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We present the results of a search for a new particle X  produced in pp  collisions at =  1.96 
TeV and subsequently decaying to Z 7 . The search uses 0.3 fb- 1  of data collected with the D 0
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detector at the Fermilab Tevatron Collider. We set limits on the production cross section times the 
branching fraction o(pp  ^  X) x  B (X  ^  Z 7 ) that range from 0.4 to 3.5 pb at the 95% C.L. for X  
with invariant masses between 100 and 1000 GeV/c2, over a wide range of X  decay widths.

There is considerable evidence th a t the  stan d ard  model 
(SM) is incom plete [1]. Signs of new physics m ay appear 
in the form of a new particle (X ). If X  is a scalar, pseudo
scalar, or tensor, its decay to  lepton pairs m ight be highly 
suppressed, bu t it could have a large decay branching 
fraction (B) to  the di-boson final s ta te  Z 7 . A search 
for X  in the Z 7  final s ta te  thus com plem ents previous 
searches (for exam ple [2]) for production  of a new vector 
boson in the  lepton pair decay mode.

Events w ith pairs of vector bosons have been studied as 
tests of the SM of electroweak interactions. Specifically, 
the  Z  plus photon final s ta te  (Z 7 ) has been investigated 
by the D 0  [3, 4] and CDF [5] collaborations using pp col
lisions and by the LEP collaborations [6 , 7, 8] using e+ e-  
collisions. In these cases, the  m easured cross section and 
photon energy d istribu tion  were used to  set lim its on 
anom alous Z -photon  couplings, bu t no explicit searches 
for new particles decaying to  Z 7  were perform ed. The L3 
C ollaboration [9] searched for Higgs boson production, 
w ith subsequent decay of the  Higgs to  Z 7 , in electron- 
positron  collisions a t the  LEP2 collider, and set cross 
section lim its for Higgs boson masses up to  190 G eV /c2.

In the SM, the dilepton plus 7  final s ta te , including Z 7 , 
is expected to  be produced through  radiative processes 
(Figs. 1a and b). In addition, this final s ta te  is also ex
pected from Higgs boson production  and decay (Fig. 1c). 
A lthough the Higgs boson m ass is unknown and the pre
dicted H  ^  Z 7  branching fraction is 0 (1 0 - 3 ), extensions 
to  the SM can significantly increase this branching frac
tion  [10, 11, 12, 13]. O ther SM extensions predict new 
particles th a t decay into Z 7 . For example, a Z ' boson 
can decay radiatively  to  a Z  boson and a photon [14]. In 
models w ith a fourth generation of fermions, a top  and 
an ti-top  quark bound s ta te  (toponium ) m ay exist [15, 16], 
and this s ta te  can decay to  Z 7 . In theories w ith com pact 
ex tra  dimensions, massive K aluza-K lein spin-2 gravitons 
can also decay to  the  Z 7  final s ta te  [17]. The presence of 
resonance behavior in the Z 7  final s ta te  can thus signal 
the presence of a wide variety of new physics. In order to  
make quan tita tive  statem ents, we will assume th a t this 
new physics m anifests itself in the  form of a spin 0 par
ticle.

A large sam ple of Z 7  events has been collected by the 
D 0  experim ent and analyzed to  m easure the Z 7  cross 
section and set lim its on anom alous Z Z 7  and Z 7 7  cou
plings [3]. The Ferm ilab Tevatron Collider provides a 
higher energy reach th an  th a t available to  previous ex
perim ents, and so th is sample deserves further scrutiny. 
Experim entally, Z  bosons are identified th rough their de
cay to  charged lepton pairs (11 =  ee or ^ ) . Photons are 
m easured w ith high precision from their electrom agnetic

q\  Z/g

A

a) b) c)

FIG. 1: The Feynman diagrams for standard model sources of 
dilepton plus 7  events are shown. Diagram a) shows qq ^  Z- 
boson plus 7 , where the photon is radiated from the quark or 
anti-quark. Diagram b) shows qq ^  Z /7 , where the photon is 
radiated from one of the Z  boson’s decay products. Diagram
c) shows Higgs production and decay into a Z boson and a 
photon.

showers. The Z 7  final s ta te  has small backgrounds. We 
focus on, by tightening kinem atic selection criteria, and 
study  the m ass d istribu tion  of the  I I 7  events in a sample 
of 0.3 fb_ 1  of pp  collision d a ta  collected w ith the DO Run 
II detector from April 2002 to  June 2004 a t the Ferm ilab 
Tevatron Collider a t a/s =  1.96 TeV.

