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Abstract. We study the reaction e + p ~ e + Q + v + X, 
where Q stands for a c or b quark and V = 7, W or Z. 
At HERA only the combination Q---c, v = 7  seems 
promising; it should allow to measure the c-quark density 
inside both the proton and the photon. Here, c-quarks 
are identified through their muonic decays. At LEP • 
LHC, 7+b(b)  and W -+ +c(6) production also have 
sizeable rates; the first reaction might allow to measure 
the b content of the photon, while the second reaction 
can determine the strange-sea and the valence d-quark 
distributions in the proton, and might provide a statisti- 
cally independent measurement of the W W y  vertex. 

1 Introduction 

The study of final states containing an electroweak gauge 
boson V = 7, W, Z in hadronic collisions has proved very 
fruitful in the last few years�9 The production of hard, iso- 
lated photons I-1] is a crucial input for the determination 
of the gluon density inside the nucleon. The production 
of W and Z bosons at p/5 colliders [2, 3] has served as 
important test of the Standard Model (SM) of electro- 
weak interactions [4]. Very recently, the CDF collabora- 
tion [5] has begun to use data on W production to 
constrain valence quark distributions�9 On the theoretical 
side, it has recently been pointed out [6, 7] that the 
interpretation of the results is simplified considerably if 
the gauge boson is produced in association with a heavy 
c-quark, which is tagged via its muonic decay. Assuming 
that the strange sea is known, W + c production [7] gives 
an unambiguous measurement of the gluon density; 7 + c 
[6] and Z + c [7] production can help to determine the 
presently poorly understood c-quark distribution inside 
the nucleon. 

In this paper we extend these analyses to ep colliders. 
Calculations for the inclusive production of massive 
vector bosons [8] and hard photons I-9] in ep collisions 
exist in the literature, but to our knowledge their associate 
production with heavy quarks has not yet been discussed. 
We study V + Q production (for Q = c, b) both at the 

upcoming HERA collider and at the future LEP • LHC 
collider. We include in our analysis both the "direct" 
contribution, where the exchanged photons interact 
directly with the quark inside the proton, and "resolved 
photon" contributions, where the initial state photon is 
also resolved into quarks and gluons, which undergo 
hard scattering off the partons inside the proton. In this 
way we can obtain information on both the photon and 
proton structure functions. 

The rest of this paper is organized as follows. In Sect. 2 
we briefly discuss the necessary formalism, especially the 
problem of heavy quark densities inside the photon. We 
also present tables of integrated V + Q events rates for 
both colliders; we find that at HERA only the combina- 
tion V=7,  Q = c  offers event rates that allow for a 
detailed investigation of the reaction. In Sect. 3 we there- 
fore focus on this final state, giving distributions for all 
relevant kinematical quantities, including the effects of 
c-quark hadronization and decay; we also discuss the 
case Q = b for LEP x LHC. In Sect. 4 we study W + c  
and Z + c production, which is promising only at LEP • 
LHC and beyond. Finally, in Sect. 5 we summarize our 
results and present some conclusions. 

2 Formalism and total cross sections 

We are interested in the leptoproduction of an electro- 
weak gauge boson V and a heavy quark Q. We work in 
the Weizs~cker Williams approximation [10], where the 
cross section for ep ~ Q V X  is expressed as a product of 
distribution functions fl  /e and a hard scattering cross 

�9 , , J  , p  

section ~. Schematically: 

da(ep ---, VQX)  = fi/e(x~)f~/p(xp)d~(ij --* QV).  (2.1) 

In general, two distinct classes of processes contribute 
to the production of a given final state, see Fig. 1. In the 
"direct" process of Fig. 1 a the initial-state photon couples 
directly to a quark inside the proton, i.e. one has i = y, 
j =  q. We use the leading log approximation for the 
photon density inside the electron: 

0~ 2 
f~/e(Xe) = - -  [ X  + (1 -- X~) 2] log -pT", (2.2) 

TCX e m e 
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~ q(') Fig. l a-e. Typical Feynman diagrams for the direct 
a and resolved photon h,c contributions to the photo- 

* " production of a heavy quark Q and an electroweak gauge 
v boson V. The resolved photon contributions are 

characterized s by the second spectator jet that originates 
from the remnants of the initial-state photon after a quark 

Ic) (b) or gluon (c) has been extracted from it 

where Pr is the transverse momentum of V or Q (which 
are equal and opposite in our approximation). Our choice 
of the argument of the log has recently been shown [11] 
to reproduce exact matrix elements for e + p ~ e + 7 + 
jet + X quite well. We use standard parametrizations 
[12, 13] for the parton densities inside the proton, includ- 
ing the heavy quark densities. 

