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Abstract Events with high energy isolated electrons, muons
or tau leptons and missing transverse momentum are studied
using the full e±p data sample collected by the H1 exper-
iment at HERA, corresponding to an integrated luminos-
ity of 474 pb−1. Within the Standard Model, events with
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isolated leptons and missing transverse momentum mainly
originate from the production of single W bosons. The to-
tal single W boson production cross section is measured as
1.14 ± 0.25 (stat.) ± 0.14 (sys.) pb, in agreement with the
Standard Model expectation. The data are also used to es-
tablish limits on the WWγ gauge couplings and for a mea-
surement of the W boson polarisation.

1 Introduction

Events containing high energy leptons and missing trans-
verse momentum produced in high energy particle collisions
are interesting as they may be a signature of physics beyond
the Standard Model (SM). Such events have been observed
by the H1 Collaboration in ep collisions at HERA [1, 2].
In the SM, the production of single W bosons with subse-
quent leptonic decay gives rise to this topology. An excess
of electron1 and muon events with large missing transverse
momentum containing a hadronic final state at high trans-
verse momentum P X

T was previously reported by H1 us-
ing 105 pb−1 of e+p data [3]. In the region P X

T > 25 GeV
ten events were observed compared to a SM prediction of
2.9 ± 0.5. This observation inspired searches for anomalous
single top production [4–6] and bosonic stop decays in R-
parity violating SUSY [7] and has motivated further possible
interpretations [8–11]. The observed excess of events over
the SM prediction was not confirmed by the ZEUS Collabo-
ration [5, 6, 12]. In this paper the complete H1 data sample,
collected in the period 1994–2007, is analysed.

The search for isolated tau leptons complements the
analysis of the electron and muon channels. If lepton uni-
versality holds, the same rate of tau leptons is expected from
SM processes. Moreover, an enhanced rate of tau leptons is
expected in many new physics scenarios [9]. The search for
events containing high energy tau leptons and missing trans-
verse momentum, where the tau is identified by its hadronic
decay, has previously been performed by the ZEUS and H1
experiments [13, 14]. ZEUS reported two tau candidates at
high P X

T > 25 GeV, where only 0.2 ± 0.05 were predicted
from the SM. No events with large hadronic transverse mo-
mentum were observed in the H1 data.

As the SM expectation in the cleaner electron and muon
channels is dominated by single W production, this cross
section is determined. This measurement is also used to con-
strain coupling parameters of the WWγ vertex. The polar-
isation fractions of the W boson are also measured for the
first time at HERA.

1In this paper the term “electron” is used generically to refer to both
electrons and positrons, if not otherwise stated.

2 Standard model processes and their simulation

In the search for events with isolated leptons and missing
transverse momentum, processes are considered signal if
they produce events containing a genuine isolated lepton and
genuine missing transverse momentum in the final state. All
other processes are defined as background and contribute
to the selected sample through misidentification or mismea-
surement. Studies on how background processes enter the
sample are discussed in Appendix A.

Single W boson production in ep collisions with subse-
quent leptonic decay W → �ν, as illustrated in Figs. 1(a)–
(c), is the main SM process that produces events with high
energy isolated leptons and missing transverse momentum.
The SM prediction for W production via ep → eW±X is
calculated in the framework of the EPVEC event genera-
tor [15], which employs the full set of LO diagrams, includ-
ing W production via the WWγ triple gauge boson coupling
as illustrated in Fig. 1(b). Each event generated by EPVEC
according to its LO cross section is weighted by a factor
dependent on the transverse momentum and rapidity of the
W , such that the resulting cross section corresponds to the
NLO calculation [16–19]. The ACFGP [20] parameterisa-
tion is used for the photon structure and the CTEQ4M [21]
parton distribution functions are used for the proton. The
renormalisation scale is taken to be equal to the factorisa-
tion scale and is fixed to the W mass. Final state parton
showers are simulated using the PYTHIA framework [22].
The NLO corrections are found to be of the order of 30% at
low W transverse momentum (resolved photon interactions)
and typically 10% at high W transverse momentum (direct
photon interactions) [16–19]. The NLO calculation reduces
the theory error to 15%, compared to 30% at leading order.
The charged current W production process ep → νW±X,
illustrated in Fig. 1(c), is calculated at LO with EPVEC
and found to contribute only 7% of the predicted signal
cross section. The total W production cross section, calcu-
lated in this way, amounts to 1.1 pb for an electron–proton
centre of mass energy of

√
s = 301 GeV and 1.3 pb for√

s = 319 GeV.
Signal events may also arise from Z production with sub-

sequent decay to neutrinos. The outgoing electron from this
reaction is the isolated lepton in the event, while genuine
missing transverse momentum is produced by the neutrinos.
This process, illustrated in Fig. 1(d), is also calculated with
the EPVEC generator and found to contribute less than 3%
of the predicted signal cross section.

The SM background processes that may mimic the signa-
ture through misidentification or mismeasurement are neu-
tral current (NC) and charged current (CC) deep-inelastic
scattering (DIS), photoproduction, lepton pair production
and photons from wide angle bremsstrahlung. The RAP-
GAP [23] event generator, which implements the Born level,



254 Eur. Phys. J. C (2009) 64: 251–271

Fig. 1 Diagrams of processes
at HERA with an isolated lepton
and missing transverse
momentum in the final state:
(a) ep → eW±(→ �ν)X;
(b) W production via the WWγ

triple gauge boson coupling;
(c) ep → ν W±(→ �ν)X;
(d) ep → eZ(→ νν̄)X. The
diagrams are shown for e+p

collisions

QCD Compton and boson gluon fusion matrix elements, is
used to model NC DIS events. The QED radiative effects
arising from real photon emission from both the incom-
ing and outgoing electrons are simulated using the HERA-
CLES [24] program. Contributions from elastic and quasi-
elastic QED Compton scattering are simulated with the
WABGEN [25] generator. Direct and resolved photoproduc-
tion of jets and prompt photon production are simulated
using the PYTHIA [26] event generator. The simulation is
based on Born level hard scattering matrix elements with
radiative QED corrections. In RAPGAP and PYTHIA, jet
production from higher order QCD radiation is simulated
using leading logarithmic parton showers and hadronisation
is modelled with Lund string fragmentation. The leading or-
der prediction for NC DIS and photoproduction processes
with two or more high transverse momentum jets is scaled
by a factor of 1.2, to account for higher order QCD correc-
tions to the Monte Carlo (MC) generators [27, 28]. Charged
current DIS events are simulated using the DJANGO [29]
generator, which includes first order leptonic QED radiative
corrections based on HERACLES. The production of two
or more jets in DJANGO is accounted for using the colour-
dipole model [30]. The contribution to the SM background
from lepton pair production ep → e �+�−X is calculated
using the GRAPE [31] generator, based on a full set of elec-
troweak diagrams. The production mechanisms include γ γ ,
γZ, ZZ interactions, internal photon conversion and the de-
cay of virtual or real Z bosons.

Generated events are passed through the full GEANT
[32] based simulation of the H1 detector, which takes into
account the running conditions of the different data taking

periods, and are reconstructed and analysed using the same
program chain as for the data.

3 Experimental conditions

The data were recorded at electron and proton beam ener-
gies of 27.6 GeV and 820 GeV or 920 GeV, corresponding
to centre-of-mass energies

√
s of 301 GeV or 319 GeV, re-

spectively. The total integrated luminosity of the analysed
data is 474 pb−1, which represents a factor of four in-
crease with respect to the previous published results. The
data set is made up of 183 pb−1 recorded in e−p collisions
(1998–2006) and 291 pb−1 in e+p collisions (1994–2007),
of which 36 pb−1 were recorded at

√
s = 301 GeV (1994–

1997). Data collected from 2003 onwards were taken with a
longitudinally polarised lepton beam, with polarisation typi-
cally at a level of 35%. The residual polarisation of the com-
bined left-handed and right-handed data periods is about 2%
left-handed. While previous measurements were performed
using mainly e+p data, an e−p data set with more than a
ten-fold increase in integrated luminosity is now analysed.