The D 0  detector [18] includes a central tracking sys
tem , composed of a silicon m icrostrip  tracker and a 
central fiber tracker, bo th  located w ithin a 2 T  super
conducting solenoidal m agnet and optim ized for track
ing and vertexing capability  a t pseudorapidities [19] of 
|n| <  2.5. Three liquid argon and uranium  calorim eters 
provide coverage up to  |n| «  4.2: a central section, and 
two end calorim eters. A m uon system  resides beyond 
the calorim etry, and consists of tracking detectors, scin
tillation  counters, and a 1.8 T  toroid w ith coverage for 
|n| <  2. Lum inosity is m easured using scintillator arrays 
located in front of the end calorim eter cryostats, cover
ing 2.7 <  |n| <  4.4. Trigger and d a ta  acquisition system s 
are designed to  accom m odate the high lum inosities of the 
R un II Tevatron.

The analysis is conducted in two channels, one where 
the Z  boson decays into electrons and the o ther where 
it decays into muons. E lectron candidate events are re
quired to  satisfy one of a series of single electron trig 
gers. The electron channel requires th a t electron can
didates be isolated in the  calorim eter, have longitudi
nal and transverse energy deposition profiles consistent 
w ith those of an electron, have a transverse m om entum  
p T  >  15 G eV /c, and be contained in either the central 
calorim eter (CC, |n| <  1.1) or one of the  end calorim eters 
(EC, 1.5 <  |n| <  2.5) and not in the transition  region be
tween the central and  the end calorim eters. If an electron 
candidate is in the CC, it is required to  have a spatially  
m atched track  from the central tracker. One of the  elec

q

q q
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trons m ust have p T >  25 G eV /c. The efficiency for a 
di-electron candidate to  satisfy the trigger and for bo th  
electrons to  satisfy all quality  requirem ents lead to  an 
event efficiency of 0.69 ±  0.05 if b o th  electrons are in the 
CC and 0.78 ±  0.05 if one electron is in the  EC. Events 
w ith bo th  electron candidates in the EC are not consid
ered due to  a small expected num ber of events from X 
and large backgrounds. These efficiencies are m easured 
w ith the inclusive Z  boson candidate events.

Muon candidate events m ust pass one of a suite of 
single or di-m uon triggers. The m uon channel requires 
two candidate m uons w ith p T >15 G eV /c and  opposite 
charge. B oth  m uons m ust be m atched to  tracks found in 
the  central tracker. The background from heavy flavor 
production is suppressed by requiring the m uon candi
dates to  be isolated. The background from cosmic rays 
is suppressed by requiring th a t the  muons come from the 
in teraction region and are not exactly back-to-back. The 
efficiency for di-m uon event selection and trigger is 0.84 
±  0.05 per event. This efficiency is m easured w ith Z  
boson candidate events.

Photon  candidates m ust be isolated in the  calorim eter 
and tracker, have longitudinal and transverse shapes in 
the calorim eter consistent w ith those of a photon, have 
p T >  25 G eV /c, and be contained in the  central calorime
ter (|n| <  1.1). The efficiency is around 0.85 a t 25 G eV /c 
and rises to  a p lateau  of 0.90 a t 35 GeV /c.

B oth  di-electron and di-m uon candidate events are fur
th er required to  have a di-lepton m ass greater th an  75 
G eV /c2, and a photon separated  from bo th  leptons by 
A R  >  0.7 [20]. These requirem ents reduce the  contri
bu tion  from events in which a final s ta te  lepton rad iates 
a photon. The detector acceptance tim es particle iden
tification and trigger efficiency, for all requirem ents de
scribed, rises from about 18% to  about 2 0% for masses 
from 100 to  800 G eV /c2 and a t higher masses decrease. 
At mass greater th an  800 G eV /c2, a significant num ber 
of leptons fall w ithin the isolation region of the  other 
lepton, and charge m isidentification becomes significant. 
The uncertain ty  on these are the  dom inant contributors 
to  the system atic uncerta in ty  on the expected num ber 
of signal candidates. At 800 G eV /c2, the  uncertain ty  is 
approxim ately 10% and a t 1000 G eV /c2, the uncertain ty  
has risen to  40%.

