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Abstract

This paper studies the electroweak production of all possible four-fermion states in ee™
collisions with non-standard triple gauge boson couplings. All CP conserving couplings are
considered. It is an extension of the methods and strategy, which were recently used for the
Standard Model electroweak production of four-fermion final states. Since the fermions are taken
to be massless the matrix elements can be evaluated efficiently, but certain phase space cuts have
to be imposed to avoid singularities. Experimental cuts are of a similar nature. With the help of
the constructed event generator a number of illustrative results is obtained for W-pair production.
These show on one hand the distortions of the Standard Model angular distributions caused by
either off-shell effects or initial state radiation. On the other hand, also the modifications of
distributions due to anomalous couplings are presented, considering either signal diagrams or all
diagrams.

1. Introduction

Recently, the electroweak four-fermion production processes relevant for LEP2 and
beyond have been studied in a number of ways. One of the objectives is to obtain
a description of W-pair production better than an on-shell treatment with W-decay
products attached to it. Thus all recent papers contain finite width effects. Some papers
only include the three diagrams leading to W-pair production, others include all diagrams
giving a specific four-fermion final state. Most of them include some form of initial state
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QED radiative corrections. There are semi-analytical methods [1,2] and Monte Carlo
approaches [3-10]. The former can only give distributions in the virtualities of the W’s,
but no fermion distributions. The latter can produce any wanted distribution. Thus the
Monte Carlo method can handle any type of cuts, whereas the present semi-analytical
treatments are extremely limited in this respect. In the future this may change when a
new semi-analytical approach will become available [11].

Among the various Monte Carlo treatments we mention in particular the program
EXCALIBUR, since it aims both at completeness and speed. All diagrams for any four-
fermion final state are included and a relatively fast calculation is achieved by assuming
massless fermions and by using a multichannel approach to generate the phase space.
The details are given in [9], whereas the treatment of initial state radiation (ISR) can
be found in [10].

One of the objectives of LEP2 and future electron-positron colliders is a test of non-
abelian triple gauge boson couplings. A way to quantify deviations from the Standard
Model (SM) Yang-Mills couplings is to set experimental limits on anomalous couplings.
Many discussions of the latter can be found in the literature, see e.g. [12-14]. The-
oretical arguments, which reduce the a-priori large number of non-standard couplings
are discussed in [14]. In order to investigate the experimental possibilities to measure
limits on anomalous couplings one ideally needs samples of anomalous events, made by
an event generator and one requires a fitting program containing the anomalous matrix
element. The fitting program can then establish whether the input anomalous couplings
can really be extracted from the generated anomalous data.

Up to now such studies were made with tools, which have certain limitations. Usu-
ally data are generated for W-pair production containing three diagrams with W-decay
attached to it in zero width approximation. The fitting programs use the same approxi-
mation. Examples of such investigations can be found in [ 14,15]. Very recently a Monte
Carlo program with anomalous couplings with a finite W-width became available [16].
It covers the semi-leptonic final states.

In view of the advantages of the EXCALIBUR program it is natural to use its structure
and strategy as a basis for an anomalous four-fermion generator. Thus it is the aim of the
present paper to describe the necessary additions and changes to the approach of [9,10]
to obtain a four-fermion generator with anomalous couplings.

This generator has the following characteristics. Any massless four-fermion final state
can be produced with CP conserving anomalous couplings. All abelian and non-abelian
diagrams contributing to the final state are taken into account. It is also possible to
restrict oneself to the “signal” diagrams of a process, e.g. for four-fermion production
through W-pairs one takes only three diagrams. Finally, ISR can be switched on or off.

The new anomalous matrix clements will be discussed in some detail, since they are
the key ingredient of the anomalous EXCALIBUR program and since they would also
be required for a fitting program.

A number of numerical results for four-fermion production will be presented. On one
hand they serve as illustration how the finite W width or ISR can modify SM angular
distributions. On the other hand they show how non-standard distributions behave. The
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very relevant physics application is the one mentioned above: generating anomalous data
and studying the extraction of anomalous couplings with a fitting program. It is expected
that in the future this question will be addressed.

