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Abstract. All lowest-order amplitudes for ete™ — 4fv are calculated including five anomalous quartic
gauge-boson couplings that are allowed by electromagnetic gauge invariance and the custodial SU(2).
symmetry. Three of these anomalous couplings correspond to the operators Lo, L., and £, that have been
constrained by the LEP collaborations in WW+ production. The anomalous couplings are incorporated
in the Monte Carlo generator RACOONWW!. Moreover, for the processes e’e™ — 4fy RACOONWW
is improved upon including leading universal electroweak corrections such as initial-state radiation. The
discussion of numerical results illustrates the size of the leading corrections as well as the impact of the
anomalous quartic couplings for LEP2 energies and at 500 GeV.

1 Introduction

In recent years, the experiments at LEP and the Teva-
tron have established the existence of elementary self-
interactions among three electroweak gauge bosons,
mainly by analysing the reactions ete™ — WTW~ and
pp — W~ + X. The empirical bounds (see e.g. [1]) on
anomalous triple gauge-boson couplings confirm the
Standard-Model (SM) couplings at the level of a few per
cent. Recently, the LEP collaborations have started to put
also bounds on anomalous quartic gauge-boson couplings
(AQGC) upon studying the processes ete™ — WHTW ™,
ete™ — Zvy, and ete” — viyy. The OPAL [2], L3 [3]
and ALEPH collaborations have already presented first
results, which have been combined by the LEPEWWG
[4].

The experimental analysis of anomalous triple and
quartic gauge-boson couplings requires precise predictions
from Monte Carlo generators including these anomalous
couplings. In particular, it is necessary to account for
the instability of the produced weak bosons, which de-
cay into fermion—antifermion pairs. While several gener-
ators including triple gauge-boson couplings in eTe™ —
WW — 4f exist for quite a long time [5], up to now no
generator has been available that deals with the processes
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efe™ — WW(y) — 4f~v in the presence of AQGC2. As
a preliminary solution [2,3] a reweighting technique was
used in existing programs for ete™ — WW(y) — 4fv in
the SM where the SM matrix elements were reweighted
with the anomalous effects deduced from the program
EEWWG [7] for on-shell WW~ production. The aim of
this paper is to improve on this situation by implement-
ing the relevant AQGC in the Monte Carlo generator
RACOONWW [8], which is at present the only generator
for all processes ete™ — 4f~. SM predictions for all 4f~
final states obtained with this generator were presented
in [9]; further results for specific final states can be found
in [6,10,11]. Here we supplement these numerical results
by a study of AQGC effects at LEP2 and linear collider
energies. Moreover, we include two quartic gauge-boson
operators in the analysis that, to the best of our knowl-
edge, have not yet been considered in the literature before.

As a second topic, we improve the RACOONWW pre-
dictions for 4f~ production by including the dominant
leading electroweak corrections. In particular, we take into
account additional initial-state radiation (ISR) at the lead-
ing-logarithmic level in the structure-function approach
of [12], where soft-photon effects are exponentiated and
collinear logarithms are included up to order O(a?). Lead-
ing universal effects originating from the renormalization
of the electroweak couplings are included by using the so-
called G,-input-parameter scheme. The singular part [13]

2 While finishing this paper a version of the Monte Carlo gen-
erator WRAP [6] became available that also includes AQGC
but uses a different set of operators
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of the Coulomb correction, which is relevant for interme-
diate W-boson pairs in ete™ — WW(y) — 4f~ near their
kinematical threshold, is also taken into account.

The paper is organized as follows. In Sect.2 we in-
troduce the relevant AQGC and give the corresponding
Feynman rules, which are used in Sect. 3 to calculate the
AQGC contributions to all ete™ — 4fv amplitudes. In
Sect. 4 we improve the tree-level predictions by including
leading universal electroweak corrections. Section 5 con-
tains our discussion of numerical results, which illustrate
the impact of the leading corrections to the SM predic-
tions as well as the effects of the AQGC. A summary is
given in Sect. 6.

2 Anomalous quartic gauge-boson couplings

Since we consider the class of ete™ — 4fv processes in
this paper, we restrict our analysis to anomalous quar-
tic gauge-boson couplings (AQGC) that involve at least
one photon. Moreover, we consider only genuine AQGC,
i.e. we omit all operators that contribute also to triple
gauge-boson couplings, such as the quadrilinear part of the
well-known operator FHYW #W,,,- Imposing in addition
a custodial SU(2), invariance [14] to keep the p parame-
ter close to 1, we are left with operators of dimension 6 or
higher. Following [7,15-17] we consider dimension-6 oper-
ators for genuine AQGC that respect local U(1)ey, invari-
ance and global custodial SU(2), invariance. These sym-
metries reduce the set of such operators to a phenomelogi-
cally accessible basis. More general AQGC were discussed
in [18].
In order to construct the relevant AQGC, it is conve-

nient to introduce the triplet of massive gauge bosons

W, = (W, W,.77,) (2.1)