A detailed description of the H1 experiment can be found
in [33, 34]. Only the detector components relevant to the
present analysis are briefly described here. The origin of the
H1 coordinate system is the nominal ep interaction point,
with the direction of the proton beam defining the positive
z-axis (forward region). Transverse momentum is measured
in the x–y plane. The pseudorapidity η is related to the polar
angle θ by η = − ln tan(θ/2).

The Liquid Argon (LAr) calorimeter [35] covers the po-
lar angle range 4◦ < θ < 154◦ with full azimuthal accep-
tance. Electromagnetic shower energies are measured with a
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precision of σ(E)/E = 12%/
√

E/GeV ⊕ 1% and hadronic
energies with σ(E)/E = 50%/

√
E/GeV ⊕ 2%, as mea-

sured in test beams [36, 37]. In the backward region, en-
ergy measurements are provided by a lead/scintillating-fibre
calorimeter2 (SpaCal) [38] covering the range 155◦ < θ <

178◦.
The central (20◦ < θ < 160◦) and forward (7◦ < θ <

25◦) inner tracking detectors are used to measure charged
particle trajectories, to reconstruct the interaction vertex and
to complement the measurement of hadronic energies. In
each event the tracks are used in a common fit procedure
to determine the ep interaction vertex. Tracks not fitted to
the event vertex are referred to as NV tracks in the follow-
ing. The LAr calorimeter and inner tracking detectors are
enclosed in a super-conducting magnetic coil with a field
strength of 1.16 T. From the curvature of charged particle
trajectories in the magnetic field, the central tracking system
provides transverse momentum measurements with a reso-
lution of σPT

/PT = 0.005PT /GeV ⊕ 0.015 [39]. The return
yoke of the magnetic coil is the outermost part of the detec-
tor and is equipped with streamer tubes forming the central
muon detector and tail catcher (4◦ < θ < 171◦). In the for-
ward region (3◦ < θ < 17◦) a set of drift chamber layers
forms the forward muon detector, which together with an
iron toroidal magnet allows a momentum measurement.

The luminosity is determined from the rate of the Bethe–
Heitler process ep → epγ , measured using a photon detec-
tor located close to the beam pipe at z = −103 m, in the
backward direction.

The LAr calorimeter provides the main trigger for events
in this analysis [40]. The trigger efficiency is almost 100%
for events containing an electron with a transverse momen-
tum above 10 GeV. For events with a transverse momentum
imbalance of 12 GeV measured in the calorimeter the trig-
ger efficiency is about 60%, rising to about 98% for an im-
balance greater than 25 GeV. In addition to the calorimeter
trigger, muon events may also be triggered by a pattern con-
sistent with a minimum ionising particle in the muon system
in coincidence with tracks in the tracking detectors.

In order to remove events induced by cosmic rays and
other non–ep background, the event vertex is required to be
reconstructed within ±35 cm in z of the average nominal
interaction point. In addition, topological filters and timing
vetoes are applied.

4 Particle identification and event kinematics

The identification of electrons is based on the measure-
ment [41] of a compact and isolated electromagnetic clus-
ter in the LAr calorimeter or SpaCal. The energy measured

2This device was installed in 1995, replacing a lead-scintillator sand-
wich calorimeter [33, 34].

within a cone in pseudorapidity-azimuth (η–φ) of radius
R = √

	η2 + 	φ2 = 0.5 around the electron is required to
be less than 3% of the total cluster energy. For θe > 20◦,
electrons are also required to have an associated track with
an extrapolated distance of closest approach (DCA) to the
cluster of less than 12 cm. The distance from the first mea-
sured track point in the central drift chambers to the beam
axis is required to be below 30 cm in order to reject pho-
tons that convert late in the central tracker material. For
θe < 20◦, no track conditions are imposed, but an additional
calorimetric isolation criterion is used, where the energy
in a cone of radius R = 0.75 is required to be less than
5% of the total cluster energy. The charge of the electron,
measured from the associated track, is used for events with
θe > 20◦ and if the charge is measured with a significance
σq = |κ|/δκ > 1.0, where the curvature |κ| of the track is
proportional to 1/P track

T and δκ is the associated error on
the curvature measurement. Electrons found in regions be-
tween calorimeter modules containing large amounts of in-
active material are excluded [42]. The energy and polar an-
gle of the electron are measured from the calorimeter cluster.
The azimuthal angle is taken from the associated track. The
calibration of the electromagnetic part of the LAr calorime-
ter is performed using NC events with the method described
in [42].

Muon identification is based on the measurement of a
track in the inner tracking systems associated with a track
or an energy deposit in the central muon detector or for-
ward muon detector [43, 44]. Muons which do not reach the
muon detector, or enter inefficient regions of the muon de-
tector, may be identified by a central track linked to a sig-
nature of a minimal ionising particle in the LAr calorimeter
and a hit in the tail catcher. The muon momentum is mea-
sured from the track curvature in the solenoidal or toroidal
magnetic field. For very high energy muons, the curvature
may be compatible with zero within two standard deviations
of its error δκ , and in such cases is re-evaluated at |κ| + δκ ,
allowing a lower limit to be placed on the transverse mo-
mentum. A muon may have no more than 5 GeV deposited
in a cylinder, centred on the muon track direction, of radius
25 cm and 50 cm in the electromagnetic and hadronic sec-
tions of the LAr calorimeter, respectively.

Calorimeter energy deposits and tracks not previously
identified as electron or muons are used to form combined
cluster-track objects, from which the hadronic final state
is reconstructed [45, 46]. Jets with a minimum transverse
momentum of 4 GeV are reconstructed from these com-
bined cluster-track objects using an inclusive kT algorithm
[47, 48].

The isolation of leptons with respect to jets and tracks in
the event is quantified using the distances of separation in
(η–φ) space D(�; jet) and D(�; track), respectively.

Hadronic one-prong decays of tau leptons are identified
using isolated narrow jets with a track multiplicity of one.
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Such tau candidate jets are only identified in the dedicated
search described in Sect. 5.2.

The following kinematic quantities are employed in the
analysis, some of which are sensitive to the presence of un-
detected high energy particles and/or can be used to reduce
the main background contributions:

• P X
T , the transverse momentum of the inclusive hadronic

final state.
• P miss

T , the total missing transverse momentum calcu-
lated from all reconstructed particles. In events with large
P miss

T , the only non-detected particle in the event is as-
sumed to be a neutrino.

• P calo
T , the net transverse momentum calculated from all

reconstructed particles, where for muons only the en-
ergy deposited in the calorimeter is included. For events
containing high energy muons P calo

T � P X
T (the hadronic

transverse momentum), otherwise P calo
T = P miss

T .
• Vap/Vp, a measure of the azimuthal balance of the event.

It is defined as the ratio of the anti-parallel to parallel
components of all measured calorimetric clusters, with
respect to the direction of the calorimetric transverse mo-
mentum [42].

• 	φ�−X , the difference in azimuthal angle between the
lepton and the direction of P X

T . For events with low
hadronic transverse momentum P X

T < 1.0 GeV, 	φ�−X

is set to zero.
• δmiss = 2E0

e − ∑
i (E

i − P i
z ), where the sum runs over all

detected particles, Pz is the momentum along the proton
beam axis and E0

e is the electron beam energy. For an
event where only momentum in the proton direction is
undetected, δmiss is zero.

• ζ 2
e = 4EeE

0
e cos2 θe/2, where Ee is the energy of the final

state electron. For NC events, where the scattered elec-

tron is identified as the isolated high transverse momen-
tum electron, ζ 2

e is equal to the four momentum transfer
squared Q2

e , as measured by the electron method [49].