To improve the di-lepton-photon m ass resolution in 
the  m uon channel, the  m uon transverse m om enta are ad
ju sted  by employing a one-constraint kinem atic fit th a t 
forces the di-m uon mass to  equal the  on-shell Z-boson 
mass. This constrain t is only enforced if the  fit has 
X2 /d .o .f .<  7. M onte Carlo studies show th is technique 
improves the three-body m ass resolution from 6.7% to 
3.4%, which is com parable to  the  mass resolution of the 
electron channel, 3.9% obtained w ithout a kinem atic fit. 
For the Z 7  m ass range considered, photon energy contri
butions to  the th ree-body mass resolution is much larger 
th an  th a t of the Z  boson w idth, which is neglected in the

kinem atic fit.
Backgrounds to  Z 7  production from the decay of a 

new particle include the SM Z 7  and Z + je t processes, 
where the  je t is misidentified as a photon. Backgrounds 
from processes w ith a photon where one or bo th  of the 
leptons is due to  a misidentified je t are found to  be neg
ligible. C ontributions from Z 7  events w ith Z  ^  t t  and 
subsequent leptonic decays of the  ta u  are less th an  1 % of 
the sample. C ontributions from W Z  and Z Z  processes, 
where electrons are misidentified as photons, are also less 
th an  1 % of the sample.

Efficiencies and background contributions are calcu
la ted  using independent d a ta  samples and M onte Carlo 
sim ulations. Scalar particle decays to  Z 7  are modeled us
ing PYTHIA [21] SM Higgs boson production in which the 
Higgs boson is forced to  decay to  Z 7 , and the Z  boson is 
forced to  decay into leptons. For the SM Z 7  events, we 
use an event generator employing first-order QCD calcu
lations and first-order EW  rad iation  [22]. These events 
are processed through a param eterized detector simula
tion  th a t is tuned  on Z  boson candidate events. The 
background due to  je ts  misidentified as photons is esti
m ated  by scaling the m easured Z  + je t event ra te  by the 
m easured probability  for a je t to  mimic a photon [3].

The final sam ple used in the analysis consists of 13 can
didates in the electron channel and 15 candidates in the 
m uon channel. We expect from SM sources 11.2 ±  0.8 
events in the electron channel and 12.9 ±  0.9 events in 
the m uon channel. A pproxim ately 75% of the expected 
SM contribution  is due to  SM Z 7 . U ncertainties in the 
SM contributions are due to  uncertainties in the luminos
ity, higher order QCD contributions, parton  d istribution 
functions, and the ra te  a t which a je t mimics a photon. 
The lum inosity uncerta in ty  is the largest: 0.5 events for 
the electron channel and 0.7 events for the  m uon chan
nel. In Fig 2 we plot the three-body m ass against the 
tw o-body m ass for the  candidates. The m uon candidates 
are shown before the tw o-body mass constrain t is applied. 
A single candidate fails the x 2 cut for this constraint; it 
is the  candidate w ith M u  =  76 G eV /c2 and M a Y =  107 
G eV /c2. The M ;;7 spectrum  of the electron and muon 
d a ta  samples individually are consistent w ith the shapes 
of their respective M onte Carlo samples. The three-body 
mass, M iiy , of the  combined sam ple is shown in Fig. 3 . 
The SM expectations are also shown together w ith those 
for a 130 G eV /c2 scalar decaying into Z 7  w ith a  x B  of 
1 pb. This figure is ju s t for illustration  purposes and is 
not used further in the analysis.

None of the  28 candidate events has more th an  one 
photon or more th an  two leptons. Among all the events 
we only find three je ts  w ith p T >15 G eV /c. Two of 
these je ts  are in a single event. The missing transverse 
m om entum  in all candidate events is less th an  20 G eV /c.

We use two m ethods in our search to  ensure sensitiv
ity  to  scalar sta tes over a broad  range of n a tu ra l decay 
w idths. The first looks for an excess in a sliding narrow
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FIG. 2: Distribution of candidates in the three-body mass, 
M uy , vs two-body mass, M u, plane is shown. The electron 
candidates are blue circles and the muons are red starts. The 
muon candidates are shown before the two-body mass con
straint is applied.
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llg Candidates

llg SM expected

SM + Scalar (s x  B = 1 pb
M=130 GeV/c2)
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Mlly(GeV/c2)

FIG. 3: Distribution of the three-body mass, M hy , for candi
date events and SM expectations. The signal shape for a 130 
GeV/c2 scalar decaying to Z 7  with a a(pp ^  X ) x B (X  ^  
Zy)=1 pb is also shown.

window in the M ;;7  spectrum , while the second sets a 
sliding lower m ass threshold  and counts events above this 
threshold. The window technique gives very good sepa
ra tion  of signal from background; however it is sensitive 
to  the n a tu ra l w idth ( r )  of the new particle. The separa
tion  of signal from background of the window m ethod is 
highest when r  is small com pared to  the mass resolution. 
The size of the search window was chosen to  be 4.4% of 
the  mass by optim ization of the  signal MC acceptance 
for a 130 G eV /c2 Z 7  resonance over the  square-root of 
the SM background expectation.

