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Chapterr 1 

Heavyy quark production in 
electron-protonn collisions 

Thee measurement of heavy (marks in high energy collisions results in valuable experi-
mentall  data to study the strong interactions of the Standard Model. The strong interac-
tionss between quarks and gluons are described by Quantum Chromo Dynamics (QCD). 
Thee dynamics of quarks and gluons are calculable with perturbation theory (pQCD). 
providedd that the scale of the interaction is larger than the fundamental cut-off value 
AQCDD ~ 200 MeV. The masses of heavy quarks are above AQCD (while the light quarks 
aree not). Hence, the production of heavy quarks can be treated completely perturbatively. 

Inn particular deep inelastic electron proton scattering is a clean environment to study 
heavyy quark production. The quarks in the proton are "probed" directly by the exchange 
off  electroweak gauge bosons. The produced heavy quark is related to the "hard QCD 
process''. . 

Thee main QCD production process for heavy quarks in ep scattering is boson-gluon 
fusion,, and this process strongly depends on the gluon density of the proton. The gluon 
densityy is determined indirectly, from the scaling violation of the proton structure func-
tion. . 

Forr the c (charm) and b (beauty or bottom) quarks the masses are mc ss 1.3 GeV and 
mmhh « 4.5 GeV. The production ratio is approximately 200:1. The mass and the charge of 
thee b quark decrease the production rate. 

Afterr the initial heavy quark is produced it fragments into hadrons. (No free quarks 
aree observed in nature.) Most of these hadrons are very instable and decay shortly after 
production.. Some travel just far enough to allow a measurement of the distance1 between 
thee decay point and the production point. 

Inn this chapter the production of heavy quarks (c and b) is discussed, after a brief intro-
ductionn to deep inelastic ep scattering and proton structure functions. The experimental 
signaturess of heavy quarks are studied in the last section. 

5 5 
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Figuree 1.1: ep scattering at HERA: an electron (e) exchanges a photon (7) which scatters 
offf  a constituent of the proton (p). The final state consists of the scattered electron, the 
protonn remnant and a scattered quark. 

1.11 Deep inelastic scattering 

Thee dynamics of deep inelastic ep scattering (DIS) depend on the internal structure of the 
proton.. This structure can be represented by so called form factors or structure functions. 
Analysiss of the structure functions, mostly from fits of the data, results in parton density 
functions,, which describe the content of the proton in the context of different (mark 
flavourss and the gluon. 

1.1.11 DIS kinematics 

Att HERA electrons' and protons collide at high energies. The scattering process is called 
elastic,, if the proton stays intact, otherwise the scattering is called inelastic. The elasticity 
off  the scattering depends on the momentum transfer from the electron to the proton. 
Breakupp of the proton is interesting to study, because it reveals the internal structure: 
thee incoming lepton can be viewed as a source of gauge bosons that resolves the composite 
hadron. . 

Thee scattering process can be characterised by the type of the exchanged gauge boson: 
inn neutral current events photons or Z bosons are exchanged, where due to interference 
effectss no clear separation is possible, while in charged current events the electron emits 
aa W boson and the scattered lepton is in this case a neutrino. 

Inn figure 1.1 a diagram of neutral current (NC) DIS ep scattering is drawn. In the 
diagramm an electron scatters off a (mark in the proton. The final state consists of a scat-
teredd electron, a scattered (mark and the proton remnant. The squared four-momentum 
transferr from the electron to the proton is: 

qq22 = (k - k'f = -Q\ (1.1) 

wheree q, k and k' denote the four momentum of the exchanged gauge boson and of the 
incomingg and outgoing electron respectively. 

'Inn fact, both electrons and positrons can be stored in HERA. Here the electron case is discussed. 
Thee situation is similar for positrons. 
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Inn optics the resolving power depends linearly on the wave length of the light source. 
Equivalently,, the wave length (hc/\q\) of the exchanged gauge boson describes the resolv-
ingg power available for probing the proton's internal structure. Viewed in this way HERA 
iss a microscope to study the constituents of the proton. 