In the "resolved photon" processes of Fig. lb, c, the 
photon is also resolved into quarks and gluons, which 
then interact with the partons inside the proton. It has 
been shown almost 15 years ago [14] that the parton 
densities inside real photons are C(c~/c~); the two classes 
of contributions are thus of the same order in coupling 
constants. The resolved photon contributions can in turn 
be divided into two subclasses, depending on whether a 
quark (Fig. lb) or gluon (lc) is taken out of the photon. 
In both cases the parton density inside the electron can 
be computed by convoluting the photon density inside 
the electron, (2.2), with the parton density inside the 
photon: 

dx xe 2 

X 2 We use the parametrization of [15] for the fq,o/y! 'Q )" 
However, this parametrization most likely overesnmates 
the heavy quark content of the photon, since it was 
obtained by using four or five massless flavours in the 
evolution equation [16] for all Q2 > Q2 = 1 GeV 2. The 
parametrizations for N: = 4 (5) should only be used for 
Q2 > 20 (200)GeV 2, but even here the assumption that 
quark distribution functions only depend on the charge, 
not on the mass, of the given quark could overestimate 
the heavy quark densities by a factor of two or more. 
We therefore also present results where we have modified 
the fo/~ (Q = c,b) according to the prescription of [17]: 

fmod. DG(x O 2) __ f D G ( x  ~2 ,  l~ (2.4) 
Q/': ~ '~- ' --:e/ ': '  'U ) logiQ2/a2 ) , 

with W 2 =  Q 2 ( l / x -  1). This ansatz correctly reproduces 
the heavy quark threshold in deep inelastic scattering. 
The motivation for using this ansatz in timelike processes 
is somewhat weaker, but it seems reasonable to us that 
heavy quark structure functions should be less suppressed 
in the region of small x, as predicted by (2.4). Probably 
{2.4) is a conservative estimate, since the decrease of the 
heavy quark contribution to F~ should be compensated 
by an increase of the light quark densities, in order to 
reproduce data [18] at large Q2; since (2.4) relates the 
distribution functions for light and heavy quarks with 
given charge, this would also increase the heavy quark 
densities somewhat.  We therefore believe that the true 

answer lies between the results obtained with the original 
and modified D G  parametrization; probably the modified 
distributions give more realistic results. 

Finally we have to specify the hard scattering cross 
sections & They can be written as 

d~ v g2 f2 2tiM 2 
(U-- ,Qv)=C} + + (2.5) 

- g f  ' 

where g = XeXpS is the squared invariant mass of t h e  
Q + V system, f = (pi - pQ)2, and fi = (& - pv) 2. In the 
Standard Model, the coefficients C v are given by 

O~E2 ~ m 2 .2 
CZQ --  QVF ZffQ, 

2 2 ~ ~2  
~ 2 \(leql -- g +  f )  , (2.6) C ,: w 

1 7 ~ e ~ s ,  

- 

6,/2 ' 

c W =  % G em2 l VqQI2 (2.6) 

oq 6x/2 ' 

where 

g~ = �89 - 4[e0lsin 20w + 8e~ sin" Ow), (2.7) 

and we have used sin 20w = 0.23. Finally, eQ and eq stand 
for the electric charge of the quarks Q and q, and Vqe is 
an element of the Cabibbo Kobayashi  Maskawa quark 
mixing matrix 1-19]. Note that mQ dependent terms have 
been neglected in (2.5). This is justified since we are only 

2 2 interested in the region pr>>mQ, where the notion of 
Q-quark distribution functions can be applied. We have, 
however, kept the m o dependence in the phase space. 

We are now in a position to present results for total 
cross sections after cuts. In Table 1 we show predictions 
for 7+c(g)  production at HERA ( E e = 3 0 G e V ,  Ep= 
820 GeV, x~s = 314 GeV). We have added equal c and (5 
contributions, and have used mc = 1.5 GeV. The entries 
of the first column are for the cuts 

p~. > 5 GeV, (2.8a) 

bY~l < 4. (2.8b) 
2>> 2 The cut (2.8a) makes sure that Pr  m c, so that it makes 

sense to use c-quark distribution functions. The cut (2.8b) 