- (1(W+ WY (W WY, 7 )
= \/i s \@ s Co wlo

where WMi and Z,, are the fields of the W= and Z bosons,
and the (abelian) field-strength tensors

FH = 9rAY — 9" AP,

W = e W — oW, (2.2)
where A, is the photon field. The parameter c,, is the
cosine of the electroweak mixing angle. The quartic di-
mension-6 operators are obtained upon contracting two
factors of W, with two field-strength tensors. Under the
explained symmetry assumptions there are five indepen-
dent AQGC operators of dimension 6. We choose the fol-
lowing basis:

2

& v = o
ﬁo:—lGAzaoF'u Fuy“la“l 5

e? P S
Lo =y 0o FusW Weo

2 . .
e vt w5l ko
L, = TV an €k MW WL W

A. Denner et al.: Probing anomalous quartic gauge-boson couplings via e

Te™ — 4 fermions 4+~

2

5 € ~ e
£0 = _]_6/12 [e)) FH FHVW(XW 5
< e T T Tk
En = —W Ay Eiij WM(XWVW y (23)
where 1
F,ul/ = ieyupUFpU (50123 = +1) (24)

is the dual electromagnetic field-strength tensor, and e is
the electromagnetic coupling. The scale A is introduced to
keep the coupling constants a; dimensionless. The opera-
tors £y and L, which were introduced in [15], conserve
the discrete symmetries® C, P, and CP, while the others
respect only one of these symmetries. The operator L,
which was defined in [7,16,17], conserves only P, but vio-
lates C and CP. The P-violating operators £y and £, have
to our knowledge not yet been considered in the literature.
While Ly conserves C and violates CP, L£,, conserves CP
and violates C.

We add some comments on the completeness of the set
(2.3) of quartic couplings. At first sight, there are three
more P-violating couplings of dimension 6 that can be
constructed with the tensor €,,,,, namely

i pai vk, o
Eijh EpvpoW W W R
i ] pr o
Eijh EpvpoW WO R
o
Epwpe P FPOWW,,. (2.5)

These operators can be reduced to £y and £, by exploiting
the Schouten identity

JapEpvpo + Jau€vpop + Gav€poBu

+9ap€opur + Gac€Buvp = 0, (26)

which is a consequence of the four-dimensionality of space-
time. Moreover, we could have constructed also operators
from 0, W, and 0, W, separately instead of taking W,,,.
However, the new operators obtained this way only lead to
additional terms involving either 9*W,, or O"F),,, which
do not contribute to the amplitudes for eTe™ — 4f~v for
massless external fermions.

In order to deduce the Feynman rules for the consid-

ered AQGC, we express the fields W; in terms of physical
fields,

N 1
WW., =Wtw— +w-w+
LA e 4 + By + C\2>v ZMZW
e W " WHIWNT = Wik (W, Z, - W, Z,)

Cw

3 We adopt the usual convention [19] that PV,P~! = V*
and CV,C~' = fVJ for all electroweak gauge bosons. While
for the photon (V = A) these transformations follow from the
C and P invariance of the electromagnetic interaction, for the
weak bosons (V = W¥, Z) they are mere definitions, which
are, however, in agreement with the C and P invariance of the
bosonic part of the electroweak interaction. The CP transfor-
mation, on the other hand, is well-defined for all electroweak
gauge bosons
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W, (WS Z, — W, Z,)
+ 2, (WiW, —WIW,)|.(2.7)

Taking all fields and momenta as incoming, we obtain the
Feynman rules

A;upl {WJ;ZQ}’p?’
hon (Wb
. 62 1 o v v
=ige {1;0‘%} {4&09 Al(p1p2)g™ — pivh]

ac (PSP + PpS) g + (p1p2)(9"g"? + g"g"?)
—pY Py 9" + p5g"?) — ph (0] g + pg”?)]

+4 ag gaﬂplppz(;&“pw}, (2.8)
A;Aapl W(jvp3
Zuap2 W[;vp4
e? B B
— _ po By B va
1642, {an [ (p1p2)(9"“ 9™ — 9" g"")

—(p1p3) (9" "™ — g" g*?) — (p1pa) (9" 9°°

—g" g + ph (g% — plg®) + ph (0] 9"

—p¥ %) + pl (DY g™ — pg®) — g (DD
—pp) — " (] — pipy) — g"P (pSDY — PYDS)
+an pip [(pl + p2) e*PHP - (py + p3)ePre

+(p1 + pa)P" P — (p2 — p3)og” e P
—(p3 — pa)og™Pevrr

(1 = p2)og™em ] |, (2:9)
Note that the yZWTW = coupling is symmetric with re-
spect to cyclic permutations of ZWTW =, i.e. of (p2,v),
(p37 Oé), (p4, ﬁ)

In order to evaluate the diagrams with the P-violating
couplings within the Weyl-van der Waerden spinor for-
malism (see [20] and references therein), which we use in
the calculation of our amplitudes, the tensor ¢**?? has
to be translated into the spinor technique. Following the
notation of [20] the tensor is substituted in the Feynman
rules according to the identity (9123 = +1)

1 1 ¢ 1 ; 1 ¢
pvpo [ = _AB - CD - EF - GH
(02 (3207) (387) ()

<€AE6CG€BD€FH _ eACEEGEBFeDH) . (2.10)
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For the the Standard-Model (SM) parameters and
fields, i.e. for the SM Feynman rules, we follow the con-
ventions of [21]4.

