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Heavy boson production viaep collisions at CERN LEP and LHC energies

A. Gutiérrez and A. Rosado
Instituto de Fı´sica, Universidad Auto´noma de Puebla, Apdo. Postal J-48, Col. San Manuel, Puebla, Pue. 72570, Mexico

~Received 2 September 1997; published 19 February 1998!

We discuss the production of a heavy boson in deep inelastice2p scattering in the context of the standard
model SU(3)C3SU(2)L3U(1) of the strong and electroweak interactions at CERN LEP and LHC energies.
We present results for the total and differential cross sections in terms of the parameters of the outgoing lepton.
In addition to theg-exchange diagrams we have also considered the contributions ofW6 andZ0 exchange.
They are found to be non-negligible, especially for the processe2p→neW

2X. We also present results for the
energy spectrum and the angular distribution of the producedZ0. Energy and angular distributions forZ0

production are found to be strongly peaked, which will allow a clear identification of the producedZ0.
@S0556-2821~98!02505-3#

PACS number~s!: 13.60.Hb, 13.85.Qk, 14.70.Fm, 14.70.Hp
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I. INTRODUCTION

The CERNe1e2 collider LEP and Large Hadron Col
lider ~LHC! will provide us with the possibility to observ
e2p collisions with a maximal energyEmax560 GeV of the
electron andEP

max57 TeV of the proton@1#. A particularly
interesting experiment at LEP and LHC will be electropr
duction of weak bosons. One of the main goals at LEP
LHC is the exploration of physical frontiers beyond the sta
dard model@2#. However, the rates of events for most of t
exotic processes are of the same order of magnitude
smaller @3# than the expected rates for heavy gauge bo
production ine2p scattering. Hence, even if the cross se
tions for heavy boson production are not large enough
allow for detailed investigations of theW6 and Z0 proper-
ties, their calculation is necessary. Only ifW6 andZ0 pro-
duction, which together lay down an important backgrou
for new physics, are completely known and characteri
can the latter be successfully investigated. Therefore our
in the present work is to discuss in detail the heavy bo
production in deep inelastice2p scattering. This will be
done by using the coupling between fermions and boson
given by the standard model of the strong and electrow
interactions and the parton model@4# through the parton dis
tribution functions reported by Bottset al. @5#, which take
into account scaling violations and the heavy quarks con
bution.

Three types of reaction mechanisms are discussed:W6

and Z0 production at the lepton line, at the quark line a
through the fusion diagrams with the non-Abelian coupli
of the gauge bosons. Our calculations include, aside f
g-exchange,Z0- and W6-exchange diagram contribution
and are thus complete.

The first estimate forW6 andZ0 production ine2p scat-
tering as given by Llewelyn-Smith and Wiik in 1977@6#.
More recently, other authors have reported more detailed
culations@7–15#. It is not possible to compare directly all o
our results with those of the former papers because diffe
cutoffs were applied. In Ref.@9# the total cross section fo
the reactione2p→neW

2X was calculated with a cutoff o
O(1) GeV2 taking into account theg-exchange contribution
only. For an energy in the center of mass of 1296 GeV a
our cutoffs we getsT55.5310237 cm2 to be compared with
570556-2821/98/57~7!/4318~7!/$15.00
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sT55.05310237 cm2 @9#. For the processe2p→eZ0X,
Gabrielli @9# found for the lepton vertex contributions lep
53.3310237 cm2. By using the same parameters we ge
similar result; namelys lep53.2310237 cm2. In our calcula-
tions we have also included the hadron vertex contributi
shad52.6310237 cm2.

We also present results for the differential cross section
a function of the dimensionless variablesx andy in order to
compare the productions from the leptonic vertex and
hadronic vertex. Kinematical regions are found where eit
the lepton or the hadron vertex contributions can be
glected.