Thee Q2 of a scatter (or event) gives a physical scale to distinguish three different 

regimess at HERA: 

 Q2 < 1 GeV2 {photoproduction, or not DIS) 

Thee propagator of the gauge bosons is proportional to 1/{Q2 + M2). The exchange 
off  Z(W ) bosons which have a rest mass of 80.2(91.2) GeV is therefore heavily sup-
pressed.. The I /O2 dependence for the exchange of photons makes photoproduction 
thee dominating scattering process at HERA. Photoproduction events can be used to 
studyy the hadronic structure of the photon arising from the fluctuation of a photon 
intoo a quark anti-quark pair (7 —> qq). 

 lGeV2 < Q2 < 100 GeV2 (DIS at moderate Q2) 

Thiss is the regime where most HERA measurements concerning the structure of the 
protonn are performed. The scattering cross section is still large and the contribution 
off  the Z exchange can be neglected. At this momentum transfer photon fluctuations 
aree strongly suppressed. 

 Q2 > 100GeV2 (DIS at high Q2) 

Thee cross section expected from the Standard Model becomes small in this regime. 
Thesee data (only available at HERA) are useful to examine the existing theories or 
too discover new phenomena. For Q2 ^ M\ « 8300 GeV2 the charged and neutral 
currentt interaction become comparable in strength. 

Thee squared centre of mass energy s of the reaction is given by the initial state: 

ss = (P + k)2 « AEeEp, (1.2) 

wheree P and Ep denote the four-momentum and the energy of the incoming proton. The 
approximationn neglects the masses of the proton and the electron. At HERA a centre of 
masss energy y/s = 318 GeV is achieved. 

Besidess Q2 and s the kinematics of the scattering process are fully determined by 
onee additional variable. Convenient choices are either the inelasticity y or the so called 
Bjorkenn x  ̂ variable: 

pp q - q 2
 n n 

y = f T k -- TBJ = 2P-V  ( L 3 ) 

Thee variables are related through: 

QQ22 = XB3ys. (1-4) 

Inn the proton rest frame y represents the fraction of four momentum transfered from 
thee electron to the proton. xB} can be interpreted as the fraction of the proton four 
momentumm carried by the struck parton. 
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Figuree 1.2: The HERA measured neutral current and charged current high Q2 cross 
sections.. The left plot shows the cross sections for e+p data and the right plot for e~p 
data.. The data are compared with the standard model predictions. 

Theree are several experimental methods to determine the ep scattering kinematics. 
Theyy rely on the angle and energy measurement of the scattered lepton and the so called 
hadronicc system. 

Figuree 1.2 shows the neutral and charged current cross sections for deep inelastic e+p 
andd e'p scattering in bins of Q2. It is seen that the cross sections decrease rapidly and for 
highh Q2 the charged current cross section and the neutral current cross section become 
similar.. This is the effect of the electromagnetic and the weak force reaching comparable 
strength.. The measurements at high Q2 have the largest experimental errors. The ep 
crosss sections also depend on the structure of the proton. This is described in the next 
section. . 

1.1.22 Structure functions 

AA detailed overview of deep inelastic scattering and structure functions can be found 
elsewheree [5]. The neutral current eip -> e X unpolarised cross section is: 

d?(TNc(d?(TNc( p)p) 27TÖ 

dxdQdxdQ2 2 -—-— [Y+F2(x.Q2) - V2FL(X.Q2)TY-XF,(X,(32)} . (1.5) 

wheree  = 1 — y)2. In this equation a denotes the electromagnetic coupling constant. 
Thee longitudinal structure function, FL, describes the coupling of the proton to longitu-
dinallyy polarised virtual photons. The parity violating structure function xF3 arises from 
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Figuree 1.3: The Q2 evaluation is schematically shown. At higher Q2 smaller distances are 
resolved,, consequently the probability to scatter on a low x quark increases. 

thee weak Z boson exchange. At low Q2 the contribution of the weak interactions is 
negligible.2 2 

Whenn the above ep cross section is compared to the cross section of an electron scat-
teringg on a free quark (eq —> eq) it is found that F2 can be interpreted as 

FF22(x)(x) = Y^e2q(xq(x)+xq(x)), (1.6) 

wheree q(x) are the quark momentum densities inside the proton of the different quark 
flavourss (u, d. s) and eq are their charges. Because the quarks are spin 1/2 particles, 
FiFi  = 0 (for massless quarks and leading order). 