3 Amplitudes with anomalous quartic
gauge-boson couplings

In [9] we have presented the SM amplitudes for all ete™ —
4f~ processes with massless fermions in a generic way.
The various channels have been classified into charged-
current (CC), neutral-current (NC), and mixed CC/NC
reactions, and all amplitudes have been generated from
the matrix elements Mcc, and Mpca, which correspond
to the simplest CC and NC reactions, called CCa and
NCa, respectively:

CCa: ete” — ffFF,
NCa: ete™ — ffFF,

where f and F are different fermions (f # F) that are
neither electrons nor electron neutrinos (f, F' # e, ve)
and their weak-isospin partners are denoted by f’ and F”,
respectively. Here we supplement the SM amplitudes of
[9] by the corresponding contributions resulting from the
AQGC given in (2.3). We follow entirely the conventions
of [9] and denote the external particles of the considered
reaction according to

e+(p+, 0+) te (pj7 U*)
— fi(k1,01) + fa(ka, 02) + f3(k3, 03)

+fa(ka, 04) + ks, N), (3.1)

where the momenta and helicities are given in parentheses.
We list the expressions for the contributions dMcca,aqac
and dMnca,aqec of the anomalous couplings to the
generic CC and NC matrix elements Mo, and Myca,
respectively, which have to be added to the SM contri-
butions. From Mc¢cea, and Mpyca the amplitudes for all
other CC, NC, and CC/NC reactions are constructed as
explained in [9]. Some minor corrections to this generic
construction are given in Appendix A.

We express the AQGC contributions d M cca,aqcc and
OMnca,aqac in terms of the two generic functions
M. vv,aqac and Mzww,aqac, which correspond to the
yyVV and vZWW couplings, respectively, with V =
W, Z,

04,0-,01,02,03,04,\
OMcCaaqce (P4,p—, k1, ko, k3, ka, ks)

_ MU+7U—,—017—027—03,—04,

A
~WW,AQGC (P4 0—, —F1, —k2,

4 In this context it is important to recall that different con-
ventions are used in the literature concerning the sign of the
electroweak gauge coupling g = e/sw, and thus of the sign of
the sine of the weak mixing angle sy. Since the SM quartic
coupling yZWT W™ changes under the inversion of this sign,
which of course can never affect physical quantities, the anoma-
lous yZWT W™ coupling also has to be reversed when switching
from one convention to the other, although s\, does not appear
in (2.9) explicitly
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f_c(pma'c) [20]

a\PayTa V;
f (p 7 ) V. : fd(Pd,a'd) Ajo+++(paapbapc’pdapeapfa k)
1
7k, 2) .~ k)*)° *(pepe
fo(po, %) felpe, o)
ff(pf7af) Aic+++(paﬂpbapc7pd7p6upf7 k)
Fig. 1. Generic diagram for the AQGC contribution to = L[2<papb>*<pdk>*<pfk>*<pap0><pap6>
ete™ — 4fy (Pa - Db)
+ (k)" paps) (paps) (pepe) (3.7)
_k?n _k47 k5)
o g —01,—02,—03,—0. A++++ a C € k
+MZJ{/[;V§,)AQE},C 2,—03, 4’)\(p+,p,,—k‘1,—k‘2, an (p s Pbs Pecy Pds Pes Py )
—ks3, —ka, ks), (3.2) = (an + i&n){<pbpf>*<pdk>*<pape> [<pak>*<papc>

+<pbk>*<pbpc> + <pek>*<pcpe> + <pfk>*<PcPf>}

5M”+70—7‘71702’03’U4’>‘ Dy k1, ko, k3, ka, k s * * *
NCa,AQGC (p+ p 15 2, v3, vd 5) +<pbpd> <pfk> <papc> [<pck> <pcpe>+ <pdk> <pdpe>

:Mour,o’,,7(71,70'2,70'3,70'4,)\(19 D ki —k
yZZ,AQGC +> ) 1, 2 . .
s k) ~(pak) (pape) = (ok)* (o)
M SRGaS T (ke —ha, —ks, —ka, ~(paps)* (pok) " (pepe) | (k)" (pape) + (1K) (papy)
_k * *
p+’p7; iw o ot o —(pck)™ (pape) — (pak) <papd>]}- (3.8)
<i>'/\/l'yZ3Z,,AQC7}(5*—7 o ’ 1 (7k337k4ap+7p—5
—k1, —ka, ks). (3.3) The remaining polarization combinations follow from

crossing and discrete symmetries,

The generic Feynman graph that corresponds to R
My, v,vs aqQcc is shown in Fig. 1, where the fermions and Aa (Pa; Py, Pe, Pd; Pe, Py, )
antifermions are assumed as incoming and the photon as = A$k+++(pa7pb7pcapdypfapm k),

outgoing. Explicitly the generic functions read A= (Do, Dby Pe, Pas P s, k)
ak a sy Mesy sy Pes )

