performed. Non of thesesourcesshoved any problems[99].

4.2.3 E ciencies

Due to the trigger set up which - during the data period 2002/2003 described here -
required only one FLT track per ewert, it was possibleto determine trigger e ciencies
directly from triggereddata. This could be doneby selectingevernts whereonly two tracks
were found in the nal data analysis,and by cheding whether the FLT had found the
secondtrack of the evert aswell. In this sectionwe determine the trigger e ciency for
oine reconstructedtracks. The referencetracks are selectedusing the following muon
and electron criteria:

a reconstructedsegmen with more than 5 hits in the VDS;

at least9 hits in the main tracker (OTR+ITR);

for muons: at least5 hits in the MUON chambers;

consistencyof the track with a SLT track;

the transversemomertum of the reconstructedtrack between0.7 an 5.0 GeV,
the total momenium between6 and 200 GeV;

2 probability of the track > 0.3 %;

for muons: a muon likelihood > 0.05;
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for electrons: 0.11< (E=P 0:99)< 0.21.

The rst stepin the ewvaluation of the e ciency is to determine a matching criteria.
Sincethere was no seedingwith an FLT track, there is no standard matching between
reconstructedtracks and FLT tracks. The matching criteria proposedin Ref. [10Q is
basedon the geometrical distance betweenthe tracks at two speci ¢ superlayers (PC1
and TC2). The distributions of the distancesare shavn Figure 4.11. The de nition of the
geometricaldistance betweenthe tracks are shavn in Eq. 4.7 and 4.8 for electronsand
muons, respectively. Thesede nitions averagethe cortributions of x and y deviations at
ead superlayer.

Yoot . i i

re= (| Xpci+ —bH 4 j Xyregj+ 11y (4.7)
15 2
Yoot . i i

r-=( Xpca+ J :Clj +] Xxtca + J YQCZJ):4 (4.8)

Eadh term of the equation is the distance betweenthe FLT and the oine recon-
structed track, at the correspnding layers, divided by a coe cient proportional to the
correspnding resolutions. The valuesof the coe cien ts were determined by the distri-
butions in Figure 4.11. For the x coordinate they are setto one and for the y directions
at di erent biggervaluessincethe widths are larger in this coordinate.

Figure 4.12 shows the resulting r. From thesedistributions a cut at 2 is applied
to de ne the matching. At any cut sometracks will be lost but increasingit will also
include fake matches. Di erent cuts valuesweretested (1, 2, 5 and 10) and the variation
in the e ciency is taken into accourt in the systematic error. For ewverts with only
two reconstructedlepton candidatespassingthe standard requiremerts, one of them is
matched to one of the FLT tracks in order to remove the trigger bias, and then it is
chedked whether or not the secondreferencetrack is found by the FLT or not. With this
procedureit is possibleto determinethe FLT singletrack e ciency as:

_n
=5 (4.9)

wheren is the number of matched tracks and N is the total number of referencetracks.

Figure 4.13 shows the single track e ciency as a function of the dilepton mass. An
enhancemenh at the J= massis seen(mainly for electrons). This implies that in the
presenceof two real leptons the trigger probability increases.

An interesting feature of the trigger systemis revealedwhenonestudiesthe dependence
of the OTR occupancyasfunction of the dilepton mass. In this distribution (Figure 4.14)
it is seenthat the occupanciedecreaset the J= massregion. This may imply (though
not conclusiwely) that whenthere aretwo good leptonscomingfromaJ= , the probability
to trigger is much lessdependert on the occupancyof the detector, and the trigger tends
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Figure 4.11: Distance betweenthe FLT track and the closestlepton track from a J=
candidate. Top: Electron distributions in x (right) andy (left) coordinatesfor the super-
layersPC1 and TC2. Bottom: Samedistributions for muon tracks.



4.2 Performance 63

«10° Electrons «10° Muons
30F
30r
20¢ 20
107 107
| i | ] ] |
0 0
0O 1 2 3 4 5 0O 1 2 3 4 5
Dr Dr

Figure 4.12: r betweenthe FLT tracks and the closestlepton from a J= candidate.
Right: Electrons. Left: Muons.
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Figure 4.13: FLT trigger e ciencies. vs. dilepton mass.
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Singletrack e ciency | October | November | Decenber | January | February
Electrons (%) 472 06]623 04(659 0.7/639 03|523 0.6
Muons (%) 220 04306 03|347 07291 02223 04

Table 4.3: Electron and muon e ciencies (with statistical errors) for di erent periods of
data taking, grouped into periods of one month.

to re basedon the J= leptons. The distributions suggestalso that in the absenceof
a J= , the trigger systemtends to trigger more frequertly on high occupancieseverts
whereit is more probableto reconstructtracks.
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Figure 4.14: OTR hit occupanciesvs. dilepton mass. Right: Electron triggered evens.
Left: Muon triggered events.

Here we are interested to determine the e ciency for J= leptons only. For this,
only pairs in the region of 300 MeV (total width) around the J= mass(3.093GeV) are
selected. Howewer, since this sample also cortains non J= ewens, the badkground is
subtracted basedon the behaviour of candidatesin the side bandsbetween0.2 and 0.35
GeV to both sidesof the J= window.

It turned out that the e ciencies varied betweendi erent periods, and sometimeson a
run to run basis. This wasmainly dueto the unstable performanceof optical transmission
links. Figure 4.15shownsthe e ciency for di erent runs from October until February (the
di erent periods are marked explicitly with vertical dashedlines). Tables4.3 shaws the
e ciencies for monthly periods (with the statistical errors only).

The main systematicerror in the e ciency determination comesfrom the de nition of
the matching betweenthe tracks. The variation of the e ciency for di erent matching
criteria is evaluated as shovn in Table 4.4 for electronsand muons.
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Figure 4.15: Trigger e ciencies for di erent runs. Dashedlines separatedi erent runs
periods.

Singletrack e ciency r<1 r<=2 r<b>s r< 10
Electrons (%) 59.6 0.2|61.1 0.2|621 0.2|63.2 0.2
Muons (%) 27.7 0.1|280 01284 0.1{298 0.1

Table 4.4: Electron and muon e ciencies for di erent matching criteria. The systematic
error cortribution is evgjuated basedon the maximum and minimum e ciency valuesof
this table : (max-min)/ "~ 12.
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Finally, the averagesingletrack e ciency for the completedata taking of 2002-2003s:

Electron singletrack e ciency = (61:1 0:2gar  1:05y5)% (4.10)

Muon singletrack e ciency = (28:0 0O:lgar  0:65y5)% (4.11)

Oncethe averagesingletrack e ciency () is determinedfor a large data sampleof a
certain run period, the averagetrigger probability can be estimatedfor everts with only
two leptons satisfying the selectioncuts (  95% of the events):

TriggerEciency =1 (1 )?: (4.12)

This allows to estimate the averagetrigger e ciency, for the complete data taking
period as 85 % and 48 % for electronsand muons, respectively.

The performanceof the detector is not homogeneouso that the FLT e ciency de-
pendson se\eral parameters. The strongestdependences the geometricalposition of the
tracks, sincedi erent positionsimply that the track passedthrough di erent sectorsof
the detector coveredby di erent FLT hardware, which might have di erent performances.
Most of the commissioninge ort wasconcetrated in the regionsof higher occupanciesat
the expenseof the performanceof the hardware covering the outer parts of the detector.
E ciencies are alsodependert on the particle momertum, which have also a correlation
with the e ciencies from di erent areasof the detector. For examplelow momertum
particles are deviated at the magnet and bert towards the outer part of the detector
away from the beampipe. In Figure 4.16 we shav the single track e ciency versusthe
momertum of the track and the dependenceon the radial distanceto the beam position.

4.2.4 Dierence between electrons and muons

Thereis acleardi erence betweenthe e ciencies for electronsand muons,the latter being
lower. This was studied in Ref. [101, 94]. The ine ciencies are (geometrically) localised
at the MUON chambers, particularly at MU1, wherethere is a large drop in e ciency .
The main causeis that dueto multiple scattering, sometimesthe hits on MU1 are outside
the projected ROI estimated at MU3. Figure 4.17 shows the ewlution of the e ciency
at the di erent layers. The study was done reading the hit occupancy of the detector
and simulating the FLT performance,sothat ine ciencies due to data transmissionare
not included. The dashedlines show the result without chamber ine ciencies sincethe
referencetracks were selectedwith the requiremen of hits in all tracking stations, and
the solid lines include chamber ine ciencies.
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Figure 4.17: Muon e ciency at dierent track stations, taken from Ref. [10]]. Solid
lines show the total e ciency, dashedlines shows the intrinsic FLT e ciencies excluding
the chamber ine ciencies. Ine ciencies dueto data transmissionare not included.
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4.3 Simulation vs. hardw are

Simulating the real performanceof the trigger turned out to be problematic, mainly due
to the instability of the optical transmission. The simulation wastestedby giving asinput
the hit map from the detector and the simulation of the FLT processing.The simulation
overestimatesthe hardware performanceby 10-20%. Figure 4.18 shows the systematic
di erence for di erent runs at di erent time periods. It highlights the inaccuracy of the
simulation of the optical transmissionperformance.

For special runs all TFUs from a certain sectorwere connectedto a TDU. Then track
parametersat eat station were known. The hit pattern of the detector was simultane-
ously passedto the simulation and a comparisonwas done step by step in the process.
This allowed a clear identi cation of the problemson the optical data transmissionon
particular TFUs. This forcedthe dewelopmert of an alternative method to simulate the
FLT for acceptancestudies.

Single track efficiency

1
070 * ¢ oo g g
g:g R . LI T R
O . 3 L @ simulation
O'%,.,,.
0 2 4 6 8 10 12 14

Run (arbitray numbe

Figure 4.18: Comparisonof the electron singletrack e ciencies for di erent runs (Oc-
tober period) for data and a simulation padckageof the FLT.

4.4 Eciency map

As an alternative to the simulation one can determinea map of trigger e ciencies (from
data) asfunction of the track position at TC2 and momertum de ning three dimensional
bins or cubes. The cubesare de ned by the x and y positionsat TC2 superlayer and a
third variable proportional to the track momertum. The method to produce e ciency
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mapsis described in [10J. The overall single tracks e ciency map is shovn in Figures
4.19and 4.20, integrated over all track momerta.

Major/Minor = 1000000/ 1, efficiency map for electrons

Figure 4.19: Display of the x y projection at TC2 of the e ciency map (integrated
over momertum) for electrons.

The mapping is done with referenceSLT tracks. Sincethe FLT and the SLT trigger
independertly on the ewven, their order canbe reversedin the MC simulation. Figure 4.21
shows the data taking schemeand 4.22 shows the simulation scheme. In the MC simula-
tion, the FLT e ciency map is usedasa weight of the evert after it was acceptedby the
SLT simulation. The weigh of the ewert is the probability of the evert to be triggered
and is determinedfrom the singletrack e ciency of all SLT tracks of the ewerts as:

|
v !
Trigger Weight = 1 @a ) (4.13)

i
wherei runs over all the SLT tracks in the event (after a proper cloneremoval), and ; is
the track e ciency determinedthrough the e ciency map accordingto the track position
at TC2 and momertum.