Probingg of the proton with a virtual photon with increasing Q2 is similar to decreasing 
thee wavelength of the probe. This is depicted schematically in figure 1.3. Quarks can 
emitt or absorb gluons and gluons can fluctuate into quark anti-quark pairs. (The gluon 
cann even interact with itself). These fluctuations take place on very short t ime/distance 
scales.. So at higher Q2, more of these fluctuations can be observed. Furthermore the 
fluctuatingg partons have a smaller momentum fraction, hence more low x partons are 
observed.. This mechanism is known as the violation of scaling and leads to a steeply 
increasingg structure function at low x (see figure 1.4 [2]). 

Thee evolution (in Q2) of the quark and gluon density is described theoretically with the 
DGLAPP evolution equations [7]. Input for the DGLAP formalism are the quark and gluon 
splittingg functions which are known for leading order and next-to-leading logarithmic 
contributions. . 

1.1.33 Parton density functions 

Thee quark density functions are also known as the parton density functions (PDFs) of 
thee proton. The PDFs are not calculable from theory and have to be obtained from ex-
periments.. Partons are both the gluons and quarks in the proton. Since the gluons do 
nott couple electroweakly they are not probed directly. They can be observed indirectly, 

JThiss follows from the fact that the propagator for single Z exchange is 1/(Q2 + M\) and M% is 
91.22 GeV. 
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Figuree 1.4: The proton structure function F2 given at two Q2 values (3.5 GeV2 and 
90GeV2),, which exhibit scaling at the "pivot" point x ~ 0.14. The data are compared 
withh the MRST prediction [6]. 
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throughh the violation of scaling. Approximately 50% of the proton momentum is car-
riedd by the gluons. Precise knowledge of the parton density functions is important for 
calculatingg reliable cross sections. 

Inn the most simple model, the "static" quark parton model, the proton is only built 
fromm three quarks (uud): the valence quarks, which carry the quantum numbers of the 
proton.. In improved parton models these quarks can radiate gluons and the gluons can 
splitt into quarks and anti-quarks. The radiated quarks are called the sea quarks. 

Thee structure functions depend on the parton density functions. From the mea-
suredd proton structure function the parton densities can be derived. The approach is 
too parametrise the parton density functions as a function of x. The following equation is 
oftenn used: 

xf(x)xf(x) =  Plx^(l - . r f ' ( l +7 ; 4 V / ï + p5.T). (1.7) 

Furthermoree there are other constraints. For example the number of it (marks is twice 
thee number of d quarks and in the sea the number of quarks and anti-quarks is equal. 

Subsequentlyy the parameters are fitted to the structure function data. This is done 
byy minimising the following \ 2 equation: 

22 = y - [FiJP) ~ Fijmeas)]2 

ii t 

Thee symbol F^meas) represents a measured data point. The symbol F,(p) represents 
thee prediction from next-to-leading order QCD in terms of the fit parameters. This 
iss non-trivial because one has to consider: elect roweak mixing, next-to-leading order 
splittingg functions and the treatment of heavy quarks. On the experimental side one1 has 
too propagate all measurement errors correctly and in reality a more complex \ 2 definition 
iss used. 

Suchh fits are also performed by the ZEUS collaboration [8], The results for Q2 = 
lOGeV22 are shown in figure 1.5. The figure shows that the uv and (/,,. distributions 
dominatee a high x. The error band represents the uncertainty. The sea quarks (qq 
fluctuations)) and the gluons become dominant at 1OWT X. The results are compared with 
PDFss from several PDF fitting groups. MRST [6] and CTEQ [9]. Both MRST and 
CTEQQ use the available world cp, up and pp scattering data to determine the parton 
densityy functions. The differences are due to the use of different input, data sets, heavy 
quarkk mass effects and the gluon parametrisation [9]. 

1.22 Heavy quark production at HERA 

Whilee the u. d and s (marks have masses below the AQCD parameter, the masses of the 
heavyy quarks are already sufficient to serve1 as a hard scale for perturbative calculations. 
Att HERA the produced heavy quarks are c and b (marks. The t (top) (mark is out of 
reachh because of its large mass. The following discussion focuses on charm production, 
butt is also applicable for beauty production. 