The actual outline of the paper is as follows. In Section 2 the anomalous couplings are
described. The next section discusses those four-fermion final states, which are sensitive
to anomalous couplings and gives the required matrix elements. Some illustrative ex-
amples of anomalous effects in distributions are shown in Section 4, whereas Section 5
contains conclusions.

2. Anomalous couplings

In this section those non-standard couplings are defined, which will be considered
for the generation of anomalous four-fermion final states. When one uses only Lorentz
invariance as condition there exist 14 couplings, which lead to deviations from the SM
triple gauge boson couplings. Some of them can be immediately discarded since they
would either modify the strength of the electromagnetic interaction or introduce C or
CP violation in it. At this point there still are 9 parameters left, three of which lead to
CP violation through the ZWW interaction. Also these will be omitted. We are then left
with a Lagrangian of the form:

L =L1(C- and P-conserving)
+ L, (CP-conserving, C- and P-violating). (1)
Here £, takes the form
L =—ie [A,L(W"‘”W*,, - WHHPW= ) + FM,,W+"W"’]
+iecotf, [Z, (W WY, — WHHW™ ) 4+ Z, WHW™)
— iexyFQ, WHHW ™ + jexz Z,, WHHW >
+iedz [Z,(WH'W*, — WHYW™ ) + Z,, WHW 7]
. y}' vAy— +
+ le—MTWF W/\,u.w 'U'V
D AT L ——
—le';lTWZ W/\;LW ,uy (2)
whereas the second part reads
L= =2203,2,, (W W — gPw—oWe
My,
+ apw+0'W_a _ apw-Hrw—{r) (3)

where Z,,, is the dual field tensor

1
Zprr = Efpa'aﬁzaﬂ 4)
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with €g123 = —1. Taking the anomalous couplings vanishing leaves us with the first
and second lines in £, i.e. the SM Lagrangian. Although this general form will be
considered, there are theoretical symmetry arguments to reduce the number of indepen-
dent couplings [14]. In practical fits this reduction will be necessary. For completeness
we list the Feynman rule for the ZWW vertex when all particles are considered to be
outgoing:

W,

=ie(cotf, + 0z) [gpv(p_ - p+)p, + g,w(P+ ‘Po)p + gp.p(po e p‘)v]
+iexz [8upPY ~ 8uvPY)

ieyz - _ _ _
T, [((prpopy — pipopy ) + (P° - p*)(8uopy — 8oupy)
+ (pO 'p~)(gpup; - g/wp;) +(p~ - P+)(g;w1’2 - gpppg)]
€lz -
“MT [G#pml’g - f;wka'pg] POK(P+ -p)°.
w

For the yWW vertex one has to replace cotf,, + 6z by —1, x; and y, by —x, and —y,.
The coupling z, is zero.

With these vertices the matrix elements for four-fermion production will be evaluated.
It should be noted that the form chosen in the interaction corresponds to that of [14].
In the Z couplings the signs look different from [14]. This is however compensated by
the vector-boson—fermion couplings, which differ between the two papers. For the SM
we use here for the photon-electron vertex iey* and for the Z-vertex iey*(v — ays)
with a = —(4 sinf,, cos8,) ' and v=a(l — 4 sin’ 6,). In [14] the latter is the same
but the photon vertex has opposite sign.

3. The matrix elements

In the literature (see e.g. [17,18] and the references quoted there) studies have been
done of the effect of non-standard triple gauge boson couplings (TGC) involving W’s
on the following double and single gauge boson production processes

(1) et e — WHW—,
(2) et e — Wevr, ,
Byete — Zv. v, .
They are described by 3,9 and 7 diagrams respectively of which 2,2 and 1 diagrams
containing a triple gauge boson vertex. In practice these processes lead to four-fermion
final states. For a specific four-fermion final state not only the “signal” diagrams of
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Table 1
Leptonic four-fermion final states in et e~ collisions containing TGC contributions
Label Final state Na Ny Total Signals
1 ete v 7, 48 8 56 123
2 e~ Devyut 14 4 18 12
3 e~ DevprT
4 vee uT o,
5 veetT B,
6 yIANTR 17 2 19 1
7 rtr v,
8 T 7 2 9 1
9 T B ut
10 VePeptu~ 17 2 19 3
11 VePe7TT™
12 VeleVele 32 4 36 3
13 VePeVpby 11 1 12 3
14 VeDeVriy

