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Abstract: Triple boson production, W+W−γ and Zγγ, is studied using the data
collected at LEP2. Selected events are used to measure the energy evolution of the

e+e− → W+W−γ and e+e− → Zγγ cross sections. The results are in agreement with
Standard Model expectations. Such processes allow to set direct limits on possible anoma-

lous contributions to the quartic gauge boson vertices W+W−γγ, W+W−Zγ and ZZγγ.

1. Study of anomalous quartic gauge boson couplings

The high energy LEP data offer a new insight into the Standard Model of electroweak inte-

ractions by investigating the triple production process e+e− →W+W−γ and e+e− → Zγγ .
The selected events are used to measure the cross section of the processes, within a well

defined theoretical acceptance.

The W+W−γ final state may be sensitive to the W+W−Zγ and W+W−γγ vertices, called
charged quartic gauge couplings (QGC), presented in Figure 1a and Figure 1b. In addition

the νν̄γγ final state can also originate from the QGC diagram shown in Figure 1b.

For such processes, Standard Model quartic boson couplings are not expected to play a

significant role at LEP energies. Nevertheless they are sensitive to possible anomalous

contributions from physics beyond the Standard Model.

The Zγγ final states could originate from the anomalous s−channel exchange of a Z boson
(Figure 1c), forbidden at tree level in the Standard Model and called neutral anomalous

QGC.

The contribution of anomalous QGC can be described by three additional dimension-six

effective terms in the electroweak Lagrangian [1, 2, 3]:

L0 = − πα
4Λ2
a0FµνF

µνWρ ·Wρ
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Figure 1: Charged (a and b) and neutral (c) QGC Feynman diagrams.

Lc = − πα
4Λ2
acFµρF

µσWρ ·Wσ

Ln = −i πα
4Λ2
anεijkW

(i)
µαW

(j)
ν W

(k)αFµν

where α is the fine structure constant, Fµν is the field strength tensor of the photon and

Wσ is the weak boson field. The parameters ai (i = 0, c, n) describe the strength of

the anomalous QGC and are zero in the Standard Model and Λ represents the scale of the

possible New Physics responsible for the anomalous contributions. Both L0 and Lc con-
serve C and P separately and generate W+W−γγ and ZZγγ couplings. The CP violating
term Ln results in an anomalous W+W−Zγ coupling.
In the Standard Model description of the investigated process, the photon production oc-

curs via bremsstrahlung, yielding low energy photons preferentially produced close to the

beam direction. The production due to QGC results instead in a harder energy spec-

trum and a more central angular distribution of the photons. Theoretical predictions for

anomalous QGC are obtained with the EEWWG, EENUNUGANO and EEZGG analytic

calculation [2, 4], for the W+W−γ, νν̄γγ and Zγγ final states respectively. Comparisons
between these programs and the Monte Carlo WRAP [5] have shown significant differences

for the Zγγ final state; further investigations are in progress in order to clarify this dis-

agreement.

2. W+W−γ and νν̄γγ production

At the tree level, many diagrams contribute to
L3 OPAL

Eγ > 5 GeV > 10 GeV

| cos θγ | < 0.94 < 0.9

cosαγ < 0.94 < 0.9

Mf f̄′ − > 73 GeV

Table 1: Signal definition for the process

e+e− →W+W−γ → f1 f̄2f3 f̄4γ.

the process e+e− → W+W−γ → f1f̄2f3f̄4γ. These
diagrams correspond to initial and final state pho-

ton radiation, photon radiation fromW bosons and

the QGC diagram. The W+W−γ signal is defined
with phase-space cuts, listed in Table 1, on the

photon energy, Eγ , the photon polar angle, θγ , the

angle between the direction of the photon and that

of the closest charged fermion, αγ , and the invari-

ant mass of the final state fermions, Mf f̄′ . The analysis of the e
+e− → W+W−γ process

was performed using data collected with OPAL detector at centre-of-mass energy
√
s = 189
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Figure 2: Measured and Standard Model cross section for the process e+e− → W+W−γ as a
function of

√
s, within the indicate phase-space cuts. The dashed lines correspond to the cross

section for non-zero values of the anomalous coupling an/Λ
2 (in GeV−2 units).