5 Event selection

5.1 Events with isolated electrons and muons

The event selection for isolated electrons and muons is based
on the analysis described in [3, 50, 51] and is summarised in
Table 1. The lepton is required to have a high transverse mo-
mentum P �

T > 10 GeV, be observed in the central or forward
region of the detector, 5◦ < θ� < 140◦, and be isolated with
respect to jets and other tracks in the event. A large trans-
verse momentum imbalance P miss

T is required and the cut on
P calo

T is imposed to ensure a high trigger efficiency.
In order to reject the NC background contribution in the

electron channel, further cuts are applied on the longitudinal
momentum imbalance δmiss and the azimuthal balance of the
event, using Vap/Vp and 	φe−X . The cut on δmiss is only
performed if the event contains exactly one electron, which
has the same charge as the beam lepton. Electron events with
low values of P calo

T are additionally required to have large ζ 2
e

in order to further reduce NC background, which is predom-
inantly at low Q2

e . Lepton pair background is removed from
the muon channel by rejecting azimuthally balanced events,
using Vap/Vp and 	φμ−X , and by rejecting events with two
or more isolated muons. To ensure that the two lepton chan-
nels are exclusive, electron events must contain no isolated
muons.

Some changes have been made to the selection with re-
spect to that used in the previous publication [3]. The cut

Table 1 Summary of selection
requirements for the electron
and muon channels in the search
for events with isolated leptons
and missing transverse
momentum

H1 isolated lepton + P miss
T event selection

Electron Muon

Basic event
selection

5◦ < θ� < 140◦

P �
T > 10 GeV

P miss
T > 12 GeV

P calo
T > 12 GeV

Lepton isolation D(�; jet) > 1.0

D(e; track) > 0.5 for θe > 45◦ D(μ; track) > 0.5

Background
rejection

Vap/Vp < 0.5

Vap/Vp < 0.2 for P e
T < 25 GeV Vap/Vp < 0.2 for P calo

T < 25 GeV

	φe−X < 160◦ 	φμ−X < 170◦

δmiss > 5 GeV –

ζ 2
e > 5000 GeV2 for P calo

T < 25 GeV –

M�ν
T > 10 GeV

– P X
T > 12 GeV
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on Vap/Vp at low transverse momentum in both the electron
and muon channels has been relaxed to 0.2, leading to an im-
proved signal efficiency. As described in Sect. 4, in the very
forward region θe < 20◦ the electron DCA requirement is
replaced by a stricter calorimetric isolation criterion, which
results in a better CC rejection. Finally, the lepton–neutrino
transverse mass:

M�ν
T =

√(
P miss

T + P �
T

)2 − ( �P miss
T + �P �

T

)2

is required to be larger than 10 GeV in order to further reject
NC (lepton pair) background in the electron (muon) channel.

Following the selection criteria described above, the
overall efficiency to select SM W → eν events is 44% and
to select SM W → μν events is 17%, calculated using the
EPVEC simulation. The main difference in efficiency be-
tween the two channels is due to the cut on P calo

T , which
for muon events effectively acts as a cut on P X

T . As the
efficiency for muons at low P X

T is small, an additional
requirement is made of P X

T > 12 GeV. For events with
P X

T > 25 GeV the selection efficiencies of the two channels
are comparable at ∼ 42%.

5.2 Events with isolated tau leptons

The selection of events with isolated tau leptons and miss-
ing transverse momentum is based on the analysis described
in [14] and is summarised in Table 2. The tau identification
algorithm selects narrow (pencil-like), low multiplicity jets
typical for hadronic tau decays. Only hadronic decays with
one charged hadron (one-prong) are considered. Tau decays
to electrons and muons enter the electron and muon chan-
nels described in Sect. 5.1.

To ensure the presence of neutrinos in the event, large
P miss

T and P calo
T , significant δmiss and low Vap/Vp are

required. The event should also exhibit large inclusive
hadronic transverse momentum P X

T . At this stage the se-
lection contains 96% CC events and is denoted CC-like in
the following.

Tau jet candidates are based on jets found in the hadronic
final state. The tau lepton four-vector is approximated us-
ing the four-vector of the tau jet candidate. The tau lepton
four-vector is subtracted from the inclusive hadronic final
state X to obtain the transverse momentum of the remaining
hadronic system X′ as:

�P X′
T = �P X

T − �P τ
T .

Jets with transverse momentum P
jet
T > 7 GeV found in

the central region 20◦ < θjet < 120◦ of the detector are con-
sidered as tau jet candidates. The angular region is reduced
with respect to that used in the electron and muon channels
since in the forward region the track multiplicity cannot be
reliably measured and in the backward region the rate from

Table 2 Summary of selection requirements for isolated tau jets in
events with missing transverse momentum. NDjet<1.0

tracks denotes the num-
ber of tracks in a cone of 1.0 in the (η–φ) plane around the jet-axis.
NDtrack<0.3

NV tracks denotes the number of NV tracks in a cone of 0.3 in the
(η − φ) plane around the one-prong track

H1 isolated tau lepton + P miss
T event selection

CC-like sample P miss
T > 12 GeV

P calo
T > 12 GeV

P X
T > 12 GeV

δmiss > 5 GeV

Vap/Vp < 0.5

Vap/Vp < 0.15 for P miss
T < 25 GeV

Tau-like jets P
jet
T > 7 GeV

20◦ < θjet < 120◦

Rjet < 0.12

N
jet
tracks ≥ 1 for P track

T > 5 GeV

Isolation D(τ ; e,μ, jet) > 1.0

Acoplanarity 	φτ−X′ < 170◦ for P X′
T > 5 GeV

One-prong N
Djet<1.0
tracks = 1

NDtrack<0.3
NV tracks = 1

NC DIS is high, leading to a correspondingly high expecta-
tion of narrow jets from falsely identified electrons. The jet
radius is used as a measure for the collimation of the jet and
is calculated as:

Rjet = 1

Ejet

∑

h

Eh

√
	η(jet, h)2 + 	φ(jet, h)2,

where Ejet is the total jet energy and the sum runs over all
jet daughter hadronic final state particles of energy Eh. Nar-
row jets are selected by requiring Rjet < 0.12. At least one
track measured in the central tracking detector with trans-
verse momentum P track

T > 5 GeV is required to be associ-
ated to the jet. Jets meeting the above criteria are denoted
tau-like jets in the following and are investigated in control
samples as described in Appendix A.3.

For the final selection, the tau jet should be isolated from
electrons, muons and other jets in the event by requiring
a minimum separation D(τ ; e,μ, jet) > 1.0. To avoid the
misidentification of jets or electrons as tau jets due to dis-
tortion of the shower shapes, jets pointing to regions be-
tween calorimeter modules containing large amounts of in-
active material are not considered [42]. Acoplanarity be-
tween the tau jet and the remaining hadronic system X′ in
the transverse plane 	φτ−X′ is required to suppress events
with back-to-back topologies, primarily NC events and pho-
toproduction events with jets. Finally, a track multiplicity of
one is required in a cone of radius R = 1.0 around the jet
axis. To improve the rejection of low multiplicity hadronic
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jets with additional charged hadrons, no further NV tracks
are allowed in a cone of radius R = 0.3 around the one-
prong track.

6 Systematic uncertainties

The following experimental systematic uncertainties are
considered:

• The uncertainty on the electromagnetic energy scale
varies depending on the polar angle from 0.7% in the
backward region up to 2% in the forward region. The un-
certainties on the θe and φe measurements are 3 mrad
and 1 mrad, respectively. The identification efficiency of
electrons is known with an uncertainty of 2%.

• The scale uncertainty on the transverse momentum of
high PT muons is 2.5%. The uncertainties on the θμ and
φμ measurements are 3 mrad and 1 mrad, respectively.
The muon identification efficiency has an error of 5% in
the region θμ > 12.5◦ and 15% in the region θμ < 12.5◦.

• The hadronic energy scale is known within 2% for events
with P X

T > 8 GeV and 5% for events with P X
T < 8 GeV.

The uncertainties on the θ and φ measurements of the
hadronic final state are both 10 mrad. The error on the
measurement of Vap/Vp is ±0.02.

• The uncertainty on the track reconstruction efficiency
is 3%.

