Search for a heavy vector boson decaying to two gluons
in pp collisions at /s = 1.96 TeV

We present a search for a new heavy vector boson Z’ which decays to gluons, one of which is
massive and splits to a pair of top quarks, leading to a final state of tfg. In a sample of events
with exactly one lepton, missing transverse momentum and at least five jets, corresponding to an
integrated luminosity of 8.7 fb~! collected by the CDF II detector, we find the data to be consistent
with the standard model. We set cross-section upper limits on the production of this chromophilic
Z' at 95% confidence level from 300 fb to 40 fb for Z’ masses ranging from 400 GeV/c* to 1000

GeV/c?, respectively.

PACS numbers: 12.60.-i, 13.85.Rm, 14.80.-j

Models of physics beyond the standard model (SM)
often predict new U(1) symmetries with an associated
electrically neutral Z’ gauge boson. Assuming coupling
to charged lepton pairs, experiments at the LHC al-
ready rule out such particles up to masses of multiple
TeV [21, 22]. Strict limits are also set by ATLAS and
CMS in searches where the new particle decays to tt
pairs [23, 24]. If the heavy new particle decays only to
gluons, however, such limits are easily evaded. Such a
scenario was examined in [1], where the chromophilic Z’
predominantly via Z' — qgg.

In this paper, we consider the decay mode Z' — ttg —
W*bW ~bg in which one W boson decays leptonically
(including leptonic 7 decays) and the second W boson
decays to a quark-antiquark pair. This decay mode fea-
tures large branching ratios while reducing to a manage-
able level the backgrounds other than SM #¢ production.
Such a signal is similar to SM top-quark pair production
and decay, but with an additional jet coming from the
Z' resonance.

We analyze a sample of events corresponding to an
integrated luminosity of 8.740.5 fb~! recorded by the
CDF II detector [2], a general purpose detector designed
to study pp collisions at /s = 1.96 TeV from the Fermi-
lab Tevatron collider. CDF’s tracking system consists of
a silicon microstrip tracker and a drift chamber that are
immersed in a 1.4 T magnetic field [3]. Electromagnetic
and hadronic calorimeters surrounding the tracking sys-
tem measure particle energies, with muon detector pro-
vided by an additional system of drift chambers located
outside the calorimeters.

Events are triggered online by the requirement of an
e or u candidate [4] with transverse momentum pr [5]
greater than 18 GeV/c. After trigger selection, events
are retained if the electron or muon candidate has a pseu-
dorapidity || < 1.1 [5], pr > 20 GeV/c and satisfies
the standard CDF identification and isolation require-
ments [4]. We reconstruct jets in the calorimeter using
the JETCLU [6] algorithm with a clustering radius of 0.4
in 1 — ¢ space, and calibrated using the techniques out-
lined in [7]. Jets are required to have transverse energy
Er > 15 GeV and |n| < 2.4. Missing transverse momen-

tum [8] is reconstructed using fully corrected calorimeter
and muon information [4].

The signature of Z' — ttg — WHbW ~bg — fvbqq'bg is
a charged lepton (e or 1), missing transverse momentum,
two jets arising from b-quarks, and three additional jets
from the two light flavor quarks and the Z’ decay gluon.
We select events with exactly one electron or muon, at
least five jets, and missing transverse momentum greater
than 20 GeV/c. Since a signal would have two jets with
b-quarks, we require (with minimal loss of efficiency) ev-
idence of decay of a b-hadron in at least one jet. This
requirement, called b-tagging, makes use of the SECVTX
algorithm [9].

We model the production of Z’ with mz = 500 — 1000
GeV/c? and subsequent decays with MADGRAPH [10].
Additional radiation, hadronization and showering are
described by PYTHIA [11]. The detector response for all
simulated samples is modeled by the GEANT-based CDF
IT detector simulation [12].

The dominant SM background to the tt + j signature
is top-quark pair production with an additional jet due
to initial-state or final-state radiation. We model this
background using PYTHIA ¢t production with a top-quark
mass m; = 172.5 GeV/c?, compatible with the best cur-
rent determination [13]. We normalize the ¢ background
to the theoretical calculation at next-to-next-to-leading
order (NNLO) in «; [14]. In addition, events generated
by a next-to-leading order generator, MC@QNLO [15] are
also used in estimating an uncertainty in modeling the
radiation of an additional jet.

The second largest SM background process is the as-
sociated production of a W boson and jets. Samples of
W boson + jets events with light- and heavy-flavor jets
are generated using ALPGEN [16], and interfaced with a
parton-shower model from PYTHIA. The W boson + jets
samples are normalized to the measured W boson pro-
duction cross section, with an additional multiplicative
factor for the relative contribution of heavy- and light-
flavor jets, following the same technique utilized previ-
ously in measuring the top-quark pair-production cross
section [9]. The multi-jet background, in which a jet
is misreconstructed as a lepton, is modeled using a jet-



triggered sample normalized to a background-dominated
region at low missing transverse momentum where the
multi-jet background is large.

