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Abstract

We present explicit formulae for the total differential cross sections of heavy
flavour production at HERA including v-Z°interference and W-exchange.
We evaluate total top production rates and discuss theoretical uncertainties.
Assuming an integrated luminosity of 100 pb™! we estimate that a top quark
mass up to 100 GeV can be probed.
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1 Introduction

One of the main topics of forthcoming electron proton colliders like HERA [1] is heavy flavour
production. Production and decay of heavy fermions are ideal reactions to test the standard
model {2]. In the electroweak sector they allow for a determination of, for example, the
electroweak coupling constants, the Cabibbo-Kobayashi-Maskawa matrix elements and the
quark masses. Furthermore, reactions involving heavy fermions are of importance in order
to get information about possible extensions of the standard model. These reactions are in
competition with reactions of models with supersymmetric particles or colour excited leptons
and quarks {3]. '

In electron-proton colliders like HERA a heavy quark pair is created via the boson-gluon
fusion mechanism [4] where the boson is either a W-hoson, a photon, or a Z%boson. Total
production rates will not only tell us which heavy quark mass is accessible at a given center
of mass energy but also will give us information about the gluon structure function G(z, Q%)
for small values of z. Furthermore, heavy flavour production will influence the value of
Ry, = op /0, as predicted by massless QCD. As a last point, the thresholds for heavy flavour
productions lead to a power-like scaling violation [6]. This scaling violation is stronger than
the logarithmic scaling violation {5] of massless QCD. Thus the latter can only be extracted
after correcting for the scaling violation due to heavy flavours [6,11]

There has been a great effort in the study of boson-gluon fusion ! into heavy flavours.
Several authors have calculated the process in the Weiszacker-Williams approximation [7,9],
for which Monte Carlo event generators even exist [12,19]. Numerical studies for charm
production at fixed target experiments have been done as well [4]. Explicit formulae for the
deep-inelastic structure functions F; for heavy flavour production have existed for a long time
10]. They have been recently updated by [11,12]. Also some work has been done on the
transverse momentum distribution of massive quarks. [13].

However, in order to study the topology of heavy flavour production at HERA, the fully
(five-fold) differential cross section is needed. Incorporating the fully differential cross section
formula in a Monte Carlo event generator allows not only for an inclusion of the experimental
setup but also for a study of the various dependences of the cross section and how far the
theoretical input may be reconstructed. As a first step in this direction we present a calcula-
tion of heavy flavour production in electron-proton scattering, leading to an explicit formula
for the total differential cross section. We inculde both W-exchange and - Z? interference.
Furthermore we allow for electron or positron scattering and include longitudinal polarization
of the incoming lepton.

The organization of the paper is as follows: After defining the kinematical variables in

section 2 and the electroweak contents in section 3, we give an explicit representation of the

particle momenta and a discussion of the physical region boundaries in section 4. In section 5
we present the final formula for the total differential cross section. There we also perforin
the two integrations which can be done analytically and which yield the usual deep-inelastic
structure functions Fy, F; and F3. Section 6 contains a short description of the Weiszacker-

'The authors of |7,8] also investigated higher order contributions. The corrections to’ ti production were
found to be negligible. However, contributions coming {from W production with subsequent decay into heavy
flavours seem to produce rather large 20% (25%) corrections to the tb rate for m, = 50(70)GeV [11]. These
calculations [8] were done in the Weiszdacker- Williams approximation and should be confirmed. We will neglect
these contributions to the th production in the following.
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Williams approximation [WWA], whose applicability we investigate in the last section. There
we present results for total rates of top production and discuss possible uncertainties of the
results. Since the massive O(«a,) calculation contains additional kinematic and electroweak
dependences compared to the massless case, we desribe in the appendix the calculation of
the matrix element in some length.

We find a top production cross section of about 0.03pb ! for m, = 100 GeV. Assuming
an integrated luminosity of 100 pb™! and requiring at least 3 events for detection we estimate
that a top mass up to 100 GeV should be observable at HERA.

2 Notation

We consider positron (electron) proton scattering into quarks of heavy flavours f and f":

e*(le) + p(P) = () + g5(ps) + Tp(pp) + X (1)

allowing for longitudinal polarized positrons (electrons). Here ! is either a positron (electron)
or an (anti-) neutrino. We neglect the lepton masses whenever it is safe (see below), thus:

P=r=0 | (2)

whereas -
2 2 2 2 2 2
P*=m,, p;=m} pp=mj. (3)

Experimentally, no heavy quarks are seen within the. proton-sea. The lowest order QCD
realization of process (1) is assumed to happen via giuon emission out of the proton which in
turn goes into a heavy quark-antiquatrk pair. We thus consider the subprocess:

e*(l.) + gluon(p) — K1) + ¢5(ps) + Zp(ps) (4)

where we take the gluon to be on-shell (p* = 0).
To lowest order in the electroweak coupling « the process (4) happens via one-boson
exchange, the boson being either the photon, the Z° or the W. This subprocess :

boson(q) + gluon(p) — ¢s(ps) + gp(ps') (3)
is the so called boson-giuon fusion [4]. The momentum g of the boson is given by |
g=1-1 (6)
satisfying p + ¢ = py + py-

Let us define the following invariants (here denotes variables of the subsystem (5), e.g.