Table 1. Total cross sections after cuts for ? + c(?) production at 
HERA, for isolated photons with m~ = 1.5 GeV; the (equal) contribu- 
tions with c and 6 quarks have been added. In the first column, 
we only have applied the cuts p~.> 5GeV, lY~I <4, while for the 
second column we have required the charm (anti)quark to decay 
into a muon (BR=0.2) with p~>2.5GeV. The effects of 
c-hadronization have been included. Direct and resolved photon 
contributions are shown separately. WWA stands for Weizs~icker 
Williams approximation, see (2.2). DG and DGK stand for the para- 
metrization of [15] and its modification [17] according to (2.4) 

Process Structure fin. ? + c (pb) 7 + c(~/~)(pb) 

Direct WWA | DO 1 8.3 0.20 
Direct WWA | EHLQ 1 2.8 0.09 
Resolved DG | EHLQ 1 25.6 0.52 
Resolved DGK| 8.7 0.18 

on the rap id i ty  of the p h o t o n  removes  events where the 
p h o t o n  emerges at  an angle of less than  2 degrees to the 
beam pipe, in which case it would  most  l ikely not  be 
detected. No te  that  we are only interested in isolated 
photons;  this removes the poten t ia l ly  large [9] con t r ibu-  
t ion where pho tons  are p roduced  in the f ragmenta t ion  
of quarks  of gluons. (In our  leading order  calculat ion,  
A R  ~ > n always,  but  this will be changed somewhat  by 
pa r ton  showers.) 

Mos t  p r o b a b l y  the c-quark  will have to be identified 
via its decay into a muon,  which has a b ranch ing  ra t io  
of 20%. The entries in the second co lumn give cross 
sections after the add i t iona l  cut 

p~ > 2.5 GeV (2.9) 

has been appl ied  on the t ransverse m o m e n t u m  of the 
muon.  We have included c-quark  f ragmenta t ion  using 
the s t andard  Peterson  f ragmenta t ion  functions [20], 
which softens the muon  spect rum considerably.  The c ~ / t  
decay has been t rea ted  in the col l inear  app rox ima t ion ,  

2 which works  well in the given case p2 >> mc" 
The results of  this table  show that  the 7 + c(6) final 

state is sensitive to the c-quark  densities both  in the 
p ro ton  (DO1 vs. E H L Q 1 )  and  the photon .  In  a full H E R A  
year  of  200 p b -  1 we expect  at least 15 (30) direct  (resolved 
photon)  events, where cha rm is tagged by hard  muons.  
Unfor tunate ly ,  this is the only of our  processes which 
offers some promise  at  HERA.  The to ta l  W + c(() cross 
sect ion with pW > 5 G e V  is only  abou t  0.06pb,  and  the 
cross sections for W + b and Z + c p roduc t ion  are  even 
smaller.  Final ly ,  once we app ly  the cut p~-> 15 GeV in 

2 ,). 2 order  to guarantee  that  p r ~  m b, the cross sect ion for 
7 + b final states is down  to 0.09 pb. 

F ina l  states conta in ing  b quarks  or  heavy vector  
bosons,  but  not  both,  can, however,  be s tudied at the 

L E P  • L H C  coll ider  (E e : 50GeV,  Ep = 8TeV, x / s  = 
1.3 TeV, L = 103 p b -  1 y r -  1). In Table  2 we present  results 

for the 7 + c(~) and  7 + b(b-) final states. F o r  bo th  cases 
we have required the cuts 

p~ > 15 GeV,  (2.10a) 

ly~l < 5, (2.10b) 

2 (2.10a); fur thermore,  we have so that  once again  pZ T >> m o 
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Table 2. Total cross sections after cuts for 7 + c(?) (Col. 1) and 
? + b(b) (Col. 2) production at LEP • LHC, for isolated photons. 
We have used mb=5GeV and applied the cuts p~> 15GeV, 
ly~l < 5. Notation is as in Table 1 

Process Structure ftn. 7 + c(g)(pb) 7 + b(b)(pb) 

Direct WWA| 1.4 0.018 
Resolved DG | EH LQ 1 5.7 0.44 
Resolved DGK| 2.9 0.13 

Table 3. Total cross sections after cuts for W, Z + c(?) production 
at LEP x LHC, for wz 10GeV, Notation is in pT '~ > lyw.zl < 5. as 
Table 1. The resolved photon contribution to cW production is 
practically equal to that to gW + production, since the contribution 
with a gluon from the photon and a d-quark from the proton is 
negligibly small 

Process Structure ftn. V + c(g)(pb) 