One of the aims of LEP and LHC is to explore the phys
beyond the standard model. For example, particles predi
by supersymmetry@16#, subconstituent models@3# and oth-
ers. This can be accomplished only if the results of the st
dard model are known in detail. Our discussion is th
complemented by presenting calculations for the ene
spectrum and the angular distribution of the producedZ0. It
is found that for fixedx and y Z0 is mainly produced in a
small, well determined region of the phase space. The
pressions for the kinematics of the production of a mass
boson in deep inelastic lepton-nucleon scattering and a
cussion on the influence of experimental cuts on the ph
space of the produced particles are given in Ref.@17#, plus
the explicit calculation of the matrix elements and the diffe
ential cross section for polarized scattering.

This paper is organized as follows: In Sec. II we descr
the calculation of the differential cross section for inclusi
W6 and Z0 production. In Sec. III we present and discu
our results for the total cross section and differential cr
section as a function of the dimensionless variablesx andy
for all the different reactions and reaction mechanisms wh
contribute to charged vector boson and neutral vector bo
production ine2p collisions. Section IV contains the resul
for the energy spectrum and the angular distribution of
producedZ0. Our conclusions are summarized in Sec. V.

II. THE DIFFERENTIAL CROSS SECTION FOR
W6AND Z0 PRODUCTION IN DEEP INELASTIC

ELECTRON PROTON SCATTERING

A heavy bosonW6 and Z0 can be produced in deep in
elastic e2p scattering via the following processe
4318 © 1998 The American Physical Society



g
d

s

a

ns

ry
en-

t on
on-

t is

u-
s
e of

red
dia-

.
uge
tion:

o

57 4319HEAVY BOSON PRODUCTION VIAep COLLISIONS AT . . .
e2p→e2W2X ~1!

e2p→e2W1X ~2!

e2p→neW
2X ~3!

e2p→neW
1X

e2p→e2Z0X ~4!

e2p→neZ
0X. ~5!

The diagrams which contribute at the lowest order ina at
the quark level to the different reaction mechanisms~produc-
tion at the leptonic vertex, at the hadronic vertex and throu
the boson self interaction! of all these processes are depicte
in Fig. 1. The processe2p→neW

1X is forbidden at the
lowest order ina.

We see from this figure that for reaction~5! only heavy
boson exchange diagrams contribute and hence its cross
tion will be very small. In reaction~1! only quarks with
isospin-1/2 whereas in reaction~2! and~5! only quarks with
isospin 1/2 contribute.

We have discussed in detailZ0 production and also the
kinematics of heavy boson production in deep inelastice2p
scattering in the Ref.@17#. Notation and formulas as given in
the latter to analyze theW6 and Z0 production are here
adopted, though care is exercised with regard to the differe
ways in which the bosons are arranged in the non-Abeli
coupling diagrams.

FIG. 1. Feynman diagrams which contribute to the amplitude
processes~1!–~5! at the lowest order ina; boson production from
the initial ~a! and final~b! lepton, the initial~c! and final~d! quark

and through the non-Abelian couplings~e! (u stands foru, c, t, d̄,

s̄, b̄; d for d, s, b, ū, c̄, t̄ ).
h

ec-

nt
n

After the evaluation of the parton cross sectionds l ,q, we
have to put them together with the parton distributio
f (x8,Q̃2) in order to evaluate thee2p cross sectionds l ,N. In
Ref. @17# it has been pointed out that in contrast to ordina
deep inelastic scattering the choice of the effective mom
tum transfer square on the nucleonQ̃2 is ambiguous in the
case of the heavy vector boson production and dependen
the reaction mechanism. For leptonic production it is reas
able to takeQ̃252(p2p82k)25Q82 sincep2p82k is the
momentum transfer to the nucleon (p,p8 denote the four-
momenta of the incoming and scattered electron,k the four-
momentum of the produced boson!. In the case of hadronic
production the obvious choice isQ̃252(p2p8)25Q2. For
the non-Abelian diagrams a simple kinematical argumen
not sufficient. For production of massiveW6 bosons in lep-
ton quark scattering unitarity would not hold unless a co
pling between theW6, Z0 andg bosons is considered. Thi
coupling occurs as a consequence of the gauge invarianc
non-Abelian gauge theories. Therefore unitarity is resto
through strong cancellations between these non-Abelian
grams and either the leptonic@process~3!# or hadronic@pro-
cesses~1! and ~2!# contributions to lepton quark scattering
We propose a prescription which guarantees this ga
theory compensation also for the deep inelastic cross sec
namely,

~a! e2p→e2W2X, e2p→e2W1X

ds l ,N5(
q
E dx8 f q~x8,Q82!ds l l

l ,q1E dx8 f q~x8,Q2!~dshh
l ,q

1dshn
l ,q1dsnn

l ,q!1E dx8Af q~x8,Q2!Af q~x8,Q82!