Table 2
Semileptonic four-fermion final states in e*e¢~ collisions containing TGC contributions
Label Final state Na Nn Total Signals
1 e~ poud 16 4 20 12
2 €T DeCS
3 veetdil
4 vee'tsé
5 pobuud 8 2 10 1
6 M Pucs
7 wrv,di
8 utouse
9 T Byud
10 T~ PrC§
11 Tt dii
12 rtu,s¢
13 VeDeulil 17 2 19 3
14 VePecl
15 VeDedd 17 2 19 3
16 VePeSS
17 VePebb




472 FA. Berends, A.l van Sighem/Nuclear Physics B 454 (1995) 467-484

Table 3
Hadronic four-fermion final states in e*e~ collisions containing TGC contributions

Label Final state Ng Ny Total Signals
1 uidd 33 2 35 1
2 cedd
3 udsc 9 2 11 1
4 diics
P, A
P, A
D2, )‘ H
D3, P ] P2, A
W+
: Ps3; p
bemcmccaen
H 1%
. E P4, 0
e W
: P41, p ! ps, 0
E D5, 0 '
. Ps, 0
Ps, 0

Fig. 1. Generic diagrams for four-fermion production. The fermion momenta and helicities, and the bosons
are indicated. The bosons Vj 5 can be either Z, WE, or v, V can be either Z or .

the above reactions contribute but also “background” diagrams, of which some contain
also triple gauge boson vertices. Thus the anomalous couplings can contribute to the
background diagrams as well. Tables 1-3 list the leptonic, semileptonic and hadronic
final states which can originate from one of the above signals. Moreover, the number
of abelian diagrams (N,) and of non-abelian diagrams (N,), i.e. those containing TGC
contributions, is given. For the actual calculation of the matrix element we proceed as
in [9]. We first repeat the SM calculation and then extend it to non-standard couplings.
Although many diagrams can contribute to a specific final state there are only two
topological structures (generic diagrams), given in Fig. 1. In these diagrams all particles
are considered to be outgoing. The actual Feynman diagrams will be obtained by crossing
those electron and positron lines which were assigned to become the colliding e*te™
pair. In the abelian diagrams the charges of the fermions determine the character of the
two exchanged bosons, which may be W, W, Z or v. In the non-abelian diagrams,
two of the vector bosons are fixed to be W* and W, and the third one can be Z
or y. In this way we avoid double-counting of diagrams. In principle the particles and
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antiparticles can each be assigned in six ways to the external lines. For the non-abelian
diagrams we get at most 8 diagrams and due to the specific final states considered we
get at most 48 abelian diagrams. Fixing a specific four-fermion final state all possible
assignments are tried. Only those which are allowed for by the couplings survive in first
instance. Since also all helicity combinations are tried successively certain diagrams do
not contribute as can be seen from the numerator of the generic abelian diagram:

A(/\, P’ U;plap2ap39p4’p57p6)
=i (p)v ua(p2)

X dp(P3)Yu(P1 + b2 + P3) Voitp(pa)

X g (ps)¥ s (ps) - (5)
Here we have disregarded the particle/antiparticle distinction since it is already implied
by the assignment of the external momenta. The helicity labels A, p, o = £1 determine
the helicity of both external legs on a given fermion line. Using the Weyl-van der
Waerden formalism for helicity amplitudes [19] (or, equivalently, the Dirac formalism

of [20]), the expression A can easily be calculated. For instance, for A= p =0 =1
one finds

A(+,+.+;1,2,3,4,5,6) =4(31)*(46) [(51)"(21) + (53)*(23)] (6)

where the spinorial product is given, in terms of the momenta components, by

0~ p? 1/2
(kj) = (p} +ip}) [—’5——’;} - (ke j). (7
Pj —Pj

We denote the expression of Eq. 6 by Ag(1,2,3,4,5,6). All helicity combinations can
be expressed in terms of Ag, as follows:

A(+++4) =A0(1,2,3,4,5,6) A(———) =40(1,2,3,4,5,6)"
A(—++)=40(2,1,3,4,5,6) A(+— —) =A0(2,1,3,4,5,6)"
A(++ -) =A0(1,2,3,4,6,5) A(——+) =A40(1,2,3,4,6,5)"
A(—+ -) =4A0(2,1,3,4,6,5) A(+—+) =40(2,1,3,4,6,5)".