Direct (gW +) WWA | DO1 1.1 
Direct (gW +) WWA | EHLQ 1 0.78 
Resolved (gW +) DG| 0.06 
Direct ( c W )  WWA| 1.2 
Direct ( c W )  WWA | EHLQ1 0.88 
Direct (Zc) WWA | DO1 0.075 
Direct (Zc) WWA | EHLQ 1 0.036 
Resolved (Zc) DG | EHLQ 1 0.093 
Resolved (Zc) DGK | EHLQ1 0.040 

increased the range of rap id i ty  of the p h o t o n  (2.10b) in 
order  to take into account  the even more  asymmetr ic  
na ture  of this collider.  We do not  show results where we 
require the heavy quarks  to decay into muons.  F o r  the 
case of c-quarks ,  the reduct ion factor  would  be very 
similar  to those at HERA,  for a given ra t io  P)/P~r, but  
depends  quite sensitively on this ratio.  I t  is at present  
not  clear how hard  a muon  would  have to be in o rder  
to be identified in a L E P  x L H C  collider. The branch ing  
ra t io  for b ~ /~  is only  abou t  11%; however,  a s t rong case 
has recently been made  [21] for good  b-quark  identifica- 
t ion using microver tex  detectors ,  which might  a l low one 
to detect  or  rule out  an in te rmedia te  mass  Higgs boson  
at  this collider. 

Final ly ,  in Table  3 we show results for the g W  +, c W -  
and Zc(g) final states. Even after the cut pV > 10 GeV we 
find quite large rates for direct  W + c ( g )  product ion ,  
which is sensitive to the W W ?  vertex. The resolved 
pho ton  con t r ibu t ion  to this final state, as well as to ta l  
rates for Z + c(g) p roduc t ion ,  should  still be large enough 
to at least  al low for their  detection.  

In  the next two sections we discuss the most  p romis ing  
final states, ? + Q (Sect. 3) and  W, Z + c (Sect. 4), in more  
detail .  

3 The 7 + Q final state 

We begin with the react ion e p ~ e ? c X  at HERA.  In 
Fig. 2a, b we show the t ransverse  m o m e n t u m  spect rum 
and rapid i ty  d i s t r ibu t ion  of the p roduced  p h o t o n  with 
the cuts (2.8a, b). The solid curves show the direct  con- 
t r ibu t ion  (see Fig. la), for two different choices for the 
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Fig. 2 a, b. The transverse momentum a and rapidity b distribution 
of the pho ton  in ~/+ c(?) events at HERA. The solid curves show 
predictions for the direct contribution,  while the dashed and dot ted 
curves depict resolved pho ton  contributions.  We have used EH LQ 1 
structure functions for the proton,  except for the upper solid curves 
where the DO 1 parametr izat ion has been used. The dashed (dotted) 
curves have been obtained using the modified (original) DG 
structure functions for the photon,  as described in the text. The 
lower dashed curves show the contr ibution from the subclass of 
resolved pho ton  processes depicted in Fig. lc. We have used 
Q2=  p~ for the momentum scale both in 7s and in all structure 
functions and Nf = 4 active flavors 

c-quark density inside the proton, according to the DO1 
[12] (upper) and EHLQ1 [13] (lower) parametrizations. 
The DO 1 parametrization predicts rates that are more than 
twice the rates predicted by the EHLQ 1 parametrization. 
Figure 2b shows that the excess is especially pronounced 
in the region of large xp, which in our convention corres- 
ponds to large, negative y. On the other hand, Fig. 2a 
shows that the difference between the two parametriza- 
tions becomes smaller at higher PT, i.e. higher Q2. This 
explains why the reduction of the signal that results when 
one requires the c-quark to decay into a hard muon is 
less for the ELHQ1 parametrization, see Table 1. 

The dashed curves in Fig. 2 correspond to the two 
subclasses of resolved photon contributions. The upper 
curves correspond to the situation depicted in Fig. l b, 
where a c-quark from the photon reacts with a gluon 

