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We present a new measurem ent of the W Z  —v I v l l  (I  =  e, /it) cross section and lim its on anomalous 
triple gauge couplings. Using 4.1 fb_1 of integrated luminosity of pp  collisions at yfs =  1.96 TeV, 
we observe 34 W Z  candidate events w ith an estim ated background of 6.0 ± 0 .4  events. We measure 
the W Z  production cross section to  be 3.901q9q pb, in good agreement w ith the standard  model 
prediction. We find no evidence for anomalous W W Z  couplings and set 95% C.L. lim its on the 
coupling param eters, —0.075 <  X z  <  0.093 and —0.027 <  A n z  <  0.080, in the HISZ param eteriza
tion for a A =  2 TeV form factor scale. These are the best limits to  date obtained from the direct 
measurem ent of the W W Z  vertex.

PACS numbers: 12.60.Cn, 13.85.Qk, 14.70.Fm, 14.70.Hp

ory. Therefore, any significant deviation from the SM 
predictions yields information on the nature of a more 
fundamental theory. Production of WZ  pairs is the least 
studied diboson process within the SM, as it is a charged 
final state and can only be produced at hadron colliders. 
A detailed study of this process probes the electroweak 
sector of the SM. In addition, searches for new phenom
ena in the production of heavy gauge boson pairs are 
interesting, as many extensions of the SM predict [1-4] 
additional heavy gauge bosons tha t can decay into a WZ  
boson pairs.

In the SM, WZ  boson pairs are produced at leading or
der (LO) via t- ,  u - , and s-channels. These channels inter-

The stan d ard  model (SM) of particle physics has been 
extensively tested  in the past three decades and is found 
to  be in excellent agreem ent w ith experim ental obser
vations. I t is widely assumed, however, th a t the SM is 
only a low energy approxim ation of a more general the-

*with visitors from a Augustana College, Sioux Falls, SD, USA, 
bThe University of Liverpool, Liverpool, UK, CSLAC, Menlo Park, 
CA, USA, ^ICREA/IFAE, Barcelona, Spain, eCentro de Investiga
ción en Computación - IPN, Mexico City, Mexico, ^ECFM, Uni
versidad Autonoma de Sinaloa, Culiacán, Mexico, and ^Universität 
Bern, Bern, Switzerland.
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fere and m ain tain  u n ita rity  a t high energies. In the case 
of the t- and «-channels, the  W  and Z  bosons are rad ia ted  
from initial s ta te  quarks, while the  s-channel production 
occurs via the  W W Z  trip le gauge boson vertex, which 
is a consequence of the non-A belian natu re  of the  SM. 
There are 14 free param eters describing the generalized 
Lagrangian for the W W V  in teraction  [5, 6 ], where V  is 
e ither a Z  boson or a photon. Assuming gauge invariance 
and conservation of the C , P , and C P  sym m etries, only 
six rem ain. Their no ta tion  and SM values are Ay = 0, 
Ky = g \  =  1 f°r the W W V  vertex, while the deviations 
from the SM values are noted as A  k v , At;}7, and Ay. The 
U( 1) electrom agnetic gauge invariance implies AgJ  =  0. 
In this Letter, we describe the W W Z  vertex in three- 
dim ensional (3D) phase space of coupling param eters, 
A k z , A<?f, and Az- We also consider the HISZ param e
terization  [7] th a t implies A  kz  = A g f  (cos2 0w —sin2 0w) ■ 
Thus, the  W W  Z  vertex can be described by A  kz  and A z  
only.

If the coupling param eters have non-SM values, new 
physics is required to  prevent gauge boson production 
from violating u n ita rity  a t high energies. The high 
energy behavior is controlled by introducing a dipole 
form factor scale, A, in the  description of the couplings, 
a (s )  —> czo/(l + s /A 2)2, where s is the square of the par- 
tonic center-of-m ass energy and «o is the coupling value 
in the  low energy approxim ation.