Inn figure 1.6 the leading order boson-gluon fusion (BGF) diagram is shown which is 
thee main production mechanism of charm in deep inelastic scattering. In BGF a photon 
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Figuree 1.5: The gluon, sea, u and d valence distributions extracted from the standard 
ZEUSS NLO QCD fit at Q2 = 10 GeV2. The error bands show the uncertainty. The ZEUS 
fitfit  is compared with the MRST and CTEQ fits. 

X X 

Figuree 1.6: The dominant charm production mechanism at HERA is shown: a photon 
(7)) emitted by the electron (e) and a gluon (g) originating from the proton (p) form a cc 
pair.. This process is called boson-gluon fusion (BGF). 
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interactss with a gluon in the proton to form a charm anti-charm pair. Because the proton 
servess as a source of gluons, charm production at HERA is sensitive to the gluon density 
insidee the proton. 

Thee cross section for charm production in DIS follows directly from equation 1.5, 
whichh can be restricted to the charm only case: 

^^ — [(1 + 0 - ^ ) ^ . ^ ) - / ^ . ^ ) ] . (1.9) 

wheree the inclusive structure functions have been replaced by the charm specific functions. 
Thee charm structure functions dependence on the parton densities (specifically the gluon 
density)) are known to next-to-leading order [10]. 

Thee production rate of c quarks is a factor 200 larger than for b quarks. The b quark 
iss heavier and f2 depends on the charge squared of the (mark. The 6 quark has charge 
—— l/3e and the c quark has charge +2/3e, where e is the electron charge. The total charm 
crosss section for ep —> ecc plus anything, at a centre-of-mass energy of yfs = 318 GeV, is 
off  the order of 0.5 \xb. For beauty production it is about 1 nb. 

Thee parton density functions, including the gluon density arc1 input for QCD predic-
tionss of heavy (mark cross sections and dynamics. These can be observed in the experi-
ment.. Hence, the measurement of heavy quarks provides a powerful check on the validity 
off  QCD. 

1.33 Properties of charm and bottom hadrons 

Thee cross section of the hard scatter, which produces the r and b quarks, is calculated 
withh perturbative QCD. In experiments the quarks are observed as hadrons (mesons and 
baryons)) which are produced in the hadronisation or fragmentation process. 

Forr the hadronisation process perturbative QCD is not applicable1. Therefore, predic-
tionss on hadron level rely on data from previous experiments and on empirical models. 
Inn this section the fragmentation ratios of c and b (marks to certain hadrons are dis-
cussed.. Also the Peterson parametrisation, which describes the momentum transfer from 
thee quark to the hadron is discussed. 

1.3.11 Charmed hadrons 

Thee produced charm quarks fragment into charmed hadrons. The fragmentation of c 
quarkss is shown schematically in figure 1.7. The numbers indicate the branching ratios. 
Charmedd hadrons arc D+. D°. D* mesons and the charmed baryon Ac (excited states are 
alsoo observed). The excited state D mesons are written as D*. The important properties 
(mass,, lifetime) of the different charmed hadrons are summarised in table 1.1. Also tbe 
branchingg fraction for the clearest observable decay channel is given. 

Ratherr than looking at these exclusive hadronic channels, final states can be studied, 
wheree the charm quark decays to an electron. This is ('ailed the semi-leptonie decay of the 
charmedd hadron, for example c —> sc+vv (and c.c). In the spectator model the c quark 
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Figuree 1.7: The charm quark fragmentation tree into D and D* mesons is shown. In 
additionn the decay channels of the spin excited D* mesons are given. The charm frag-
mentationn ratios arc from reference [11] and the branching ratios of the D* mesons arc 
fromm reference [12]. The table to the right sums the contributions of the directly and 
indirectlyy produced scalar mesons to their ƒ (c —> D) factors. 

charmm hadrons properties 
valencee (marks 
masss [ GeV] 
CTCT [ |j.m] 

f(c^D,A)f(c^D,A) [%] 
f(bf(b - D) [%] 
decayy channel 

branchingg fraction [%] 