My IR EET T (Do, Py ey Pas Des Dy ) = A3 " (pas os Pas e, Pes 1 K),
__ECnvvs e s o AL (Pas Pos Des Pas Pes Df K)

8y/2A2 oo e oanee s Iy fu fy IV fefa = AL (Pay P, Pas Pes Py Pes ),
xgvs 1, Pv(Pe + pa) Py (pe + py) AT (Das oy Pes Pas Pes Py )

- A(::r++(pb7paapmpdapcapfa k),

X [SAZS’UC’UG’A(paapbapcapdapeapfa k) A_+_+( k)
ak DPasPbsPcyPdsPesPfy

+Agc Ter? (pavpb7p07pd7pevpf7k):|7 :Ajk+++(pbvpaupcvpdvpf7peak)a
with Cyyzz =1/ck, Cryww =1, (3.4) Ay " (Pas vy Pes Py Des Df 5 )
= A$k+++<pb7pa7pdvpc7peapf7 k)7
as 1Ocy 1yTes 1>\ -———+
M;V;{?V?:A(g(d}g o (pa7pb7p67pd7pe7pf7k) Aak (pa’pb’pc’pd’pe’pf’k)
i€5 = A(_J,‘—k+++(pb7paapd7p0apfapeak)v
= 25%,fffb(sffun“sodﬁéoe&‘safﬁ (Qc — Qa) ATa:0c,0d,~
8v/2¢ A o (Pas Pbs Pes Pds Pes s+ k)
X975 19w i 19w f. 1, 2 (Pa + Do) P (Pe + pa) = (A, 77 (pg, Py, Pe, Pa, Pe, s, K))
X Py (pe + ps) A3 77N (Da, Db, Des Pds Des Py k), k=0,cn. (3.9)

(35) TItis interesting to observe that the helicity amplitudes for
ao and ag, and similarly for a,, and a,, differ only in factors
+i for equal coupling factors. These AQGC are the ones
that are related by interchanging a field-strength tensor F
evaluated the auxiliary functions AZZ""C*"W\ with £ = with a dual field-strength tensor F' in the corresponding
0,c¢,n in terms of Weyl-van der Waerden spinor products operators in (2.3).

where the propagator functions Py (p) and the fermion—
gauge-boson couplings g7, 7 can be found in [9]. We have
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As we had already done in [9] in the case of the SM
amplitudes, we have numerically checked the amplitudes
with the AQGC against an evaluation by Madgraph [22],
which we have extended by the anomalous couplings. We
find numerical agreement for a set of representative 4 f~
final states.

4 Leading universal electroweak corrections

Besides the genuine AQGC we have also included the dom-
inant leading electroweak corrections to ete™ — 4 f~ into
RACOONWW, similar to our construction [23] of an im-
proved Born approximation (IBA) for ete™ — WW —
4f.

The dominant universal effects originating from the
renormalization of the electroweak couplings are included
by using the so-called G ,-input-parameter scheme. To this
end, the global factor a® in the cross section is replaced
by aéua(()) with

_ \/iG#M\%Vs?N

= (4.1)

OZG“
While the fine-structure constant «(0) yields the correct
coupling for the external on-shell photon, ag, takes into
account the running of the electromagnetic coupling from
zero to M\%V and the leading universal m-dependent cor-
rections to CC processes correctly. The m¢-dependent cor-
rection to NC processes are not included completely. These
could be accounted for by introducing an appropriate ef-
fective weak mixing angle. However, we prefer to keep the
weak mixing angle fixed by ¢2 = 1 — s2 = Mg /M2, in
order to avoid potential problems with gauge invariance
which may result by violating this condition.

Initial-state radiation (ISR) to ete™ — 4fv is imple-
mented at the leading-logarithmic level in the structure-
function approach of [12] as described for eTe™ — 4f in
[8] in equations (5.1)—(5.4),

1 1
/ dotps 47 = /0 da /0 Ao FEF (21, Q) TEF (2, Q)

rete™—dfry
X/ O1BA

In the structure function I'‘“(x,Q?) [8,24] soft-photon
effects are exponentiated and collinear logarithms are in-
cluded up to order O(a?). The QED splitting scale Q? is a
free parameter in leading-logarithmic approximation and
has to be set to a typical momentum scale of the process.
It is fixed as Q? = s by default but can be changed to any
other scale in order to adjust the IBA to the full correc-
tion or to estimate the intrinsic uncertainty of the IBA by
choosing different values for Q2.