The e ciency map is applied at the MC to J= ewents, but aswe shoved previously
the trigger e ciencies are enhancedat the J= massdueto the enhancedepton presence
at this particular massrange. Outside the J= massregion the presenceof fake tracks
will produce an underestimate of the e ciencies. Thus taking SLT tracks without any
lepton requiremert resultsin an underestimateof the track e ciency becausehe sample
is dominated by ghost and low quality tracks. To produce e ciency maps with only
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Major/Minor = 1000000/ 1, efficiency map for muons
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Figure 4.20: Display of the x vy projection at TC2 of the e ciency map (integrated
over momertum) for muons.
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Trigger
2TDU —_— SLT |—— Decision
PRE 1
TRIGGERS

—_— FLT —— 1TDU — Trigger

Figure 4.21: Data trigger scheme. From the pretrigger messageshe FLT requiresat
leastonereconstructedtrack. After a positive trigger the SLT start a tracks seard based
on the pretrigger seedstransmitted directly from the secondTDU. The SLT issuesa
trigger basedon dilepton candidates.
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MC PRODUCTION

Event

PRETRIGGERS |—— SLT —_— FLT .
Weight

Figure 4.22: MC simulation trigger scheme. Sincethe SLT is not seedecby FLT tracks
but makesa track seart from pretrigger information, the order betweenFLT and SLT
can be switched. The performanceof the FLT is then simulated by an e ciency map,
that givesa ewvent weight basedon the tracks found by the SLT (Eq. 4.13).

J= leptonsis not possiblebecauseof the limited statistics. Thus quality cuts must be
applied to selectgood leptons as referencetracks but without an invariant masscut in
order to keepthe statistics at a reasonabldevel [103. A compromisethat allows everts
in the wider massregion but still assuresthe leptonic quality of the referencetracks
must be made. For muons a standard muon likelihood cut of 0.05was enoughto have
a reliable referencesample. For electronsit was required that the referencetrack have
a bremsstrahlungphoton assaiated to it. Bremsstrahlung photons are emitted before
the magnet becauseof the interaction of the electron with detector material. Beforethe
magnet both electron and photon will travel in the sameline, while in the magnet the
electron will be deviated. It is possibleto recover the emitted photon by extrapolating
the VDS segmen of the electrontrack asa straight line to the ECAL and look there for
an energydeposit. This helpsto correctthe momertum of the electronbut senesalsoas
a strong electrontag [103.

4.5 No matc hing

There are someewernts wherethe FLT triggers on somethingdi erent than J= leptons.
It is not clear what triggered these everts, but for consistency these everts must be
excludedfrom the analysis,sinceis not possibleto determinethe e ciency of sut ewvens
in the simulation. Table 4.5shavsthe percenage of evernts without matching for di erent
matching criteria.

r<i r<2 r<b>s r< 10
Electrons (%) 6.2 4.0 2.7 1.4
Muons (%) 6.9 5.1 3.1 1.8

Table 4.5: Percertage of events with no matching betweenthe J=

tracks.

leptonsand the FLT
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4.6 Comparison between data and MC

In order to establishhow well the MC descrikesthe data, a comparisonis made. The
calculation of the singletrack e ciencies in real data is done as explainedbefore.

The \average" trigger e ciencies can be comparedin data and simulation everts for
a large sampleof events. The averagetrigger e ciency from data is then comparedwith
the averageMC trigger weight for everts with only two SLT tracks correspnding to the
J= leptons. Herewe show a study for the data taken during Novenber period. Table4.6
shaws the averagetrigger e ciencies for data and MC ewents. There is reasonablygood
agreemen

Data Simulation
Electrons (%) | 85.8 0.3 82
Muons (%) 51.8 04 51

Table 4.6: Averagee ciencies for data and MC for November period

A proper description of the xg and py distributions is important especially for di er-
ertial J= production studies. In Figure 4.23we shaw the distributions for data and MC.
For xg there is in generala good agreemeh A discrepancycan be seenat the larger
xg for muons. This di erence is not properly understood but it involvesthe edgesof the
detector. In pr there is good agreemeh and the e ciency is independert of pr.

4.7 Summary and conclusions

In this chapter we preserted a detailed description of the rst level trigger. During the
data taking of 2002-2003t was operating at 5 MHz interaction rate, with a reduction
factor of 200. A averagesingletrack e ciency for J= leptonsfor electronsand muons
of (61.1 0.2t 1.05ys)% and (28.0  0.1ga 0.655)%, was measuredrespectively.
This together with the rest of the trigger chain resulted in 1200J= per hour on tape
giving a nal collectionof 300,000J= ewerts in a sampleof 150million triggered evens.
Optical data transmissionbetweenthe detector and the FLT network turned out to be
problematic and its simulation not reliable. As an alternative to an FLT simulation,
an e ciency map was proposed. Implemertation of the map substartially improved the
agreemeh betweenthe MC event simulation and data.
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Chapter 5

The Inclusiv e b Cross Section.

In this chapter we discussthe determination of the bb crosssection as well as the
crosssectionratio to J= production. First we descrite the method to measure
the bb crosssectionthrough the inclusive decay b! J= , normalisedto the direct
J= production. Then the analysisis descriked, and nally the measuredvaluesare
presened and comparedwith theoretical predictions and previous measuremets.

5.1 Metho d

5.1.1 General

To determinethe bb crosssection,we identify the inclusive deca of oneb particle through
its decgy into aJ= + X. Sincein proton-nucleoncollisionsthe b quarks are always pro-
ducedin bb pairs, the identi cation of oneB meson! is su cien t to insurethe production
of the bb pair. To reducethe uncertairties in the e ciencies and to avoid the determina-
tion of the luminosity, we will normalisethe bb production yield to the prompt J= vyield.
To distinguish betweenthe prompt J= and thosecomingfrom a B mesondeca we will
usethe long lifetime of the B mesonswhich leadsto atypical ight path of apprax. 9 mm
in the HERA- B kinematics. Sincethere are no other long lived particles that decg into
aJ= ,aJ= vertexwhich is detached from the primary vertex is a unique indication of
the presenceof a B mesonin the evert. In Figure 5.1 the di erences betweendetached
and prompt J= s are shovn schematically. A J= producedin the primary interaction
decgsimmediately into two leptons(left onFig. 5.1). The tracks of the two leptonspoint
bad to the primary vertex. In cortrast, aJ= from abdeca occursat somemacroscopic
distance from the primary interaction (right on Fig. 5.1). The two leptons, in general,

1As an abuse of notation we will sometimesrefer the b! J= decay asa B mesondecay, since it
is the predominant contribution, although not completely accurate since there are b baryons that also
decy into a J=

75
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do not point bad to the target, giving a non zeroimpact parameterwith respect to the
wire (Iw)

(Prompt) Jy B —— (Detached)l/y

Jly
[+
Pro'tﬂ> \]/y Pro‘tﬂ> _____ ° - =~ [ —
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Dz )
X

I+ ,
/
Iw ’
/

Figure 5.1. Schematic draw shawving the geometricaldi erence betweena prompt J=
and a detached J= originated in a B deca.

5.1.2 Cross section form ula

In this analysis,the bb crosssectionis measuredthrough the ratio betweenthe numbers
of detached J= and prompt J= corrected for e ciencies and branching ratios. The
measuremen relative to the J= crosssection minimises the systematic errors related
to trigger e ciencies and detector behaviour, and it also avoids the measuremen of the
absolute luminosity.

To determine a cross section in general, one needsto know the number of ewerts
found in the detector, the luminosity and the e ciencies to reconstruct the ewerts. If
the detection processinvolvesa decg to somedaughter particles, one needsto know the
brandhing ratios as well. For the caseof the determination of the bb production cross
sectionthrough the decg to J= + X, we write it, in our acceptance( ), as:

Ng

A= — ; 5.1
L ot Br(bb! J= X) Br(J= ! I*]) 1)
whereng is the number of reconstructedB mesongasdetachedJ= ), L isthe luminosity,
9t the total e ciency for the bselection,and Br(bb! J= X)andBr(J= ! I*] ) are

the branching ratios for a B mesondecaing into a J= + anything, and J= decging
in to two leptons, respectively. Theselast two valuesare taken from other experimerts;
seeSection’5.1.3. We have written explicitly 4, where A standsfor the atomic number
of the target material. This takesinto account nuclear e ects discussedn Section1.10.
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Similar to Eq. 5.1, we can write the prompt J= crosssectionin our acceptanceas:

A _ Np :
= : 5.2
PoL o Br(d= ! I*l) (5-2)
Here, np is the number of reconstructed prompt J= , and ¥' is the correspnding

e ciency .

We can split the e ciencies in the following way:

I
|
W o

(5.3)

|
T <«
Py
|
T <~
1

The main featureis that we have factorised ' into two parts, the rst onerepreseting
the e ciency to reconstructthe J= ( ‘éz ), and the secondrepreseting the e ect of the
cuts applied to distinguish betweena prompt J= and a detadhed one( g?). We expect
that in r most of the uncertainties involved in the e ciency determination cancel. In
principle, r should be closeto one. The di erences in the kinematics of a prompt J=
andaJ= from a B deca may alter this value only in a minor way.

Inserting Eq. 5.2into Eqg. 5.1 and using Eq. 5.3, we canexpress 5 as

A _ A Ns 1 )
= — ; 5.4
B P np g:gZBr(b! J= X) (-4)

whereng and np are extracted from the measuremet) whereas g and g* aredetermined
from simulations.

Taking the respective nuclear dependenciesinto accour, and consideringthat the
e ciencies may be di erent for di erent wires due to their geometricallocations, atomic
number, detector con guration and performance,etc., we write nally:

_ d's )
()= e Br(tb! J= X) ,nb & g% Al (5-:5)

|
Here,i identi es the wire in the di erent con gurations. The number of prompt J=
is taken for ead wire individually. Sincethe statistics is too limited to do the samewith
the b candidates, we decidedto obtain ng from a t to the total sample. We nally
extrapolate the crosssectionto the full acceptance( (bb)),

(b

fg

(bb) =

(5.6)

wheref g is the fraction of b! J= in the HERA- B acceptancegfg = (90:6 0:5)%)
determined from theoretical models as showvn in Section 3.2. We can also expressour



78 5 The Inclusive bb CrossSection.

result asa crosssectionratio, which is a measuremenindependert of the referencecross
section as can be seenin Eq. 5.7. This way of presening the results makes it easy
to update the absolute bb crosssectionif new updated valuesfor the J= crosssection
appear.

R = 2= = LI 5.7
p Br(bb! J= X) ;nh L g% Al 57

The extrapolation to the full acceptancebecomesnally:

_ (B _ () fp _
R = = =R - = - 1
3= fe P fg fg Br(bb! J= X) ink "ri "g? A
(5.8)

wherefp is the fraction of prompt J= in the HERA- B acceptance(fp = (77 1)%).