1s the cms energy of (5) ):

Q2 o _qz
i = s1p=(ps+ps)
t = (p- ps)* (7)
i = {p—pp)
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vielding the relations

2p-q = §+Q° (8)
@ = mi+mh—Q -1
As usually, we denote by s the (total) squared cms-energy:
si=(P+1)=~2P I (9)
and by W the final hadronic mass:
W?:= (P +gq)* (10)
In the following we assume the gluon to carry a fraction 7 of the proton momentum:
p=nP, 1e p-gqg=nP-q, ... (11)
Then the squared cms-energy s¢ of the electron-gluon sub-system (4) equals
s¢i=(p+ 1LY =2p-l.=ms . (12)
It is convenient to define the following dimensionless variables:
2
z = @
2P . q
2
Te = @
2p-q
, = Pd
p-le
. = PPS (13)
P-q

We find the following relations
2

T = T = "
ke ns+Q2
P +Q2 Q2
‘y = -_ —
78 rs
Q = TelYse = TYs
w? - 11— sz
T
. - 1—=z4
§o= (1= zglyse = ys(n - z) = Q°1—2 = @7
I e
t = m? - 2Yysg (14)

3 Cross section formula

We define electromagnetic and weak couplings by the following interaction Lagrangean den-

sities: .
Lom. = —€[QuUr"¥. + Q¥,4"¥] 4, | (15)
€ - -
- Hisy [P
Loe. = =gme [T (o —aw) T + ¥ 72y a-fjs)wf] Z,
€ - _
Ec.c. = — T = . lI’ H 1 — ‘I’,, + ‘I’ I’r t M 1 — \Il ' W
24/2 sin By { " 7s) 7 Vi ”s) f] #
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where the Dirac flelds ¥., ¥, ¥, (¥, ) and the vector flelds 4,,Z, (W,) describe, respec-
tively, the electron e, the electron-neutrino, the quark with flavour f(f'), the photon v and
the neutral intermediate boson Z° (W) of mass mz (mw ); Q. and Qs give the electric charge
of ¢” and quark of flavour f in units of e = v/47wa, where a is the fine structure constant.
Vig is the Kobayashi-Maskawa quark mixing matrix and éw is the Weinberg angle. The
parameters v (v¢) and a {ay) determine the strength of the vector and axial vector couplings
of the Z% at the electron (quark) vertex. One has for:

(1)  charged leptons
Q.=-1 v =—1+ 4sin’ a=—1

{(2¢) neutral leptons

. =0 v o= +1 a= —+1
X | (10
(i7¢) wu,c.t, ... quarks
Qs =12/3 vy = +1—8/3sin’ by a; = +1
(+v) d,s,b, ... quarks
Qs=-1/3 vy = —1+4/3sm* 0y ay=-—1
The masses of Z° and W are given by:
s ‘ e -
m = 17
v Gp sin’ Oy (1 — Ar)\/ﬁ (A7)
mi = myy
z cos? By

where Gy is the Fermi weak coupling constant and Ar an electroweak radiative correction.
The cross section for producing a quark-antiquark pair of flavour f (ff’ in the charged
sector) is given by the formula %
11

. 1 A
spans

Here G(7,$) is the gluon distribution (normalized to 1/2), and gluon spin- and colour- av-
erage factors (1/2 and 1/2) have been included. 8, equals 1/2 (1) for an incoming electron
(neutrino). The momentum scale of the gluon density has been chosen to correspond to the
total invariant energy 3 of the produced heavy quark system. This scale § has also been used
as argument of the running QCD coupling constant g,:

127
(33 — 2Ny)In 5

ay(8) = (19)

In section 7 we will further comment on this choice as well as on the choice of A and the

" number of flavours Ny.

2v1” and “-" refer to positron and elecron scattering, respectively.
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In the appendix we will show that the most general cross section can be written as:
(2m)Pa,(8)a?26,
¥yt

The coefficients _(_;,'Jt A #(Q?) in (20) depend solely on Q* and on the electroweak coupling
constants. In the neutral sector they contain all the information on v-Z° interference and the

dof = G(n,5)dndPS™ {gfi* Ary + gl Ava + glf Aus} (20)

Z°-boson itself. Explicitly we have:

it = Q% +2QvR(xz)(—v F pa) + (v7 + a}) | xz [ (V¥ + o £ 2vap) (21)
9 = Q3 +2QvR(xz)(—v ¥ pa) + (vF —a}) | xz ¥ (v¥ + & £ 2vap)
gli = 2Qsa;R(xz)(Ha+vp) + 2vsas | xz F (T2va - p(v? + o))

Here xz{@?) is the ratio of the Z°%propagator to the photon propagator times a coupling
strength factor:
1 Q*
x2(Q%) = == AT T 7
(2sin 20w )? Q% + m% —imzI';
and p is the degree of longitudinal polarization of the electron (positron) with p € [—1,1].

(22)

In the charged current case the electroweak couplings are:

gi™ = 4| Vip Plaxw P(1£p), (23)
gl =0
9= = 4| Vi Plxw P(FL-p)
Here yw({Q?) is defined by:
1 2
xw(Q®) = 9 (24)

(2\/5 sinfy )? Q@* + mi, — merw
The quantities 41, A1,, A44 in (20), finally, are given by (1_1 2:; see appendix):

Av = 5 LVHL, = 26y 6 (26, 2,y,56) + (1 - )6Y (26, 2, v, 56)
G

+(2 — y)y/1 —ycos @Gg)(wg, z,y,8¢) + 22¢(1 — y) cos 2‘I>Gg)(a:c;, Z,Y, 5G)

Ay = ELW’H4 = —zgy(2 — ¥)Gs(ze, 2,y, 5¢) — 2yy/1 —ycos G (zg, 2,y, s¢ ) (25)
The (partonic) structure functions G V= G(I)(:cg, z;y, s¢ ) are given explicitly in the appendix.
Here we want to emphasize that the Gr depend explicitly on the variable y. This differs
from what is found in the massless quark case [14,15) where G} ?) depend on z and zg solely.
Thus the decomposition of the total cross section in different y-dependent terms a la (25)
does not exhibit the full y-structure in the massive case.