For processes with intermediate W-boson pairs, ete™
— WW(~) — 4f~, the singular part [13] of the Coulomb
correction is taken into account, i.e. in this case we have

(T1p4, w2p—). (4.2)

~ete™ ~ete” 2
dUIBA Y = dJBorn el [1 + 5COul(3/, kia kQ_)g(ﬂ)] )

s = (ky + k)2 (4.3)

+

e~ — 4 fermions +y

Fig. 2a,b. Generic diagrams contributing to the Coulomb sin-
gularity in ete™ — 4fy

The Coulomb singularity arises from diagrams where a
soft photon is exchanged between two nearly on-shell W
bosons close to their kinematical production threshold and
results in a simple factor that depends on the momenta
k1 of the W bosons [13,25],

bcon(s' 2.2 = 2 1y {m (HMM) } |

B B+ B+ Ay
- s+ kY + kY —26'k% — 25'k2 — 2k1 K2
B = 7 )
4(M2, — iMwI'w) k2 — k2|
ﬁ = \/1 — W o s AM = T

(4.4)

This correction factor is multiplied with the auxiliary

function B .
9B =(1-p%",

in order to restrict the impact of dcou to the threshold
region where it is valid.

For ete™ — 4fv both diagrams where the real pho-
ton is emitted from the initial state (see Fig.2a) or from
the final state (see Fig. 2b) contribute to the Coulomb sin-
gularity. Therefore, it is not just given by a factor to the
complete matrix element. However, applying different cor-
rection factors to different diagrams would violate gauge
invariance. Therefore, we decided to use an effective treat-
ment that takes into account the dominant effects of the
Coulomb singularity. We actually implemented two differ-
ent variants:

(4.5)

1. In the first variant we multiply the complete matrix el-
ement with the Coulomb correction factor with k. =
k1 + ko and k_ = k3 + k4. In this way we multiply the
correct Coulomb correction to all diagrams with ISR
(Fig. 2a). However, in this approach we do not treat
the Coulomb singularity in diagrams with final-state
radiation (Fig.2b) properly. Nevertheless, this recipe
should yield a good description of the Coulomb singu-
larity, since the diagrams with two resonant W bosons
and photon emission from the initial state dominate
the cross section. This expectation is confirmed by the
numerical results presented below.

2. In the second variant we improve on this prescription
by differentiating between initial-state and final-state
radiation according to the invariant masses in the final
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state. To this end, the W-boson momenta entering the
Coulomb correction factor are fixed as

(k‘1 + ko, k3 + k4)
for Ajg < Aqas, Azy < Asys,
(k‘1 + ko + ks, k3 + k4)
for Ayg > Aqgs, Azy < Asys
or Ayg > Aqos, Azy > Asys,
Aqgs < Aszys,
(k‘l + ko, ks + kg + ki5)
for Ayp < Ayas, Azg > Asys
or Ayp > Aqas, Azq > Asys,
Atos > Asys,

(ky k_)= (4.6)

where Aij = |(k‘l + k}j)Q — M\%V' and Aijl = |(k‘l +
kj + ki)? — M%|. In this way we effectively apply the
correct Coulomb correction factor to all dominating
doubly-resonant contributions, shown in Fig. 2.

The Coulomb singularity is not included in processes that
do not involve diagrams with two resonant W bosons.

Finally, we optionally include the naive QCD correc-
tion factors (1 + ag/m) for each hadronically decaying
W boson.

In order to avoid any kind of mismatch with the decay,
Iy is calculated in lowest order using the G, scheme. This
choice guarantees that the “effective branching ratios”,
which result after integrating out the decay parts, add up
to one when summing over all channels. Of course, if naive
QCD corrections are taken into account, these are also
included in the calculation of the total W-boson width.

5 Numerical results

For our numerical analysis we take the same SM input pa-
rameters as in [8,11]. We use the constant-width scheme,
which has been shown to be practically equivalent to the
complex-mass scheme for the considered processes in [9].
The errorbars shown in the plots for the relative correc-
tions result from the statistical errors of the Monte-Carlo
integration.

right-hand side

5.1 Comparison with existing results

We first compare our results for ete™ — 4fv including
leading corrections with results existing in the literature.

Predictions for ete™ — 4f including ISR corrections
have been provided with the program WRAP [6]. First re-
sults have been published in [11] where also a comparison
with RACOONWW at tree level was performed. Here we
present a comparison between WRAP and RACOONWW
for the same set of input parameters and cuts as in Sect.
5.2. of [11] but including ISR. In this tuned comparison,
the W-boson width is kept fixed at I'y = 2.04277 GeV,
and neither the Coulomb singularity nor naive QCD cor-
rections are included. The results are shown in Figs. 3 and
4.

The absolute predictions on the left-hand sides are
hardly distinguishable. The relative deviations shown on
the right-hand sides reveal that the agreement between
WRAP and RACOONWW is at the level of the statistical
error of about 0.2%. The comparison has been made for
collinear structure functions. Unlike pr-dependent struc-
ture functions, collinear structure functions do not al-
low to take into account the Bose symmetry of the final-
state photons resulting in some double counting [26]. How-
ever, for not too small cuts on the photon energy and
angle these effects are beyond the accuracy of the leading-
logarithmic approximation. This has been confirmed by
the numerical analysis in [6].