(8)

The numerator in the non-abelian diagrams can also be written in terms of the function
A:

BA(P1)Yatta(P2) 85 (P3)Yultp(Pa) g (P5) Yot (Ps)
x {g4%(p1 + p2)” + g (ps + pe)* + &#(p3 + pa)®}
=A(/\,P,0', 192’ 3749596) - A(O',P, A;5,693,4’ 1’2) - (9)

Thus, for massless fermions, every helicity amplitude consists of a sum of very system-
atic, and relatively compact, expressions.

Extending now the yWW coupling with non-standard terms from the previous section
we get as new numerator
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[A(A,p,0;1,2,3,4,5,6) — A(0,p,A;5,6,3,4,1,2) ]
+x.,B(/\ p.0;1,2,3,4,5,6)

M2 [(p3+p4) - (p1 +p2)B(A,0,p:1,2,5,6,3,4)

~(ps+ps) - (p1+p2)B(A p,0;1,2,3,4,5,6)
+ (p3+ps)-(ps+ps)B(p,A,0;3,4,1,2,5,6)]

2C(/\p,0'123456)

M (10)

and for the new ZWW-vertex

_(COt0W+52) [A(A’p90';192937455v6)
—xZB(/\ p,0,1,2,3,4,5,6)

- A(0,p,45,6,3,4,1,2)]

M2 [(p3+pa) - (pr+p2)B(A,0,p;1,2,5,6,3,4)

—~(ps+ps) - (p1 +p2)B(A,p,0;1,2,3,4,5,6)
+(p3+pa) - (ps+ps)B(p,A,0:3,4,1,2,5,6)]

MZC(/\p,0'123456)

+’Z—ZD(A p,0:1,2,3,4,5,6) (1)
MW

where the new functions B, C and D are defined as

B(+.+,+:1,2,3,4,5,6) =2(31)* (35)*(26) (34)
+2(43)*(15)* (42) (46), (12)

C(+,+,+:1,2,3,4,5,6) =2 [(13)*(23) + (14)*(24)]
X [(35)*(45) + (36)*(46)1 [(51)*(61) + (52)"(62)],
(13)

D(+,+,+;1,2,3,4,5,6)
=2i(35)*(35)*(34)(56) [(13)™(23) + (14)*(24)]

— 2i(46)(46)(34)*(56)* [ (13)*(23) + (14)*(24)]

+ 2iB1)*(31)*(34)(12) [(53)"(63) + (54)*(64)]
— 2i{42)(42)(34)*(12)* [{53)*(63) + (54)*(64)] . (14)

When Egs. (12)-(14) are denoted by By, Cp and Dy then the expressions for B, C and
D satisfy the same relations (8) as A.

Finally it should be noted that the vector boson propagators are implemented in the
form (q> — M% + iMyI'y)~!, irrespective whether g is timelike or not. This recipe
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guarantees the validity of electromagnetic gauge invariance. When this is violated even
by a small amount forward electron cross sections can be off by orders of magnitude.
This is due to photon exchange in the s-channel and was already noticed a long time
ago as a problem in single W-production [21]. A less ad hoc solution to this problem
is underway [22].

4. Results

Whereas at high energies total cross section measurements will give crucial informa-
tion on the size of possible non-standard couplings, one has to consider at LEP2 angular
distributions for this purpose. The natural five-dimensional differential cross section is

do(e"et - W Wt — fi s f3f4)
dcos #dcos 8;deg; d cos 8rd ¢,

(15)

where 0 is the angle between the incoming electron and W™. The angles 8, ¢, are the
polar and azimuthal angles of the particle f; in the rest system of the parent particle
W~, whereas the angles 6, ¢, fulfill a similar role for the antiparticle f4 originating
from W, The angles are defined with respect to coordinate frames related to the W~
and W*. The z-directions are the directions of the momenta of the vector-bosons. The
y-axes are defined by respectively p_ x ¢_ and g, x p,, where p_, p, denote the
momenta of the incoming electron and positron and ¢_, g, the momenta of the W~
and W,

In the zero width limit the above cross section is directly related to the helicity
amplitudes for on-shell W-pair production and functions describing the decay of the
vector-bosons [13,14]. In principle direct fits to the above cross section could be
performed. In practice one- or two-dimensional distributions will often be used. In
the following we shall study do/d cos 6, do/dcos 8y, do/dé;.