from the proton, while the lower dashed curves show the 
contribution from the subclass depicted in Fig. lc, where 
the gluon is taken from the photon and the c-quark from 
the proton. These curves have been obtained using 
EHLQ1 structure functions for the proton and modified 
(see (2.4)) DG structure functions for the photon. (Of 
course, the modification only affects the contribution 
where the c-quark is taken from the photon.) We see that 
the contribution of the subclass of processes depicted in 
Fig. 1 c is entirely negligible everywhere; the reason is that 
both the gluon density inside the photon and the c-quark 
density inside the proton are very soft, We can, at present, 
not exclude the possibility that our choice of structure 
functions underestimates both these distribution functions 
by as much as a factor of 2-3 [22]; but even for the most 
optimistic choice the subclass of Fig. 1 c would contribute 
less than 10% of the total resolved photon events. We 
can therefore safely conclude that the resolved photon 
production of the 7 + c final state is essentially only 
sensitive to the gluon density inside the proton and the 
c-quark density inside the photon. Presumably the former 
will be measured at HERA using different reactions [23], 
e.g. heavy flavor production; note that we only need it 
in the region xp> 10 - 3  if we restrict ourselves to the 
region ye < 1 where the resolved photon processes domi- 
nate. Our reaction would then allow for an essentially 
unambiguous measurement of the c-quark density inside 
the photon. In order to demonstrate the present un- 
certainty in this quantity, we also show predictions using 
the original DG parametrization (dotted curves). We 
observe large differences at positive yr, corresponding to 
large xe and hence small W 2, see (2.4); for very negative 
y~ the differences are much smaller. We thus conclude 
that this reaction can probe both the shape and the 
normalization of the c-quark density inside the photon. 

In order to fully exploit this potential, it will, however, 
be necessary to distinguish between the direct and re- 
solved photon contributions, since otherwise one would 
have to determine two unknown functions (the c-quark 
distributions inside the photon and proton, respectively) 
with only one data set. Figure 2a shows that one could 
suppress the resolved photon contributions by going to 
large p~-; however, then the total cross section is also very 
small, The rapidity distribution of Fig. 2b offers a better 
handle; by focussing on small (large) y~, one can enhance 
(suppress) the resolved photon contributions relative to 
the direct ones. However, in view of the present uncertain- 
ties it is not clear whether there is a sizeable region where 
either contribution is clearly dominant. One will thus 
probably have to make use of the spectator jet from the 
photon, which is a unique feature [24] of resolved photon 
events. 

So far we have not specified how the c-quarks are to 
be identified. By far the most straightforward method of 
c-quark tagging in a hadronic environment is to look for 
their decay into muons, which gives a muon inside a jet. 
Figure 3a, b correspond to Fig. 2a, b when we require the 
transverse momentum of the muon to be larger than 
2.5 GeV. This requirement reduces the signal by about a 
factor of 8, in addition to the loss of a factor 5 due to 
the 20% muonic branching ratio of the c-quark, since the 
/~ has typically only 1/3 of the energy of c-flavored hadron, 
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which in turn carries on the average only a bit more than 
50% of the energy of the original c-quark. The absolute 
size of our signal thus depends quite sensitively on this 
cut. However, we see that the shapes of the p~. and y~ 
distributions are not much altered, so that our con- 
clusions drawn from Fig. 2 are still valid. If direct and 
resolved photon contributions can be distinguished on 
an event-by-event basis, we see that for our choice of cuts 
one full HERA year, corresponding to an integrated 
luminosity of 200 pb-1 ,  should suffice to give significant 
new information on the size of the c-quark distribution 
functions for both the photon and the proton. For a more 
detailed study of the shapes of these distributions one 
would probably need a larger data sample, unless our 
p~ cut can be somewhat relaxed. 

In Fig. 3c, d we show the transverse momentum 
spectrum of the/~ and the energy spectrum of the hard 
jet, respectively; the latter gets contributions both from 
the hadronization and the decay of the c-quark. The p )  
spectrum is very steep, as explained above; we expect 
essentially no events with p~ > 10 GeV. In contrast, the 
jet energy spectrum is quite hard. Obviously requiring a 
well-defined jet with Eje t > 8-10 GeV would not reduce 
our signal much. Notice that here the resolved photon 
contribution leads to a harder spectrum, even though its 
transverse momentum spectrum is softer. The reason is 
that the direct contribution prefers Yje, close to zero, so 
that Eje t is not much bigger than pjTet; in contrast, the 
resolved photon contribution is peaked at negative rapi- 
dities, i.e. small jet angles and hence larger jet energies 
for a given ,,jet 

t -  T �9 

As already discussed in Sect. 2, HERA will most likely 
not be able to measure b-quark distribution functions. 
This might, however, be possible at the LEP x LHC 
collider. In Fig. 4a, b we show the pr-spectrum and 
rapidity distribution of the photon in b + 7 events at this 
collider. We see that the total rate is now clearly 
dominated by resolved photon contributions. The reason 
is that a photon, when probed with sufficiently large Q2 
(our requirement p~ > 15GeV implies Q 2 >  225 GeV2), 
develops a hard, valence-like b-quark density, although 
it is almost 4 times smaller than the c-quark density even 
at asymptotically large Qz, due to the smaller charge of 
the b-quark. On the other hand, the b-quark density 
inside the proton has to be created from gluon splitting, 
and is therefore confined to the region of small xp. 
Furthermore, due to the much weaker Q2 dependence of 
nucleon structure functions compared to photon structure 
functions, the b-quark density inside the proton remains 
much smaller and softer than the c-quark density for all 
values of Q2 that are relevant for us. As a result, the direct 
contribution becomes essentially negligible for y~ < - 2, 
so that this region can be used directly for a determination 