—

] fp ng

5.1.3 Information taken from the literature

The J= crosssectionand the bbto J= + X brandiing ratio are taken from other
experimerts. At energiescloseto the oneusedin our experimert, the J= crosssection
has been measuredtwice at Fermilab by the E789 [43] and E771 [104 collaborations.
Thesemeasuremets were done using the parametrisation 5 = (pN! J=) A , but
with di erent valuesof . They alsousedold valuesof the J= branching ratio (5.97
0.25) %. Becauseof this, their valuesare updated with the new measuremets of
[46] and the J= deca branching ratio (5.88 0.10) %. The characteristics of these
experimerts and their results are summarisedin Table 5.1.

| | E789 | E771 |
Beam Energy (GeV) 800 800
Target Material Gold Silicon
Target Mass(A) 196.97 28.09
X¢ acceptance -0.035:1.0 -0.05:0.25
used 0:90 0:02 0:920 0:008
updated 096 01 096 01
(pN ! J=) quoted 449  2a  88ys 381 st 27sys
(nb/nucleon)
(PN ! J= ) rescaled| 327.0 1.5 641lgs |333.4 35 23.6y
(nb/nucleon)

Table 5.1: TheJ= production crosssectionat 800GeV. Characteristicsand resultsfrom
the Fermilab experiments E771and E789. The crosssectionsper nucleonare recalculated
using the latest valuesfor , recerily measuredby E866.
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Thesemeasuremets hav& beenperformed at P s = 38.7GeV, slightly dierent from
the energyat HERA-B (* s = 41.6 GeV). Thus they must be properly extrapolated
to HERA- B energyaccordingto the energydependencegiven in Ref. [105, resulting
in an upwards shift of 7.3 0.3 %. Extrapolation of the average of the two exper-
iments to our certer of massenergy results in a referencevalue of (pN ! J=) =
352 2stat 2655 nb/nucleon. Only (77 1)% (fp) of all prompt J= are produced
within the acceptanceof the HERA- B detector (-0.35< xg < 0.15). Then the reference
prompt J= crosssectionbecomes:

(PN J=) fp = (PN! J=) =271 4ga 20sys nb=nucleon (5.9)

The branching ratio Br (b! J= X) is taken from LEP1 [106, which obtained as
result (1:16 0:10) %. Sincealways two quarks are produced simultaneously we have to
doublethis value: Br (bb! J= X) =2 Br (b! J= X) = (2.32 0.20)%.

5.2 Selection of dilepton pairs

5.2.1 Muon identication

Sincenot many particles can passthrough the hadron absorker in front of the MUON
chambers,a small setof cutsis su cien t to properly identify a muon. We usethe following
cuts:

a track segmen reconstructedin the VDS with more than 5 hits;
at least9 hits in the main tracker (OTR+ITR) assaiated with the track;

2 probability of the track > 0.3 %.

Ghost (or fake) tracks are mostly due to random hits, or to wrong matching between
hits in dierent layers of the detector. They tend to have lesshits than good tracks.
Thus, requiring a minimum number of hits belongingto a given track and a minimum 2
probability rejects preferertially ghosttracks.

at least5 hits in the muon chambers;

a muon likelihood > 0.05;
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Since mainly muons can traverse the absorkers in the MUON system, a minimum
number of hits in the systemssenesasa clear muon identi cation. The muon likelihood
is obtained from the MUON systemand is basedon the value of 2 of the tted track
with respect to the hits which form this track [86]. A lower cut is applied to the muon
likelihood particle identi cation.

the track is consistem with an SLT track;

Sincethe FLT e ciencies are determinedwith respect to tracks con rmed by the SLT,
we require that the two tracks are consistert with the SLT trigger tracks which initiated
the recordingof the evert. This avoids everts wherethe trigger was causedby something
di erent than the dilepton candidate. Theselatter casesmay not be well reproduced by
MC.

the transversemomertum is between0.7 an 5.0 GeV;

the total momertum is between6 and 200 GeV

A lower cut is appliedto the o -line reconstructedmomertum p and transversemomen-
tum pr to reject muonsfrom hadronic shaversin the absorbersand muonsfrom pionsand
kaonsdecags in ight. It was determinedthat only particles with a momertum greater
than 4.5GeV canread the muon systemdueto the absorker. Then a lower and an upper
limit are applied on the momertum to eliminate unphysical tracks, with energiesbelow
and above the expected limits in our experimert. Thesetracks may comefrom wrong
matching betweenthe tracker systemand the VDS, or from a random combinations of
hits.

5.2.2 Selection of prompt J= ! *

If two good lepton candidateswith opposite chargeare found, a non constrainedcommon
vertex t is performedwith the GROVER padage[89]. We restrict our analysisto pairs
ful lling the following conditions:

Xg between-0.35and 0.15;
Vertex probability larger than 1%.

The restriction in xg eliminates badkground everts outside the acceptanceof the de-
tector.

In Figure 5.2the dimuon massdistribution, including all wires and all wire con gura-
tions, is shown for candidateswith a vertex at the target position (\prompt" candidates).
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Figure 5.2: Dimuon invariant massdistribution for all the runs includedin this analysis.
Valuesof the t of the J= signalare shavn. The ©signalis alsoclearly seen.

The dimuon massdistribution is commonly tted with a function (Eq. 5.10)consisting
of a Gaussianfor the signaland an exponertial for the badkground:

!
(m my- )2 )
22 )

J=

(5.10)

- b
N(m) = CBckgrnd e "M+ CSignal exp

+

This,however, doesnot take into accour the radiative decas of the J= ! ,
which a ect the distribution at the lower massregion. An additional gaussianfunction
with a massdependert width is thereforeaddedto accoun for this e ect at massedelov
acertain invariant massms, that is determinedfor the continuity of the proposedfunction.
The proposedextra function is shovn in Eg. 5.2.2and descrited in [107. As a whole,
the t function consistsof:

8
< G(mjmg; r);M mg

P(m) =
" & G(mjmg; r(mM));m < mg

whereG(mjmg; Rr) is the Gaussianfunction

(m mg)?

: (5.11)
2 &

. 1
G(mjmg; r) = pz——eXP
R
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| Wire conf. | Wire | # J= |

12 12 27852 195
B2 B2 7367 103
1112 11 8304 112
12 8595 106
11B1 11 8691 114
Bl 8541 106
B102 Bl | 17802 154
02 | 20906 174
B112 12 8074 103
Bl | 10321 117
Bl Bl 9238 111
02 02 3634 74
B1B2 Bl 3608 69
B2 5221 87

[TOTAL | ALL | 147982 453]

Table 5.2: J= courts in the di erent wire con gurations and from the di erent wires.

mgr Is the mean massvalue, r the standard deviation and cs a scaling factor. Then
G(mjmg; r(m)) is a similar function but with a massdependert width r(m), which
is described with a polynomial with terms to be determined by the t procedure. The
parameterscs and mg are determinedfrom the cortinuity requiremen of P (m) and PY{m)
atm= m,.

The nal J= t function canbe written then as

N(m; )=N [T a) G(Mmg; )+ aa P(M; )]; (5.12)

rad IS the weight de ning the relative cortribution of the radiative tail to the massspec-

trum and N is the number of prompt J= ewens courted with this method. Figure 5.2
shaws this function tting the massspectra. The tted function di ers barely from the
data points. It is alsopossibleto add an extra term to t the ©spectra certred at 3.68
GeV, but this is not included in this analysis.

The meanvalue of the J= massis shifted by about 4 MeV with respect to the value
of 3.09687GeV given by the Particle Data Group [10§. This e ect is most likely related
to detector missalignmert, sincedi erencesin the global alignmert (for examplebetween
VDS and OTR) cangeneratean incorrectly reconstructedmomertum of the particle and
thereby a wrong particle mass.In Table5.2the measurednumber of prompt J= is shavn
for ead wire in ead wire con guration.
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5.3 Primary vertex assignment

Sincewe basethe identi cation of the presenceof a B mesonexclusively on the separation
betweenthe primary interaction and the J= vertex, it is, in the caseof more than one
primary vertex, important to idertify unambiguously the primary interaction in which
ultimately the J= particle had beenproduced. For this assignmeh we usethe sum of
the ClosestDistancesof Approach (CDA) betweenthe primary verticesand the two muon
tracks, plus the CDA betweenthe reconstructedJ= and the primary vertex:

CDA? CDA,? CDAZ
= + + :

S 2 2 2
CDA: CDA> CDA;-

(5.13)

We expressthese CDAs in terms of experimertal uncertainties cpa. Finally we select
the primary vertex for which this sumis minimal.

After this assignmen the primary vertex is re- tted without the two leptons forming
the J= , sothat we have an unbiaseddetermination of the primary vertex, independen
of the place of production of the J= . Despite the exclusionof the J= leptons, there
are in the caseof b ewverts still tracks belongingto the b particle which are included in
the primary vertex and thus bias its position, as will be showvn in Fig 5.4. In order to
avoid this bias we preferto usea cut on the distanceto the wire, in order to determine
the detading distanceof the dilepton vertex.

5.4 Wire assignment

For seweral reasonsit is important in multiwire runs to determine on which wire the

primary interaction that led to the J= particle took place. The rst reasonis naturally

the A-dependenceof the J= production crosssection. In our analysis,it is even more
crucial sincethe detachmert of the dilepton candidatefrom the wire is the main cut which

is usedto separatethe prompt J= from those producedin the b deca (seeFig. 5.1).

In addition, the trigger and reconstruction e ciencies of the prompt J= and b mesons
may also depend on the wire wherethey were produced (a detailed Table (5.5) is shavn

in Section5.8) . We proceedin a similar way as for the selectionof the primary vertex:

rst, the sum of the impact parametersof the two leptonsand the J= itself to ead wire

(5.14)

. . . 2
imp2  imp,2  IMp3.
R A
mp 1 Imp 2 mp ;=
is calculated. Then the wire with the minimum distanceis assignedto the dilepton pair.
The primary vertex hasalsoa wire assignedand in caseghat the assignedorimary to the
J= is not reconstructedon the samewire the ewven is discarded. It happensthat within

S = (5.14)
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one ewern, two primary interactions occur simultaneously on two di erent wires. It is
then possibleto conbine two leptonsfrom di erent wires. This combination will normally
result in a candidate detached from both wires, leadingto a fake detached candidate. To
suppressthis kind of badkground, the leptons are required to be incompatible with the
primary at the wire not assignedto it. It is estimated from simulation that the wire
assigningprocedureleadsto lessthan 1% wrong wire assignmets.

5.5 Selection criteria
for detached J= ! * events

In principle, any J= court which occursdownstream of a primary interaction would be
interpreted asa detachedJ= andthereforeasa B candidate. Howewer, the experimertal
resolution of the reconstructedtracks and primaries, as well as the limited precision of
the wire position, can transform a prompt J= into a detached candidate. In order to
suppressthis badkground the limits of acceptanceare set well above the experimertal
resolution (400 m) with a ducial cut of 2 mm. This cut rejects99 % of the prompt J=

while keepingmore than 75 % of the b! J= ewens. Still, random combinations can
causeunphysical everts to passthesecuts, but suc everts should not generateany peak
in the J= massregionbut presert an exponertial distribution aswill be shavn in Section
5.7. Furthermore, sincethey are unphysical everts they can occur upstream as well as
downstreamof the target. Like signlepton pairs on data allow an estimate of this kind of
badground. Additional physical badkground can arise from double semileptonicdecas
from bb or ct pairs. The requiremen that they form a common vertex together with a
requiremeri that this vertex must be detached will reducethis badground signi cantly.