The main purpose of this section is to illustrate effects of certain phenomena which
have so far not been incorporated in anomalous coupling studies. These are the effects of
the finite W-width, of ISR and of background diagrams. It is useful to define a number
of (differential) cross sections ¢ evaluated under different assumptions. In the first
place we introduce SM cross sections o'sm.on, TSM> TSM,cutss TsM.ISR and osman which
are respectively on-shell, off-shell signal cross sections (i.e. with three diagrams), the
off-shell signal case with cuts or with ISR and the cross section containing all diagrams.
Furthermore, we define oan, TAN.cutss, OaNIsrR, and oanan which are (differential)
anomalous cross sections calculated with the three signal diagrams, for the whole phase
space, with cuts or with ISR, and with all diagrams without ISR. We shall specify the
phase space cuts below. They are essential for the calculations with all diagrams osm an
and oan an but are for reasons of comparison also introduced in osm cuts and T AN, cuts-

The following ratios give an illustration of the effects of the finite width, the ISR,
background diagrams and of non-standard couplings:
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OSM

Ri=——, 16
: OSM,on ( )
o
Ry = SM,ISR a7
OsSM
o
Ry =Ml (18)
TSM,cuts
ag
Ry=2N (19)
TSM
Rs = TANall (20)
TSM,all
The reaction which we take as example is
e et > e'“ﬁeucf. (21)

The following input parameters are used

a~'=128.07
sin® 8, =0.23103
M7 =91.1888 GeV
My =80.23 GeV
'z =2.4974 GeV
Ty =2.08 GeV.

where sin’ 8, is chosen in such a way that combined with the above running « value
the correct G, is obtained:

am
© V2sin?6,M3, (22)
For the ISR the usual value of a is used. It should be noted that the above experimental
values for the total widths are incorporated in the propagators. In EXCALIBUR the
decay widths of the W into a lepton pair or quark pair are independent from the
input total width. They follow from the other input parameters. Since one would like
to have s-dependent widths in the s-channel and because this would violate gauge
invariance the following practical procedure is used. The s-dependent widths can be
transformed into a constant width [23]. When this constant width is used in both s- and
t-channel gauge invariance is ensured in a simple way, which numerically agrees well
with theoretically more sound methods [22]. Thus the calculations are performed with
propagators (¢* - M%, + iMyTy) !, where

Mv=Mv/ 1+’)’%/, (23)

fv=rv/ 1+’)’%/, (24)
yv=TIy/My. (25)
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Table 4
In each entry oan is given for one non-vanishing anomalous coupling. Each second row gives the error to
OAN
V5 =190 GeV: osm = 0.6490 £ 0.0010 pb
only WW-diagrams, no ISR
6z Xy »r xz vz 2z
-0.5 0.6729 0.6866 0.6823 0.6582 0.6592 0.6863
0.0011 0.0015 0.0011 0.0011 0.0011 0.0011
-02 0.6537 0.6611 0.6578 0.6512 0.6501 0.6573
0.0011 0.0010 0.0010 0.0010 0.0010 0.0011
02 0.6504 0.6402 0.6456 0.6486 0.6509 0.6493
0.0010 0.0010 0.0011 0.0010 0.0010 0.0010
0.5 0.6666 0.6358 0.6524 0.6534 0.6617 0.6679
0.0010 0.0010 0.0010 0.0010 0.0010 0.0010
Table 5
As Table 4 but for oaN ISR
V5 =190 GeV: agmsr = 0.5790 £ 0.0011 pb
only WW-diagrams, ISR
8z Xy Yy xz vz 2z
-0.5 0.6001 0.6084 0.6053 0.5882 0.5878 0.6077
0.0011 0.0011 0.0011 0.0011 0.0011 0.0011
-0.2 0.5825 0.5889 0.5861 0.5806 0.5797 0.5853
0.0011 0.0011 0.0011 0.0011 0.0011 0.0011
02 0.5809 0.5721 0.5766 0.5792 0.5811 0.5794
0.0010 0.0011 0.0011 0.0011 0.0011 0.0010
0.5 0.5945 0.5683 0.5827 0.5834 0.5900 0.5928
0.0011 0.0011 0.0011 0.0011 0.0011 0.0011