3~ds lh
l ,q1ds ln

l ,q!, ~6!

~b! e2p→nW2X

ds l ,N5(
q
E dx8 f q~x8,Q82!~ds l l

l ,q1ds ln
l ,q1dsnn

l ,q!

1E dx8 f q~x8,Q2!dshh
l ,q

1E dx8Af q~x8,Q2!Af q~x8,Q82!~ds lh
l ,q1dsnh

l ,q!,

~7!

~c! e2p→e2Z0X, e2p→nZ0X

ds l ,N5(
q
E dx8 f q~x8,Q82!~ds l l

l ,q1ds ln
l ,q1dsnn

l ,q!

1E dx8 f q~x8,Q2!dshh
l ,q

1E dx8Af q~x8,Q2!Af q~x8,Q82!~ds lh
l ,q1dsnh

l ,q!.

~8!

f
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4320 57A. GUTIÉRREZ AND A. ROSADO
Summation is taken over all allowed quark and antiqu
states:l ,h,n denote leptonic, hadronic and non-Abelian, r
spectively.

In Eq. ~6! the first line collects the expressions where t
heavy boson is emitted from the lepton vertex us
f q(x8,Q82), the second line, production from the quark a
the non-Abelian vertex withf q(x8,Q2), and the last one con
tains the contribution from the interference of these prod
tion mechanisms. In other words, contributions from d
grams with nog or Z0 exchange, from diagrams withg or
Z0 exchange and interference terms are contained in the
second, and third line in Eq.~6!, respectively. In Eq.~7! the
non-Abelian contribution arises together with the lepto
production since only this guarantees the required comp
sation. In Eq.~8! expressions where the heavy boson is em
ted from the lepton line or the non-Abelian vertex, from t
quark line, and interference of these production mechanis
are contained in the first, second, and third line, respectiv

III. RESULTS FOR DEEP INELASTIC W6 AND Z0

PRODUCTION AT LEP AND LHC ENERGIES

In this section numerical results obtained by using
standard model of the electroweak interactions@2# are pre-
sented. We takeMZ0591.2 GeV andMW580.3 GeV for the
masses of the neutral and charged bosons, and sin2uW
50.223 for the electroweak mixing angle. We have includ
in our computations, in addition tog-exchange, the
Z0-exchange, and theW6-exchange diagrams. We prese
results for e2p scattering with an electron energyE
560 GeV and a proton-energyEP57 TeV, i.e. in the LEP
and LHC system. We take cuts of 4 GeV2, 4 GeV2, and 10
GeV2 for Q2, Q82, and the invariant hadronic mass squa
W, respectively. These values are suitable for the parton
tribution functions of Bottset al. @5# and the latter are use
in our calculations.

A. Total cross sections

Calculations that only take into account the contributi
from photon exchange diagrams to the cross section of
processes~1!–~4! have been reported, where different part
distribution functions and cuts for the invariant mass squ
W are used. For the sake of comparison we give our res
in Table I for the following cases:g-exchange contribution
sg ; g- andZ0-exchange contributionsg1Z ; andg-, Z- and
W6-exchange contributionsT .

As expected, the dominant contributions to the total cr
sections stem from photon exchange.

TABLE I. Contribution to the total cross sections from the d
ferent boson exchange diagrams:Ee560 GeV,EP57 TeV.