4 Phase space

In this section we present an explicit representation of the particle momenta and investigate
the physical region boundaries. We find it convenient to work in the final-state-quark (or
boson-gluon) cms defined by

Pr+pp =0=p+q (26)
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where the gluon momentum p and thereby the proton momentum P points into the positive
z-direction. We define @ to be the angle between the lepton plane (p — I} and the hadron

planc (5 - ) *
(5 12) - (5 % py)
(x5 5y |

An explicit representation of the particle momenta is provided by:

cosP =

r = (Ep-,O:OaEp)

g = (Qanaoang)
I. = Ei(l,sinf3,0,cos/3)

ps = (Ei,qisinfcos®,g;sinfsin®, ¢ cosb)
py = (B2, —qisinfcos®, —gysinfsin®, —gycosd)
where
Ep = E(‘g)O:ﬁQz)
QO = E(éa_QZ:O)
B = B(5,0,t)
E, = E(é,m?,mf‘,)
E, = E(é,m?,,m?,)
@ = P(é,mi,m?,)
2E.E, —
cosf = ——-pEl 5¢
. 2E,E;
2E, By — mk +1{
cos = i1 Ty T
2Eyq
and

ts = (p—-l)=-s¢+35+Q°
T4+y—=z
E(z,y,z) =

2z

z? + yr + 22 — 2zy — 222z — 2yz

The 3-particle phase space is then given by

d3dQ*di de® dd
$dQ — = SGydyded.::q—
. 0

1287° dpSs®) = 239% &
" sc(5 + Q) 2r 2

Note that .
dz—— = 8rdPS§?
2

(30)

(31)

(32)

3The authors of {14] consider the hadronic cms P+¢ = 0, where the proton momentum points in the negative
z-direction. To coincide with their notation simply xeplace cos ® by (— cos ) in our final results and leave terms

proportional to 1 and cos 2& unchanged.
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where dPS5?) is the two particle phase space for the process (5) p+ ¢ — ps + py.

In total there are 5 independent integration variables. Looking at the restraints provided
by individual angles we can find the physical region boundaries. The integration region for the
$.integration is simply [0, 27]. The condition —1 < cos8(p,p;) < +1 yields the i-integration
bounds:

) i+ QF

tmin = m?’ - 23»\ (,.}2 + \/X)

) s+ QF

tma.‘r = m?‘ - ‘)é _(‘72 - \/X) (33)

or equivalently:

28
S il £ | (54)
2s
Here we have defined:
¢ = 4 mf, — m?, = sey(l —zg) + m:} - m?.
A= (8- mf, — mfg.)z — 4m§mfu
— (5Gy(1 —zg) — mﬁ - mf,,)z — 47;1f,m.f,, (35)
Considering (ps + ps)? gives us
§> &= (my +mp) (36)

whereas baryon number conservation imposes the cut

. 4 2 .
VV? ::(P+q)2 :m§+3+nQ _QZ

> WE = (my + rﬁ)u A+ m‘.[,)2 (37)

Examination of the lower limit of Q* gives [16]:

2 .
Q> mit = Qi (38)
-y

2

min

However, in order to investigate the dependence of the cross section on the lower limit @

of @* we will present numerical values for the total cross section for various values of Q7. .
The last constraint arising from
ta= (p—1)" <ta,, =0 (39)
can be written as
ns—5—0Q>0 (40)
Collecting these constraints we obtain for the physical region boundaries:
12872 /dn dPs® = o (s 4+ 2m2 — 2y/m?s + m?) - Wf) (41)

Y¥max ana:r(y} -1 zmar{u.Q%m) i 4P
f . dy/ szj dnf dzf =
Yrman Q% () Doman(9,Q2) Srmin (4.Q%,7) o 2w

yrem ot
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where
S0+ Q*
nmin(ya Qz) = OT
rea(y) = ys — WY | (42)
s+ Wit \/(s — W2 — 4m2W?
Ymaz,min 2(8 T mg)
Wf = W02 — mi

Using z instead of Q% = zys as second integration variable we obtain the following limits:

2

2y, = e Y (43)
s 1—y
W32
gz — 11— —
ys

We finally mention that the transverse momentum of the quark (antiquark) with respect
to the proton direction is defined by

r = ¢ sin 607 (44)
where (12) denotes the ems p; + p;» = 0 'with p pointing into the positive z direction. We find

pr=5z(1—z)+ z(mfg - mi,) — m} (45)

5 Total cross séctioh ,

The total, five-fold differential cross section is now given by:

dP «,(3)a?26,
16yQ*

ol {xcyng Nze, 219, 56) + (1 — 9)G (26, 7395 56)
+ (2 y)y/1 —ycos ‘I’G(l}(mg,z;y,sg) + 2z¢(1 — y)cos ZQGS)(xg,z;y,sG)}

+9ii* {2697G (26, 21y,56) + (1 — ¥)G (2, 25y, 56) )

d‘ajE = dydQ? dndz G{n, §) (46)

—gi {wcy(2 — y)Gs(xg, 23y, 5¢) + 2yy/1 — ycos 2Ge(zg, Z;y,sG)}]

The integration regions are given in (41). This is the most general form of the cross sectmn
do* for positron (electron) scattering on protons into heavy flavours. If the couplings gU

are given by (21) and we take my = my in the partonic structure functions Gg ), then (46)
gives the cross section for producing a heavy quark-antiquark pair of flavour f in the neutral
sector including the v-Z° interference. In the charged current sector we have to be aware of
the assignement of the quark masses: We-arrive at the cross section for producing a heavy

up-like qua.rk of flavour f and a heavy down-like antiquark of flavour f' in e*p-scattering by

using géf "t as defined in (23) and taking m; (m) as the mass of the up- (down-} like quark

in the partonic structure functions ng). For the production of a heavy down-like quark and a
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T

heavy up-like antiquark in e~ p- scattermg we have to use g” and the opposite assignement
of the masses. For example, in e*p — tb we need m; = m,, my = my, whereas in e”p — b
we have to take m; = my, my = m,. The parameter p in (21) and (23) accounts for a possible
longitudinal polarization of the incoming lepton.