The W Z  production  cross section was previously m ea
sured to  be a (p p  —> W Z )  = 5.0+J'g pb [8 ] and a (p p  —> 
W Z )  = 2 .7 lJ 'g  pb [9], by the CD F and DO collabo
rations, respectively, using ~ 1  fb_ 1  of in tegrated  lum i
nosity. Combined lim its on the gauge couplings from 
the CERN L E P collider were obtained [10] by the indi
rect m easurem ent of the W W Z  coupling in the e+e~ —>• 
W +W ~  process. The only direct m easurem ent of W W Z  
couplings was perform ed a t the Tevatron. Using 1 fb_ 1  

of in tegrated  luminosity, 95% C.L. lim its on anom alous 
W W Z  couplings were derived [9] by the DO experim ent: 
-0 .1 7  <  Az  <  0.21, -0 .1 4  <  A g f  <  0.34 for the 
HISZ relation and —0.12 <  A  k z  = A g f  <  0.29, us
ing A =  2 TeV. The CDF experim ent used d a ta  equiv
alent to  350 p b - 1  of in tegrated  lum inosity th a t resulted 
in 95% C.L. lim its on anom alous W W Z  couplings [11]: 
—0.28 <  A z  < 0.28 and —0.50 <  A  k z  <  0.43 assum 
ing equal coupling relation between W W Z  and W W ')  
couplings and A =  1.5 TeV.

In th is L etter, we present a new m easurem ent of the 
W Z  production cross section and set 95% C.L. lim its on 
the deviation from the SM predictions of trip le gauge cou
plings (A Zi A  k z ,  ) using d a ta  equivalent to  4.1 fb_ 1  

of in tegrated  lum inosity o ip p  collisions a t a/s =  1.96 TeV 
a t the Tevatron collected by the DO detector. This super
sedes the previous DO m easurem ent. We consider only 
the leptonic decays of the W  and Z  bosons into final 
sta tes w ith electrons, muons, and w ith missing transverse 
energy ( $ t )  [12] due to  the neutrino  from the W  boson

decay.
The detailed description of the  DO detector can be 

found elsewhere [13], while here we present a brief 
overview of the  m ain sub-system s of the  detector. The 
inner m ost p a rt is a central tracking system  surrounded 
by a 2 T  superconducting solenoidal m agnet. The two 
com ponents of the  central tracking system , a silicon mi
crostrip  tracker and a central fiber tracker, are used to  
reconstruct in teraction  vertexes and provide the m easure
m ent of the m om entum  of charged particles. The track
ing system  and a m agnet are followed by the calorim etry 
system  th a t consists of central (CC) and endcap (EC) 
electrom agnetic and hadronic uranium -liquid argon sam 
pling calorim eters, and an in tercryostat detector (ICD). 
A central calorim eter and two endcap calorim eters cover 
the pseudorapidity  ranges \r/\ <  1.1 and 1.5 <  \r/\ <  4.2, 
respectively, while the ICD provides coverage for 1.1 < 
\r/\ <  1.4. The calorim eter m easures energy of hadrons, 
electrons, and photons. O utside of the DO calorim eter 
lies a m uon system  which consists of layers of d rift tubes 
and scintillation counters and a 1.8 T toroidal m agnet.

An electron candidate is identified as a cluster of en
ergy in the  CC, EC, or ICD th a t is m atched to  a track 
reconstructed  in the DO central tracker. Due to  different 
coverage of the  tracker, we select EC  electrons w ithin
1.5 <  \r]\ <  2.5 and CC electrons w ithin \r]\ <  1.1. The 
cluster in the  CC or EC  m ust be isolated and have a 
shower shape consistent w ith th a t of an electron. In the 
in tercryostat region (ICR), 1.1 <  \q\ <  1.5, we cluster en
ergy found in the  CC, ICD, or EC detectors. These ICR 
electrons are required to  pass a neural network discrimi
nan t th a t uses the c lu ster’s shower shape and associated 
track  inform ation. A m uon candidate is reconstructed  as 
segments w ithin the m uon system  th a t are m atched to  a 
track  reconstructed  in the central tracker. The m uon can
didate track  m ust be isolated from activ ity  in the tracker 
and the calorim eter.