• The uncertainty on the trigger efficiency for the muon
channel varies from 3.4% for events with P X

T > 12 GeV
to 1.3% for events with P X

T > 25 GeV.
• The luminosity measurement has an uncertainty of 3%.

The effect of the above systematic uncertainties on the
SM expectation is determined by varying the experimen-
tal quantities by ±1 standard deviation in the MC samples
and propagating these variations through the whole analysis.
The contribution to the total error in the combined electron
and muon channels from the experimental systematic uncer-
tainties is 4.5% at low P X

T , rising to 8.1% for events with
P X

T > 25 GeV.
A theoretical uncertainty of 15% is quoted for the pre-

dicted contributions from signal processes. This is mainly
due to uncertainties in the parton distribution functions and
the scales at which the calculation is performed [17–19].

Additional model systematic uncertainties are attributed
to the SM background MC generators described in Sect. 2,
deduced from the level of agreement observed between the
data and simulations in dedicated samples, as described in
Appendix A.

In the electron and muon channels, the contributions
from background processes modelled using RAPGAP (NC),
PYTHIA (photoproduction), GRAPE (lepton pair) and
WABGEN (QED Compton) are attributed an error of 30%,

and the CC background contribution, which is modelled us-
ing DJANGO, is attributed an error of 50%. The uncertain-
ties associated with lepton misidentification and the mea-
surement of missing transverse momentum, as well as the
normalisation of NC DIS and photoproduction processes
with at least two high PT jets, are included in these errors.

In the tau channel, the contributions from background
processes modelled using RAPGAP are attributed a 15%
model error and from PYTHIA a 20% model error. The
DJANGO prediction is attributed an error of 20% and the
GRAPE prediction is attributed an error of 30%. In addition
to these model uncertainties, an uncertainty on the descrip-
tion of the jet radius is considered in the tau channel. The
jet radius is varied by ±0.012, corresponding to 10% of the
cut value, resulting in a 17% change in the rate of tau-like
jets selected in the CC-like sample. All other experimental
systematic uncertainties in the tau channel are included in
the model uncertainties.

In the combination of the electron and muon channels all
systematic errors are treated as fully correlated. The total
error on the SM prediction is determined by adding the MC
statistical error to the effects of all model and experimental
systematic uncertainties in quadrature.

7 Results

7.1 Electron and muon channels

The results of the search for events with an isolated elec-
tron or muon and missing transverse momentum are sum-
marised in Table 3. In the full e±p data sample 53 events
are observed, in good agreement with the SM prediction
of 54.1 ± 7.4, where 40.4 ± 6.3 events are predicted from
signal processes, dominated by single W production. In the
e+p data 40 events are observed compared to a SM pre-
diction of 32.3 ± 4.4. In the e−p data 13 events are ob-
served compared to a SM prediction of 21.8 ± 3.1. Two
of the events in the electron channel observed in the pre-
vious analysis [3] are rejected in the present analysis due
to the tighter calorimetric isolation requirement described in
Sect. 4.

In the complete data set, 39 electron events are observed,
compared to a SM prediction of 43.1 ± 6.0. In 17 of the
electron events the lepton charge is measured as positive,
in 9 events negative and is unmeasured in the remaining 13
events. Similarly for the muon channel, 14 data events are
observed, compared to a SM prediction of 11.0 ± 1.8. In 5
of the muon events the lepton charge is measured as positive,
in 6 events negative and is unmeasured in the remaining 3
events.

Kinematic distributions of the selected data events are
shown in Fig. 2. The events are observed to have generally
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Table 3 Summary of the H1
results of searches for events
with isolated electrons or muons
and missing transverse
momentum for the e+p data
(291 pb−1, top), e−p data
(183 pb−1, middle) and the full
HERA data set (474 pb−1,
bottom). The results are shown
for the full selected sample and
for the subsample at large
transverse momentum
P X

T > 25 GeV. The number of
observed events is compared to
the SM prediction. The SM
signal (dominated by single W

production) and the total
background contribution are
also shown. The quoted errors
contain statistical and
systematic uncertainties added
in quadrature

H1 1994–2007 e+p 291 pb−1 Data SM expectation SM signal Other SM processes

Electron Total 28 25.6 ± 3.5 18.6 ± 2.9 6.9 ± 1.7

P X
T > 25 GeV 9 4.32 ± 0.71 3.56 ± 0.61 0.76 ± 0.32

Muon Total 12 6.7 ± 1.1 6.1 ± 1.0 0.55 ± 0.18

P X
T > 25 GeV 8 3.70 ± 0.63 3.43 ± 0.60 0.28 ± 0.09

Combined Total 40 32.3 ± 4.4 24.8 ± 3.9 7.5 ± 1.8

P X
T > 25 GeV 17 8.0 ± 1.3 7.0 ± 1.2 1.04 ± 0.37

H1 1998–2006 e−p 183 pb−1 Data SM expectation SM signal Other SM processes

Electron Total 11 17.5 ± 2.7 11.6 ± 1.8 5.9 ± 1.9

P X
T > 25 GeV 1 3.18 ± 0.59 2.23 ± 0.38 0.95 ± 0.41

Muon Total 2 4.29 ± 0.69 3.96 ± 0.66 0.33 ± 0.11

P X
T > 25 GeV 0 2.40 ± 0.41 2.22 ± 0.39 0.19 ± 0.06

Combined Total 13 21.8 ± 3.1 15.6 ± 2.4 6.2 ± 1.9

P X
T > 25 GeV 1 5.58 ± 0.91 4.45 ± 0.75 1.14 ± 0.44

H1 1994–2007 e±p 474 pb−1 Data SM expectation SM signal Other SM processes

Electron Total 39 43.1 ± 6.0 30.3 ± 4.8 12.8 ± 3.4

P X
T > 25 GeV 10 7.5 ± 1.3 5.79 ± 0.99 1.71 ± 0.72

Muon Total 14 11.0 ± 1.8 10.1 ± 1.7 0.88 ± 0.28

P X
T > 25 GeV 8 6.1 ± 1.0 5.64 ± 0.99 0.47 ± 0.15

Combined Total 53 54.1 ± 7.4 40.4 ± 6.3 13.7 ± 3.5

P X
T > 25 GeV 18 13.6 ± 2.2 11.4 ± 1.9 2.18 ± 0.80

low values of lepton polar angle and have a 	φ�−X distri-
bution in agreement with the SM prediction. The shape of
the transverse mass M�ν

T distribution shows a Jacobian peak
as expected from single W production. The observed P X

T ,
P miss

T and P �
T distributions are also indicative of W pro-

duction, where the decay products of the W peak around
40 GeV and the hadronic final state has typically low P X

T .
In 11 of the 53 events in the final sample an additional elec-
tron is observed in the main detector, in agreement with a
SM prediction of 11.7±1.5. In W production events the ad-
ditional electron typically corresponds to the scattered elec-
tron, as illustrated in Fig. 1(a).

Figure 3 displays some examples of data events selected
by the analysis. Event (a) features a high PT electron, large
missing transverse momentum and no visible reconstructed
hadronic final state, which is typical of low PT single W

production. Event (b) features a high PT muon, in addition
to a prominent hadronic jet, resulting in a large P X

T . The
presence of an undetected particle in the event is particularly
visible in the transverse (x–y) plane.

In the region P X
T > 25 GeV, 18 events are observed com-

pared to an expectation of 13.6 ± 2.2, as shown in Table 3.

Almost all of the high P X
T events are seen in the e+p data,

where 17 events are observed compared to an expectation
of 8.0 ± 1.3. This excess of data events over the SM pre-
diction corresponds to a 2.4σ significance, which is lower
than previously reported in [3]. In the e−p data no excess
is seen, where only 1 event is observed in the data with
P X

T > 25 GeV, compared to a SM expectation of 5.6 ± 0.9.
The kinematics of the events with P X

T > 25 GeV are detailed
in Table 4.