The principle of the selectionis as follows:

z (J= -targetwire): A lower limit of the distancebetweenthe target and the vertex
of the dilepton candidate. This cut which must be passedn terms of the absolutevalue
and of the resolution, rejects candidatescoming from the target (prompt candidates).

ClosestDistance of Approach (CDA) to the primary vertex: Leptons coming from a
J= detached from the primary will in generalnot point badk to the primary vertex.
Thus, a lower limit on the CDA betweenthe lepton trajectory and the primary will
reject prompt J= ewerns.

Impact to wire for ead lepton: Applying a lower limit to the impact parameter of
the track to the target wire rejects prompt candidates. Impact parametersto the wire
are only known in two dimensions,in cortrast to the impacts or CDA to the primary
vertex wherea full three dimensionaldistancecan be determined. Howe\er, it hasthe
advantage that the wire position is better known than the position of the vertex (100

m vs. 400 m), and it is not in uenced by other tracks from a B deca asis the case
of the primary vertex position.
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J= Impact to wire: The largemassJ= , which originatedin abdeca shouldnot point
too far away from the target where the primary interaction occurred. In other words
the direction of ight of the J= should not deviate signi cantly from the direction
of the b particle, which is the primary interaction, thus an upper limit applied to this
guartit y will eliminate unphysical badkground events of dilepton candidatespreserting
a big impact parameterat the z position of the assaiated wire.

All these cuts together enhancethe probability of detecting dilepton pairs which are
producedin a secondaryB decg. In addition, the requiremen of a good quality vertex of
the two leptons, will reject conmbinatorial badkground aswell as badground from double
semileptonicdecays of bbb and ct pairs.

5.6 Comparison between data and simula-
tion

We investigatein this sectionin how far the simulations reproduce the behaviour of the
data. The referencesampleconsistsof dilepton candidatesin a window of 300MeV (total
width) aroundthe J= mass(3.093GeV), this regionis dominatedby prompt J= e\erts,
but still presen badkground everts. The badkground s subtracted basedon the behaviour
of candidatesin the sidebandsbetween0.2and 0.35GeV to both sides.Both samplesare
shown in Figure 5.3, for prompt J= data candidates. The J= massregionis highlighted
explicitly together with the side bands, which accourts for the badground evens in the
region of interest. The characteristics of the data after badkground subtraction are then
comparedwith both MC generatedprompt J= andB ! J= ewens. The distributions
for the main quartities which will allow us to identify detadhed candidatesare shown in
Fig. 5.4.

z (J= - target wire): The distribution is showvn in picture a) and in terms of in
b). In the data the J= is systematically shifted 100 m with respect to the target
which is not the casein the simulation. This shift may be due to misalignmen of the
vertex detector, which is not reproducedin MC. Sincea 9 cut is applied to select
candidates(to be described in the next section) we are not sensitive in the analysisto
this displacemen

z (primary - target wire): The resolution is about 400 m for both MC and J=
data samples. In the caseof the B samplein picture c), a shift is clearly seen,which
is probably the result of including in the vertex t of the primary alsothose particles
which belongto a B deca sud as extra kaons, pions, or of leptons coming from the
asseiated b particle in the evert. As these particles are detached from the vertex,
their inclusioninto the t tendsto shift the position of the primary in the downstream
direction.
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Figure 5.3: Invariant massof dileptons pairs on data everts. The J= massregionand
selectedside bands correspnding to the badkground are explicitly shawn.

Singlelepton CDA to primary: Good agreemen in the ertire range (picture e) ).

Single lepton impact to wire and J= impact to wire: Shown in pictures d) and f),
presern good agreemenhin the certral region. There seemdo be a systematicdi erence
for large impact parameters,but the distributions are overall compatible taking into
accoun the reducedstatistics for theselarge impacts.

5.7 Background description

We are interestedin a proper simulation and understanding of the badkground, sinceit
is an integral part of the optimisation procedure. One possibleapproad to simulate the
badkgroundof b! J= ewerts is to take sidebandsof the J= peakin the dilepton mass
distribution. Sincethe statistics in data is limited, the cortributions of the side bands
- and therewith the nal result - is very sensitiwe to statistical uctuations. Also the
fact that sidebandsin the optimisation procedureare forcedto be reducedwith respect
to the signal may enhancearti cially the signal. To avoid these problemsa mixture of
MC samplesand data wastaken to simulate the badkground. This includesthe following
samples(taking the dilepton pairs at the J= massregion):

MC bb! Il andcc! Il, in orderto simulate the double semileptoniceverts in the
exponertial badkground;

Like-signleptons from data, in order to simulate conbinatorial badground
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Figure 5.4 Comparison between J= data with subtracted badkground (points with
error bars), MC B! J= (solid line histogram), and prompt J= (shadaved histogram).
a) zbetweenJ= andtarget wire; b) zbetweenJ= and target wire in units of ;
c) zbetweenprimary vertex and target wire; d) J= impact parameterto the wire in
units of ; e) ClosestDistance of Approach of leptonsto the primary vertex ; f) Impact
parameter of leptonsto the target wire in units of
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Prompt J= MC: To simulate the prompt J= badkground. After the optimisation pro-
cedureit is alsoimportant to considerany prompt J= contamination in the detached
spectrum, since(if any) they will be directly courted as signal everts.

To verify how well the badground is understood we investigatethe following subsam-
plesin detail: 12 , 1211, 11B1 (only the ewerts on the I1 wire were usedin this wire
con guration). The four badground contributions assumedare cc and bb double semilep-
tonic decygs, prompt J= and random combinatorial. For eat of the MC samplesa
normalisation procedureis neededto estimate their real cortribution. This is:

bb: This MC samplecortains alsoB! J= ewens, which are usedto normalise the
sampleto the number of B events on data;

cc. Normalisedto the number of measuredprompt J= , using the known ratio of the
respective crosssections;

Prompt J= : Normalisedto the measurednumber of prompt J= on data.

Figure 5.5 shows the invariant massdistribution with the detailed badground con-
tributions upstream and downstream of the target after all cuts are applied. In picture
a) the badground cortribution in the unphysical region upstream the target is shown.
Here no bb and ct events are preser, but only combinatorial badkground. Picture b)
shaws the three badkground contributions downstreamof the target. Picture c) shavsthe
invariant massof opposite sign pairs for everts downstream of the target, together with
the summedbadkground cortributions. Within statistical uctuations the badground is
properly simulated and reasonablyunderstood.

We concludethat the main cortribution to the badkground comesfrom combinatorial
(44.1%) and b (43.4%) double semileptonicdecys. Sincecharm particles do not have a
long life time, their cortribution to the badkground is suppressed12.6%) after detached
cuts are applied. No prompt J= ewerts survives the selectionof detached events. In
the region upstreamof the target there is no physical but only conmbinatorial badkground
(Picture a).

5.8 Optimisation and e ciencies

The cuts are strongly correlated, and in order to to avoid any bias, they have been
optimised blindly (without looking at the,signal of the data), all together, basedon the
criterion of the bestsigni cance (Sighal= (Signal + Background)). The signalis taken
from MC decgs. The badkground is accourted asdescrited in the previoussection. The
optimisation essetially consistsof making a discretevariations of all the four cuts under
study and for eat set of cuts determinethe correspnding signi cance. Finally the set of
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Figure 5.5: Badckground spectrum of detached dilepton candidates. The badkground
consistsof random conbinatorial of tracks described by samesign pairs from data and
double semileptonicdecass in bb and ct events taken form MC and properly normalised.
a) Badkground distribution in the unphysical regionupstreamof the target. Only random
conbinatorial badkground is presen. b) Badkground distribution downstreamthe target.
c) All three badkground cortributions together (lled histogram) and unlike sign dimuon
pairs (dots with errors), wherethe detached J= signal can be clearly seen.
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cuts at maximum signi cance is selected[109. As an example,we show the result of the
optimisation for the 12 wire con guration. Signal, badground, signi cance and e ciency
distributions for the main cuts (vertex displacemen in z and lepton impact to the wire)
are shovn in Figures5.6 and 5.7. The cuts (indicated by arrows) are placedat the value
wherethe signi cance hasit maximum. For ead distribution all the other variablesare
setto the optimised valuesshown in Table 5.3.
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Figure 5.6: Distributions of the z distancebetweenthe J= vertex and the wire position
in terms of . a) Signal everts from MC B! J= . b) Normalised badkground ewerts
composedof: MC prompt J= , pairs of samesign leptonsform data, double semileptonic
decygs of cc MC ewents, double semileptonicdecgs of bb MC ewerts. c¢) Signi cance at
eat of the valuecut on z. d) E ciency of the signal at eat cut values. The arrows
indicate the value of the cut applied to this variable.

The optimised valuesare showvn in Table5.3. The optimisation wasappliedto di erent
single samplesand samplestogether showing stable valueson the optimal cuts.

After the cuts are set, the e ciencies are determined. Table 5.4 shows in detail the
e ciencies determinedfor the prompt J= andbb! J= X MC samples.The acceptance
e ciency is determinedbasedonthoseJ= ewens that are producedwithin the HERA- B
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Figure 5.7: Distributions of the singlelepton impact to the wire in terms of . a) Signal

ewens from MC B!

J= . b) Normalisedbadground evens composedof: MC prompt

J=, pairs of samesign leptons from data, double semileptonicdecgs of cc MC e\erts,
double semileptonicdecass of bb MC ewents. c¢) Signi cance at ead of the value cut on
the lepton impact to the wire. d) E ciency of the signal at ead cut value. The arrows
indicate the value of the cut applied to this variable.

| Cut

| Value |

Absolute z
z

Lepton impact parameterto wire
Lepton CDA to Primary in sigma
J= Impact to wire

> 0.2cm
> 9.0

> 2.6

> 0.0
<9

Table 5.3: Resultsof the optimisation of the cuts resulting in the maximum signi cance

of the signal of detached J=
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| Cut | J= MC | BMC |
Acceptance+SIT 3.0 3.1
FLT 50 53
Reconstruction 88 83
J= e. 1.3(37) | 1.3(3)
Samewire 97 99
z sigma 0.01 57
z absolute 100 100
J=impact wire 85 96
Lepton impact to wire 0.0 81
DetachedJ= e. 0.0 44 ( g9

Table 5.4: E ciency for ead individual cut for I2 wire con guration, for prompt J= and
B! J= ewerns, basedon the correspnding MC samples. The valuesare in % and are
determinedwith respect to the precedingvalue (in descendingorder). The correspnding

valuesof ™, 1~ and 2 neededbor the crosssectiondetermination are stated explicitly.