The M onte Carlo (MC) samples of W Z  signal and Z Z  
background are produced using the PYTHIA [14] gener
ator. The production  of the W  and Z  bosons in as
sociation w ith je ts  (T^+jets, Z + je ts), collectively re
ferred to  as y + je ts ,  and t t  processes are generated using 
ALPGEN [15] interfaced w ith PYTHIA for showering and 
hadronization. All MC samples are passed through the 
GEANT [16] sim ulation of the DO detector. The sim ulated 
samples are further corrected to  describe the lum inosity 
dependence of the  trigger and reconstruction efficiencies 
in da ta , as well as the  beam  spot position. All MC sam 
ples are norm alized to  the lum inosity in d a ta  using next- 
to-leading order (NLO) calculations of the cross sections 
and are subject to  the same selection criteria  as th a t ap
plied to  data .

We consider four independent decay signatures: eee +  
$ T , ee/j,-\-$T , ¡jLfjLe-\- $ T , and nnn-\- $ T . E lectron recon
structed  in the IC R  m ust be selected as one of the  elec
trons from the Z  boson decay. We require the events to
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Channel A  x e (%)
eee 1.35 ± 0.15
ee/j, 1.57 ± 0 . 1 2

¡jbjjbe 1.07 ± 0.11
1.34 ± 0.13

TABLE I: Acceptance multiplied by efficiency, A x e ,  of the 
full selection criteria for each decay signature. A x e  values are 
calculated with respect to the fully leptonic W Z  decay simu
lation. The uncertainties are both statistical and systematic.

have a t least three lepton candidates w ith p r  > 15 GeV 
th a t originate from the same vertex and separated  from 
each other by a t least A R  = (A<f>)2 +  (A rf)2 >  0.5. 
The event m ust also have a significant to  account for 
the  unobserved neutrino. We require $ T to  be above 20 
GeV. Events are selected using triggers based on elec
trons and muons. Since there are m ultiple high p t  lep- 
tons from the decay of the  heavy gauge bosons the trigger 
efficiency is m easured to  be 98% ±  2% for all signatures.

In the  W Z  candidate selection, we first identify the 
leptons from the Z  boson decay. We consider all pairs of 
electrons or muons, additionally  requiring opposite elec
trical charge in the  cases of m uon pairs or electron pairs 
including an IC R  electron. The pair th a t has an invariant 
mass closest to  and consistent w ith the Z  boson nom inal 
m ass is selected as coming from the Z  boson decay. If 
such pair is not found the event is rejected. The lepton 
from the W  boson decay is selected as the one w ith the 
highest transverse m om entum  from the rem aining unas
signed m uons and CC or EC electrons in the  event. This 
assignm ent is studied in the sim ulation and found to  be 
100% correct for ee/i, and /x/j-e channels. I t is found to  
be correct in about 92% and 89% of cases for eee and 
¡jLfjLfjL signatures, respectively. The effects of misassign- 
m ent on the product of acceptance and efficiency of the 
selection criteria, A x e ,  are estim ated in the signal sim
ulation. Values of A  x e m easured using the assignm ent 
m ethod described above differ from those obtained us
ing MC generator-level inform ation by less th an  one per 
cent. Therefore, the  system atic uncerta in ty  on A x  e due 
to  the m isassignm ent is neglected in this analysis.

In order to  reduce the background contam ination, the 
thresholds in the selection criteria  are further optim ized 
for each W Z  decay m ode by m aximizing S / y / S  +  B.  
Here, S  is the expected num ber of W Z  signal events and 
B  is the to ta l num ber of background events. The simu
lation is used to  estim ate S  as well as to  m easure A x e  
for each decay signature. The kinem atic selection crite
ria  are applied to  m easure the acceptance in sim ulations, 
while the lepton identification efficiencies are m easured 
in data . The results are sum m arized in Table I.