The hadronic transverse momentum distribution is shown
separately for e+p and e−p data in Fig. 4. In addition to the
slight excess of e+p data events visible at high P X

T , a slight
deficit of data events is visible in the e−p sample, particu-
larly at low values of P X

T . Potential sources of inefficiency
in the data due to data quality requirements, such as trigger
conditions, the vertex requirement and non-ep background
suppression, were investigated and ruled out as the origin
of the observed differences between the e+p and e−p re-
sults. A series of control samples, enriched with SM back-
ground physics processes, are also used to investigate these
observations in the final sample, as discussed in Appen-
dix A.
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Fig. 2 Distributions in the
combined electron and muon
channels for the e±p data
sample. Shown is the polar
angle of the lepton θ� (a), the
lepton–hadronic system
acoplanarity 	φ�−X (b), the
lepton–neutrino transverse mass
M�ν

T (c), the hadronic transverse
momentum P X

T (d), the missing
transverse momentum P miss

T (e)
and the transverse momentum of
the lepton P �

T (f). The data
(points) are compared to the SM
expectation (open histogram).
The signal component of the
SM expectation, dominated by
real W production, is shown as
the hatched histogram. The total
uncertainty on the SM
expectation is shown as the
shaded band

7.2 Tau lepton channel

The results of the search in the tau channel are summarised
in Table 5. In the final event sample, 18 events are se-
lected, compared to a SM expectation of 23.2±3.8. The SM
expectation is dominated by charged current background
processes, whereas the signal contribution is only 11%. Dis-
tributions of the events in the final sample are shown in
Fig. 5. Most of the events are observed at very low P X′

T .
At P X′

T > 25 GeV one event is observed in the data, com-
pared to a SM expectation of 1.5 ± 0.2. In this region the
contribution of single W boson production to the SM expec-
tation is about 38%. The data event, shown in Fig. 3(c), is se-
lected in e−p collisions and exhibits P τ

T = 14.3 ± 1.2 GeV,

P X′
T = 62 ± 5 GeV and P miss

T = 68 ± 6 GeV. Of the six
events observed in the previous analysis [14], three are re-
tained in this selection, whereas the other three are rejected
by the tighter track isolation described in Sect. 5.2.

The low efficiency to detect tau-like jets of about 16%,
together with the branching ratio to hadronic one-prong de-
cays of 49% and the restricted polar angular range, leads to
a significantly lower SM expectation of W → τντ events of
only 2.7±0.4 events, compared to 30.3±4.8 and 10.1±1.7
in the electron and muon channels, respectively. A compari-
son and cross check of the electron and muon channel is im-
peded by this low efficiency and the high background con-
tamination, and therefore the tau channel is not included in
the cross section measurements described below.
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Fig. 3 Displays of isolated
lepton events in the final
sample. (a) An electron event
with missing transverse
momentum and no visible
hadronic final state, typical of
low PT single W production.
(b) An isolated muon event,
with missing transverse
momentum and a prominent
hadronic final state X.
(c) An event with an isolated tau
lepton candidate, missing
transverse momentum and a
prominent hadronic final state X

7.3 Cross section measurements

A measurement of the visible cross section for the isolated
lepton and missing transverse momentum topology in ep

collisions is performed using the electron and muon chan-
nels in the phase space 5◦ < θ� < 140◦, P �

T > 10 GeV,
P miss

T > 12 GeV and D(�; jet) > 1.0 at a centre of mass

energy3 of
√

s = 317 GeV. The cross section is defined
as:

σ = Nobs − NMC
bg

L A , (1)

3Assuming a linear dependence of the cross section on the proton beam
energy.
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Table 4 Kinematics of the isolated lepton events at high P X
T >

25 GeV. Resolutions on the experimental observables are propagated
to the reconstructed variables. The measured charge q of the lepton
and the associated charge significance σq is given where appropri-
ate. For muon events where the curvature |κ| ∝ 1/PT measurement is

compatible with zero within 2σ = |κ|/δκ , the kinematic variables are
estimated at |κ| + δκ corresponding to a lower limit on PT at the 1σ

level. All events in the table are observed in e+p collisions with excep-
tion of the event in the last row, which was observed in e−p collisions

H1 isolated lepton events at high P X
T

Run Event Lepton q(σq ) P �
T [GeV] θ� [◦] P X

T [GeV] M�ν
T [GeV] P miss

T [GeV]

186729 702 μ > 42.5 30.0 ± 0.4 75.3 ± 5.5 > 33.7 > 40.0

188108 5066 μ−(8.3σ) 40.9+5.6
−4.4 35.1 ± 0.4 29.4 ± 2.4 79.2+8.0

−10.1 43.7+3.3
−4.2

192227 6208 μ−(7.0σ) 73.3+12.2
−9.2 28.6 ± 0.3 63.9 ± 5.9 67.8+19.8

−24.9 19.8+5.4
−6.8

195308 16793 μ+(4.2σ) 60.1+18.6
−11.5 30.9 ± 0.4 30.1 ± 2.6 88.7+23.5

−37.0 33.5+10.6
−15.8

248207 32134 e+(15σ) 32.1 ± 1.3 32.2 ± 0.3 42.0 ± 3.9 62.7 ± 2.3 43.4 ± 2.8

252020 30485 e+(40σ) 25.6 ± 1.2 110.2 ± 0.3 39.1 ± 3.3 48.6 ± 2.1 35.5 ± 2.5

266336 4126 μ+(26σ) 19.7+0.8
−0.7 67.3 ± 0.4 50.0 ± 3.8 69.8+2.4

−2.5 66.6 ± 3.7

268338 70014 e+(1.6σ) 33.8 ± 1.3 29.7 ± 0.2 45.2 ± 3.2 90.3 ± 3.1 67.2 ± 3.0

275991 29613 e+(37σ) 37.8 ± 1.5 41.7 ± 0.3 27.1 ± 1.8 73.3 ± 2.8 40.3 ± 1.4

369241 6588 e 29.2 ± 1.1 20.3 ± 0.2 40.5 ± 4.8 74.3 ± 3.0 55.5 ± 4.2

385422 76666 e+(22σ) 28.1 ± 1.3 96.1 ± 0.3 25.9 ± 2.8 63.1 ± 2.8 40.0 ± 2.3

389826 2783 e−(10σ) 62.0 ± 2.2 45.6 ± 0.3 45.3 ± 4.5 79.7 ± 6.0 30.3 ± 2.1

391884 49715 e 38.2 ± 1.4 22.7 ± 0.2 32.4 ± 2.6 48.5 ± 3.0 20.1 ± 0.8

473929 107593 μ−(9.6σ) 53.5+6.2
−5.1 31.4 ± 0.4 49.1 ± 4.5 80.6+8.7

−10.7 40.9+2.8
−3.4

494115 121996 μ+(22σ) 22.6+1.0
−1.0 61.5 ± 0.4 37.0 ± 3.7 45.2+1.8

−1.9 35.8+3.0
−3.0

495399 85500 μ−(32σ) 29.4+0.9
−0.8 62.4 ± 0.4 29.6 ± 2.8 63.1+1.7

−1.8 40.3+2.0
−2.0

498117 316609 e+(9.8σ) 27.4 ± 1.1 30.7 ± 0.3 26.7 ± 1.8 72.5 ± 2.5 49.9 ± 2.0

433051 64528 e−(24σ) 26.2 ± 1.3 69.9 ± 0.3 72.9 ± 5.6 71.3 ± 2.9 75.8 ± 5.2

Fig. 4 The hadronic transverse
momentum P X

T distributions in
the combined electron and muon
channels for the e+p (a) and
e−p (b) data samples. The data
(points) are compared to the SM
expectation (open histogram).
The signal component of the
SM expectation, dominated by
real W production, is shown as
the hatched histogram. The total
uncertainty on the SM
expectation is shown as the
shaded band

where Nobs is the number of observed data events in the
complete e±p data set and NMC

bg is the MC estimate of
the number of SM background events, due to processes
discussed in Sect. 2. The total data luminosity is denoted
by L. The acceptance A is defined as NMC

rec /NMC
gen , the

ratio of reconstructed and generated signal events, and
accounts for detection efficiencies and migrations. The
EPVEC generator is used to calculate the acceptance, which
is predicted to be about the same for e+p and e−p colli-
sions.