Processes sg(cm2) sg1Z(cm2) sT(cm2)

e2p→e2W2X 5.7310236 5.7310236 6.1310236

e2p→e2W1X 6.8310236 6.8310236 6.1310236

e2p→nW2X 4.6310237 6.6310237 5.5310237

e2p→e2Z0X 5.5310237 5.7310237 5.8310237

e2p→nZ0X 0 0 1.4310237
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B. ds/dy and ds/dxdy

In Figs. 2–4 we comparedsg /dy, dsg1Z /dy, and
dsg1Z1W /dy for the processes~1!–~3!. From these plots it
can be seen the importance of taking into accountZ0- and
W6-exchange contributions tods/dy for 0.1<y,1. In
Figs. 5–7 we show in logarithmic scale they dependence of
the separated contributions of the lepton vertex, quark ve
and non-Abelian diagrams as well as the overall contri
tions. In Figs. 5 and 6 contribution of the quark vertex a
non-Abelian diagrams is shown while in Fig. 7 contributio
of the lepton vertex and non-Abelian diagrams are depic
These plots illustrate the compensation mechanism cha
teristic of the non-Abelian structure of the electroweak st

FIG. 2. Comparison of the contribution tods/dy from the dif-
ferent boson-exchange diagrams for process~1!. Curve C: only
g-exchange contribution; curveB: g- and Z0-exchange contribu-
tion; curveA: g-, Z0- and W6-exchange contribution (As51,296
GeV!.

FIG. 3. Same as in Fig. 2, but for process~2!.
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57 4321HEAVY BOSON PRODUCTION VIAep COLLISIONS AT . . .
dard model as a gauge theory. In process~3! this compensa-
tion reaches two orders of magnitude at LEP and LH
energies. Therefore, even small deviations of the coup
estructure from the standard model, like anomalous mom
terms, can be expected to lead to observable deviation
results obtained through the standard model.

In Fig. 8 process~4! is shown in a logarithmic scale b
depicting the y dependence of the quantitiesds/dy,
ds lep/dy, and dshad/dy. In this figure the leptonic vertex
contribution can be seen to increase steeply asy goes to 1
and thus becomes a dominant feature ins tot .

In the same figure the sign of the contribution arisi
from the interference term is seen to be positive through

FIG. 4. Same as in Fig. 2, but for process~3!.

FIG. 5. Comparison of the contribution tods/dy from the dif-
ferent boson production mechanisms for process~1!. CurveA: total
contribution; curveB: production at the leptonic vertex; curveC:
production at the hadronic vertex; curveD: production through the
non-Abelian couplings; curveE: sum of the hadronvertex and non
Abelian production mechanisms (As51,296 GeV!.
g
nt
on

t.

We can also observe that fory'1 the contribution from the
leptonic clearly dominates, whereas fory'm the hadronic
production becomes the most important feature.

Our results for the dependence onx andy of the leptonic
and hadronic contribution and the interference between th
are shown in Fig. 9. The interference phase can also be
to depend on variablex. We conclude from these figures th
for x>0.1 and y>0.95 (Q2>159,600 GeV2) production
from the hadronic vertex can be safely neglected.

The main contribution to theZ0 production from the lep-
tonic vertex stems from the diagram in which theZ0 boson is
emitted by the initial electron@Fig. 1, Diagram 4~a!#. It is so
because in this diagram the propagator of the virtual elec
goes as 1/(p2k)2 whereas in that of@Fig. 1, Diagram 4~b!#
(Z0 boson emitted by the final electron! the corresponding
propagator behaves as 1/(p1k)2.

FIG. 6. Same as in Fig. 5, but for process~2!.

FIG. 7. Similar as in Fig. 5, but for process~3!; here curveE is
the sum of the lepton vertex and non-Abelian production mec
nisms.
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4322 57A. GUTIÉRREZ AND A. ROSADO
The qualitative behavior of the leptonic contribution c
be understood as follows. In Sec. II of the Ref.@17# it is seen
that a cut on the invariant massW induces a cut on the
momentum transfer square of the exchanged boson,Q82.
This cut depends onx andy ~see Eq. 2.16 in Ref.@17#! and
attains its minimal value atx1m/y50 whereas it become
large whenx1m/y approaches one. In other words, the m
important contributions to theZ0 production from the lep-
tonic vertex are given byx;0 andy;1. The pronounced
increase of this contribution observed in Fig. 8 wheny goes
to 1 can be explained as follows: The explicit form of t
momentum transfer square of the exchanged electron in@Fig.
1, Diagram 4~a!#, expressed in dimensionless variables,
(p2k)252s(12y2t1y8). However, from Eq.~2.9! in
Ref. @17# it follows thatt1't2'y8(12x8) for y'1, hence
1/(p2k)2'1/sx8y851/Q82. Note that the cross section

FIG. 8. ds/dy, ds lep/dy anddshad/dy, for As51,296 GeV.