Xg acceptance.With only theseewerts the combined probability that both leptons have
hits in the detector and that the SLT acceptsthe ewert is calculated (\Acceptance +

SLT"). The FLT e ciency is then determinedby weighting theseewvens through the FLT

e ciency map. The fact that the FLT e ciency is higher for bb everts than for prompt

J= ewerts is possibly due to the presenceof semileptonic decgs from the spectator
B meson,which occursin  10% of the B events. Theseewens produce an additional

hard lepton which can give rise to an increaseof the trigger probability. The fraction

of reconstructedlong tracks after the prompt selectioncuts represen the reconstruction
e ciency. A 5% dierence is seenin the reconstruction e ciency, but in this caseit is
lower for the bb sample. Part of this di erence may be explained as being due to the
compatibility required with an SLT track for the reconstructedtracks. Sinceb evens

have a higher possibility to be triggered by an extra lepton and not necessarilyby the two
J= leptons,the requiremen of compatibility of the J= leptonswith atrigger track may
reducethe reconstruction e ciency, sincethe evert might have beentriggered by one of
the J= leptons and the extra track and not by the two J= leptons. After the prompt

selectionis done, a requiremen that the primary is reconstructed (after the dilepton
subtraction) and that the J= and its assa&iated primary are both assaiated to the same
wire is required (labelled as\Same wire" in the table). We found no prompt J= ewens
surviving the detadched selectioncuts. This was also the casefor all the other samples
of di erent wires and wire con guration. Finally, in Table5.5weshov g = (3 =3 )

and g?* for ewvery wire in all wire con gurations, valuesthat are neededfor the bb cross
sectiondetermination Eq. 5.5.
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| Wire conf. | Wire | g | g% |

12 2 |0.99|0.44
B2 B2 |1.01|0.37
1112 1 | 1.03| 0.47
2 |0.96|0.39
11B1 B1 | 0.98| 0.32
1 [0.99|0.42
B102 Bl |1.04|0.35
02 | 1.03| 0.35
B1I2 B1 | 0.97|0.35
2 |0.97|0.40
Bl B1 |0.98|0.35
02 02 |1.01|0.42
B1B2 Bl | 0.99| 0.36
B2 |1.02|0.32

Table 5.5: Relativeb! J= ! * overdJ= ! * eciency ratios( g = JB= ,J;)

and detadhmert cuts e ciency for B ewvents ( z*) for all wiresin all con gurations.

5.9 Event counting and characteristics

In Figure 5.8 the dilepton massdistribution after applying the optimised cuts is shavn.
Not only those ewvents surviving the cut of 0.2 cm and 9  downstream of the target
wire are shavn, which include the signal, but also those with a cut at 0.2 cm and 9
upstream from the target. The latter everts are in the unphysical regionin front of the
target and must comefrom random combinations of tracks. In addition, other background
contributions comefrom double semileptonicdecas of bb and ct events.

In order to obtain the number of b everts in the sample,an unbinned likelihood t is
performedon the massspectrum:

(ng+ npyNe (stm) Y n P (m;) + npPy(m;)

N! - Ns+ Ny

Here, ns and ny, are the number of signal and badkground events, respectively. N is the
total number of everts and m; is the massof the dilepton candidate. An exponertial
probability function for the badkground (Py,(m)) is assumed,as obsened in Figure 5.5.
The probability function for the signal (Ps(m)) is basedon a gaussiandistribution For the
full statistics t the parametersare not constrained,only initial valuesare setto improve
the corvergenceof the t procedure. With this procedurewe nd:

L(ns; Ny) = (5.15)

477 87 b! J= events: (5.16)
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Sig: 47.7 +/- 8.7 Sig: 47.7 +/- 8.7
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Figure 5.8: Mass spectrum of detached J= . Dots: downstream signal. Histogram:

upstream badground. Exponertial slope = -1.6, mass= 3.095GeV and width = 0.047
GeV. Both panelsshawv the samedata; the right panelincludesthe t.

5.10 Sample con rmation

Sincewe do not fully reconstructthe nal state B meson,it isimportant to test if the J=
samplehassomeof the characteristicsof the B particle as, e.g, the long life time. For this
the dilepton massof the selectedcandidatesis plotted againstthe separationbetweenthe
J= vertex and the target (Figure 5.9). As expected, one recognisesan enhancemen at
the J= massregionfor downstreameverts, indicative of a delayed production medanism.
At the sametime the (unphysical) upstream region is shavn, where there is clearly no
enhancemenhat the J= massregion.

5.11 Systematics uncertain ties

The two most important cortributions to the systematic uncertainties come from the
b! J= X branding ratio, 8.6 %, and from the the referenceJ= crosssection ;- ,
7.6% .

Most of the detector and simulation e ects cancelwhendetermining the e ciency ratio
r. Variations in trigger and detector e ciencies shav stable results in the crosssection
determination. A consenative error of 5 % is assumedfor g.

The distribution of pr and xg arenot the samefor prompt J= andthosefrom b-decays.
This introducesa systematicerror that doesnot cancelin the ratio. The systematicerror
arisesfrom di erences in the prediction from generation models of the MC. They are
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Figure 5.9: Dilepton massvs z distanceto the wire. An enhancemenof ewverts is seenat

the J=

masregion (vertical line), signal of the long life time of theseewerts. In cortrast

no enhancemenis seenin the non-physical upstreamregion.

estimated as follows:

J=
P

. As explainedin Section 3.2, these distributions are known from experimertal

data. The e ect due to the uncertainties in these distributions is estimated to be
2.5%.

utot .
B .

To have a proper distribution from our simulation, the ewerts are weighted with

a function depending on the following parameterswhich all together givesa changein
the detection e ciency of 5 %:

{

~n S

Parton distribution functions: It was varied from the MRST [17] to the CTEQ5
[16];

b quark mass: varied from 4.5to 5.0 GeV;,

QCD normalisation scale: varied from 0.5 g mZ+ p2 to 2 P mZ+ p?;

Intrinsic transversemomerta of the incomingparton: variedfrom 0.125to 2.0GeV,

Fragmernation function: PetersonEq. 1.35with parameter from 0.0022to 0.008,
to Kartv elishvili Eg. 1.36with parameter = 13.7[29].

The specic e ciency of the detached J= ( z*) doesnot cancelout in the e ciency
ratio. The main cortributions to the uncertainty comefrom:
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b lifetime: The averageb lifetime, 1.564 0.014ps [10§, is a well determined quartity
and cortributes lessthan 1 % uncertairty.

Vertex resolution: The cut on the displacemen of the J= vertex is 5-10times larger
than the vertex resolution, sothis cortribution is negligible.

b decay model: The boost of the b particles dependson their energyand also on the
er_oduction and decgy models used. This cortribution is already taken into accour in

B

SLT Target Box: The possibleshift of the target box during data taking may produce
a loss of detached everts. From MC simulation a variation of 1.3 % is seenwhen
modifying the target box position within reasonableranges. This value is already
included in the trigger simulation uncertainty.

The cuts are optimised blindly without looking at the signal over badground on data.
Inaccuracy of describingthe badground may bias the value of the cuts. The stability of
the signalwhile modifying the cuts in a reasonablerangeis studied (seeSection5.13). A
variation up to 5 % was obsened in the nal crosssection.

The MC simulation is intendedto simulate the behaviour of data taking during di erent
periods. Short terms variations of the behaviour of the detector or data taking conditions
are dicult to simulate properly. Thesevariation occursin the interaction rate which
a ect the evert multiplicit y leadingto a variation of 1% in the e ciency. Beam sharing
betweenwires, beam shape and position variations in uence the e ciencies on 0.5 %.

In Table 5.6 we summarisethe cortribution of ead quanity to the systematicerror.
Sincethey are (almost) independert we sum them in quadrature. The nal systematic
uncertainty for (o= ;- is 13% and 15%for (bb) wherethe prompt J= crosssection
is included.

5.12 Cross section determination

With the valuesdeterminedin the previoussections,we obtain the following crosssection
within the acceptanceof HERA-B :

(b = 85 1:6gar  1:25ys Nb=nucleon (5.17)

As estimated from theoretical models, 90.6%of all J= from B decas are within the
HERA- B X range,which implies a total crosssection of

() = 94  1:7qa  1:35s Nb=nucleon (5.18)

The crosssectionratios are:



5.13 Stability studies 97

Systematic Relative systematic
source uncertairty in  (lo)
J= crosssection( ;=) 7.6%
bto J= branching ratio (Br(bb! J= X)) 8.6 %
Trigger simulation ("gr) 5 %
b production and decay model (" 5%
Prompt J= MC production models("ﬂ,: 2.5%
b lifetime error ("z* <1%
MC event multiplicit y 1%
Beam sharing betweenwires 0:5 %
Cuts 5%
Total cortribution to (bb)= ;- 13%
Total cortribution to (b 15 %

Table 5.6: Systematicuncertairties for (bb) in the muon channel, reported here. The
dominart cortributions are due to the referencemeasuremets of Br(bb! J= X) and
the prompt J= crosssection.

R z: 0:031 0:006  0:004, (5.19)

and

R = 0027 0:.005¢  0:004ys: (5.20)

5.13 Stabilit y studies

In this sectionwe study the stability of the signal while modifying the selectioncriteria.
For ead of the cuts under study all the other cuts are set to the optimised values.
Figure 5.10shows the variation of the bb crosssectionin the HERA- B acceptanceunder
the variation of the cuts on the J= and lepton impact parameterto the wire, lepton
CDA to the primary and z betweenthe J= vertex and the target wire. The largest
variation (de ned as (maximum - minimum)/" 12) occurson the lepton impact to wire
distribution, but the rst two bins in the plot suer from prompt J= cortamination,
which is not subtracted in this analysis.

From this study we concludethat the variations are of the order of 5 % within rea-
sonablevariation of the cut values, which shavs the good stability of our crosssection
determination.
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Figure 5.10: Crosssectionstability plots. The bb corssectionin HERA- B acceptance
is determinedfor di erent cut values. The cut on the variable under study is modi ed
while the rest of the cutﬁ are setto their optimised values. The variation is de ned as
(maximum - minimum)/ " 12. The prompt J= cortamination is not subtracted from the
number of detached J= sothat in the casesof the lepton impact to wire and  z the
rst bins presen an overestimatedcrosssection.
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5.14 Studies on dieren t materials

Sincethe statistics allows it, we calculate the crosssectionratio and the bb crosssection
for ead target material separately The invariant massplot for the detached events is
shown in Fig. 5.11. The nal resultis summarisedin Table5.7. As canbe seenthe values
are consistet with ead other within the errors. This result is thus a con rmation of the
assumptionthat there is no material dependencen the bb crosssection.
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Figure 5.11: Invariant massdistribution of the detaded candidates, for the di erent
materials. a) Carbon ; b) Titanium ; c) Tungsten; d) All.

5.15 Outlo ok and discussion

HERA- B hasalsothe possibility of measuringthe J= deca in the electron channel,
which involves partially dierent detector componerts in the analysis together with a
di erent badkground composition. The combination of both analysesprovide a cross
chek of the result. The bb crosssectionwithin the HERA- B acceptancemeasuredin
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Material | A # J= # B (b= ;- 1072 (bb) nb/nucleon
Carbon 12 | 94244 355 | 26.5 6.0 2.9  0.7stat 7.8 1.8t
Titanium | 48 8245 108 | 3.2 2.2 4.1 2.9 11.1 7. 7sa
Tungsten | 184 | 47050 264 | 14.7 4.6 2.8 0.9t 7.7 2.4
Total - 147982 453 |47.7 8.8 3.1 0.6 85 1.6

Table 5.7: Resultsfor the di erent target wire materials.

the electron channel [80] basedon 103800 1000prompt J= and 36.9 8.1b! J=
ewerts, is:

(bb) = 9:8  2:145¢ Nb=nucleon (5.21)
a result which is compatible with the onein the muon channel.