In Figs.5-7 we repeat the comparison between
YFSWW3-1.14 (scheme A) [27] and RACOONWW given
in Sect. 4.1. of [11] for the photonic distributions. But now
we include Dbesides the tree-level predictions of
RACOONWW for eTe™ — 4f+ also those including lead-
ing-logarithmic ISR. Note that unlike in all other distri-
butions discussed here, a recombination of photons with
fermions is performed for this comparison. We restrict
ourselves to the “bare” recombination scheme (see [8,11]
for details). Moreover, the W-boson width is calculated
including the full O(a) electroweak corrections together
with naive QCD corrections resulting in Iy = 2.08699
GeV. We compare the distributions in the photon energy
E,, in the cosine of the polar angle ¢, of the photon w.r.t.
the et beam, and in the angle 6. between the photon
and the nearest charged final-state fermion for the process
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Fig. 4. Total cross section including leading-
logarithmic ISR corrections for the process
ete” — udp~ 7,y as a function of the mini-
mal energy of the observed photon for /s =
192 GeV. Absolute predictions from WRAP
[6] and RACOONWW are shown on the left-
hand side, the relative differences between
the two programs are shown on the right-
hand side

Fig. 5. Distribution in the photon energy
for the process ete™ — udu v,y at /s =
200 GeV

Fig. 6. Distribution in the cosine of the polar
angle of the photon w.r.t. the et beam for the
process eTe” — udy” 7,y at /s = 200 GeV

Fig. 7. Distribution in the angle between the
photon and the nearest charged final-state
fermion for the process ete™ — udy™ 7,y at
Vs =200GeV
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ete™ — udu~ 7,y at /s = 200 GeV. The differences of
15-20% between YFSWW 3 and the pure Born prediction
of RACOONWW (RacoonWW Born), which have already
been shown in [11], reduce to about 5% once the leading
logarithmic ISR corrections are included in RACOONWW
(RacoonWW IBA).

The remaining differences should be due to the still
quite different treatment of visible photon radiation in
RacoonWW and YESWW3: in contrast to RacoonWW,
YFSWW does not include the complete lowest-order ma-
trix elements for ete™ — 4f~. Instead, the photon radia-
tion from the final state is treated via PHOTOS [28]. In
particular, for small photon energies, where the differences

are largest, the non-factorizable contributions, which are
not yet included in YFSWW 3, might play a role.

In Figs.8-10 we extend the comparison of the pho-
tonic distributions between YFSWW3 and RACOONWW
to 500 GeV. Here the difference is typically at the level
of 10% and in general not reduced by the inclusion of
ISR for ete™ — 4f~ in RACOONWW, i.e. the agreement
without ISR in RACOONWW was accidentally good. One
should also recall that the diagrams without two resonant
W bosons (background diagrams) become more and more
important at higher energies. Thus, the increasing differ-
ence between YFSWW3 and RACOONWW for higher en-
ergies could be due to a less efficient description of final-
state radiation by the effective treatment with PHOTOS.
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5.2 Standard model predictions

We now discuss the predictions of RACOONWW for var-
ious observables in the SM. Here and in the following,
the width is always calculated from the input parameters
in lowest order in the G, scheme including naive QCD
corrections (I'yy = 2.09436 GeV). Naive QCD corrections
are included in all results, in particular, also in the Born
results.

The results in the LEP2 energy range were obtained
with the ADLO/TH cuts as defined in [9], those at /s =
500 GeV with the cuts

0(l,beam) >10°, 0(1,1")>5°, 0(l,q)>5°,

6(~, beam) >1°, 0(v,1)>5°, 0(~,q)>5°,
E,>0.1GeV, E;>1GeV, E,>3GeV,
m(q,q')>0.1GeV, (g, beam) >5°, (5.1)

where 6(i,7) specifies the angle between the particles ¢
and j in the LAB system, and [, ¢, 7, and “beam” denote
charged final-state leptons, quarks, photons, and the beam
electrons or positrons, respectively. The invariant mass of
a quark pair ¢q’ is denoted by m(q,q’). The cuts (5.1)
differ from the ADLO/TH cuts only in the looser cut on
m(q,q’) and in the additional cut on (g, beam).

In Fig. 11 we present the total cross section for the pro-
cess ete™ — uc_lu’ﬁl/y in the LEP2 energy range. On the
left-hand side we show the absolute prediction in lowest
order (Born), including ISR (ISR), and including in addi-
tion the Coulomb singularity according to variant 1) (IBA)

discussed in Sect. 4. On the right-hand side we give the cor-
rections relative to the lowest order including in addition
a curve with the Coulomb singularity according to variant
2) (IBA2). The Coulomb singularity reaches about 5% at
threshold and decreases with increasing energy. The effect
is comparable to the one for the process without photon.
The two variants for the implementation of the Coulomb
singularity show hardly any difference. Consequently, we
will always use variant 1) in the following.