The m ajor background is from processes w ith a Z  bo
son and an additional object misidentified as the  lepton

from the W  boson decay. Such processes are Z + jets, 
Z Z , and Z'). A small background contribution  is ex
pected from processes w ithout Z  boson, such as W  + je ts  
and t t  processes.

The Z Z  and t t  backgrounds are estim ated from the 
sim ulation, while the y + je ts ,  w ith V  being either a Z  
or W  bosons, and Z~f backgrounds are estim ated using 
data-driven  m ethods.

One or more je ts  in the  y + je ts  process can be misiden
tified as a lepton from the W  or Z  boson decays. To esti
m ate  this contribution, we define a false lepton category 
for electrons and muons. A false electron is required to  
have m ost of its energy deposited in the electrom agnetic 
calorim eter and satisfy electron calorim eter isolation cri
teria , while having a shower shape inconsistent w ith th a t 
of an electron. A m uon candidate is categorized as false 
if it fails the isolation criteria. These requirem ents ensure 
th a t the  false lepton is either a misidentified je t or a lep
ton  from the semi-leptonic decay of heavy flavor quarks. 
Using a m ultijet d a ta  sample, we m easure the ra tio  of 
misidentified leptons passing two different selection cri
teria , false lepton and signal lepton, as a function of p t  
and rj for electrons and muons, respectively. We then  se
lect a sample of Z  boson decays w ith an additional false 
lepton candidate for each final s ta te  signature. The con
tribu tion  from the y + je ts  background is estim ated by 
scaling the num ber of events in this sample by the corre
sponding p t ~ or ry-dependent m isidentification ratio.

In itial or final s ta te  rad iation  in Z~f events can mimic 
the signal process if the photon either converts into e+e~ 
pair or when a central track  is wrongly m atched to  a pho
ton. As a result, the  Z~f process is a background to  two 
out of the  four final s ta te  signatures w ith W  —> ev de
cays. To estim ate the contribution from this background, 
we m easure the ra te  a t which a photon is misidentified 
as an electron. This is estim ated  using a d a ta  sam ple of 
Z  —> ¡jLfji events w ith a final s ta te  rad iation  photon, since 
it offers an alm ost background-free source of photons due 
to  the invariant mass, M(/x/x7 ), constrain t to  the Z  boson 
mass. The m uon decay of the Z  boson is chosen to  avoid 
an am biguity when assigning the electrom agnetic shower 
to  the final s ta te  photon candidate. The m isidentification 
ra te  is m easured as a function of the pt  of the  electro
m agnetic shower. The Z 7  contribution  is estim ated by 
m ultiplying the p^-dependent m isidentification ra te  by 
the photon p t  d istribu tion  in the Z 7  NLO MC simula
tion  [17].

The selection yields 34 W Z  candidate events w ith an 
estim ated  23.3 ± 1 .5  signal, and 6.0 ±  0.6 background 
events. The num ber of observed candidate events as well 
as the expected num bers of signal and background events 
for each signature are sum m arized in Table II. The dis
tribu tion  of the  invariant m ass of the  Z  boson candidates 
is given in Fig. 1. The transverse mass of the W  boson
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FIG. 1: (Color online) Invariant mass d istribution of selected 
Z  candidates in d a ta  (black points), w ith W Z  signal (open 
histogram) and to ta l background (dark histogram) overlaid.

ta in ty  to  the estim ated it and Z Z  backgrounds, respec
tively, due to  the  uncerta in ty  on their theoretical cross 
sections. The m ajor sources of system atic uncerta in ty  on 
the estim ated y + je ts  contribution  are the $ T require
m ent and the sta tistics in the  m ultijet sample used to  
m easure the lepton m isidentification ratios. These ef
fects are estim ated independently  for each signature and 
found to  be between 20-30%. The system atic uncerta in ty  
on the Z~f background is estim ated to  be 40% and 58% 
for the  eee and ¿tyite channels, respectively.