From (46) many interesting differential distributions can be calculated, such as the py
distribution of the heavy quarks or the asymmetry in the angle ®. Here, however, we restrict
ourselves to the total integrated cross section. We find that two of the five integrations can
be done analytically. These integrations will just eliminate the inner structure of the final
state (see (32)) and yield the contributions of the heavy flavours to the deep-inelastic (DIS)
structure functions. '

The ®-integration is trivial, it just eliminates the ®- dependent terms in (46). Besides
the $-integration the z-integration can be done analytically. Let us define:

Zmax r d
/ d.zf (I)G( = R( )(xg,y,sc) . (47)
z 0

min 27'—

Then we obtain:

16V/A

RY = Y7 (4x) 4z 41 48
0 = (st~ dag ) | (45)
‘I’(Q:E?; — 25+ 1+ Zm.i — 493Gm3 + ZmE )
+8¥ (2:0?; —2zc + 1+ 2m* +dzom? — 2mi)
64 A .
RY = 64moV 32mo(1 — zg — m2)(¥ + ¥)
Ysg
64\F
rRY = 2o zem? +mt )

+16¥(— '7:ch +2mim? + mi(— 6.7:G+2;EG+ 1)
+2m* (3zg — 1) + am? ‘2g(l — 22¢6)
+16‘I’(mf 3 T??,f;)

RY = -32me(¥ 4+ ¥)
32m? /X
R, - 3mivA
Ysc
+8W(—2zL + 22 — 1 + dzgm? + 2mim i—‘?mz)
“8‘1’( '7-I’G+2.1:(;——1—-49:Gm —~2mim i+9m )

Here we have defined:
7+ VA
7= VA

U(my o my)

¥ = In (49)

(=1
Il

v and X have already been defined in (35), and m2,m, are defined in (75).
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Note that R(li) and Rgi) (t = 1,2) are symmetric under the exchange of my and mjy,
whereas Rs is antisymmetric under this exchange. Thus Rj is zero 1n the neutral case.
The ®- and z-integrated cross section can now be written as:

Ymaz Q%.x as(é)azlzﬂg .
oy = /lm_ﬂ yf dQ* £m1ndﬁ—WG(’7;3) (50)

[g{{ {wcyzR§ Neaiy,s6) + (1 - y)Rgl)(mc;y,SG)}
+oli* {ecy’ R (waiy,56) + (1 — y) R (2619, 56) }

- 6l eoy(2 ~ Y)Rslc;v,56)] © (s + 2m? — 2/m2(s + m2) - W})

We finally want to express the usual DIS structure functions F; (¢ = 1,2,3) by the partonic

structure functions Rm We start from the usual definitions for F:

4ol

ngy@(y = Yrmin)O(Umaz — ¥)O(Z — Zmin(y))O(Tmaa(y) — 2) (51)

(S (s + 2m? — 24/m?{(s + m?) — Wf)
ol {247 Fi(2, Q%) + (1 = 9)Fa(=, Q") } - gfiTay(2 — y) Fs(2, Q%)

For the charged current sector it is sometimes more convenient to write (51) in the following

doi = dzdy

way:

Grs|Vip P (1~ Ar)2 '
©  Ymin © mor T T — Tmin
20 (14 Q%/mi) (¥ = Ymin Oy y)0( (¥)) (52)

@(:cmm(y') —z)& (5 + 2m —2ym2(s + m?) — le)
(1% ) {2 Fi(2, Q%) + (1~ ) Fa(2, Q%) } + (£1 + p)zy(2 — 4) Fi(x, Q)]
We then find the following relations (a = = + 30/ (ys) ):

dajff, = dftfdy

a,(5)26; rldy (1) 9'12 (2)
Fl(‘:Esz) = o _G( ) [R (mG yasG) + R (xG:yw'sG) (53)
27 32 7 9'11
5)26
Fz(.’E, Qz) = _) 3; [ d G {R( }(mGayﬁSG) + g}zi. R(Z)(mGayasc)jl
2w g1

,(5) 20 dr
F(m,Qz) = __(ﬁlgi‘[ JG(n: )R3($ny756)

27 32 n

However, several comments should be added. Firstly, in the NC sector ¢ he (‘ross section
develops a new dependence on the standard electroweak couplings via the i £ /g1 terms in
(53) (¢&F = 0). Secondly, we emphasize that the hadronic structure functions F; are explicitly
y-dependent for massive quarks: F; = Fi(y}. This differs from the O(a,} result of massless
QCD where the partonic structure functions R,@” depend solely on @ [14]. There the cross
section becomes Q*-dependent only via the use of a Q*-dependent gluon density (and/or a
Q*-dependent «,). The third comment concerns the use of (51) as a starting function to
generate the variables (z,y) via a Monte Carlo event generator program. Contrary to the
massless case one can not avoid to perform an integration, see (53). Finally we mention that

the e~ p- and et p-cross sections are the same as long as the leptons are unpolarized (p = 0).

The “4” sign in (52) in front of Fy cancels against the antisymmetry of Fs in my < my.
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6 Weizsacker-Williams approximation

The Weizsacker-Williams approximation (WWA) provides a convenient framework to derive
simple approximate forms of the previous formulae. These may be useful for several reasons.
On the one hand the above expressions are unnecessarily complicated for many purposes.
Oun the other hand, approximate formulae have existed for guite a long time {9]. These were
used as guess for the total rates expected for heavy quarks at HERA. By comparison with
the exact calculation of the previous sections we shall be able to specify the accuracy limits
of these approximations.

For an inelastic process like (1) the double pole at @* = 0 in the rate arising from the
photon propagator is reduced to a simple pole by a corresponding zero in the numerator. The
remaining singularity leads to a logarithmic term in the cross section. When the logarithmic
term from photon exchange is large enough, the cross section is well approximated by only
taking this term correctly into account. This is precisely what is done in the WWA where the
cross section (1) is described by a convolution of the probability for emitting a photon from
the lepton vertex with the corresponding real photon cross section at the hadron vertex.