In Figs. 12-14 we present the distributions in the pho-
ton energy FE., in the cosine of the polar angle 6, of the
photon w.r.t. the et beam, and in the angle 6., between
the photon and the nearest charged final-state fermion
for /s = 200GeV. The left-hand sides contain the ab-
solute prediction for the process ete™ — udp~ 7,y in
lowest order (Born) and including the ISR corrections
and the Coulomb singularity (IBA), and for the process
ete™ — ude™ .y including these corrections. The relative
corrections (right-hand sides) are typically of the order of
—10% wherever the cross sections are sizeable. Relative
to the corresponding lowest-order results, the corrections
to ete™ — ude™ 7,y would practically be indistinguish-
able from the relative corrections to ete™ — udp™7,7.
We therefore prefer to plot the corrections to efe™ —
ude™ I,y normalized to the lowest-order of ete™ — udu™
v,y in order to visualize the effect of the “background”
diagrams contained in ete™ — ude”7,7y. As can be seen,
this effect is comparable to the radiative corrections but
of opposite sign.
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In Figs. 15-17 we show results for /s = 500 GeV. Here,
the left-hand sides contain the absolute prediction for the
processes eTe” — udp 7,y and eTe” — ude” 77y in low-
est order (Born) and including the ISR corrections and the
Coulomb singularity (IBA). Note that here the distribu-
tions differ sizeably between the two processes. Therefore,
on the right-hand sides, the IBA predictions for both pro-
cesses are normalized to the corresponding lowest-order
predictions. Where the cross sections are sizeable, the cor-
rections are about +10% for ete™ — udp~ v,y and +5%
for ete™ — ude~#y. They are larger where the cross
sections are small.

0 20 40 60 80 100 120 140 160 180 200
E, [GeV]

for the processes ete™ — udp 7,y and
ete™ — ude™ Ty at /s = 500 GeV

5.3 Predictions with anomalous quartic couplings

Since the matrix element depends linearly on the anoma-
lous quartic couplings a;, the cross section is a quadratic
form in the a;. Therefore, it is sufficient to evaluate the
cross section for a finite set of sample values of the anoma-
lous quartic couplings in order to get the cross section for
arbitrary values of these couplings. We restrict ourselves
here to the semileptonic process ete™ — udp~ 1,y and
include ISR and the Coulomb singularity (variant 1). We
use the cuts

E,>5GeV, |cosf,| < 0.95,
Im(f, f') — Mw| < 2I'w,

| cos 5] < 0.90,
(5.1)
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where E, is the energy of the photon, 6., the angle between
the photon and the beam axis, 6, the angle between the
photon and any charged final-state fermion f, and m(f, f')
the invariant mass of the fermion—antifermion pairs that
result from W decay. In the computation of m(u,v,,) the
momentum of the neutrino is set equal to the missing mo-
mentum, since the neutrino is not detected, i.e. the energy
loss in the ISR convolution (4.2) is implicitly included in
the neutrino momentum.

We first study the influence of the AQGC ay, ac, an, g,
and @, on the cross section at /s = 200 GeV and 500 GeV
separately. Figure 18 shows the cross section normalized
to the SM value as a function of each of these couplings
for all the other a;’s equal to zero. The asymmetry results
from the interference between the SM matrix element and
the matrix element of the AQGC, which is suppressed for
the CP-violating couplings a, and dg. The asymmetry is
small for ap and a, and only visible at /s = 500 GeV
for ag in Fig. 18, but sizeable for a.°. The cross section is
most sensitive to ag and ag and least sensitive to a, and
Q.

In order to illustrate the potential of LEP2 and a lin-
ear eTe™ collider in putting limits on the AQGC, we con-
sider the following two scenarios: an integrated luminos-
ity £ = 320pb~" at /s = 200GeV and £ = 50fb™ ' at
/s = 500 GeV. The corresponding total SM cross sections

® The sign of the asymmetry differs from the results of [7],
since the couplings ap and a. have been implemented [29] in
EEWWG with a sign opposite to the definitions in [7,17],
which agree with our choice

120 udp~ 7,y and ete” — ude ey at /5 =

500 GeV

T T T
ete” — udp~ v,y
/5 = 200 GeV

25

a/A?[GeV~?]

3 a T T T
: ete™ = udp v,y
/5 = 500 GeV

a/A?[1072GeV ™Y

Fig. 18. Impact of the AQGC ao, ac, an, ao, and a, on the
cross section for ete™ — udu 7,y at /s = 200GeV and
500 GeV. Only one of the AQGC a; is varied while the oth-
ers are kept zero
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toete™ — uau_f/u'y are 16.69 fb and 7.64 fb, respectively.
Assuming that the measured number N of events is given
by the SM cross section gy = o(a; = 0) and the experi-
mental errors by the corresponding square-root, we define

= <U(a") - 1>205M£, (5.2)

OSM

_ (N(a;)) = N)?
X = 5

where N(a;) is the number of events that result from the
cross section with anomalous couplings. Since the square-
root of this x? distribution is a quadratic form in the a;,
the hypersurfaces of constant x2? form ellipsoids. The 1o
limits resulting from x2 = 1 on individual couplings can

at /s = 200 GeV

be illustrated by projecting the ellipsoids into the planes
corresponding to pairs of couplings. Instead of the projec-
tions, often the sections of the planes with the ellipsoids
are used. Note that the ellipses resulting from projections
are in general larger and include those ellipses resulting
from sections of the planes with the ellipsoids. Since the
correlations are small for the cases under consideration,
the difference between both types of ellipses is also small.
In the following figures we include both the projections
and the sections of the ellipsoids using the same type of
lines.

