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Simon Fraser University, Burnaby, British Columbia, Canada V5A 1S6;
University of Toronto, Toronto, Ontario, Canada M5S 1A7;

and TRIUMF, Vancouver, British Columbia, Canada V6T 2A3
35University of Michigan, Ann Arbor, Michigan 48109, USA

36Michigan State University, East Lansing, Michigan 48824, USA
37Institution for Theoretical and Experimental Physics, ITEP, Moscow 117259, Russia

38University of New Mexico, Albuquerque, New Mexico 87131, USA
39Northwestern University, Evanston, Illinois 60208, USA
40The Ohio State University, Columbus, Ohio 43210, USA

41Okayama University, Okayama 700-8530, Japan
42Osaka City University, Osaka 588, Japan

43University of Oxford, Oxford OX1 3RH, United Kingdom
44aIstituto Nazionale di Fisica Nucleare, Sezione di Padova-Trento, I-35131 Padova, Italy

44bUniversity of Padova, I-35131 Padova, Italy
45LPNHE, Universite Pierre et Marie Curie/IN2P3-CNRS, UMR7585, Paris, F-75252 France

46University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA
47aIstituto Nazionale di Fisica Nucleare Pisa, I-56127 Pisa, Italy

47bUniversity of Pisa, I-56127 Pisa, Italy
47cUniversity of Siena, I-56127 Pisa, Italy

aDeceased.
bVisitor from University of Massachusetts Amherst, Amherst,

MA 01003, USA.
cVisitor from Universiteit Antwerpen, B-2610 Antwerp,

Belgium.
dVisitor from University of Bristol, Bristol BS8 1TL, United

Kingdom.
eVisitor from Chinese Academy of Sciences, Beijing 100864,

China.
fVisitor from Istituto Nazionale di Fisica Nucleare, Sezione di

Cagliari, 09042 Monserrato (Cagliari), Italy.
gVisitor from University of California Irvine, Irvine, CA

92697, USA.
hVisitor from University of California Santa Cruz, Santa Cruz,

CA 95064, USA.
iVisitor from Cornell University, Ithaca, NY 14853, USA.
jVisitor from University of Cyprus, Nicosia CY-1678, Cyprus.
kVisitor from University College Dublin, Dublin 4, Ireland.
lVisitor from University of Edinburgh, Edinburgh EH9 3JZ,

United Kingdom.
mVisitor from University of Fukui, Fukui City, Fukui

Prefecture, Japan 910-0017.
nVisitor from Kinki University, Higashi-Osaka City, Japan

577-8502.
oVisitor from Universidad Iberoamericana, Mexico D.F.,

Mexico.

pVisitor from University of Iowa, Iowa City, IA 52242, USA.

eeOn leave from J. Stefan Institute, Ljubljana, Slovenia.

ddVisitor from Yarmouk University, Irbid 211-63, Jordan.

ccVisitor from Bergische Universität Wuppertal, 42097
Wuppertal, Germany.

bbVisitor from University of Virginia, Charlottesville, VA
22906, USA.

aaVisitor from Universidad Tecnica Federico Santa Maria, 110v
Valparaiso, Chile.

zVisitor from IFIC(CSIC-Universitat de Valencia), 56071
Valencia, Spain.

yVisitor from Texas Tech University, Lubbock, TX 79609,

xVisitor from University de Oviedo, E-33007 Oviedo, Spain.

wVisitor from Obninsk State University, Obninsk, Russia.

vVisitor from University of Notre Dame, Notre Dame, IN
46556, USA.

uVisitor from Nagasaki Institute of Applied Science, Nagasaki,
Japan.

tVisitor from Muons, Inc., Batavia, IL 60510, USA.

sVisitor from University of Manchester, Manchester M13 9PL,
England.

rVisitor from Queen Mary, University of London, London, E1
4NS, England.

qVisitor from Kansas State University, Manhattan, KS 66506,
USA.

MEASUREMENT OF Z� PRODUCTION IN . . . PHYSICAL REVIEW D 82, 031103(R) (2010)

RAPID COMMUNICATIONS

031103-3



47dScuola Normale Superiore, I-56127 Pisa, Italy
48University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA

49Purdue University, West Lafayette, Indiana 47907, USA
50University of Rochester, Rochester, New York 14627, USA

51The Rockefeller University, New York, New York 10021, USA
52aIstituto Nazionale di Fisica Nucleare, Sezione di Roma 1, I-00185 Roma, Italy
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The production rate and kinematics of photons produced in association with Z bosons are studied using

2 fb�1 of p �p collision data collected at the Collider Detector at Fermilab. The cross section for p �p !
‘þ‘��þ X (where the leptons ‘ are either muons or electrons with dilepton massM‘‘ > 40 GeV=c2, and

where the photon has transverse energy E�
T > 7 GeV and is well separated from the leptons) is 4:6�

0:2ðstatÞ � 0:3ðsystÞ � 0:3ðlumÞ pb, which is consistent with standard model expectations. We use the

photon ET distribution from Z� events where the Z has decayed to �þ��, eþe�, or � �� to set limits on

anomalous (non standard model) trilinear couplings between photons and Z bosons.