The cross section is measured in several regions of P X
T

in both lepton channels, as displayed in Table 6. For P X
T <

12 GeV, the cross section in the muon channel is estimated

using the electron channel measurement [52]. The measured

total visible cross section for events with an isolated lepton

and missing transverse momentum is:

σ�+P miss
T

= 0.23 ± 0.05 (stat.) ± 0.04 (sys.) pb,
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Table 5 Summary of the H1 results of the search for events with
tau leptons and missing transverse momentum for the e+p data (291
pb−1), e−p data (183 pb−1) and the full HERA data set (474 pb−1).
The results are shown for the full selected sample and for the subsam-

ple at P X
T > 25 GeV. The number of observed events is compared to

the SM prediction. The SM signal (W → τντ ) and the background
contributions are also shown. The quoted errors contain statistical and
systematic uncertainties added in quadrature

H1 Tau channel Data SM expectation SM signal Other SM processes

1994–2007 e+p 291 pb−1 Total 9 12.3 ± 2.0 1.66 ± 0.25 10.6 ± 1.8

P X
T > 25 GeV 0 0.82 ± 0.12 0.38 ± 0.06 0.44 ± 0.06

1999–2006 e−p 183 pb−1 Total 9 11.0 ± 1.9 1.00 ± 0.15 10.0 ± 1.8

P X
T > 25 GeV 1 0.68 ± 0.11 0.21 ± 0.03 0.47 ± 0.07

1994–2007 e±p 474 pb−1 Total 18 23.2 ± 3.8 2.66 ± 0.40 20.6 ± 3.4

P X
T > 25 GeV 1 1.50 ± 0.21 0.59 ± 0.09 0.91 ± 0.12

Fig. 5 Distributions in the tau
channel for the e±p data
sample. Shown is the missing
transverse momentum P miss

T (a),
the hadronic transverse
momentum not including the
tau-jet candidate P X′

T (b), the
polar angle of the tau-jet
candidate θτ (c) and the tau-jet
candidate transverse momentum
P τ

T (d). The data (points) are
compared to the SM expectation
(open histogram). The signal
component of the SM
expectation is shown as the
hatched histogram. The total
uncertainty on the SM
expectation is shown as the
shaded band

where the first error is statistical and the second systematic.
The total cross section is in agreement with the SM NLO
value of 0.25 ± 0.04 pb. The results are also found to be in
agreement with previously published numbers [3]. The mea-
surements in the electron and muon channels are consistent
with each other.

The systematic uncertainty includes all of the sources de-
scribed in Sect. 6. In addition, a 10% model uncertainty is
applied to the acceptance, estimated by comparing two fur-
ther generators that produce W bosons with different kine-
matic distributions from those in EPVEC, namely an im-

plementation of W boson production within PYTHIA and a
flavour changing neutral current (FCNC) single top genera-
tor ANOTOP [4].

The total single W boson production cross section is also
calculated using (1), where A is now defined with respect
to the full phase space and the contribution from Z produc-
tion illustrated in Fig. 1(d) is considered as background. The
branching ratio corresponding to the leptonic W boson de-
cay to any final state with an electron or muon, including
the contribution from leptonic tau-decay [53], is now also
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Table 6 The measured cross sections with statistical (stat.) and sys-
tematic (sys.) errors for events with an isolated high energy electron
or muon with missing transverse momentum, in different kinematic
regions of the hadronic transverse momentum P X

T . The cross sec-
tions are determined for the kinematic region: 5◦ < θ� < 140◦, P �

T >

10 GeV, P miss
T > 12 GeV and D(�; jet) > 1.0 at a centre of mass energy

of
√

s = 317 GeV. Also shown are the signal expectations including
the theoretical uncertainties for the Standard Model where the dom-
inant contribution ep → eWX is calculated at next to leading order
(SM NLO)

H1 isolated lepton and P miss
T cross section

Measured ± stat. ± sys. [fb] SM NLO [fb]

Electron P X
T ≤ 12 GeV 63 ± 22 ± 13 84 ± 13

P X
T > 12 GeV 54 ± 17 ± 9 49 ± 7

Muon P X
T > 12 GeV 56 ± 16 ± 7 44 ± 7

Combined P X
T ≤ 25 GeV 164 ± 45 ± 32 207 ± 31

P X
T > 25 GeV 64 ± 18 ± 10 47 ± 7

Total 228 ± 48 ± 39 253 ± 38

Fig. 6 The measured differential single W boson production cross
section dσW /dP X

T as a function of the hadronic transverse momentum
P X

T (points). The errors denote the sum of the statistical and system-
atic uncertainties in quadrature. The measurement is compared to the
EPVEC prediction (open histogram), including the theoretical uncer-
tainty of 15% shown as the shaded band

included in the calculation. The total single W boson pro-
duction cross section at HERA is measured as:

σW = 1.14 ± 0.25 (stat.) ± 0.14 (sys.) pb,

in good agreement with the SM expectation of 1.27 ±
0.19 pb. This result is also in good agreement with the ZEUS
measurement presented in [12]. The differential single W

boson production cross section is also measured as a func-
tion of P X

T , the results of which are displayed in Fig. 6 and
Table 7, and is in agreement with the SM prediction.

7.4 Measurement of the WWγ couplings

The production of single W bosons at HERA is sensitive
to anomalous triple gauge boson couplings [54], via the
process illustrated in Fig. 1(b). Due to the large mass of the
Z boson, no sensitivity is expected to the WWZ coupling.
Under the assumption of charge and parity conservation, and

Table 7 The differential single W boson production cross section
dσW /dP X

T with statistical (stat.) and systematic (sys.) errors, derived
from the electron and muon channels as a function of the hadronic
transverse momentum P X

T . Also shown are the expectations including
the theoretical uncertainties for the Standard Model calculated at next
to leading order (SM NLO). In the phase space where P X

T < 12 GeV,
the electron measurement is used to estimate the muon cross section
under the assumption of lepton universality

H1 differential single W production cross section at
√

s = 317 GeV

P X
T [GeV] Measured ± stat. ± sys. [fb/GeV] SM NLO [fb/GeV]

0–12 47.6 ± 18.2 ± 8.9 65.2 ± 9.8

12–25 17.4 ± 6.3 ± 1.7 18.3 ± 2.7

25–40 11.2 ± 4.5 ± 1.0 10.1 ± 1.5

40–80 4.5 ± 1.7 ± 0.6 2.4 ± 0.4

Lorentz and electromagnetic gauge invariance, the WWγ

vertex can be parametrised [55] using two free coupling pa-
rameters, κ and λ, related to the magnetic dipole moment
μW = e/2MW (1 + κ + λ) and the electric quadrupole mo-
ment QW = −e/M2

W (κ − λ) of the W boson. In the SM,
κ = 1 and λ = 0 at tree level. In this paper, limits are set on
the coupling parameters using the method of maximum like-
lihood in a Bayesian approach employing Poisson statistics.
Instead of κ , 	κ ≡ κ − 1 is used, such that any non-zero
value for 	κ or λ represents a deviation from the SM.

Since the P X
T spectrum is expected to be sensitive to

anomalous values of 	κ and λ [54], the likelihood analy-
sis is performed in four bins with lower edges in P X

T of
12,25,40 and 80 GeV. The last bin extends until 120 GeV
and contains no data events, but for anomalous values of
λ, the expectation in this region becomes significant and is
used to further constrain λ. Events with P X

T < 12 GeV are
not used since the main SM W boson production diagram,
shown in Fig. 1(a), dominates this region of phase space and
no sensitivity to the WWγ vertex parameters is gained from
such events.
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Fig. 7 Probability distributions
(in arbitrary units) of the single
parameter fits to (a) 	κ and
(b) λ. The obtained 95% CL
limits are shown (shaded areas)
in comparison with those of DØ
[61], CDF [62], and
ALEPH [63]. The SM
expectation values are also
indicated

The maximum likelihood analysis is performed for each
bin in P X

T and the resulting probability distributions are
multiplied. This is done for 	κ and λ separately, keeping
the other parameter fixed to its SM value. The resulting
probability distributions are shown in Fig. 7. The observed
double-peak structure in the probability densities arises from
the quadratic dependence of the cross section to the coupling
parameters. The following limits are derived at 95% confi-
dence level (CL):

−4.7 < 	κ < −2.5 or − 0.7 < 	κ < 1.4,

−2.5 < λ < 2.5.