Fig. 3a-d. Characteristics of ~ + c(() events at HERA when the c 
(anti)quark is tagged by a muon with p~ > 2.5 GeV. We show the 
transverse momentum a and rapidity b distribution of the photon, 
the transverse momentum spectrum of the muon c and the energy 
spectrum of the c-jet d; the latter gets contributions both from 
c-quark fragmentation and decay. EHLQ 1 structure functions have 
been used for the proton. Other parameters and notation are as 
in Fig. 2 
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Fig. 4 a, b. The transverse momentum a and rapidity b distribution 
of the photon in 7 + b(b) events at LEP x LHC. Parameters and 
notation are as in Fig. 2, except that we have used N s = 5 active 
flavors and EHLQ1 structure functions everywhere, since the DO1 
parametrization does not include a nonzero b-quark density 

of the b-quark density inside the photon, without having 
to impose further conditions on the event (like a detect- 
able spectator jet from the photon); notice that the 
contribution from the gluon inside the photon is again 
totally negligible. On the other hand, extracting the direct 
signal from the resolved photon 'background'  might be 
more difficult here than in the case of 7 + c production 
at HERA. 

So far we have not specified how to detect the 
b-quarks. Using their semileptonic decays might now be 
problematic, due to the c-quark background, whose cross 
section before cuts is at least 20 times bigger, for given 
p~,, than the b-quark signal. This background will have 
a somewhat softer muon spectrum, due to the softer 
fragmentation function of the c-quark, but this alone will 
not be enough to compensate for this factor of 20. A very 
efficient b-quark tagging using a microvertex detector 
and global event shape variables seems to be necessary 
to extract this signal. 
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Fig. 5 a, b. The transverse momentum a and rapidity b distribution 
of the heavy vector boson in V + c(g) events at LEP x LHC, with 
V = W +, W or Z ~ The solid curves show, from top to bottom, 
direct contributions to c W  , e W  +, and Z + c(() production. The 
dotted and lower dashed curves show the resolved photon contribu- 
tion to Z + c(() production, where the original and modified DG 
parametrization has been used, respectively. The upper dashed 
curves show the resolved photon contribution to E W  + production, 
which is not affected by the modification of (2.4), and is almost 
identical to the resolved photon contribution to c W  production. 
We have used EHLQ1 structure functions for the proton every- 
where j- 

4 The W, Z + c final states 

We now turn to the associate production of heavy vector 
bosons and heavy quarks. We have already seen in Sect. 2 
that at HERA the cross sections for these reactions are 
too small to be useful. Even at the LEP • LHC collider 
one can only study the case where the heavy quark is a 
c-quark. W + b production is strongly suppressed by the 
V, b and Vcb elements of the C K M  matrix, while Z + b 
production suffers from the smallness of the b-quark 
distribution functions. 

In Fig. 5a, b we show the transverse momentum and 
rapidity distribution of the heavy boson that is produced 
in association with a c (anti-)quark. Notice that we do 



not require either the boson or the quark to decay leptoni- 
cally; most probably at least one of these requirements 
would have to be imposed in order to get rid of Q C D  
backgrounds. We therefore conclude that only the direct 
W + c production (upper solid curves) occurs with a rate 
that allows for a detailed investigation. In one year of 
running, corresponding to l 0  3 p b -  1, we except up to 1000 
events each in the 6W + and c W -  final states, see Table 3. 
This is [8] about  5 times the total W production rate at 
HERA. If we tag the c (anti-)quark via its muonic decay, 
the rate for our reaction would be too small to significant- 
ly improve the bounds on new WW 7 couplings [25] if 
no signal is observed in the W + j e t  sample. However, 
if a signal were found, our final state might serve as 
statistically independent confirmation of the effect. Notice 
that due to the hard Pr spectrum shown in Fig. 5a, 
c-tagging via muons should be much more efficient here 
than for the 7 + c final state. 