GeV corresponding to an integrated luminosity L = 183 pb−1 [6] and with the L3 detector
at
√
s between 189 GeV and 209 GeV corresponding to L ' 600 pb−1 [7]. Figure 2 shows

the results for the measurement of the cross section from L3 together with the predicted

cross section as a function of
√
s. The OPAL analysis yields σWWγ = 0.136 ± 0.037 ±

0.008 pb, in agreement with Standard Model expectations (0.085 pb − 0.102 pb).
The e+e− → νν̄γγ process was analysed in data collected with the ALEPH (189 GeV <√
s < 209 GeV, L ' 640 pb−1), L3 (189 GeV < √s < 209 GeV, L ' 600 pb−1) and OPAL
(
√
s = 189 GeV, L ' 180 pb−1) detectors.

The selections demand acoplanar photons pairs
a0/Λ

2 (GeV−2) (-0.018, 0.018)

ac/Λ
2 (GeV−2) (-0.033, 0.047)

an/Λ
2 (GeV−2) (-0.17, 0.15)

Table 2: Experimental combined limits on

anomalous charged QGC parameters.

in events with missing energy and missing trans-

verse momentum [7, 8]. Combined limits, ob-

tained by varying one parameter at the time,

on anomalous charged QGC parameters at 95 %

C.L. are listed in Table 2.

3. Zγγ production

The e+e− → Zγγ process occurs via radiation of photons from the initial state and is defined
by the phase-space requirements, similar to those used in the W+W−γ final state, listed in
Table 3. Only hadronic decays of the Z boson were considered. These measurements use

data collected with the L3 detector (130 GeV <
√
s < 209 GeV, L ' 720 pb−1) [9] and with

OPAL detector (130 GeV <
√
s < 209 GeV, L ' 580 pb−1) [10]. Figure 3 shows the results

for the measurement of the cross section, together with the Standard Model predictions, as

a function of
√
s. Two-parameters 95% C.L. limits on the anomalous neutral parameters

are reported in Table 4.

The DELPHI collaboration studied the double radiative return to the Z process [11], where

the two emitted photons have similar energies, at
√
s ranging from 189 GeV to 209 GeV
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(L ' 610 pb−1). Only the hadronic decays of the Z boson were considered. Supposing the
photons back−to−back, it holds:

Eγ1 =
√
s/2−M2Z/(2

√
s− 4Eγ2) (3.1)

where MZ is the Z boson mass, Eγ1 and Eγ2 are the energies of the two photons. The signal

is then defined by requiring that the most energetic photon of the event has an energy lower

than

Emaxγ1 = (s− (MZ + 10GeV)2)/2
√
s (3.2)

and the second one has energy larger than Eminγ2 , defined by Equation (3.1) for Eγ1 = E
max
γ1 .

In the Equation (3.2) MZ is replaced with MZ + 10 GeV to take into account the finite

width of the Z boson. Moreover, it is required that the difference between the photons

polar angles exceeds 90 degrees. Three different topologies of events are studied: when

both photons are detected, similar to the Zγγ process discussed above, when one photon

is not detected because produced at low angle and when both photons go undetected. The

results for the measured cross section are summarised in Figure 4.

L3 OPAL

Eγ > 5 GeV > 5 GeV

| cos θγ | < 0.97 < 0.95

cosαγ < 0.98 < 0.9

Mqq̄ (MZ − 2ΓZ,MZ + 2ΓZ) 80 GeV − 120 GeV
Table 3: Signal definition for the process e+e− → Zγγ → qq̄γγ .
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Figure 3: Measured and expected cross section for the process e+e− → Zγγ → qq̄γγ as a function
of
√
s. Different signal definition are used. The dotted line correspond to the cross section for

non-zero values of the anomalous couplings.
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Figure 4: Measured and expected cross sections for the double radiative return to the Z,

e+e− → Z(γγ)→ qq̄(γγ), as a function of √s, for the three topologies analysed. The uncertainties
are statistical only.

L3 OPAL

a0/Λ
2 (GeV−2) (-0.008, 0.005) (-0.006, 0.008)

ac/Λ
2 (GeV−2) (-0.007, 0.011) (-0.008, 0.012)

Table 4: Experimental limits on anomalous neutral QGC parameters.
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