DOI: 10.1103/PhysRevD.82.031103 PACS numbers: 14.70.Bh, 14.70.Hp, 13.85.Qk

The study of Z� production [1] is an important test of
the standard model (SM) description of gauge boson inter-
actions and provides sensitivity to physics beyond the SM
[2]. The Z� cross section is directly sensitive to the tri-
linear gauge couplings at the ZZ� and Z�� vertices, which
are predicted to vanish in the SM at tree level [3,4]. Physics
beyond the SM (e.g. compositeness or supersymmetry)
could alter the cross section and the production kinematics.
Z� production is also an important background to searches
for new physics (e.g., in gauge-mediated supersymmetry
breaking models [5]) and Higgs searches. In this paper the
production properties of Z� events are compared to SM
predictions, and limits are set on anomalous trilinear
couplings.

There is no direct coupling between the Z boson and the
photon in the SM, so Z� production at tree level comes
from either initial-state radiation (ISR), where the photon
is radiated by one of the incoming quarks, or final-state
radiation (FSR), where the photon is radiated off one of the
charged leptons from the decay of the Z boson. In ISR
events the dilepton mass will approximate the Z mass,
whereas in FSR events it is the three-body lepton-lepton-
photon mass that will approximate the Zmass. Events from
anomalous couplings will have real Z bosons, so they will
resemble ISR events.

We present measurements of Z� production from p �p
collisions at

ffiffiffi
s

p ¼ 1:96 TeV at the Tevatron Collider using
data obtained with the Collider Detector at Fermilab (CDF

II). We use two methods to identify Z� events. For events
where the Z decays to charged leptons, we first identify the
Z decay products and then look for the associated photon
[6]. We use these events to measure the Z� cross section
since we are able to identify them with low backgrounds
even at low photon transverse energy (E�

T) [7]. Anomalous
(non-SM) Z� couplings (described below) would produce
an excess of events with high E�

T , so to set limits on these
couplings we also include events where the Z boson decays
into neutrinos. We identify these by looking for events with
high E�

T and large missing transverse energy ( 6ET) [8]. An
integrated luminosity of 2:0 fb�1 is used for Z bosons
selected in the Z ! �þ�� and Z ! � �� decay modes
and 1:1 fb�1 is used for the Z ! eþe� decay mode.
The CDF II detector is described in detail elsewhere

[9,10]. The transverse momenta (pT) of charged particles
are measured by an eight-layer silicon strip detector [11]
and a 96-layer drift chamber (COT) [12] inside a 1.4 Tesla
magnetic field. The COT provides tracking coverage with
high efficiency for j�j< 1 (� is defined in [7]).
Electromagnetic and hadronic calorimeters surround the
tracking system. They are segmented in a projective tower
geometry and measure the energies of charged and neutral
particles in the central (j�j< 1:1) and forward (1:1<
j�j< 3:6) regions. Each calorimeter has an electromag-
netic shower profile detector positioned at the shower
maximum [13]. The calorimeters are surrounded by
muon drift chambers covering j�j< 1. Gas Cherenkov
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counters [14] measure the average number of p �p inelastic
collisions per beam crossing and thereby determine the
beam luminosity. The readout decision is made with a
fast three-level trigger system that has high efficiency for
selecting the Z bosons to be used in the offline analysis.

For the Z� cross section measurement, we select Z�
candidate events by identifying Z ! �þ�� and Z !
eþe� and then looking for photon candidates with E�

T >
7 GeV. Event selection starts with inclusive muon (elec-
tron) triggers requiring muon pT > 18 GeV=c (electron
ET > 18 GeV). Further selection requires the trigger
muon (electron) to be isolated and to have pT >
20 GeV=c (ET > 20 GeV) and to pass standard muon
(electron) identification criteria. Once we have identified
a trigger lepton, we require a second oppositely charged
lepton of the same flavor. For the second muon, we accept
an isolated track with pT > 20 GeV=c, j�j< 1, with a
minimum-ionizing energy deposit in the calorimeter, re-
gardless of whether or not it is associated with a recon-
structed track in the muon chambers. For the second
electron, we accept isolated electromagnetic clusters with
ET > 20 GeV and j�j< 2:8. One of the electrons is al-
lowed to pass a looser isolation requirement, with up to 3
times the amount of additional energy near the electron
compared to the standard isolation requirement. The shape
of the shower in the shower max detector is required to
match the expected shape for an electron, and in the central
region we require a match between this shower and a track.
Since the tracking efficiency falls off in the forward region
(j�j> 1:2), we do not require forward electrons to be
matched to a track and therefore we do not require an
opposite charge. The dilepton invariant mass for both
�þ�� and eþe� is required to be larger than 40 GeV=c2.