If no evidence for non-standard WW7 couplings is 
found, direct W +  c production can provide us with 
important information on quark distribution functions. 
The total rate is dominated by contributions with an s 
(anti-)quark in the initial state; this explains the large 
differences in Table 3 for the predicted rates between the 
DO1 parametrizations, which assumes an SU(3) flavor 
symmetric sea, and the EHLQ1 parametrization, which 
does not. Low-energy neutrino data [26] already favor 
s < d ,  but these experiments are plagued [27] by 
uncertainties related to the proper treatment of the c- 
threshold. Moreover, our process could provide us with 
a fairly direct measurement of the shape of the s-quark 
distribution function inside the nucleon, from the rapidity 
distribution of Fig. 5b. (In contrast, non-standard WW~ 
couplings would mostly affect the pT-distribution.) 

Finally, the difference between the cross sections for 
c W -  and 6W + production would be a direct measure of 
the valence d-quark distribution, since all other contribu- 
tions cancel exactly. Other methods (like measuring [5] 
the W asymmetry at the tevatron, or measuring F"2/F ~ 
in deep-inelastic scattering [28]) only measure the ratio 
of u- and d-quark valence distributions. Unfortunately, 
in our case the d-quark contribution is suppressed by a 
factor IV call 2 ,~ 0.05. The difference between the total c W -  
and ~W + cross sections is therefore expected to be only 
about 5% of the sum; one would thus need at least 
5-103 pb-x  of data to measure it with 2a significance, if 
we allow for a reduction factor of 10 for our signal after 
c-quark tagging and W identification. Figure 5b shows 
that the difference becomes larger in the region of large, 
negative y, which corresponds to large values of xp; it 
might therefore be possible to increase the statistical 
significance somewhat by imposing cuts on the rapidities 
of the W and/or the c-quark. 

The resolved photon contribution to W + c production 
as well as the total Z + c cross section are too small to 
use these reactions for measuring structure functions, 
unless the luminosity of the machine can be increased by 
an order of magnitude. However, even with the nominal 
luminosity they should at least be measurable, and can 
thus provide independent checks on the overall validity 
of our picture. Furthermore, if the Z decays into v~ the 
Z + c final state is a background for leptoquarks that 
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decay into c + neutrino, as well as for the supersymmetric 
production of charm-squark + sneutrino if the sneutrino 
is stable or decays invisibly. Figure 5a shows that this 
background extends to fairly large values of miss. PT , adding 
direct and resolved contributions as well as c and 6 final 
states, we expect 7 15 (2 4) events with miss PT > 20 
(50) GeV, where the uncertainty reflects our present lack 
of knowledge of heavy quark distribution functions. 

Note that direct and resolved photon processes make 
quite similar contributions to Z + c production, while 
direct processes dominate W + c production by a factor 
of ten or more. The reason is that these last processes 
can proceed via the d- or s-quark content of the proton, 
which is still fairly hard, while direct Z + c production 
involves the very soft c-quark density inside the proton. 
For the resolved photon processes the situation is reversed: 
Z + c production involves the c-quark density of the 
photon which, due to the charge of the c-quark, is bigger 
than the s-quark density, which is relevant for resolved 
W + c production, even if the c-quark density is modified 
according to (2.4). This compensates at least partly the 
suppression of the Z cross section due to the smaller 
couplings and larger mass of the Z boson, as compared 
to the W bosons. In addition, direct W + c production 
is enhanced by the diagram containing the WW7 vertex. 
We see from (2.6) that in the relevant limit Ill << 3 the 
cross section for the direct process is proportional  to the 
squared charge of the outgoing quark; the cross section 
for the resolved photon process is proportional to the 
squared charge of the incoming quark, because the 
relevant quark density inside the photon at large x 
contains this factor. (Recall that resolved photon 
contributions dominantly have the initial-state quark 
from the photon and the gluon from the proton.) This 
gives an additional relative enhancement factor of 4 for 
direct W + c production; note that this factor depends 
on the details of the WW7 vertex. Nevertheless the 
resolved photon contributions to W production are not 
negligible, since they are of the same order as the direct 
contributions from the d-quarks inside the proton. 

5 Summary and conclusions 

In this paper we have studied the reactions e p ~ e Q V X ,  
where Q stands for a c or b quark and V is an isolated 
photon or a W or Z boson. In Sect. 2 we discussed the 
necessary formalism, including an ansatz [17] for the 
heavy quark distribution functions inside the photon. We 
then presented total cross sections after cuts for HERA 
( x f s = 3 1 4 G e V )  and the LEP x LHC collider ( x / s =  
1.3 TeV); our results are summarized in Tables 1 3. We 
found that at HERA only the combination V = 7, Q = c 
is promising, while at LEP • LHC all V + c final states 
as well as the 7 + b final state should have at least detect- 
able event rates. 