A likelihood m ethod [20] is used to  combine the 
four m easurem ents, taking into account the correlations 
am ong the system atic uncertainties on the expected sig
nal and the estim ated  background contributions. The 
cross section is a ( W Z )  = 3 .90lg  gg (s ta t +  syst) ±  
0.31 (lumi) pb. The uncertainties are dom inated by 
the sta tistics of the  num ber of observed candidates. 
The lum inosity uncertain ty  includes 6.1% relative uncer
ta in ty  [2 1 ] due to  the  lum inosity m easurem ent and the 
norm alization uncerta in ty  of the  background contribu
tions estim ated from MC sim ulation.

The presence of anom alous W W Z  couplings would 
lead to  bo th  an increase in the cross section and a change 
in the p t  spectrum  of the W  and Z  bosons. We use the 
Z  boson p t  d istribu tion  to  set lim its on the coupling pa
ram eters using a form factor scale A =  2 TeV. The Z  
boson p t  spectra  from data , the SM, and two anomalous 
coupling predictions are shown in Fig. 3. The difference 
is m ost pronounced in the last bin, which includes also 
the events above 150 GeV.

Data
Background 
S M  WZ

D 0 . 4.1 IV 1

MTW (GeV)

FIG. 2: (Color online) Transverse mass d istribution of se
lected W  candidates in d a ta  (black points), w ith W Z  sig
nal (open histogram) and to ta l background (dark histogram) 
overlaid.

candidate is calculated as follows

MT W =  \ J — cos(4>e -  (IJPt )), (1)

where Eij, and (f>e are transverse energy and azim uthal 
angle, respectively, of the  electron or m uon selected as the 

W  boson decay product and 4>̂ 'T is the azim uthal angle 
of the missing transverse m om entum . The d istribu tion  
of the W  boson candidates is given in Fig. 2.

Several sources of system atic uncertain ty  are consid
ered. The system atic uncertainties on the lepton iden
tification efficiencies are 5%, 4%, and 6 % for C C /E C  
electrons, muons, and ICR electrons, respectively. The 
system atic uncertain ty  assigned to  the PD F choice is 5%. 
A system atic uncerta in ty  of 5% is assigned on A  x e due 
to  modeling of the kinem atics of the W Z  system . In ad
dition, we assign 7% [18] and 10% [19] system atic uncer-

1)
Ü
0
cn 20
¡73
1
W 15

10

5

°0 20 40 60 80 100 120 140
Z p T(GeV)

FIG. 3: (Color online) The Z  boson p r  spectrum  from data  
(points), to ta l background (dark histogram ), the SM W Z  sin
gle +  to ta l background (open histogram ), and two anomalous 
coupling models (dashed and dotted  histogram s). The last bin 
includes overflows.

A three-dim ensional grid of values of anom alous cou
plings A k<z, A g if, and Az  is produced. For each point 
of the grid we generate W Z  production  using M C F M  [19]

- —•— Data
- 1111111 Background
-  SM WZ + Background
I  ---------X  =  - 0 .1 ,  A k  =  0 .2

X  =  - 0 .1 ,  A k  =  - 0 .2
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Source eee eef. t Êyttytt yltyltylt
Z Z 0.39 ± 0.07 1.48 ± 0 . 2 0 0.40 ± 0.07 1.26 ± 0.23
y + je ts 0.63 ± 0.17 0.56 ± 0 .2 4 0.03 ± 0 . 0 1 0.17 ± 0.05

0.28 ± 0.08 <  i0 . 0 0 1 0 . 6 6 ± 0.34 <  10 . 0 0 1
tt 0.03 ± 0 . 0 1 0.05 ± 0 . 0 1 0.04 ± 0 . 0 1 0.03 ± 0 . 0 1