The dominant source of error is the theoretical uncer-
tainty on the single W boson production cross section. The
limits obtained are in good agreement with the SM predic-
tion. Since the value of 	κ = −1 is excluded at 95% CL,
the results obtained explicitly demonstrate the presence of
a magnetic coupling of the photon to the W boson, in ad-
dition to the coupling to the electric charge of the W bo-
son. Given the limits obtained for λ, the first allowed region
(−4.7 < 	κ < −2.5) is excluded by limits derived from
loop contributions to (g − 2)μ [56–60]. The limits on 	κ ,
enclosing the SM prediction 	κ = 0, are compatible with
those obtained at the Tevatron [61, 62]. The most stringent
limits were obtained at LEP in single γ , single W and W

pair production [63–66].

7.5 Measurement of the W boson polarisation fractions

A measurement of the W boson polarisation is performed
to further test the compatibility of the observed results with
SM single W production. For W bosons from the decay of
single top quarks, the production of which is kinematically
possible at HERA, the polarisation is expected to be differ-
ent from that in the SM. The cos θ∗ distribution in the decay
W → e/μ + ν is exploited, where θ∗ is defined as the an-
gle between the W boson momentum in the lab frame and

that of the charged decay lepton in the W boson rest frame.
The influence of higher order corrections on the cos θ∗ dis-
tribution is expected to be small and is neglected. For the
left-handed polarisation fraction F−, the longitudinal frac-
tion F0 and the right-handed fraction F+ ≡ 1 − F− − F0,
the cos θ∗ distributions for W+ bosons are given [55] by:

1

σW→�+ν

dσW→�+ν

d cos θ∗

= 3

4
F0

(
1 − cos2 θ∗) + 3

8
F−(1 − cos θ∗)2

+ 3

8
F+(1 + cos θ∗)2. (2)

To allow the datasets of both W boson charges to be
combined, cos θ∗ is multiplied by the sign of the lepton
charge q�. Events in the electron or muon channel originat-
ing from W boson to tau decay, W → τ(→ e/μ + νe/μ) +
ντ , are considered background, since for these events the
cos θ∗ distributions are not expected to be described by (2).

Events are selected for this measurement starting from
the sample described in Sect. 5.1. The W boson four-vector
is reconstructed as the sum of the neutrino and lepton four-
vectors using a kinematic constraint to the W mass if the
scattered electron is not observed [52]. To ensure a reli-
able charge measurement only leptons in the central region
θ� > 20◦, and with charge significance σq > 1 are consid-
ered. In the electron channel, the associated track transverse
momentum P track

T is required to match the calorimetric mea-
surement P e

T under the condition 1/P track
T − 1/P e

T < 0.04.
Using these requirements the charge misidentification prob-
ability is found to be below 1%. The final sample consists of
21 electron events and 9 muon events. The SM prediction is
dominated by single W production, which contributes 76%
to the total expectation.

The cos θ∗ distributions of W bosons produced off-shell
are not expected to be described by the polarisation model
given in (2). A correction is therefore applied to the mea-
sured q� · cos θ∗ distribution [52], where the contribution
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Fig. 8 (a) The measured normalised differential cross section
1/σ dσ/d (q� · cos θ∗) (points) as a function of q� · cos θ∗ for on-shell
W bosons. The EPVEC prediction is also shown (open histogram) with
a 15% theoretical uncertainty shown by the band. The result of the si-
multaneous fit of the W polarisation fractions is shown as the dashed

histogram. (b) The plane showing the fit result for the simultaneously
extracted left handed (F−) and longitudinal (F0) W boson polarisation
fractions (point) with the corresponding 68% and 95% CL contours.
Also shown are the values of predictions from EPVEC (triangle) and
ANOTOP (square)

Table 8 The polarisation fractions F− and F0 obtained from one para-
meter fits, with statistical (stat.) and systematic (sys.) errors. The cen-
tral values are obtained by fixing one parameter to its SM prediction
and fitting the other. The SM predictions from EPVEC are also shown

H1 W polarisation fractions

Fraction Measured ± stat. ± sys. EPVEC

F− 0.67 ± 0.19 ± 0.08 0.62

F0 0.21 ± 0.35 ± 0.10 0.17

from such production diagrams is estimated using EPVEC.
The measured q� · cos θ∗ distribution is also corrected for
acceptance and detector effects. The resulting normalised
differential cross section is shown in Fig. 8(a), with the re-
sult of the fit to the polarisation fractions described in the
above equation. In the fit, F− and F0 are simultaneously de-
termined, the result of which is shown in Fig. 8(b) and found
to be in good agreement with the SM. To test the stability or
possible biases of the result, the fit is repeated on cos θ∗ dis-
tributions derived using non-SM polarisation fractions. As
a further cross check, a fit to the uncorrected cos θ∗ distrib-
ution using polarisation templates is performed on detector
level. All results are found to be consistent.

In addition, Fig. 8(b) shows the expectation obtained
from ANOTOP [4], where all W bosons are assumed to
come from top decays. The data are also compatible with
this process within the sensitivity of the measurement, al-
though it can be seen that the SM value is favoured.

F− and F0 are also extracted in fits where one parameter
is fixed to its SM value, the results of which are presented in
Table 8. The quoted systematic uncertainties are propagated
from the cross section calculations. The systematic effects

on the shape of the differential cross section from uncertain-
ties on the background estimates and charge misidentifica-
tion are also taken into account. More details on the analysis
can be found in [52].

8 Summary

A search for events with isolated leptons and missing trans-
verse momentum is performed using the full HERA e±p

data sample, corresponding to an integrated luminosity of
474 pb−1. All three lepton flavours are investigated. With
respect to the previous publication the integrated luminos-
ity of the data set is increased by about a factor of four, and
the signal efficiency and background suppression have been
improved.

In the combined electron and muon channels 53 events
are observed in the full e±p data sample compared to a SM
prediction of 54.1±7.4, where 40.4±6.3 are expected from
signal processes, dominated by single W production. Inter-
esting events are observed at high P X

T > 25 GeV in the e+p

data sample, where 17 events are observed compared to a
SM prediction of 8.0 ± 1.3, including 7.0 ± 1.2 expected
from signal processes. This excess of data events over the
SM prediction in the e+p data corresponds to a 2.4σ signif-
icance, which is lower than previously reported in [3]. No
such excess is observed in the e−p data.

In the search for tau leptons and missing transverse mo-
mentum, 18 events are observed in agreement with the SM
expectation of 23.2 ± 3.8, which is dominated by CC back-
ground. The signal contribution is small at around 11%. No
excess of events is observed in the data at large hadronic
transverse momentum.
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From the events observed in the electron and muon chan-
nels the single W production cross section has been mea-
sured as 1.14 ± 0.25 (stat.) ± 0.14 (sys.) pb, compared to a
SM expectation of 1.27 ± 0.19 pb. The measured cross sec-
tion is used to derive single parameter limits on the WWγ

gauge coupling parameters 	κ and λ at 95% CL. The W po-
larisation fractions are measured for the first time at HERA
and found to be consistent with the SM.
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Appendix A: Background studies

The description of the SM background and the potential in-
fluence of systematic effects arising from the event selection
are investigated using a set of control samples, where in-
dividual background processes are statistically enriched. In
particular, the origin of features of the final sample, such as
the difference in event yield in the e+p and e−p data have
been examined. The control samples are defined by remov-
ing cuts from the event selections summarised in Tables 1

and 2. The most conclusive background enriched samples
are described in the following.