D+ D+ 
cd cd 

1.869 9 
315 5 
23.2 2 
23.7 7 

K~TTK~TT++ TTTT+ + 

9.1 1 

/ ) " " 
eft eft 

1.865 5 
123 3 
54.9 9 
60.5 5 

K-1T+ K-1T+ 

3.8 8 

D: D: 
CS CS 

1.969 9 
147 7 
10.1 1 
18 8 

<p1T<p1T+ + 

4>4> -  ̂ K+K-
1.8 8 

D*+ + 
cd cd 

2.010 0 

23.5 5 
17.3 3 

DD00TT+ TT+ 

D°D° - > K 7T + 

2.6 6 

K K 
udc udc 

2.285 5 
60 0 
7.6 6 

5.0 0 

Tablee 1.1: The table summarises the D meson and A+ properties. For each hadron the 
channell  with the clearest signature is given. 
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bottomm hadrons properties 
valencee quarks 
masss [ GeV] 
CTCT [ |j.m] 

f(b-*B,A)[%] f(b-*B,A)[%] 

B+ B+ 
ub ub 

5.279 9 
495 5 
38.8 8 

B° B° 
db db 

5.279 9 
468 8 
38.8 8 

B» B» 

sb sb 
5.369 9 
438 8 
10.6 6 

Bt Bt 
cb cb 
6.4 4 
138 8 

K K 
udb udb 

5.624 4 
369 9 

11.88 (*) 
(*)) The fraction b to baryons is 11.8% 

bb meson decay 
branchingg fraction [%] 

f-VA " " 
10.9 9 

H+Vp H+Vp 

11.0 0 
TT++VVT T 

2.5 5 
D°X D°X 
60.9 9 

D~X D~X 
23.5 5 

D*+X D*+X 
17.3 3 

Tablee 1.2: The tables summarises I? meson and A° properties. 
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Figuree 1.8: The normalised Peterson fragmentation function for charm and beauty frag-
mentation.. The value for the ep follows from experimental data. 

off  the hadron decays in an s quark. The composition of the hadron is then changed and 
alsoo a positron and a neutrino appear in the final state. The average branching ratio is 
11%% [13]. 

1.3.22 Bottom hadrons 

Bottomm or beauty hadrons consist of at least one b valence quark. The properties of the 
BB mesons and the A° are summarised in table 1.2. The bottom hadrons are heavier and 
havee a longer average CT than charmed hadrons. 

Thee b quark decays predominantly weakly to a c quark. A charmed hadron is then 
formed.. The study of a particular hadronic decay channel can only be done with a low 
branchingg ratio (lower than 1%). The semi-leptonic decay b —» cl+vi where the lepton is 
ann electron or a muon (or a r) has a branching fraction of about 10% (2.5%). 

1.3.33 Fragmentation 

Whenn a hadron carries a large part of the parent quark momentum, the fragmentation is 
calledd "hard". In order to model the momentum distribution of the meson with the c or 
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Figuree 1.9: The distribution of the mass difference, A M = [MK-K-K, ~ M / ^ ) , for D*1 can-
didatess (solid dots). The A M distribution from wrong-charge combinations, normalised 
inn the region 0.15 < A M < Ü. 165 GeV, is shown as a histogram. The solid line shows the 
resultt of the fit described in the text. The MK* invariant mass distribution is shown as 
ann inset. The fit is the sum of a modified Gaussian to describe the signal and a second 
orderr polynomial to describe the background. [15] 

bb quark, the fragmentation function is used. The fragmentation function is derived from 
experimentall  data. It describes the momentum fraction of the hadron with respect to the 
initiall  quark. One of the commonly used parametrisations is the Peterson function [14]: 

ƒ(*)) = 
1 1 

il-l/z-eil-l/z-ePP/(l-z)) /(l-z)) 22 ' (1.10) ) 

Thiss model only depends on one parameter: eP. In figure 1.8 the Peterson function is 
drawnn for charm and beauty fragmentation. Beauty fragmentation is in general harder. 
Fromm measurements at different experiments fragmentation seems universal. 

1.3.44 ZEUS measurements 

Inn this section two results from ZEUS on charm and bottom production in DIS are dis-
cussed. . 

C h a r mm product ion in DIS 

Thee well known method to study charm production is the reconstruction of the decay 
D*D* ++  —* D°TT+ with the subsequent decay D° —> K~TT+. The small mass difference (AM ) 
betweenn the D° and the D*+ gives a clean signal to count the number of produced D*+ 
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mesons.. Figure 1.9 shows the AM signal for ZEUS DIS events [15] from HERA data 
recordedd until 2000. 