For process (1) the WWA gives:

ois)y= [ dyPy) [ dnGln M) (54)

where P, 1s related to the probability of finding a photon in the positron (electron):
a 14 (1 y) 3
p =X -9° Q%
2m ) Q1

&4{8) is the cross section for production of the heavy quark-antiquark pair by a real photon

of energy %\/57 = 1/U1s (see (14) with Q% = 0 = z = z¢).
Note that cr? depends on @7 which appears in (55) for P,. Also note that, as it is the

(55)

case for all leading approximations, there is some ambiguity on the choice of Q% which also
appears in (55) for P,. In the next section we shall discuss the dependences of the cross
section on Q? and Q7. As in the full @*-formula there still is another ambiguity. Whereas it
might be reasonable to take @ as the mass scale M for the gluon density G(n, M?) and for
the strong coupling constant a,(M?) in the full @* formula (at least for high @?), this choice
clearly can not be maintained for low Q*. Thus we will take M? = § as in the full Q? case.

We now shortly describe the calculation of 5;. Two possibilities are open. On the one
hand we can start from the real process v + gluon — ¢ + 4. Or we can take the Q% — 0 linuit
1n the previous exact formulae. As a consistency check we will pursue both methods. Let us
start on the first way.

The real photon process v + gluon — ¢§ is given by:

dé; TQiaa, (v] Ltz dm%s 47;-1‘}.5?2)

dt 82 vy V1T viy2

(56)

where vy = m? — 1, vy = m_zf - i and my is the heavy guark mass. Integration over ¢ from
trmin £O oo (see (33)) yields:
TQhaq,

r= — L2 4 2w — w?) - 23 (1 + w)
o — {(+ w —w”) — 2x( w) g

Y

S O
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Here w = 4m3/s = 4m}/(yns), x = V1 —w and ¥ = ln%—f*; = 2In(1 + x)/+vw. Inserting
(57) in (54) gives the ep cross section in the WWA.

The same result is arrived at by considering the Q% — 0 limit (or equivalently z¢ — 0
limit) in the formulae of the last section. First note that in the pure electromagnetic case:

dif=gli"=0} 5 glif =0 (38)
Thus (i = 1,2):
L = gff*RY + gfi*R? = Q3R + RY) (59)
Ly = glFRs=0
Taking now the Q¢ = 0 limit we find:
Ly = L, = 8Q3 {¥(2 + 2w — w’) — 2x(1 + w)} (60)
Finally we obtain:

o, (8)a?26;
16yQ*
+9li* {2ey* R w61y, 56) + (1 — )R (2619, 56) ) — 9li*26y(2 — y) Raleaiy, s6)]

(o1 {26y R (263 v, 56) + (1 — y) RS (265, s6)}

1 ay?+2(1-y9) .
= e——_—,———m——mmm——— 0‘
, Q? 2w y
which shows that both methods coincide.

(61)

7 Numerical' results

As an application of the derived formulae for heavy flavour production we present in this
section results for the total rates of top production at HERA and discuss their uncertainties.
We restrict ourselves to unpolarized electron scattering and take sin’ Oy = 0.226, a = 1/137,
Ar = 0.0696, /s = 314GeV, V, = 1,Vig = Vi, = 6 and my = 5 GeV.

The uncertainty of the integrated cross section is now determined by essentially two
facts: On the one hand we are somewhat free in the choice of the mass scale for the gluon
density and the mass scale for the strong coupling constant a,. On the other hand we can
use various parametrizations of the gluon density. However, in order to be consistent with
the low energy data from which the parametrizations of the gluon density were extracted we
choose A and the number of flavours Ny in the formula (19) for @, according to the values
used in the respective parametrization. Furthermore, we find it plausible to use the same
mass scale M for the gluon density and for a,.

Let us first present the total cross section for top production at HERA using a definite
gluon parametrization [6] and a fixed choice of the above mentioned mass scale: M ’=%.1In
Table 1 we give the number of top events for various top quark masses assuming an integrated
luminosity of 100 pb~!. The first two columns, denoted by “CC” and “NC”, give the total

4

number of #b and ¢ events, respectively. In the next three colummns of Table 1 we show

4Using a running coupling constant a(@Q?) instead of a(0} will change the result by at most 12%.



G.A. Schuler: Heavy flavours .13

the individual contributions to the #f-rates coming from <-exchange, Z-exchange and v-Z
interference. The last colummn of Table 1 denoted by “total rate top” gives the total number
of expected top events (i.e. ¢ plus 7 events), again for [ Ldt = 100 pb™".

A graphical representation of Table 1 can be found in Figure 1. Here the upper full line
represents the total number of top events, whereas the lower lying full line, the dotted hne,
the dashed line and the dashed-dotted line denote the contributions coming from y-exchange,
Z-exchange, v-Z-interference and W-exchange, respectively.

We find that for a top mass of 50 GeV (i.e. just beyond the reach of SLC and LEP I)
we expect = 116 top events ([ Ldt = 100pb 1) and even for a top mass of 100 GeV still
= 3 top events. Thus the top quark can be searched for up to masses of = 100GeV. It
is also remarkable [11] that for a top mass above = 50 GeV the cross section is dominated
by W-exchange. We can also see that both the Z-exchange and the pure v-Z interference
contributions are negligible for the total rate of top production. For comparison we give the
nuinber of b events (m, = 5 GeV) to be expected at HERA 1n Table 2. Here we assume a top
mass of 50 GeV. All other parameters have the same values as for Table 1. We find that the
total number of b events is clearly dominated by y-exchange and 1s fairly large.