The \ocial’ HERA- B value [8(] for the total crosssectionbasedon the conmbined
electron and muon analysis?:

(kb)
(J=))

= 0:027 0:004:x  0:004s; (5.22)

() = 9:6  1:54a  1:4sys Nb=nucleon (5.23)

The main systematicuncertainty in the crosssectionratio comesfrom the Br (b! J=
X) (8.6%), that equalsthe sum of all the other cortributions. In the total crosssectionthe
prompt J= production uncertainty alsocortributes substartially to the total systematic
error.

Figure 5.12shawvs the comparisonwith theoretical calculations([22] and [21]) and with
the previous measuremets.

The new HERA- B result is more than one below the previousone of HERA-B ,
extracted from the data takenin 2000which was publishedin 2002. It wasdeterminedby
a similar technigue and with the sameJ=normalisation, but su ers from lower statistics
(10 everts) comparedto the presen combined result basedon 83 everts. The new result
is closerto the lower bound of the theoretical predictions, and seemsto be in better
agreemeh with E789[24]than with E771[26], asshavn in Table 5.8.

2The published crosssection basedon the muon decay channel ( (bb) = 8:2  1:5¢4 nb/n ucleon),
diers slightly from the one preserted in this thesis, due to dierent t functions applied in slightly
di erent massranges,and due to a di erence in the selectionwhere only onedilepton pair is allowed per
event basedon the best muon likelihood of the pair. In the analysispresened here the presenceof more
than one dilepton pair per evert is allowed. There is a small di erence in the total number of processed
everts.
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Figure 5.12: Comparisonwith other experimerts and theoretical predictions. The new
HERA- B result is the averageof the electronand muonsdecg channelsmeasuremets.

HERA- B (2004) refersto this analysis basedon data taken in

2002-2003;HERA- B

(2002) is the previous publication, of the year 2002,basedon data of the year 2000.

The HERA- B measuremets in 2000and 2002-2003were performed with a similar

technique and with the sameexperimental apparatus, thus they
nal result which yields a cross section ratio of the bb and J=
0:028  0:004.: 0:004ys. This implies (bb) = 99  1:544
These values are obtained with the largest data samplefor b !

can be combined in a
production of R
1:4sys nb/nucleon.
ewverts (93), and

J=

should thus represemn the most accurate data at presern, as showvn in Table 5.8 which

summariseshe presen experimertal situation.

| | | | P | Evens | () | CR

| Exper. | Year | Target | GeV | | (nb/inucleon) | @920GeV | Ref. |
E789 1995 Au 800 19 57 15 13|81 22 18| [24
E771 1999 Si 800 | 15 437, 7 613 10 | [26]
HERA-B | 2002 | C/Ti 920 | 10 321578 325 %8 [25
HERA-B | 2004 |C/TIW | 920 | 83 |96 15 14|96 15 14| [80

[HERA- B [ 2002/4 | C/Ti/W | 920 |

93

|99 15 14|99 1.5 14][8q |

Table 5.8: Presen experimertal situation, with previousand new HERA- B measure
mert, all comparedat HERA- B proton beamenergy (920 GeV)

Finally we add one note of caution: The obtained crosssectionratio is almost inde-
pender of any other measuremety and dependsmainly on quartities obtained from the
HERA- B measuremenitself. This is di erent for the deducedvalue of the crosssection,
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which depend on the literature value of the J= crosssection. Updated valuesof the J=
crosssectionwill a ect our measuremen of the bb crosssection, which must be then also
updated accordingly



Chapter 6
Exclusiv e B search

In this sectionwe identify completely reconstructedB decegs. After an estimate of
the expected number of ewverts, the results for the two most promising channelsare
presened. Theseare:

B*! J= K';
B°! J= K*

They are characterisedby relatively large branching ratios and a low number of nal
state particles neededfor the full reconstruction. We presen detailed results for the
sub-dhannelJ= ! * and summariseonly the results for the electron channel.

6.1 Event selection

The selectionof an exclusive decg proceedsn se\eral steps. First, the standard selection
for prompt dilepton candidatesis applied asdescritedin Section5.2. Howeer, in cortrast
to the determination of the bb crosssection, which relies crucially on the displacemen
betweenthe primary vertex and the B decg vertex which givesrise to the production of
the J= , we aim to reducethe cut on the distance betweenthe primary vertex and the
J= vertex at a rst stepin the sear®i. We require that the dileptons have an invariant
massbetween 2.9 and 3.3 GeV in order to eliminate the non-J= ewerts. After this, a
seard for additional tracks is performed, aiming to selecta kaon candidate. Since most
of the particles in a proton hadron collisions are pions and only 10% are kaons[11Q,
our selectionmust aim at separatingthe kaonsfrom the pion badkground. In the rst

selection,howewer, we do not yet stressthis point, but require a good quality track:

VDS hits 5;

Hits in the main tracker 10;

103
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Probability 2 0.3 %;
pr 0.5GeV.

As mertioned before, we do not yet require that the kaon track candidate must be
positively identied by the RICH courter as a kaon track sincewe aim to modify the
kaonselectiontogetherwith the displacemen of the B candidateto test di erent scenarios
to look for exclusive decas. In the caseof the B®! J= K* channel a seard of a
fourth track with pion characteristics is done with the samecriteria as above, and, in
addition, this track must have a conmbined (pion + electron + muon likelihood) larger
than 0.05. Sincethe pr distribution for pions peaksat a smaller valuesthan the one for
kaons,we cannot usea cut on the pion pr asa preliminary selection. Rather, we require
(in orderto eliminate kaonsand protons) the conbined RICH likelihood for pions, muons
and electronsto be larger than 0.05. Sincethe electron-pionseparationis only clear for
low momertum particles (Figure 2.10) a combined likelihood is applied to allow higher
momertum particlesto be selected.An upper cut on the kaonlikely hood is applied since
there are no pions with a kaon likelihood biggerthan 0.35[67]. The pion selectionis:

VDS hits  5;

Hits in the main tracker  10;

Probability 2 0.3 %;

(pion + electron+ muon) likelihood  0.05;

Kaon likelihood 0.35.

If athird (and possiblya fourth) track is found, a three (four) particle t is performed
with a constraint that the two leptons conbine to the J= mass. This latter constrairt
improvesthe massand the vertex resolution, allowing the vertex routine (GROVER [89])
to modify the slopesand momerium of ead of the lepton tracks within their errors, to
match the massconstrairt. Candidateswith a vertex probability greaterthan 1 % are
selectedfor further analysis. For the B®! J= K* seart, only ewerts for which the
invariant massof the kaon and pion lies between0.77 and 1.02 GeV are allowed, since
this decg proceeds(predominartly) through K resonanceat 0.892GeV.

6.2 Expected number of events

The production ratios of b particles, are given by the PDG asfollows:

PR(B*) = (39.7 1.0) %
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PR(B% = (39.7 1.0) %
PR(B?) = (10.7 1.1) %
PR(b-baryons)= (9.9 1.7) %

For the B* ! J= K¥ channel, the branching ratio ((1:00 0:04) 10 3) [108,
represems 8.6 % of the total inclusive branching ratio (Br(b! J= X) = 1.16%) [10§. In
order to estimate the number of everts which can be completely reconstructed, we start
with the 47.7 b hadron events measuredin the inclusiveB !  J= +X ! channel
(seeSect.5.9). The selectione ciency for this samplewith respect to the prompt J=
selection(i.e. the cut on the vertex displacemet) wasdeterminedto be 38.8%,implying
a total number of 123 b events with a reconstructedJ= before the detacdhment cut is
applied. Table 6.1 shows the expected number of everts in the B*! J= K* channel
starting from a total of 123reconstructedb ! J= ewens in the collecteddata sample.
The quoted acceptancesfor the kaon and the reconstruction e ciencies are obtained
through Monte Carlo simulations. The nal result is that we should expect 2 fully
reconstructeddecays B* ! J= K* , or an upper limit of 5 at 90 % con dence level ,
without yet applying any detached selection.

| | % | Evens |
B! J= (J= reconstructed) | 100 | 123
PRB*! J= X 39.7| 48.8
B! J= K7 8.6 4.2
Kaon inside the detector 70.5| 3.0
Kaon and vertex reconstruction | 62.1 1.8

| Total |15 | 1.8 |

Table 6.1: Expectednumber of B* ! J= K™ ewens beforethe cuts on vertex detach-
mert and kaon likelihood. Branching ratios are taken from PDG [10§. The kaon recon-
struction e ciency is estimatedfrom MC studies.

For the B! J= K*  channelthe branching ratio is 1.2 10 3. Table 6.2 shawvs
the expected number of everts in the B®! J= K* channel starting again from a
total of 123 reconstructedb ! J= ewens in the collected data sample. The quoted
acceptancedor the kaon and the reconstruction e ciencies are obtained through Monte
Carlo simulations. Oneexpectsabout 1 fully reconstructeddecay B®! J= K* . This
correspnds of an upper limit of 4 events at 90 % con dence level.

6.3 Event characteristics from MC studies

The MC sampleusedis the sameasthe oneusedin the inclusive analysis. Fig. 6.1 shawvs
the massresolution for both decays. The massresolutionis 22 MeV for B* ! J= K*
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| | % | Events |
B! J= (J= reconstructed) 100 | 123
B%! J= X 39.7| 48.8
B%!I J= K* 104| 5.1
Kaon inside the detector 70.9| 3.6
Pion inside the detector 76.4| 2.8
Kaon, pion and vertex reconstruction | 27.1| 0.8

| Total | 06 | 08 |

Table 6.2: Expected number of B®! J= K* events beforethe cuts on vertex de-
tachmert and kaon likelihood. Branching ratios are taken from PDG [10§. The kaon
reconstruction e ciency is estimatedfrom MC studies.

and 27 MeV for B! J= K* . Sudh good valuesare achieved by xing the invariant
massof the two leptonsto the nominal J= mass.

B mass (B> Jly +K?) B mass (B> Jly + K +p)
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Figure 6.1: Monte Carlo studies. The left gure shows the invariant mass for
B*! J= K% andthe right onefor B°! J= K<

Figures 6.2 and 6.3 show the distributions of somerelevant variables{ pr, RICH like-
lihood, impact parameterto the J= vertex, kaonimpact to the wire, and reconstructed
B-impact to wire { which allow to identify a B deca candidate. In the same gures
the combinatorial badground for prompt events of data are shovn as a referenceof the
behaviour of badkground evers.