In Figs. 19 and 20 we show some 1o contours for var-
ious pairs of a;. In addition we list the 1o limits derived
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from projecting the ellipsoids. Since the effects of ay and
ao and of a, and a, on the cross section are equal up to
relatively small interference terms, also the corresponding
contours of these couplings with other couplings are of
similar size. For transparency we omitted some contours
involving a,; for 200 GeV (Fig. 19) these contours practi-
cally coincide with the ones for a,, for 500 GeV (Fig. 20)
the contours for a, are of the same size and shape as the
ones for a, but shifted to become approximately symmet-
ric w.r.t. a, — —ay. The best limits can be obtained for ag
and ag. The correlations between the different couplings
are in general small, and only ag and a. show a notice-

udu™ D,y at /s = 500 GeV

able correlation. The limits obtainable at a linear collider
are by about a factor of 200 better than those obtainable
at LEP2. This improvement reflects the enhanced sensi-
tivity of the cross section on the anomalous couplings at
high energies, which can also be seen in Fig. 18, and to a
smaller part the higher luminosity.

6 Summary

We have calculated all lowest-order amplitudes for ete™
— 4f~ with five different genuine anomalous quartic
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gauge-boson couplings that are allowed by electromag-
netic gauge invariance and the custodial SU(2). symmetry.
These couplings include the three operators Ly, L., and
L, which have been constrained by the LEP collabora-
tions by analysing WW+ production, and two additional
P-violating couplings, one of which conserves CP. The five
anomalous couplings have been incorporated in the 4 f(y)
Monte Carlo generator RACOONWW. We have calculated
the dependence of the cross section for ete™ — 4fv on the
anomalous quartic couplings and illustrated the typical
size of the limits that can be obtained for these couplings
at LEP2 and a 500 GeV eTe™ collider.

Moreover, we have implemented the dominant leading
electroweak corrections to ete™ — 4 fv into RACOONWW.
These include initial-state radiation, the dominant univer-
sal effects originating from the running of the couplings,
and the Coulomb singularity for processes involving W-
boson pairs. We have compared the corresponding pre-
dictions with existing calculations, as far as possible, and
investigated the numerical impact of the dominant correc-
tions.

With the additions described in this paper,
RACOONWW is a state-of-the-art Monte Carlo genera-
tor for the classes of efe™ — 4f and ete™ — 4f~ pro-
cesses with arbitrary massless four-fermion final states,
both for the Standard Model and including anomalous
quartic gauge-boson couplings.
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Appendix

A Some corrections to the generic
construction of ete™ — 4f~ amplitudes

In [9] we have constructed the amplitudes for all ete™ —
4 f~ reactions from the two basic channels CCa and NCa,
which are also specified in Sect.3. Here we take the op-
portunity to correct two mistakes in the corresponding
formulas:

— Equation (2.24) of [9] is only correct for down-type
fermions f, while some arguments have to be inter-
changed for up-type fermions. The correct formula is

04,0_,01,02,03,0
Meciney T (P4 o= 1, K, ks y)
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Te™ — 4 fermions 4+~

MRG0 (py p ke, ke, ks, k)
— My TR TITTIN (—ky, —ka, ha,
—p—; =P+, k2)
for I? ; = —1/2,
= (A1)
MG 7T (o p K ko, ks, Ka)
— MGy TR (kg —ka, =D+
ko, ky, —p_)
for I}, - = +1/2.

The error affected the evaluation of the final states
VeleV, 7y, and veDeull in Table 1 of [9] at the level of
0.2-0.4%. The corrected results for Table 1 are

/b ete™ — 4f ete™ = 4f ete™ — 4fy
o
running width constant width constant width
VePelpyu  8.339(2) 8.321(2) 1.511(1)
VeTeu i 23.91(2) 23.90(2) 6.79(3)

For the final states v v.v,7,y and ve.P.utiy no change
is visible in the numerical results within the integration
errors after the correction. The numerical smallness of
the correction is due to the fact that the two cases in
(A.1) differ only in the contribution of a non-resonant
background diagram which is suppressed.

— Equation (2.25) of [9] contains some misprints. The
correct formula is

0+4,0-,01,02,03,04
M née (P4>p—, k1, ko, k3, k)

_ 0+4,0-,01,02,03,04
= M\Ca (P4,p— k1, ko, k3, ky)

O4,0_,03,02,01,0
My, T (pr v k3, Koy ke, k)

— Mol T TIRTR T (ke — kg, =
ka, ks, —p—)

FMly TR (e —ka, =
ko, k3, —p_)

F Mgy T TRTITINTO (—kg, —ka, — Dy
kg, k1, —p_)

— MG TR INTT (—ky, =k, =y,
Ko ki, —p_). (A.2)

However, the numerical evaluations for the correspond-
ing veleVee(7y) final states were based on this correct
form.
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