Next we investigate the influence of the choice of the mass scale M on the total rates. We
have checked that the changes in the cross sections are rather small as long as one chooses a
scale like &, 7 or @. To give a feeling of the uncertainty due to different values for M we plot
the total number of top events as a function of the top mass for two different choices of the
mass scale M in Figure 2. (Again [ Ld# = 100pb~! and the gluon density parametrization
is from [6]). The full line in Figure 2 results from a calculation with M? = § whereas the
dashed line is obtained using M? = (mg + mg)®. Figure 2 demonstrates that the uncertainty
in the total rate is less than 10% over the whole mass range.

We now discuss the second uncertainty in the cross section which arises from the use of
various parametrizations of the gluon density. We already mentioned that we always choose A
and the number of flavours N; according to the values used in the respective parametrization
of the gluon density. In Figure 3 we plot the total rate of top production versus the top mass
using five different parametrizations of the gluon density. Here we use M? = 3§ and assume
again [ Ldt = 100pb~1. The parametrizations set 1 and 2 of [18] are represented by the
lower lying full and the lower lying dotted line, the parametrizations set 1 and 2 of [17] by the
dashed and the dashed-dotted line, and the parametrization of 6] is represented by the upper
lying full line, respectively. In Figure 3 we also give the result using the scale independent
gluon density xG(z) = 3(1 — )" with N; = 5 and A = 0.2GeV. It corresponds to the upper
lying dotted curve. We find that the uncertainty due to different parametrizarions of the
gluon density is = 25% over most of the mass range and tends to increase for increasing top
mass. However, the scale independent gluon density overestimates the rate of top production
by a factor of 2-5.

For experimental purposes it might be necessary to impose a lower cutoff in Q*. It is
therefore interesting to check how much one will lose in the total rate of top production.
Since the photon exchange cross section is dominated by the low @Q? region we expect the
corresponding rate to depend strongly on the lower limit of Q2. This should also be true for
the total rate of f production since the total NC rate is dominated by photon exchange.
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The dependence of the top production rates on a lower cutoff Q7 in Q7 i.e.

Qe
o= /om dc,zﬂgﬂ%’ge(cg2 — QY vs. @
can be seen in Figure 4 for a top quark of 40 GeV. Here we give the number of top events versus
Q? where we take the gluon density of 6], M* = § and [ Ldt = 100 pb~!. The contributions
from v-exchange, Z-exchange, y-Z interference and W-exchange are represented by the full,
dotted, dashed and dashed-dotted line, respectively.

We recognize the described Q7-behaviour of the photon exchange contribution. In fact,
increasing the lower limit Q7 from the kinematical bound = m? up to 2GeV? decreases the
photonic rate by a factor of three. We also see that the contributions from Z-exchange and
~-Z interference are more or less unchanged but negligible. We thus conclude that for a top
quark mass up to 50 GeV the total top production rate will be diminished by a factor of three
when imposing a Q*-cut of 2 GeV?2.

The situation, however, gets reversed for a top quark of mass greater than = 50 GeV
because then the total rate of top production is dominated by W-exchange. From Figure 4
we note that the rate of the W-exchange contribution is stable against a Q*-cut. We thus
conclude that the total rate of top production will be almost unchanged by imposing a lower
cut in Q? for m, > 50 GeV. In particular, we still expect ~ 3 top events for a 100 GeV top
quark (if, again, [ Ldt = 100pb™").

Let us now investigate the range of validity of the WWA. Clearly, since W-exchange
becomes more and more important as the heavy quark mass increases we expect the WWA
to be valid only for quarks with relativly low masses. However, in regions where the cross
section is dominated by photon exchange (mg < 30 GeV) the WWA 1s certainly applicable.

We already mentioned that the WWA does not only depend on the lower cutoff Q? of
O? but also on the upper limit @ via the In(Q}/Q}) term in (55). We note that we would
overestimate the cross section if in (55) we choosed a scale for Q% of the order of the total
cms energy squared s (this is the prefered choice in ete” collisions). This overestimation
still remains if the cuts @? and Q2 are given by the values of the exact @*-formula, i.e. if
Q: = @2, and Q} = Q2. where QZ gz min aT€ given in (38,42). The reason is that the
logarithmic increase of the. WWA is valid only for moderate values of Q3. The deviation of
the WWA from the exact formula for high Q? is demonstrated in Figure 5 where we plot the
number of #f events (m, = 40 GeV) coming from pure y-exchange against an upper imit Q2
of Q% )

Qas do
o= [, @ 5e@ - v QL

The full (dashed) line results from the full Q2 (WWA) formula. Here we havé chosen the
above mentioned cuts Q2 = Q% and Q% = Q2 for the WWA and used the gluon density
parametrization of [6]. The decline of the WWA curve at the upper edge of @2 stems from
the fact that the effective upper limit Q% in (55) for the WWA formulais given by @3 ;s =
min (Q%, Q%). In total we observe that the deviation between the exact formula and the WWA
is less than 7%.

Finally we want to determine the accuracy linuts of the WWA over a wide range of the

. top mass. Note, however, that this investigation only makes sense if we restrict ourselves

to ## production since for m, > 50 GeV the fb production will dominate. To this end we
plot in Figure 6 the number of #f events resulting from pure ~-exchange versus the heavy
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quark mass. The full line results from the exact formula whereas the dotted line, the dashed
line and the dashed dotted line stem from the WWA using as lower and upper bound on Q?:
(@3,Q%) = (m?,m?),(m?, §),(m?, s~ 4m?), respectively. The gluon density parametrization is
from [6] and f Ldt = 100 pb™'. We find that the WWA curves are in good shape with the full
@*-formula. The discrepancy is less than 20% except for the case where (Q?, @2) = (m?, m?)

which slightly underestimates the tf-rate.
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8 Appendix

In this section we exhibit the angular correlations between the initial and final state and the
hadronic QCD effects. We recast the final expression for the total differential cross section in
a form similar to the quark-parton model (QPM) formula. However, since the massive case
possesses a richer electroweak and kinematic structure than the massless case, our discussions
will be quite lengthy.