6.4 Identication of B meson decays

Due to the low number of expected ewerts, the aim of this study is not to determine a
crosssection but simply to positively identify in our data sampleewens with strong B
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truth events (dots with error bars). The histogramsshav the behaviour of the prompt
badground from real data, selectedas described in text, without detacding cuts. Arrows
show the selectioncuts applied as descriked in the next section (6.4).
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Figure 6.3: Distribution of the reconstructedB®! J= K* characteristicsof the MC
truth ewvents (dots with error bars). The histogramsshav the behaviour of the prompt
badkgroundfrom real data, selectedasdescribedin text, without detachmert cuts. Arrows
show the selectioncuts applied as descriked in section(6.4).
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characteristicswith low badkground contamination. For this reasonthe cuts are not de-
termined blindly, but through an analysisof potentially good candidatesand badkground
ewerts. The following cuts are then applied to discriminate between signal everts and
badkground:

Kaon impact to wire > 1 : Sincethe B mesonvertex is separatedfrom the primary
vertex one expects that the B deca products do not point badk to the the primary
vertex.

Kaon impact to J= < 2 : The kaon and the J= are produced at the samespace
point.

B impact to target < 4 : b hadronsare producedin the primary interaction.
z (B-J= )< 2 :TheB vertex shouldbe at the sameposition asthe J= vertex.

Kaon pr : Kaonsoriginating in a B decay have a high transversemomertum. This cut
is varied together with the detached cuts soasto test di erent secenariosA cut with
a pr greaterthan 1.3 GeV is the maximum cut tested.

Kaon likelihood: The kaon RICH likelihood will be xed to three di erent values,the
maximum value being larger than 0.95asthe strongestcut.

The requiremen of an additional particle allowsusto apply di erent lessstringent cuts
for the vertex detachment than the oneswhich have beenusedin the previous section,
when we derived the bb production crosssectionfrom detached J= vertex. This may
increasethe probability to nd a fully reconstrucedevent. At this stageof the analysis,
the kaoniderti cation cuts are not yet xed; rather, they are varied simultaneously with
the cuts on the separation between primary and dilepton vertex in order to investigate
the signal-to-bad&kground ratio.

6.5 Mass spectrum and individual events

We test in this sectiondi erent scenariosto seart for exclusiwe ewerts, going from the
standard requiremerts on the vertex detachment conbined with minimum quality cuts on
the kaon track, towards scenarioswith loosecuts on the vertex displacemen but simul-
taneously strong requiremerts on the kaon identi cation. Thesedi erent scenarioscan
be descrited as follows (the valuesin parerthesisreferto the B! J= K* channel):

Cuts on the vertex detachmert:

{ Hard, usingthe valuesfound in section5.8;
{ Soft: 1/2 of the optimised values;
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{ Minimal: 1/4 of the optimised values;
Kaon cuts:

{ Hard: pr > 1.3(1.0) GeV and likelihood > 0.95;
{ Soft: pr > 0.65(0.5) GeV and likelihood > 0.35;
{ Minimal: pr > 1.3(1.0) GeV and no likelihood requiremer.

The kaonsin the B! J= K* channelspresert lower transversemomertum (Fig.
6.3), sothat werelaxthe requiremen. The resultsof four of the nine possiblecombinations
of these cuts are shown in Figure 6.4 for the decay B* ! J= K™ and in Figure 6.5 for
the caseB®! J= K*
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Figure 6.4: The invariant massof a J= + kaon under di erent requiremeris of kaon
identi cation and the detachmert from the primary interaction as descriked in the text.
Dots: Downstream (signal) everts . Histograms: Upstream (background) evens.

As canbe seenthere is no clear signal at the B-massof 5.3 GeV, in agreemenh with the
estimatemadein Table6.1. The plots correspndingto the \soft" conditionsare evidertly
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badground dominated shaving that one must stay clear of the primary interaction. In
the vicinity of the primary vertex, prompt dilepton candidateshave a high probability
to form a good vertex together with an extra particle, leading to a rapid increaseof
the badkground. In thesesofter scenariosthe upstream non physical events give a good
estimate of the badkground. In the distributions obtainedwith the more stringent \Hard"
conditions on the detadhmert, one noticesthe absenceof upstream eerts, aswell asthe
fact that there are no everts at massvaluesbeyond the B mass. This might indicate that
there is no badkground, but that the everts in the cortinuum at masseselow the B-mass
are incompletely reconstructedevens, whereone or more particles are missing. From the
branching ratios of other B decg/sinto aJ= anda kaon, it is possibleto determinethat
the B* ! J= K" channel represetts 20 % of the B* ! J= K* X decgs. Assuming
similar e ciencies we canexpect 4-5B ewerts with massedower than the B massfor eadh
signal events found. This is compatible with the number of events seenin Figure 6.4.

A closerlook at the evert in the B massregion revealsstrong B characteristics; this
evert with the number 373074of run 20639is shovn in Table 6.4. Starting from a correct
mass, this evert also has a strong detachmert from the primary interaction, together
with large impact parametersof both leptons. The kaon candidate shavs optimal RICH
likelihood and high transversemomertum. As expectedthe B vertex is compatible with
the J= vertex and the kaon candidateis also pointing to the J= vertex and away from
the primary interaction. Finally the B vertex hasa good probability 2.

As previously, alsofor the caseof B®! J= K* the three kaon conditionsand three
detachment conditions have been conmbined, whereaswe kept constart the de nition of
the additional , which is already a fairly weak one. This is favourable sinceit helpsto
avoid that the e ciency is still further reduceddue to additional requiremens, whereas
on the other hand, the requiremern of an additional particle helpsto suppressadkground.
Figure 6.5 shows the invariant massdistributions for four of the nine di erent scenarios
thus tested.

As before, the \Soft" requiremerns leadsto badkground domination. Similarly, if a
\Hard" condition for the vertex detadhmert is chosen(left panels), there are no events
left with a massexceedingthe B-massof 5.3 GeV. There are a few ewverts with a re-
constructed massbelow the B mass,which might indicate again b everts with additional
unreconstructedextra particles. In this channelwe expect a relation of 3-4 B ewerts bel-
low the B massvalue for ead signal evert (sincethe B°! J= K* decy represen
30 % of the total B! J= K* X decas). A detailed inspection of the ewvert in the
B massregion showvs good B characteristics. Table 6.4 shows the characteristics of this
evert. The reconstructedmasseof the B and J= agreewell with the PDG values,and
alsothe other characteristics- sud asvertex detachment and impact parametersor kaon
identi cation - seemto support an interpretation as geruine B-decay.

Finally, Table 6.3 shaws the e ciency of the B selectionand the expected number of
ewerts for the di erent scenariosfor the di erent channels.



112 6 Exclusive B searh

Hard detached - Hard kaon Soft detached - Hard kaon

> >
GJ 4 q) 4
E e Downstream a) E b)
S, g L] Upstream NEY:
7] 0
2 o
< 1 . ° c 1+ ° °
L L

0.5 0.5

1 1 1 | 1 1 1 1 1 | 1 1 1
35 4 45 5 [55 6 65 7 35 4 45 5 |55 6 65 7
] Mass (GeV) ] Mass (GeV)

> Hard detached - Soft kaon - Soft detached - Soft kaon
L 2 ]
= =
o <) o d)
NEN: = I 4
()] (%]
2 o
c 1 oo o c 2 o o
w w

0.5 1 ° L °

| | | | | | | | HH H HH Hu” ” IH |
35 4 45 5 |55 6 65 7 35 4 45 5 |55 6 65 7
Mass (GeV) B mass Mass (GeV)

B mass

Figure 6.5: The invariant massof J= + kaon+ originating fromaB°%! J= K*
decgy under di erent requiremers on kaon iderti cation and the detachment from the
primary interaction as described on the text. Dots: Downstream everts . Histograms:
Upstream badkground everts.

| Selection | B*! J= K'| B! J= K* |
E. (%) Nr. B E. (%) Nr. B
Hard-Hard 19 0.34 13 0.10
Hard-Soft 26 0.47 22 0.18
Hard-Min 32 0.58 15 0.12
Soft-Hard 31 0.56 24 0.19
Soft-Soft 42 0.76 39 0.31
Soft-Min 50 0.90 28 0.22
Min-Hard 39 0.70 29 0.23
Min-Soft 53 0.95 48 0.39
Min-Min 65 1.2 33 0.27

Table 6.3: E ciencies and expected number of events for eat scenariofor eat decy
channel.
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| Candidate la-B*! J= K" [b -B*! J= K" [c -BYl J= K* |

Run Number 20639 20967 20229
Evert Number 373074 33045 2396199
Wire Con guration 1112 B102 Bll1
Primary X (cm) 0.26 0.35 0.34
Primary Y (cm) -0.12 -0.16 -0.03
Primary Z (cm) -4.47 -1.13 -0.57
B Mass (GeV) 5.261 5.309 5.277
B Vertex Prob 2 0.32 0.1304 0.54

z (B - Wire) (cm) 0.31 0.92 1.11

z (B -Wire) () 12.2 36.0 39.4
B impact to Wire () 2.07 1.12 0.17

z(B-J=) (cm) -0.046 -0.065 0.010
zB-J=)() -1.10 -1.54 0.20
J= mass(GeV) 3.073 3.128 3.079
J= Vertex Prob. 2 0.22 0.28 0.05

z (J= - Wire) (cm) 0.36 0.98 1.10

z(J= -Wire) () 9.2 25.1 26.6
J= impact to wire ( ) 3.60 5.19 1.73
K + inv. mass(GeV) - - 0.890

a- B*! J= K* b- B*! J= K c- Bl J= K7
+ K + e e+ K + + K +

RTRA Index 1 2 3 1 2 9 1 2 15 5
P (GeV) 222 203 274 |339 255 137 158 288 282 95
P (GeV) 1.92 223 20 23 14 1.4 1.7 1.2 15 0.7
Hits in VDS 12 11 11 11 15 10 9 9 15 9
Hits in OTR 38 41 39 44 43 33 39 36 35 40
Hits in MUONS 17 19 - - - - 18 18 - -
LMUON 098 1 - - - - 1 0.98 - -
LRICH - - 0.0 - - 0.0 - - 00 0.71
LRICH - - 1.0 - - 1.0 - - 1.0 0.0
LRicH - - 0.0 - - 0.0 - - 0.0 0.09
LRICH - - 0.0 - - 0.0 - - 0.0 0.20
Track 2 Probability | 0.04 0.46 0.29 | 0.08 0.99 0.91 050 0.97 0.86 0.98
Impact to Wire () 274 472 219 | 082 964 486 |24.14 1248 4.40 1.28
CDAprim () 212 286 410 |7.26 758 1381 | 241 142 11.7 20.6
Impact to J= () - - 0.13 - - 0.056 - - 0.05 0.24

Table 6.4: SelectedcharacteristicsoftheB*! J= K* andB®! J= K* candidates
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6.6 Electron channel

A seart is also performed among ewvernts with the J= decging into two electrons. In
this channel a total sample of 103800 1000 of prompt J= was found with 36.9
8.1 b ewents, in the inclusive b! J= deca with a similar technique as descrited in
previous sectionfor the muon channel, but di erent cut values[80]. Taking into accoun
e ciencies from MC studies we expect in the electron channel 1.4 and 0.5 ewvens in
the B*! J= K* and B°! J= K% channels, respectively, without any detaded
vertex requiremen. The selectionprocedureis identical to the one descriked previously
for the muon channel. Sinceno good ewens were found in which a decg of the type
B*! J= K*'orB%! J= K* wasfully reconstructed,we loosenedsomewhatone of
the detadhed selectioncriteria. Instead of requiring that both electronshave an impact
parameterto the wire exceeding3 (optimised valuefor the electronchannel[8(), it was
requiredthat the sum of their impact parametersmust exceed6 . A detailedlook at the
ewvernt characteristicsrevealsone evert with good B characteristicsin the B* ! J= K*
decy. Table 6.4 shows all the characteristics of this event.