The threshold technique also generally requires knowl-

edge of r .  To reduce th is dependence, we place the 
threshold a t the  m edian value of the  m ass d istribution 
(M '), which introduces an acceptance factor of 0.5. The 
value of M ' is the  same as the  nom inal mass of the par
ticle if its w idth is fairly narrow  (<  4 G eV /c2), or if its 
mass is fairly low ( <  250 G eV /c2). If neither condition 
is m et, the available parto n  lum inosity begins to  affect 
the generated mass distribution. The SM Higgs boson 
provides a good example of this effect. A Higgs w ith a 
nom inal mass of 250 G eV /c2 has a w idth of 4 G eV /c 2 and 
the m edian m ass is 249.7 G eV /c2. As the nom inal mass 
increases, the w idth grows and the m edian m ass begins to  
deviate from the nom inal value. At 350 and 450 G eV /c2, 
the w idths are 15 and 42 G eV /c2, respectively; and the 
m edian masses are 346.4 and 401.0 G eV /c2, respectively.

Using these techniques, we determ ine the agreem ent 
between d a ta  and SM expectations, taking into account 
system atic uncertainties. Using the threshold technique, 
we find th a t the sm allest probability  of agreem ent be
tween d a ta  and SM expectations is 7%, which occurs 
a t the m edian mass M ' =  230 G eV /c2. Applying the 
narrow  m ass window m ethod to  search for objects w ith 
r  ^  0 (i.e. generated w ithin the m ass bin), we find th a t 
for a m ass of 140 G eV /c2, the  probability  of agreem ent 
between the  d a ta  and SM expectation  is 0.8%. The win
dow a t 140 G eV /c2 has the lowest p robability  of agree
m ent in the mass range considered. To further assess the 
sta tistical significance of this effect, we generate an en
semble of 10 0 ,0 0 0  sim ulated experim ents in which only 
SM sources for Z 7  were included and possible system 
atic effects are neglected. Eleven percent of the exper
im ents contain a search window w ith a probability  of 
agreem ent w ith the  SM expectation  of 0.5% or less. The 
disagreem ent of 140 G eV /c2 m ass window has a signifi
cance of less th an  2.5 stan d ard  deviations and lies a t the 
mass where the SM background is largest and, therefore, 
where the  ensemble tests indicate fluctuations would also 
be largest.

Since we find no excess in the d a ta  com pared to  the SM 
expectation, we ex trac t lim its on a(pp  ^  X ) x B (X  ^  
Z 7 ) for new scalar states. The lim its are set using a 
Bayesian technique [23] w ith a flat prior for the signal 
and w ith system atic uncertainties on the signal and back
ground taken into account.

We ex trac t the sensitivity  and lim its for two cases. In 
the first case, Fig. 4, we use the window technique and 
assume the w idth is negligible com pared to  the detec
to r resolution. In the second case, Fig. 5, we use the 
threshold technique where the w idth is allowed to  be at 
the o ther extrem e. The expected lim it for the  window 
technique is less stringent where SM sources provide the 
largest num ber of events; it is more stringent between 300 
and 800 G eV /c 2 where no events are expected; it finally 
rises w ith m ass as efficiency decreases and the system atic 
uncertainties increase. We see qualitatively  sim ilar struc
tures from the threshold technique limit. In com paring
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FIG. 4: The expected and observed cross section times 
branching fraction 95% C.L. limit for a scalar X  decaying 
into Zy as a function of M  for narrow scalar.

FIG. 6: The cross section times branching fraction 95% C.L. 
limits for a narrow scalar X  decaying into Zy as a function 
of M. Curves representing the cross section times branching 
ratio expected from three variations of the Higgs are shown.
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FIG. 5: The expected and observed cross section times 
branching fraction 95% C.L. limit for a scalar X  decaying 
into Zy as a function of M ' for wide scalar. M ' is the median 
of the true mass distribution for a generic object using the 
arbitrary width technique.

the two lim its it should be noted th a t M ' is lower th an  
the nom inal m ass of the particle. In Fig. 6 , curves repre
senting the expected cross section tim es branching frac
tion  for three Higgs models are com pared to  the  limits. 
These models are the SM Higgs boson [10], a fermiopho- 
bic Higgs boson [12], and a model w ith four generations 
of quarks [13].

In summary, we have perform ed the first search for 
Z y resonant sta tes a t a hadron  collider w ith an invari
an t mass greater th an  100 G eV /c2. We find no sta tis
tically significant evidence for the  existence of these ob
jects. Narrowing our search to  scalar and pseudo-scalar 
resonances, we lim it the production  cross section times

branching fraction to  less th an  0.4 to  3.5 pb depending 
on the mass and width.
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