It is convenient to expand the squared matrix element for process (4) in the following

way:
4

4 : .
+ q2_ 2°€ EERT TPV v pri
Z I Mf'f' = gs@ Z g‘lj (Q ) L:J Hﬁv (62)
spins =1 .
The expansion is a linear superposition of the various parity conserving (p.c.) and parity
violating (p.v.) terms in the hadron tensors H"fj' and lepton tensors Lii': We define four
hermitian hadron tensors H], (r = 1,...4) by: '

H), =YLW+1i) =HF+HY (83
H,, =}H -HY) =HT+HY

H:, =iHYA-HA) =+«HF-H)

H\, =YH*+HY) =HF - H

and similarly four lepton tensors wa. The superscripts V and A denote the contributions of
the vector (V, =< f | JV(0) |>) and axial-vector (4, =< f | JA(0) |>) currents according
to Hif' =< J,JI* >, (J,J' = V,A), where < ... > means sum over the (final state)
polarizations. The superscript L and R, on the other hand, refer to the contributions of the
left-handed (2L, =V, — A,) and right-handed (2R, = V,, + A,) currents used especially in
neutrino reactions. Similar definitions apply to the lepton tensors L;"'w. The (finally surviving)
Ffht

electroweak coupling coefficients g;;

Since we neglect the lepton masses the lepton tensors are simply given by

(Q*) appearing in (62) are given in the main text.

L,tlw = 4 (z‘le.ulev - Q#lev o le#?lf + guvle ) Q) (64)
L’ =0
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L, = 0
wa = di€u,00097
The hadron tensors are given by (X,Y =V, 4):

BY = ~Tr{ (s + m)TZO + TIO oy —mp )T+ VD)) (63)

whith the amplitudes (X, = v,y for X =V, 4):

X(l):ﬁ - /f)_ /f)f’_f—mf' }'U e
T, (ps) {A.u (p—pr)? — m?“'}’a (ps)ealp)
130 o e A ) (86)
ps —p) ULy
We use
> ulps)ulps) = by + my (67)

which is consistent with our phase space measure

. _ dpy
dps = 2E,(21)° (68)

The most general expansion of the (parity even) hadron tensors H,, and Hiu is given by
(+=1,2) ' ) :

10 _
B, =Y H'BY (69)
k=1 '
where
BL{/} = S
2 Pubv h
B,E,w) N i
Ysg
4.9
BY) . 2
Ysa.
PiuDfu
Bfﬁ) = SR
Ysa
;1L — Puy + GuPrv
o 2ysg
B® .— PuPfv + PiuPu
e 2ysg
B . JuPfy T Pruds
peo 2ysg
8) . Pulv — GuPv
By - B
2ysg
B® ._ PuPfv — PtuPv
e 2ysg
BLLO) — q,u.pfy _pfng (70)

2ysg
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The analogous expansion of the two further (parity odd) hadron tensors H}, and Hj, is
(i =3,4):

ZHk A% (71)
where
2’ o
AD = —— e p’g
Ysa
AD T e
Py yse Cavpe P Py
A® = L oop?
[y 'ySG_ HY P q pf |
1
A,Efu) = ﬁ_”_(pprV‘l'Pquu)
YsG
7
A,Ei) = —(pF + pFy)
Ysg
1
Afﬁ) = _—(Qva+unp) ‘ ([2)
Ysg

and F, = €upe P9 PF-

However, we are only interested in the O{a,) cross section. Then not all of the terms
in (69) and (71) contribute to the cross section. First note that the (tree) hadron tensors
are real. Thus there is no contribution to Bl for (« = 8,9,10) and to Al ) for (i = 4,5,6).
Further, since we neglect the lepton masses, a.ll terms proportional to g, and g, In (69) can
be dropped when contracting with the lepton tensor using ‘

¢“L =0=¢"L, . (73)
Also we find that H is identicaﬂy zero. For the remaining contributing terms one obtains

(HY) = H )z, = ,y,sc))

H{l) — z(l_i:_){zz(1—z)+2azg(1—mc) 1} + (4 z)?

—md +mim? (22 — 1)+ mi (22(2 — 1)(z¢ — 1} — zg) + m? zg(2z ~ 1)}

HY = 1(—5{ v +m+:|-2(1—z)m’i}
2

(74)

16mo(l — z¢) 8my )

HY = - 2 1 - 2z2)m?

! z(1 - z) + 221 — z)? {m++( )m_}
32m0

1= 2)

®Note that the two p.c. hadron tensors are not gauge invariant, only q“H:V =0
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HY = 0

Y =

HY = _ s {—z + zZg +m +(1—z)m2}
231 - 2) +

7Y = 0

g 81——233G _8'.'*n+—}-(1~-2z)m2

’ 21— =z) z2(1 — z)?

Here we have defined:
2 2
r +m 7

Ysg
m?; — mfcr
Ysa

Mg

Ysc

Let us now perform the contractions of the lepton tensors with the hadron tensors
LYHI, (i =1,2;7 = 1,2,4). Since to O(a’a,) L, H!, and H}, are symmetric under
the exchange u «» v whereas L}" and HY, are antisymmetric (under this exchange), only the
following contractions contribute (i=1,2):

Y. 1}. i i ‘ i
s IVH,, = fC__c:yzGﬁ (wiz6,2) + (1~ 1)GY (y; 26, 2)

23@
+H2 - y)y/1 — ycos 8GP(yiwe, 2) + 226(1 — y) cos 286G (y; 2¢,, 2) (76)
and v A
XL:UHJU = ~zgy(2 — y)Gi(y; zc, 2) — 2yy/1 — ycos G (y; 26, 2) (77}
G