6.7 Event display

The selectedevens are displayed in Figs. 6.6, 6.7 and 6.8 using the HERA-B ewent
display PRISM [11]]. The event display hasthe limitation that particles assignedto a
commonvertex are actually displayed as coming from a commonvertex. Thus at vertex
level the display is not accurate. We showv here only generalpictures of the event.

6.8 Summary and conclusions

As for the muon channelwe canassumeoneevent with no badkground seenin the scenarios
with the strongestdetachment and kaon selectionin ead decay for both B*! J= K7

andB°! J= K* decg channels. Basedon the Feldmanand Cousinstables[117 this

represems a con dence belt between0.11- 4.36at 90 % C.L. in the number of everts.

This value is compatible with the expected valuesshown in Table 6.3: 0.37 events for

B*! J= K*andO.lfor B! J= K*  decay channels.

Figure 6.9 shaws the invariant massof the B candidatesfor muon and electron chan-
nels together, for both B decgs under study, in the scenariowith hard cuts applied.
Figure 6.10sumsup both decg channelsin the samescenario.A note of caution must be
madesinceit may happenthat someewerts in the B®! J= K* distribution happen
to passthe selectionfor the B* ! J= K" channel.

In the combined invariant massdistribution there might be a small group of ewerts
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in the region of the B mass, which could be taken as a hint of a signal. The total

number of candidatesis in accordancewith the expectations of signal and a badground
consistingof B deca/s with unreconstructed nal state particles. The statistics is clearly
insu cien t to claim a signal, not to speak of a determination of the production cross
section. Howewer, the analysispreserted in this sectionshows the potertial of HERA- B

for the reconstructionof B evernts and strengthensour con dencein the inclusive bsamples
preserted in previous chapter.
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Summary

In this thesiswelglave preserted a determination of the bb crosssectionbasedon data of
pN collisionsat = s = 41.6 GeV which were taken with the HERA- B detector during
2002and 2003.

At presen there arecompletetheoretical calculationsup to next-to-leading-order(NLO)
in the expansionof 5. Howewer, thesecalculationsfail to give an accuratevalue on the
bb production at energiesnear threshold, sincehigher order terms represen large cortri-
butions to the crosssection. New dewelopmers and theoretical tools were deweloped in
the past yearsto partially include higher order terms in the perturbative expansionbut
they still presen large uncertainties.

In the past bb production on xed target experimerts hasbeenmeasuredthree times.
Theseresults are not all compatible, and in addition, they su er from limited statistics.

The method presened in this thesisto measurethe bb crosssectionis basedon the
characteristicsof the long life time of the B mesonsand their inclusive deca into aJ= .
It is thus sucient to detect the decg of those J= into lepton pairs which are not
producedin the primary interaction, but which have their deca vertex downstream. The
small bbproduction crosssectionin conbination with the smallbranching ratio ofb! J=
implies that only a fraction of 10 ! of all everts are usefulwhich underlinesthe need
for a highly e cient trigger. The trigger systemof HERA- B incorporates a hardware
track reconstructionin the rst trigger level, and software vertexing in the secondlevel.
The dedicatedJ= First Level Trigger (FLT) is build on a network of speci ¢ processor
boards and performs a lepton track selectionwithin 12 s. It is of crucial importance
to understandits singletrack e ciency, which is explainedin detail in this thesis, and
which hasbeendeterminedto be ( 61.1 0.%,  1.Qys ) % for electronsand ( 28.0
0. 0.6ys ) % for muons. The rejection power is estimated to be about 200. The
characteristics of the FLT allowed the collection of 300,000reconstructedJ= ewens in
both electronand muon channels,leadingto an identied sampleof 83b! J= inclusive
ewverns.

The bb production crosssection is determined relative to the J= production cross
section which has been measuredby other experimerts. Our analysis, basedon muon
tracks, yields a crosssectionratio of bbover J= production Rgigma = (b)/ ;- = 0.027

0.005  0.004,s . Basedon ;- = 352 24  26ys nb/nucleonas measuredby
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Fermilab experimerts we obtain for (bb) = 9.4 1.74  1.3ys nb/nucleon. The full
HERA- B result, i.e. the muon result conmbined with the electron channeland together
with the data of the year 2000is at presen the most precise measuremen of the bb
production crosssectionwith a valueof (bb) = 9.9 1.5  1.4ys nb/nucleon. This
result is compatible with the data of the E789 experimert, but is morethan 2  belov
the result of the E771experimert. Theoretical calculationsbeyond NLO order, which are
performedwith di erent resummationtechniques,are seweral above our measuremet)
but are still compatible due to the large theoretical uncertairties.

An attempt to identify exclusive B-deca/sresulted,dueto the limited statistics, in only
afewewents fully reconstructedinthe B* ! J= K* andB°! J= K* channels. This
is compatible with the expectations.



Samenvatting

Materie zoalsdezeop aardevoorkomt is opgeluwd uit atomen: kernenmet daaromheen
elektronen. De kernen bestaanuit protonen en neutronen. Verstrooiings-exgerimerten

hebben aangetand dat protonen en neutronen opgetouwd zijn uit kleinere bouwstenen;
de quarks. Voor het proton en het neutron hebben we twee quarkvarianten nodig, de
up (u) endown (d) quark. In radioactief verval blijkt er nog eendeeltje nodig te zijn,

namelijk het neutrino ( ¢). De tweequarks, het elektron en het neutrino vormen samen
een\familie” van elemernaire deeltjes. De deeltjesinteragerenmet elkaar via de sterke wis-

selwerking tussenquarks onderling, de elektromagnetisbe wisselverking tussengeladen
deeltjesen de zwakke wisselverking tussenalle deeltjes.

In hoog energetisbe interacties, bijvoorbeeld proton-proton botsingen, hebben we de
mogelijkheid om uit de bestikbare energienieuwe deeltjeste vormen. De productie van
deze deeltjes moet aan een aartal behoudsvetten voldoen (b.v. ladingsbehoud). Het
is daarom in het algemeenalleen mogelijk om deeltjes samenmet hun antideeltjes te
produceren.

Experimerteel is in de laatste decenniageblelen dat er eenverrassendéherhaling van
deeltjes optreedt. De familie wordt herhaald maar dan met deeltjes die meer massa
hebben. Zo bestaat de tweedefamilie uit eenmuon ( , eenzwaar soort electron), een
tweedesoort neutrino (), eencharm (c) en strange(s) quark. De charm quark heefin
dezefamilie de hoogstemassa.De derde familie, tenslotte, heeft als ledendetau ( ), het
bijb ehorendeneutrino (), de topquark (t) de \zwaarste", met eenmassavan 175 GeV
of wel bijna de massavan eenwolfraamkern en het onderwerp van dit proefsdrift: de
bottomquark (b). Dezeheeft eenmassavan vijf protonen ofwel 5 GeV.

De productie van b-quarksverloopt via de sterke wisselverking. Dezewordt besdireven
door QuantumChromoDynamicaof QCD. In dezetheorie wordt de productie van quarks
besdireven door middel van eenzogenaamdestoringsreeks. De belangrijkste termen in
de berelening worden als eerstebenaderinggebruikt. De berekeningenkunnen ver jnd
worden door meertermen in de reeksmeete nemen. De termen die meegenomemoeten
worden hangenmedeaf van hoewveel energiebesdikbaar is voor de productie. Dicht bij
de productiedrempel zijn sommigetermen belangrijk en het is in dit gebieddat wij onze
metingen hebben uitgevoerd.

Om eenb-quark samenmet zijn antideeltje de anti- bte producerenis minimaal 10 GeV
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in het zwaartepurtsysteem van de interactie nodig. In de praktijk is eenveel hogere
energienodig omdat in de interacties niet alleenb-quarks gepraduceerdworden maar ook
vele anderedeeltjes,tot wel honderdin eeninteractie. Ook worden niet in elke interactie
b-quarks gepraduceerd. Bij HERA- B , het experimernt waarover dit proefsdirift gaat,
worden protonenvan 920GeV in botsing gebratit met dradenvan Koolstof, Titanium en
Wolfraam. De energiebestikbaar voor deeltjesproductie is dan 41.6 GeV. Onder deze
omstandighedenwordt er eenb-anti- b paar gepraduceerdin een op de miljoeninteracties.
Willen we dezeop e ci erte wijze registreren,dan is het van belang gebeurtenissenmet
b-quarks snelte herkennen.

Quarks komenniet vrij in de natuur voor maar alleenin conbinatie met anderequarks
of eenarnti-quark. De deeltjesdie bestaanuit zwaardere quarks zijn niet stabiel maar
vervallen naar deeltjesdie lichtere quarks bevatten. Zij hebben editer eeneindigelevens-
duur: voor deeltjes die een b-quark bevatten is dezelevensduur ongewer 1.5 ps. Dit
betekert dat zij in het HERA- B experimert gemiddeldzo'n 9 mm a eggen voordat ze
uiteenvallen. Wij kunnenzedus herkennenin de detector als eenverzamelingvan sporen
(de vervalsproducten) die niet afkomstig zijn van eenvan de draden maar van eenpunt
eenaartal millimeters verwijderd van de draad. Dit patroon is unieke voor deeltjesmet
zware quarks. Om de herkenning van dezedeeltjesnog meerte versimpelen hebben wij
ons geconcetreerd op eenbepaaldvervalspraduct: het J= deeltje. Dit heeft eenmassa
van 3.1 GeV envervalt ondermeemaar de eervoudigeeindtoestandene*e en * . Dit
laatste kanaalis in dit proefsdirift besdireven.

Het J= deeltje kan ook direct gepraduceerdworden (dus niet als vervalsproduct van
eenb-quark deeltje) en de kans dat dit gebeurt, de botsingsdmrsnede,is goed bekend.
Door nu zowel de directe (van de draad) als de indirecte (via verval een eindje van de
draad) te vergelijken kunnenwe de botsingsdmrsnedevoor b-quarks bepalen.

Dit proefsairift besdrijft de zoektocht naar de gebeurtenissenmet J= deeltjes. Hier-
bij wordt gebruik gemaakt van geavanceerdeelektronica die, binnen 12 s, informatie
uit de detectorenin het experimert kan reconstruerentot sporen. Ook kan in die tijd
worden beslist of dit spoor aan eenmuon of elektron toebehoort. Hierna moeten de ges-
electeerdegebeurtenissenvolledig gereconstrueerden het J= deeltje gezaht worden.
Dit heeft geresulteerdin eenverzamelingvan 300000direct gepraduceerdeen 85 indirect
gepraduceerdel= deeltjes. Hieruit kan de werkzamedoorsnedevan b-productie gehaald
worden maar niet voordat eengedegerstudie gedaanis naar hoe e cien t ieder onderdeel
van het experiment heeft gewerkt.
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