Total bkg. 1.33 ± 0 . 2 1 2 . 1 1 ± 0 .3 1 1.13 ± 0.35 1.46 ± 0.24
W Z  signal 5.9 ± 0 . 8 6.9 ± 0 . 8 4.7 ± 0 . 6 5.8 ± 0 . 8

Observed 9 1 1 9 5

TABLE II: Num ber of observed events, expected num ber of signal events, and expected number of background events for each 
final sta te  signature w ith to ta l (statistical and systematic) uncertainties.

and ob tain  norm alized to  lum inosity p t  spectrum  of the 
Z  boson. This spectrum  combined w ith th a t from the 
estim ated background is com pared w ith the m easured Z  
boson p t  spectrum  in data . The likelihood of the m atch 
is calculated w ith the assum ption of Poisson sta tistics 
for the signal and G aussian uncertainties for the  back
ground. The two-dim ensional 95% C.L. lim it contours 
in three planes, ( A kz ,Xz ), { A g f , X z ), and ( Ag f ,  A kz ), 
are shown in Fig. 4. In each case the th ird  coupling is re
stric ted  to  the  SM value. For the  HISZ param eterization  
the results are presented as lim its on two coupling param 
eters: A kz  and Az- The corresponding two-dimensional 
95% C.L. lim it contour is shown on Fig. 5. The one
dim ensional lim its on the coupling param eters obtained 
w ithout any coupling relation and w ith HISZ param eter
ization are sum m arized in Table III.

Coupling relation 95% C.L. Lim it
A g f  = A kz  = 0 
Xz = A  kz  = 0 

=  A g f  = 0

-0 .0 7 5  <  Az  <  0.093 
-0 .0 5 3  <  A g f  <  0.156 
-0 .3 7 6  <  A kz  <  0 . 6 8 6

A kz  =  0 (HISZ) 
Xz  = 0 (HISZ)

-0 .0 7 5  <  Az  <  0.093 
-0 .0 2 7  <  A kz  <  0.080

TABLE III: One-dimensional 95% C.L. limits on anomalous 
coupling param eters obtained from varying one of the cou
plings while fixing the remaining couplings to  the SM values 
(top three results). The last two results correspond to  one- 
dimensional 95%) C.L. lim its on anomalous coupling param 
eters for the HISZ param eterization. A form factor scale of 
A =  2 TeV is used.

In summary, we have presented a m easurem ent of 
the W Z  production cross section using 4.1 fb- 1  of in
teg ra ted  lum inosity of DO data . We observe 34 events 
w ith 23.3 ±  1.5 expected signal events and 6.0 ±  0.6 es
tim ated  background events. We m easure the W Z  cross 
section to  be 3.90+g gg pb, which is in agreem ent w ith 
the SM NLO prediction of 3.25 ± 0 .1 9  pb [19]. This is 
the  m ost precise m easurem ent to  da te  of the  W Z  cross 
section. We find no evidence for anom alous W W Z  cou
plings and set 95% C.L. lim its of —0.075 <  Az  < 0.093

FIG. 4: (Color online) Two-dimensional 95%) C.L limit con
tours on (Akz ,Xz)  (a), (Agf , Xz)  (b), and (Agf ,  A kz )  (c). 
The point corresponds to  the minimum of the likelihood sur
face. The vertical and horizontal lines represent the one- 
dimensional lim its calculated separately. A form factor scale 
of 2 TeV is used.

fb1 :

1 fb

I 1 1 1 1 I 1 1 1 
1 fb 1 :
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FIG. 5: (Color online) Two-dimensional 95% C.L limit con
tours for the HISZ param eterization. The point corresponds 
to  the minimum of the likelihood surface. The vertical 
and horizontal lines represent the separately calculated one- 
dimensional limits.

and —0.027 <  A kz  <  0.080 for the  HISZ param etrization  
using A =  2 TeV. These are the m ost stringent lim its on 
W W Z  couplings obtained from the study  of direct W Z  
production.
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