The (partonic) structure functions G}i) = Gl(i}(mg,z;y,sc;) are given by:

GV = 28BN 4 fze, 2y, s6)HY
a = zmcf(mc,z;y,SG)Hil)+H§1)+g(:‘xc,z;y,5c)(Hél)-kg(zc,z;y,sc)ﬂil))

¢ = @f(mc,Z;y,Sc:)(Hé1)+29($c’z§y7sG)H£1})

Gy = flze,zy,sc)HY
Gy = -2

¥ = mf

Y = o

¢ = o

Gg = H{‘l) + ZH;” —g(mG,z;y,SG)H:§4)
Ge = yzefl(ze,ziy.sc) (H - 206 HY) (78)
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Here we have defined

z(m? —m2, )7m§

f(xg,z;y,sg) = (1~ zg)2(l — 2) + ——F—
g(ze, 219, 8¢) = (1—zg)(1 — z) +zgz+m? : (79)

The $-independent structure functions are given explicitly by:

8
8 :
+m {(rc —mi)(1 -~ 2z)m? +(4z - 4z — 1)m? + :c(;mi} (80)
16
G = ng[Ggl) + 64zg(l — z¢)] — m {(1 —22)m® + m*m? 4 32(2z — 1)m?m}
—~zgm? — 4m?(2z — 1)z(z — 1)zg(2z¢ — 1) — 2m? (2(1 - 2}(1 — 5zg) + :L‘(;)}
16m?% 5
T (gt — -
+z(1—z)( g — 2xc — 1)
8

8m* (1 —2z) + 8m2_mﬁ_ + 8m?(—62%zg + 22% + 6z2¢ — 2z ~zg)+ 8m2+:c(;(2z -~ 1)
‘ 22(1 — z)?

Note that the partonic structure functions Gg” are still y-dependent as long as the quark
masses are nonzero. The representations (76,77) of the y-dependence are thus not unique in
the massive case. These decompositions were chosen to allow for a simple comparison with
the usual (massless) results [14,15].
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Table 1: Top production rates at HERA

for | Ldt = 100pb—! and mj, = 5 GeV

tb-rate tt-rate total rate
m| CC NC| v | Z @ +Z | top
30 82| 974| 973| 1.2 0.36 2030
40 53| 188 | 187 | 0.42 | 0.09 428
50| 34| 41| 41| 014 0.02 116
60 22| 92 9.2| 0.04 0.006 40
70 14| 20 2.0/ 001 0.001 18
80| 83044 0440003 3E-4| . 9.2
00| 5.0/009 009 5E-4 6E-5 5.2
100]  3.0/0.01 001 1E-4| 1E-5 3

for f Ldt = 100pb~! and m, = 50 GeV

Table 2: Bottom production rates a.t'HERA

th-rate bb-rate total rate
my | CC NC v Z | v-Z | bottom
5 34 13385 3.3E5123 | 25 6.6E5




Figure Captions

Figure 1: Total top production rate.
Number of top events versus top quark mass m for an integrated luminosity of [ Ldt =
100 pb~!. The upper full line represents the total number of top events, whereas the
lower lying full line, the dotted line, the dashed line and the dashed-dotted line de-
note the contributions coming from v-exchange, Z-exchange, v-Z-interference and W
exchange, respectively. The gluon density G parametrization is from [6] and the mass
scale M for G and a, is M? = 5. All other parameters are given in the main text.

Figure 2: Mass scale dependence of the cross section.
Number of top events versus top quark mass m for an integrated luminosity of [ Ldt =
100 pb~1. The two lines result from different mass scales M used for «, and for the
gluon density of [6] (M? = & full line; M*? = (ms + my)?: dashed line). All other
parameters are given in the main text.

Figure 3: Dependence on the parametrizations of the gluon density.

Number of top events versus top quark mass m for an integrated luminosity of [ Ldt =
100 pb~!. The six lines result from different parametrizations of the gluon density (set 1
of [18]: lower lying full line; set 2 of [18]: lower lying dotted line; set 1 of [17]: dashed
line; set 2 of [17]: dashed-dotted line; [6]: upper lying full line). The upper lying dotted
‘curve has been calculated using a scale independent gluon density zG(z) = 3(1 — z)°
and with Ny = 5,A = 0.2GeV. The mass scale M is M? = 5. All other parameters are
given in-the main text.

Figure 4: Influence of a lower cutoff in Q2.
Individual contributions (number of events for [ Ldt = 100 pb ') to the top production
cross section as a function of the lower cutoff Q7 in Q%

ana.z do’
o = dQ* —-0(Q@* — Q) vs. ;
f 4@ 0@ - s @
The four lines represent the contributions from ~y-exchange: full line; Z-exchange: dot-
ted line; v-Z interference: dashed line; W-exchange: dashed-dotted line. The gluon
density parametrization is from [6], M? = § and the top quark mass was taken to be
m = 40GeV. All other parameters are given in the main text.

Figure 5: Q? , dependence of the WWA.
Nuber of #f events for pure ~-exchange ([ Ldt = 100 pb™!) as a function of an upper
cutoff Q2 in Q% _

o= [T i 0@ - @t v @
Q. dQ* 7" o
The full (dashed) line results from the full @ (WWA) formula where we used the upper
bound and lower bound of Q% in (55) for the WWA as given by the exact values in (38)
and (42). The gluon density parametrization is from [6] and the top quark mass was
taken to be m = 40GeV. All other parameters are given in the main text.



Figure 6: Accuracy limits of the WWA.
Number of #f events for pure y-exchange (f Ldt = 100 pb™') versus top quark mass m.
The full line results from the full Q* formula. The dotted line, the dashed line and
the dashed-dotted line result from the WWA using as lower and upper bound on Q%
(m2,m2), (m?,3), (m?,s — 4m?), respectively. The gluon density parametrization is
from [6]. All other parameters are given in the main text.
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