Fromm these data the structure function F£c has been derived. The results are presented 
inn figure 1.10. The data are well described by the theory curves. The experimental errors 
aree still large. For increasing Q2 and decreasing x, we see F |c rising, as expected from 
thee proton gluon density increase. 

B o t t o mm production in DIS 

Measurementss of b quark production have been done for the semi-leptonic decay channels 
ee and \i [16, 17]. The b quark is assumed to decay to a lepton and a jet of other hadrons. 
Thee variable under study is then the transverse momentum of the lepton with respect to 
thee jet axis {pt,rei)- The large mass of the decaying b quark gives the lepton on average a 
largerr pt,rei than a lighter quark would do. 

Wit hh the help of Monte Carlo programs the shapes of the pt_rei distributions are stud-
ied.. This results in &pt,rei shape for light, charm and beauty quarks. These templates are 
usedd to determine the fraction of the light, charm and beauty component of the data. 

Thee fraction of 6 quarks decaying to muons in DIS has been determined [17]. From this 
thee b quark cross section has been calculated for a few bins in x and Q2. The results are 
presentedd in figure 1.11. The data are compared with NLO calculations and leading order 
Montee Carlo programs RAPGAP and CASCADE. The measurements and the predictions 
doo not agree for all the bins. 

1.44 Conclusion and outlook 

Thee measurements at HERA have already provided a large amount of data on the struc-
turee of the proton and about quantum chromo dynamics. When probing the proton at 
higherr Q2 it turns out that the proton consists of a quark and gluon sea. With QCD we 
cann describe most of the cross section measurements. The ZEUS results show that for 
highh Q2 and for heavy flavour measurements the experimental uncertainty is still large. 

AA larger data sample of high Q2 events would be useful for more stringent tests of the 
theory.. The installation of a microvertex detector would provide better and additional 
methodss to tag heavy quark production. 

Inn the following chapters is described how the ZEUS detector has been improved to 
profitt from the second phase of HERA data. 
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Figuree 1.10: The measured F%c at Q2 values between 2 and 500 GeV2 as a function of 
x.x. The current data (solid points) are compared with the previous ZEUS measurement 
(openn points). The data are shown with statistical and systematic uncertainties added in 
quadraturee (outer bars). The lower and upper curves show the fit uncertainty propagated 
fromm the experimental uncertainties of the fitted data. 



1.41.4 Conclusion and outlook 19 9 

ZEUS S 

> > 
o o 
(3 3 
B B 

CM M 

O O 
•D D 

I* * 

> > 
O O 
a. a. 

CM M 

O O 
-o o 

1" " 

— — 
ZEUSS 99-00 

NLOO QCD ® Had.Corr:. 

N L O Q C D ( H V Q D I S )) J 

1.3.. pf: 2GeV V 
 2GeV 

- ^^ 30 

Q. . 

U) U) 
_00 20 
a a 

 15 

Q22 (GeV2) 

(c) ) 
ZEUSS 99-00 

CASCADE,, mb=4.75 GeV 

RAPGAP,, m.=5 GeV 

Q22 (GeV2) 

(b) ) 

I I 

\ \ 

I I 

i i 

r~.r~. 30 

a. . 

'og 10(x) ) 

(d) ) 

-J -- 25 

O) ) 
OO 20 
o o 
0 0 

"O"O 15 

-22 -1 

iog 10(x) ) 

Figuree 1.11: Differential b quark cross section as a function of Q2 (a) and Bjorken x (b) for 
eventss with at least one jet reconstructed in the Breit frame and a muon, compared to the 
NLOO calculations. The error bars on the data correspond to the statistical uncertainty 
(innerr error bars) and systematic uncertainty added in quadrature (outer error bars). 
Thee solid lines show the NLO QCD prediction including hadronisation corrections and 
thee dashed line the same calculation without hadronisation corrections. The shaded band 
showss the uncertainty of the NLO QCD prediction due to the variation of the factorisation 
andd the renormalisation scale, //, and the b quark mass, nib- Figures (c) and (d) present 
thee differential b quark cross sections as a function of Q2 and Bjorken x compared with 
LOO QCD MC programs CASCADE (solid line) and RAPGAP (dashed line). 
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