We measure trigger and reconstruction efficiencies by
studying leptonic decays of W and Z bosons. We measure
muon trigger efficiencies using Z ! �þ�� decays where
the two muons are fiducial to different muon detector
systems. The muon triggers varied during the running
period; most of the data were taken with triggers that
only required a track match in the r�� plane while a 3-
dimensional track match was required later during high-
luminosity running. The average trigger efficiency for
muons is ð91:6� 1:0Þ%. We also use the two muons
from Z ! �þ�� decays to measure the average muon
reconstruction and identification efficiency to be ð81:3�
1:1Þ%.

To find the trigger efficiency for a central electron that
satisfies the selection criteria, we use W boson candidates
triggered by an electromagnetic cluster and 6ET but with no
tracking requirement. The trigger efficiency for electrons
passing the final selection is nearly 100% for electrons with
a high-pT track (> 80 GeV=c), averages ð95:9� 0:6Þ%
for electrons with track pT between 20 and 80 GeV=c, and
falls sharply for electrons with track pT < 14 GeV=c.
We also use the two electrons of Z boson candidates to

measure the electron reconstruction and identification ef-
ficiency. This falls slightly during the run as the luminosity
increases; for central electrons it is in the range of 95% to
96% and for forward electrons it is in the range of 90% to
92%.
A small fraction of the Z boson candidates are back-

ground, primarily from QCD jets that are reconstructed as
electrons. In the central region we use same-sign events to
estimate the number of background events, which is found
to be negligible in both the muon and the electron data sets.
In events with one central electron and one forward elec-
tron, the charge of the forward electron is not measured
reliably, so we normalize to the high-mass sideband and
find the ð7:7� 1:0Þ% background.
Once we have selected events with Z boson candidates,

we look for well-identified isolated [15] photons in the
central region (j�j< 1:1) with E�

T > 7 GeV that are well

separated from the Z decay leptons (�R‘� > 0:7). To

determine the efficiency for identifying real photons, we
select a sample of Z events where one of the final-state
leptons has radiated a photon. We use tight lepton selection
criteria to reduce QCD backgrounds and very loose criteria
for selecting the photon (which is required to be within our
geometric acceptance) to insure nearly full acceptance for
photons that have not converted inside the tracking cham-
ber. We suppress Zþ jet events by requiring Mll <
80 GeV and we suppress WW, WZ, and ZZ events by
requiring 6ET < 10 GeV and the Z� pT < 10 GeV. We
reduce the background fraction to a negligible level by
requiring the three-body invariant mass of the two leptons
and the photon to be 91� 5 GeV=c2. Using this method
we determine that the efficiency for identifying real pho-
tons is ð86� 2Þ%, with the largest inefficiency coming
from the isolation requirement, which is needed to reduce
QCD backgrounds.
The largest background to the photons comes from QCD

jets. A jet can fragment into a high-pT �0 which decays
into two photons. If the two photons are sufficiently col-
linear, their electromagnetic showers in the calorimeter
will be indistinguishable from a single-photon shower. To
estimate the number of QCD background events in the Z�
sample we use the jets in the Z sample and a probability
function for jets to fragment in such a way that they pass
the photon identification criteria. This probability function
is determined from events collected by a dijet trigger by
measuring the rate at which we identify photons (as a
function of jet ET) and subtracting the expected true pho-
ton production rate. We also correct for the difference in
the ratio of jets coming from quarks versus gluons, since
quark jets are much more likely to be reconstructed as
photons. The probability is about 0.29% at 10 GeV and
drops rapidly to about 0.07% (with a large systematic
uncertainty) for jets above 25 GeV. The uncertainty on
the photon background is the dominant uncertainty on
the Z� cross section measurement.
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We find a total of 778 Z� events: 390 eþe�� events in
1:07� 0:06 fb�1, and 388 �þ��� events in 2:01�
0:12 fb�1. We estimate the QCD photon background to
be 94� 26 events (primarily at low photon ET), and we
estimate the number of events where a jet is misidentified
as an electron to be 14� 7 events. This gives measured
cross sections of �ðp �p! eþe��þXÞ ¼ 4:9�
0:3ðstatisticalÞ� 0:3ðsystematicÞ� 0:3ðluminosityÞ pb and
�ðp �p ! �þ���þ XÞ ¼ 4:4� 0:3� 0:2� 0:3 pb. The
average cross section is �ðp �p ! ‘þ‘��þ XÞ ¼
4:6� 0:2� 0:3� 0:3 pb, which agrees with a next-to-
leading-order SM calculation [16] of 4:5� 0:4 pb. These
cross sections are for events with E�

T > 7 GeV, �R‘� >

0:7, and a dilepton mass of at least 40 GeV=c2.
In Fig. 1 we plot the three-body mass on the vertical axis

and the dilepton mass on the horizontal axis. FSR-
dominated events form the horizontal line near M‘‘� ¼
91 GeV=c2, and ISR-dominated events form the vertical
line near M‘‘ ¼ 91 GeV=c2. The diagonal contains radia-
tive Drell-Yan events [1].

Potential anomalous Z� couplings have been studied by
Baur and Berger [4] and we adopt their notation for clas-
sifying the nature of the coupling: hVi where V is either a Z
or a � and the index i runs from 1 to 4. In order to preserve

tree-level unitarity at large center-of-mass energy
ffiffiffi
ŝ

p
, a

form factor is used of the form hVi ¼ hV
i0

ð1þŝ=�2Þn . In this paper
we use � ¼ 1:2 TeV and n ¼ 3ð4Þ for i ¼ 3ð4Þ. If an
anomalous coupling between the Z boson and the photon
exists, it will produce more events with high-E�

T photons
than expected from the SM. An example of this is included
in Fig. 2, which compares the distribution of E�

T for ISR
events (events where Mll� > 100 GeV=c2) to the SM ex-

pectation, showing good agreement.
To set limits on anomalous Z� couplings, we use the

same data set used for the cross section measurement.

Since the statistics are limited at high E�
T , we also include

Z� ! � ��� events identified from a photon plus 6ET data set
where E�

T > 90 GeV. The photon plus 6ET data set used for

this analysis is identical to that used in [17].
The expected signal and backgrounds for Z� ! � ��� are

described in detail in [17]. The total number of �þ 6ET

events with E�
T > 90 GeV is predicted to be 46:3� 3:0, of

which 25:6� 2:0 are expected to be Z� ! � ��� events; we
observe 40 events. The E�

T distribution is displayed in

Fig. 3 along with the predicted distributions for the signal
and backgrounds.
Using the measured E�

T distributions (separated by Z
decay channel) we set upper limits on the strength of
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FIG. 1 (color online). Three-body Mll� vs two-body Mll in the
Z ! �þ�� and Z ! eþe� data sets for photons with ET >
7 GeV.
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anomalous couplings using a binned likelihood method.
We determine the expected E�

T distributions from

Monte Carlo data samples with nonzero anomalous cou-
plings as well as SM couplings. There are too many
samples to fully simulate each one, so instead we deter-
mine the net efficiency for a generated event to appear in
the analysis sample as a function of E�

T by fully simulating

both SM and representative anomalous coupling samples.
While the difference in efficiency between these samples is
consistent with statistical fluctuations, we take the differ-
ence between the measured efficiencies as a systematic
uncertainty. We then apply this efficiency function to
generator-level MC samples to get the expected E�

T

distributions.
The resulting upper limits on the strength of anomalous

couplings are shown in Table I. The expected limits are
determined by generating a large number of pseudoexperi-
ments, Poisson smearing the number of expected signal
and background events, and varying parameters subject to
systematic uncertainties (which are dominated by uncer-
tainties on the background estimates) [18]. The observed
limits are better than the average expected limits but fall
within the expected range. We see no evidence for anoma-

lous couplings. The limits based upon events with Z !
eþe� and Z ! �þ�� decays are nearly identical to pre-
vious limits from the D0 Collaboration [19], which studied
the same channels using 1 fb�1 of data. Our limits includ-
ing the Z ! � �� decays from 2 fb�1 are not directly com-
parable to the limits published by the D0 Collaboration
[20] using 3:6 fb�1 since the D0 limits were calculated
using � ¼ 1:5 TeV.
In conclusion, we have measured the Z� cross section at

the Tevatron Collider and find that it is consistent with SM
expectations. We have also found that the E�

T distribution
of photons produced in association with Z bosons is con-
sistent with SM couplings where there is no direct Z�
coupling, and we have set limits on anomalous gauge
couplings.
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