With these input values various differential cross sections have been evaluated. The
SM and anomalous cross sections with all diagrams osmcys and oanay have to be
calculated with cuts avoiding thus the singularities due to the massless fermions. In
order to make meaningful comparisons the cross section osmcys in R3 has the same
cuts. The imposed cuts are

E,_,;>20 GeV

fcosd,- , 41 <09
[cos Z(ud)| < 0.9
m,g > 10 GeV

where 6 is the angle between the outgoing particles and the incoming beams.
In Tables 4-7 total cross sections oaN, OAN,ISR, TAN,cuts and o AN an are listed for an
energy of 190 GeV. For each anomalous coupling the values +0.2, +0.5 are considered,

(26)
(27)
(28)
(29)
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Table 6
As Table 4 but for AN cuis

V5 = 190 GeV: ospcus = 0.45970 £ 0.00097 pb
only WW-diagrams, no ISR, cuts

oz Xy Vy Xz vz 2z
-0.5 0.4783 0.48705 0.48484 0.46781 0.46721 0.4909
0.0010 0.00099 0.00099 0.00098 0.00098 0.0010

—0.2 0.46372 0.46863 0.46623 0.46191 0.46067 0.46787
0.00098 0.00098 0.00097 0.00097 0.00097 0.0009%

0.2 0.46050 0.45361 0.45774 0.45930 0.46134 0.45898
0.00097 0.00097 0.00097 0.00097 0.00097 0.00097
0.5 0.47080 0.44998 0.46330 0.46256 0.46921 0.47068
0.00097 0.00097 0.00097 0.00097 0.00097 0.00098

Table 7
As Table 4 but for oan.an

V5 =190 GeV: oy an = 0.4705 £ 0.0010 pb
all diagrams, no ISR, cuts

oz Xy Yy Xz yz 2z
-0.5 0.4881 0.4961 0.4942 0.4791 0.4778 0.5018
0.00t1 0.0010 0.0010 0.0010 0.0010 0.0011
-0.2 0.4743 0.4786 0.4767 0.4724 0.4708 0.4782
0.0010 0.0010 0.0010 0.0010 0.0010 0.0010
0.2 0.4724 0.4665 0.4690 0.4701 0.4725 0.4699
0.0010 0.0010 0.0010 0.0010 0.0010 0.0010
0.5 0.4824 0.4651 0.4758 04737 0.4808 04816
0.0010 0.0010 0.0010 0.0010 0.0010 0.0010

while the other anomalous couplings are kept to zero. The SM differential cross sections
are given in Fig. 2. Differential cross section ratios are given in the form of histograms
in Figs. 3-10. From R it is seen that the inclusion of the finite width already changes
the cos @ distribution by a few percent. Comparing the on- and off-shell oan a similar
angular modification arises [24]. Similarly the inclusion of ISR or background diagrams
introduces even larger modifications of this angular distribution. In order to show the
effects of the various anomalous couplings histograms of R4 and Rs are presented with
values £0.5 for every coupling successively, the others being zero at the same time.
When doing the analysis with the three signal diagrams both for SM and non-standard
couplings (R;) the overall picture is roughly the same as for the case where both cross
sections contain all diagrams (Rs). The effects of the anomalous couplings show up
most clearly in the cos @ distribution as can been seen when comparing with the pictures
of the cos #; and ¢; distributions.
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5. Conclusions

With the extended EXCALIBUR program it becomes possible to study effects of
anomalous couplings in all four-fermion final states which receive contributions from
non-abelian diagrams. In this way finite width effects of the vector-bosons are incor-
porated and studies of ISR and background diagrams can be made. Up to 2 TeV the
program works efficiently. For studies at higher energies the present phase space treat-
ment of the multiperipheral massive vector-boson diagrams should be adjusted, which
in principle does not pose any problem. For LEP2 this is not yet required.

From the presented results it is clear that in particular the distribution in the W
production angle @ is affected by the finite W width, ISR and background. Also here
anomalous couplings show up most clearly. The results of this paper give a quantitative
assessment of the above effects, which have hitherto not been considered in the literature.
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