A.1 Electron channel control samples

The SM background in the electron channel is studied by
enriching the final sample with NC and CC events.

NC background, concentrated at low Q2
e , may enter the

final sample due to a mismeasurement of energy which gives
rise to a large value of P calo

T and a small value of Vap/Vp.
The requirements on ζ 2

e , P calo
T and Vap/Vp are designed to

suppress NC that enters due to this effect. Figure 9 shows
a NC enriched electron sample that is formed by removing
these requirements from the final selection. The NC contri-
bution to the SM expectation is about 95% in this sample.
Figures 9(a) and (b) show the P calo

T distribution, and (c) and
(d) the ζ 2

e distribution under the condition P calo
T < 25 GeV,

in the e+p data and in the e−p data, respectively. It can be
seen that the part of the sample populated by the NC back-
ground at low P calo

T and low ζ 2
e is well described by the sim-

ulation for both the e+p data and the e−p data. Events in the
final sample appear at P calo

T > 25 GeV or ζ 2
e > 5000 GeV.

CC background may enter the final sample due to
hadrons or photons misidentified as isolated electrons. Such
electron candidates appear predominantly close to the jet
and generally do not fulfill the strict isolation and tracking

Fig. 9 Distributions of data
(points) selected in the NC
enriched sample in the electron
channel. Shown are P calo

T and
ζ 2
e , the latter for events with

P calo
T < 25 GeV in the

e+p (a, c) and e−p (b, d) data.
The total uncertainty on the SM
expectation (open histogram) is
shown as the shaded band. The
signal component is shown as
the hatched histogram. The final
sample populates the region
P calo

T > 25 GeV or

ζ 2
e > 5000 GeV
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Fig. 10 Distributions of data
(points) selected in the CC
enriched sample in the electron
channel. Shown is the transverse
momentum P e

T (a) and polar
angle θe (b) of reconstructed
electrons for all data e±p, and
their distance to jets
D(e; jet) > 1.0 in the e+p (c)
and e−p (d) samples
individually. The total
uncertainty on the SM
expectation (open histogram) is
shown as the shaded band. The
signal component is shown as
the hatched histogram. The final
sample populates the region
D(e; jet) > 1.0

criteria applied to electrons in the final sample of this analy-
sis. Figure 10 shows a CC enriched electron sample where
the cuts on D(e; jet) and D(e; track) are removed and only
an associated NV track with a DCA < 12 cm is required
as a veto against neutral particles. The electron candidates
are still required to be isolated in the calorimeter, as de-
scribed in Sect. 4. The tracking requirements on the electron
are relaxed so that the overall CC contribution to the SM
expectation is about 80% in this selection. P e

T and θe dis-
tributions of electron candidates in this sample are shown
in Figs. 10(a) and (b), respectively. The model uncertainty
on this type of CC background is 50%, as derived from this
control sample, such that the rate of isolated electrons over
the whole range is described within the total uncertainties.
Figures 10(c) and (d) show the D(e; jet) distribution in the
e+p and e−p data, respectively. The CC background peaks
close to the jet and is described within the total error in both
data sets.

A.2 Muon channel control samples

Studies of the SM background in the muon channel are per-
formed by enriching the final sample with lepton pair and
CC events.

Muons in pair production events typically have asymmet-
ric transverse momenta. If one of the muons is produced at

a very low polar angle, it may escape detection due to geo-
metrical acceptance. In this case the detected muon tends
to balance the hadrons in the transverse plane. Figure 11
shows a muon pair enriched sample of events that is formed
by removing the requirements on P miss

T and 	φμ−X from
the final muon selection. The requirement that there be only
one muon in the event is also removed. The overall lep-
ton pair contribution to the SM expectation is about 90% in
this sample. The P miss

T distribution in this sample is shown
in Fig. 11(a), and demonstrates that the resolution tail is
described within the errors. The θμ distribution shown in
Fig. 11(b) follows the prediction from the SM expectation.
The 	φμ−X distribution is shown separately for the e+p

data and e−p data in Figs. 11(c) and (d), respectively, and is
described within the errors in the region populated by lep-
ton pair production. Events in the final sample are visible in
the region 	φμ−X < 170◦, where the muon pair prediction
is low. Most of these events are at values of 	φμ−X that
deviate from 180◦ significantly.

Isolated muons can also appear in CC events, either due
to the presence of real muons produced in the fringe of the
jet decay cascade, or due to misidentification of muons as a
combination of tracks from charged hadrons and noise in the
muon systems. Figure 12 shows a CC enriched event sam-
ple in the muon channel that is formed by removing all iso-
lation requirements on muon candidates, in particular cuts
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Fig. 11 Distribution of data
(points) selected in the lepton
pair enriched sample in the
muon channel. Shown is the
missing transverse momentum
P miss

T (a) and polar angle θμ (b)
of muons for all data e±p, and
the acoplanarity 	φμ−X in the
e+p (c) and e−p (d) samples
individually. The total
uncertainty on the SM
expectation (open histogram) is
shown as the shaded band. The
signal component is shown as
the hatched histogram. The final
sample populates the region
	φμ−X < 170◦

Fig. 12 Distribution of data
(points) selected in the CC
enriched sample in the muon
channel. Shown is the transverse
momentum P

μ
T (a), polar angle

θμ (b) of identified muons, the
distance to jets D(μ; jet) (c) and
the acoplanarity 	φμ−X (d) for
all data. The total uncertainty on
the SM expectation (open
histogram) is shown as the
shaded band. The signal
component is shown as the
hatched histogram. The final
sample populates the region
D(μ; jet) > 1.0
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Fig. 13 Control distributions of
data (points) in the tau channel.
Shown is the polar angle
distribution θjet of tau-like jets
in an inclusive NC control
sample (a), in a photoproduction
control sample (b), in the
CC-like sample (c), and the
multiplicity of PT > 5 GeV
tracks associated to the jet in the
CC-like sample (d). The total
uncertainty on the SM
expectation (open histogram) is
shown as the shaded band

on D(μ; jet) and D(μ; track). In this sample, the contribu-
tion from CC to the total expectation is about 64%, with the
remainder dominated by signal processes. Figures 12(a) and
(b) show that P

μ
T and θμ, respectively, of identified muons in

this sample follow the distribution predicted by the simula-
tion. The rate of identified muons close to the jet is described
within the total uncertainties. The D(μ; jet) distribution is
shown in Fig. 12(c). Events in the final sample are distrib-
uted across the 	φμ−X distribution, shown in Fig. 12(d),
away from the region of the phase space dominated by CC
processes.

A.3 Tau channel control samples

The description of narrow jets with at least one central high
PT track as background to tau jets is checked by investi-
gating tau-like jets satisfying the requirements given in Ta-
ble 2, in the same PT and polar angle region as tau jets
in the final sample. Such tau-like jets are selected in an
event sample of inclusive NC events defined by an isolated
electron in the phase space P e

T > 10 GeV, θe < 140◦ and
D(e; jet) > 1.0. The polar angle distribution of the tau-like
jet with the highest PT is shown in Fig. 13(a). To control
any influence of lost or mismeasured energy on the hadronic
final state and therefore on tau-like jets, P miss

T > 12 GeV is
required in the inclusive NC event sample. A sample of di-
jets in photoproduction is also selected, mainly by requiring

Vap/Vp > 0.2, δmiss > 10 GeV and rejecting NC events with
a scattered electron, in addition to requiring two jets with
P

jet1,jet2
T > 20,15 GeV. The polar angle distribution of the

tau-like jet with the highest PT is shown in Fig. 13(b). The
data are found to agree with the MC simulation within the
total uncertainties in all of the above samples.

The total background in the final sample is controlled us-
ing the selection steps described in Table 2. Figure 13 shows
the polar angle (c) and track multiplicity (d) distributions of
tau-like jets in the CC-like sample, where all the isolation
criteria of Table 2 are applied with the exception of the track
isolation requirements. Good agreement between the data
and the SM prediction is observed in these samples.
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