In Sect. 3 we therefore focussed on the 7 + Q final 
states. We found that HERA has a good chance to 
measure both the shape and the normalization of the 
c-quark distribution functions both in the proton and in 
the photon; at present, these are only known up to a 
factor of 2 or so. However, this potential can only be 
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fully exploi ted  if direct  and  resolved p h o t o n  con t r ibu t ions  
can be dis t inguished on  an event -by-event  basis; this will 
p r o b a b l y  only be possible  if one can tag on or  aga ins t  
the spec ta tor  je t  f rom the ini t ia l -s ta te  p h o t o n  which exists 
only in resolved p h o t o n  events. Fu r the rmore ,  one will 
have to be able  to identify muons  with tansverse mo-  
men tum down to 3, or  bet ter  even 2 GeV. 

Clear ly  the rate for 7 + c p roduc t ion  at  H E R A  will 
be much lower than  at  the Teva t ron  or  even the SpS 
collider. However ,  at  these coll iders the rate  depends  bo th  
on the gluon and  on the c-quark  densi ty  inside the pro ton ,  
nei ther  of  which is k n o w n  accurately.  Therefore  7 + c 
p roduc t ion  at  h a d r o n  coll iders [6]  by itself can only 
serve as impor t an t  cons t ra in t  on, bu t  not  direct  measure-  
ment  of, pa r ton  d i s t r ibu t ion  functions.  In  contras t ,  direct  
y + c p roduc t ion  at  ep coll iders  can de te rmine  the c -quark  
densi ty  inside the p r o t o n  directly,  since the p h o t o n  flux 
inside the e lect ron is computab le  unambiguous ly  in 
QED.  

L E P  • L H C  will be a very copious  source of  7 + c 
events. Whi le  this will a l low one to s tudy this final s tate 
in great  detail ,  it might  make  it difficult to s tudy the ~, + b 
final state, whose cross section is some 20 t imes smaller.  
The  detec t ion  of this la t ter  final s tate puts  even more  
s tr ingent  requirements  on b-quark  ident i f icat ion than  the 
search 1-21] for an in te rmedia te  mass  Higgs  boson  at  this 
collider. Final ly ,  we saw tha t  measurements  of W + c(6) 
p roduc t ion  would  in pr inciple  al low one to de te rmine  
the s t range sea and  the valence d -quark  d i s t r ibu t ion  
inside the p ro ton ,  a l though with the foreseen luminos i ty  
of 103pb -~ per  year  the la t ter  measurement  will take  
more  than  one year  if one has to tag c-quarks  via their  
muonic  decays. I t  should  be noted,  however,  tha t  a 
de tec tor  tha t  al lows for a very efficient b -quark  tagging 
also enables  one to dis t inguish between hadron ica l ly  
decaying  c -quarks  on the one hand  and l ight quarks  and  
gluons on the other. 

We conclude that  ep coll iders offer unique oppor tu -  
nities to measure  heavy quark  densities bo th  inside the 
p ro ton  and inside (quasi-)real photons .  O n  the one hand,  
this might  improve  our  unders tand ing  of QCD;  e.g., the 
old  quest ion [29] of an "intr insic  charm"  in the nucleon 
will be sett led unambiguous ly .  O n  the o ther  hand,  heavy 
quark  d is t r ibu t ions  in the p r o t o n  make  increasingly 
impor t an t  con t r ibu t ions  to a variety of processes as the 
energy of h a d r o n  coll iders increases. Al ready  now the 
lack of knowledge  of  the c-quark  densi ty  cons iderab ly  
increases [30] the er ror  on the W decay width  as ex t rac ted  
from the measurement  of the ra t io  of  events with leptoni-  
cally decaying W and Z bosons  at the tevatron. Eventual ly 
the uncer ta in ty  in s t ructure  funct ions might  also l imit  
the precis ion with which the W mass  can be measured  
at  had ron  colliders.  Final ly ,  at pp supercol l iders  bb-and 
bg annih i la t ion  can be [31] impor t an t  sources of non-  
s t anda rd  neut ra l  and  charged  Higgs bosons.  We therefore 
think that  an exper imenta l  s tudy of our  reactions,  
a l though perhaps  not  easy, is well wor th  the effort. 
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