FIG. 9. ds/dxdy as function ofx for y50.95As51,296 GeV.
Shown are again the leptonic~curve L), hadronic~curve H), and
total ~curveT) cross sections.
t

s

not necessarily zero in the limitt25t1, because it contains
integrals of the form

E
t2

t1 dt f ~t!

A~t12t!~t22t!

whose limit isp f (t0) for t2→t15t0.
We observe that the contribution to theZ0 production

from the hadronic vertex dominates for smallx andy. This is
due to the fact that the propagator of the exchanged pho
in the contributing diagrams depicted in Fig. 1, Diagram 4~c!
and Fig. 1, Diagram 4~d! behaves as 1/Q251/sxy. In this
case, the propagator of the virtual quark in the diagram
Fig. 1, Diagram 4~c! (Z0 boson emitted by the initial quark!
behaves as 1/(q2k)2 and approaches21/Q2 when y
→m @(q2k)25m2x8(y2y8)#. However, in Fig. 8 we do
not observe the same behavior as in the leptonic case
y→1, because wheny→m the allowed intervals forx, x8
andy8 vanish altogether.

IV. ENERGY AND ANGULAR DISTRIBUTION
OF THE PRODUCED Z0

Results for the normalized energy distributio
(ds/dEkdxdy)/(ds/dxdy) of the Z0 are illustrated in Fig.
10 for x50.001, 0.003, 0.008 andy50.9, and in Fig. 11 for
x50.001, 0.003, 0.008 andy50.95. We see that these en
ergy distributions have a resonancelike behavior, theZ0

bosons being mainly produced in a smallEk interval. Some-
thing similar happens with the normalized angular distrib
tion (ds/dcosukdEkdxdy)/(ds/dEkdxdy). Figures 12 and
13 show that theZ0 is mainly found in the forward direction
and that the cosuk distribution develops a sharp peak befo
reaching its kinematical limit. We also observe that most
theZ0 bosons are produced in the plane which is spanned
the momenta of the incoming and outgoing leptons
cosfk'0. The reason for these sharp energy and ang

FIG. 10. Normalized energy spectrum of the producedZ0

bosons fory50.9 andx50.001 ~curveA), x50.003 ~curveB), x
50.008~curveC) (As51,296 GeV!.
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57 4323HEAVY BOSON PRODUCTION VIAep COLLISIONS AT . . .
distributions is that the differential cross section becom
large when Q8252(p2p82k)2 approaches its minima
value,Q82'Q8cut

2 . Then we have

x8'x1m/y

y8'Q8cut
2 /~x1m/y!'1024.

When these values forx8, y8 are substituted into the expre
sion ~2.9! of Ref. @17# we obtain

t'~12x2m/y!~12y!.

FIG. 11. Same as in Fig. 10, but withy50.95 andx50.001
~curveA), x50.003~curveB), x50.008~curveC).

FIG. 12. Normalized angular distributions of the producedZ0

bosons forx50.001, y50.9 and Ek594.5 GeV ~curve A), Ek

595 GeV ~curve B), Ek595.5 GeV ~curve C), Ek596.5 GeV
~curveD), Ek599 GeV ~curveE).
s
Then, by using Eq.~2.5! in @17# we obtain forEk

0(x,y) and
cosuk

0(x,y),

Ek
0~x,y!'Ey1Epm/y1Epx~12y!, ~9!

cosuk
0~x,y!'~2Ey2Ek!/AEk

22MZ
2, ~10!

associated with the maximal number ofZ0 bosons. These
estimates are confirmed by accurate numerical evaluat
The last two expressions together with cosfk'0 (Q82

'Q8cut
2 ) for a given value ofx andy ~i.e. for a given energy

and direction of the scattered electron! enables one to deter
mine the region in the phase space where most of theZ0

bosons can be found.

V. CONCLUSIONS

We have presented the complete calculation of heavy v
tor boson production in unpolarized deep inelastice2p scat-
tering in the context of the standard model in conjuncti
with the parton model, at LEP and LHC energies.

By taking MW580.3 GeV, MZ0591.2 GeV, sin2uW

50.223,As51,296 GeV and by using the parton distrib
tions reported by Bottset al., a total production of about 290
Z0, 3030W1, 3310W2 bosons for an integrated luminosit
of 500 pb21, for LEP and LHC was found.

We have included in our calculationsZ0-exchange and
W6-exchange diagrams, in addition tog-exchange diagrams
where these contributions are found to amount to 6% of
photonic cross section. For they distribution heavy boson
exchange contributions were shown to be important, part
larly for large values ofy (y'1).

Separate contributions from the different mechanisms
charged boson production were calculated. These lead
compensation mechanism on the differential cross secti
which is typical of the non-Abelian structure of the ele
troweak standard model as a gauge theory. This compe

FIG. 13. Same as in Fig. 12, but forx50.001,y50.95 andEk

595 GeV~curveA), Ek595.5 GeV~curveB), Ek596 GeV~curve
C), Ek596.5 GeV~curveD), Ek597.5 GeV~curveE).
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4324 57A. GUTIÉRREZ AND A. ROSADO
tion reaches up to two orders of magnitude at LEP and L
energies. This means that even small deviations on the
pling structure of the standard model like anomalous m
netic moment terms will lead to detectable deviations
charged boson production ine2p collisions. The decay of a
neutral bosonZ0 into lepton pairs provides a clear signal
its production. Neutral bosons can be produced through n
tral current and charged current interactions. The produc
rates for neutral current processes are expected to be la
than those for charged current processes because in the
case photon-exchange diagrams do not contribute at the
est order ina.

The contribution of theZ0-exchange diagrams to the tot
cross section is a small percentage, whereg-exchange dia-
grams become by far the dominant ones. However, for la
Q2 and Q82 @ i.e.,O(MZ

2)# g exchange as well asZ0 ex-
change are important.

We compared the two production mechanisms, emiss
of the Z0 at the leptonic vertex and at the hadronic verte
and their interference. We found that there are kinemat
regions where either the contribution from the leptonic v
tex or that provided by the hadronic vertex can be neglec
The contribution to the cross section is mainly hadronic
y<0.5 whereas for 0.8<y,1 it is almost purely leptonic.

We also analyzed in the LEP and LHC system the ene
Ek and cosuk distributions of the producedZ0 for a givenx
and y ~i.e. for a given energy and polar angle of the fin
electron!. Considering the region where theZ0 production is
almost purely leptonic, we found that theEk anduk distribu-
tions are strongly peaked. It is shown that if the energy a
e

ic-
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polar angle of the scattered electron are given by sca
variablesx andy, the bosonZ0 will be mostly produced with
energy Ek5Ey1Epx(12y)1EpMZ

2/(sy), polar angle
cosuk'(2Ey2Ek)/AEk

22MZ
2 and azimuthal angle cosfk

'0.
Finally, it is worth mentioning that the resonancelike b

havior of theEk and uk distributions will help discriminate
between the production of a standardZ0 and the production
of other particles, such as those predicted by theories dea
with other reaction mechanisms, for example supersymm
@16# and subconstituent models@3#, through experiments
which will be carried at the collider LEP and LHC.

The cross section and consequently the even rate is
sumably not large enough to allow for detailed investigat
of theW6 andZ0 properties. However, it is of a comparab
order or larger than that of many exotic processes. There
it is important to perform complete and detailed calculatio
of W6 andZ0 production since new physical features can
observed only if standard background events are corre
distinguished. In this sense the results of the present re
may help clear the way toward new physics at LEP and L
or futuree2p machines.
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