The SM backgrounds due to single top quark and dibo-
son production are modeled using MADGRAPH interfaced
with PYTHIA parton-shower models and PYTHIA, respec-
tively, and normalized to next-to-leading-order cross sec-
tions [17].

A signal may be observed as an excess of events above
expectations from backgrounds in event distributions ver-
sus the mass of the ¢fj system (Z' — ttj). In tt+j
events, we first identify the jets belonging to the tt sys-
tem, using a kinematic fitter [18] to select from all avail-
able jets in the event the four jets most consistent with
the tf topology. In the fit, the top-quark and W-boson
masses are constrained to be 172.5 GeV/c? and 80.4
GeV/c?, respectively. All remaining jets are considered
candidates for the light-quark jet in the ttj resonance.
Following the strategy proposed in Ref. [1], we choose
the jet with the largest value of AR(j,tt) X pjTet to form
the resonance-mass reconstruction, myz;, where AR(j, tt)
is the distance between a jet and the tt system in n — ¢
space. Backgrounds, in which there is no resonance, give
a broad and low distribution of m,;, while a signal would
be reconstructed near the resonance mass.

We consider several sources of systematic uncertainty
on the predicted background rates and distributions, as
well as on the expectations for a signal. Each system-
atic uncertainty affects the expected sensitivity to new
physics, expressed as an expected cross-section upper
limit in the no-signal assumption. The dominant system-
atic uncertainty is the jet energy scale (JES) [7], followed
by theoretical uncertainties on the cross sections of the
background processes. To probe the description of the
additional jet, we compare our nominal ¢ model to one
generated by MCQNLO and take the full difference as a
systematic uncertainty. We also consider systematic un-
certainties associated with the description of initial- and
final-state radiation [18], uncertainties in the efficiency of
reconstructing leptons and identifying b-quark jets, and
uncertainties in the contribution from multiple proton in-
teractions. In addition, we consider a variation of the Q2
scale of W boson+jet events in ALGPEN. In each case, we
treat the unknown underlying quantity as a nuisance pa-
rameter and measure the distortion of the m;; spectrum
for positive and negative fluctuations of the underlying
quantity. Table I lists the contributions of each of these
sources of systematic uncertainty to the yields.

We validate our modeling of the SM backgrounds in
three background-dominated control regions. The tt
background is validated in events with exactly 4 jets and
at least one b tag. We validate W + jets backgrounds in
events with at least 5 jets and no b tags. Finally, model-
ing of SM tf events with an additional jet is validated by
examining a signal-depleted region with at least 5 jets,
at least one b tag and Hrp, the scalar sum of lepton and
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FIG. 1: Distribution of events versus reconstructed ttj
invariant mass (mz;) for observed data and expected
backgrounds in two control regions. The lower panes
give the relative difference between the observed and

expected distributions; the hatched areas show the
combined statistical and systematic uncertainties of the
expected background.

TABLE I: Contributions to the systematic uncertainty
on the two main expected background processes, the
total background yield and an example 500 GeV /c?

resonance signal with an assumed total cross section of

0.1 pb.
Process tt W + jets  Total Bg. z'
Yield 550 79 670 34
JES 17% 15% 16% 9%
Cross section 10% 30% 12% -
tt generator 6% - 5% -
ISR/FSR 6% - 5% 4%
(e/p, b-jet) ID eff. 5% 5% 5% 5%
Mult. interactions 3% 2% 3% 2%
Q? scale - 19% 2% -
Total syst. uncert. 22% 39% 22% 11%

jet transverse momenta, less than 350 GeV/c. As shown
in Fig. 1, we find that the backgrounds are well modeled
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FIG. 2: Distribution of events versus reconstructed t£j
invariant mass, myg;, for observed data and expected
backgrounds in the signal region. Three signal
hypotheses are shown, assuming a total cross section of
0.1 pb. The lower pane gives the relative difference
between the observed and expected distributions; the
hatched area shows the combined statistical and
systematic uncertainties of the expected background.

within systematic uncertainties.

Figure 2 shows the observed distribution of events in
the signal region compared to possible signals and es-
timated backgrounds. We fit the most likely value of
the sum of the Z’ cross section by performing a binned
maximum-likelihood fit in the myg; variable, allowing for
systematic and statistical fluctuations via template mor-
phing [19]. There is no evidence for the presence of top-
quark-pair+jet resonances in ttj events, so we set upper
limits on Z’ production at 95% confidence level using the
CLs method [20]. The observed limits are consistent with
expectation in the background-only hypothesis (Fig. 3).

In conclusion, we report on the first search for top-
quark-pair+jet resonances in ttj events. Such resonances
are predicted by new physics models [1]. For each ac-
cepted event, we reconstruct the resonance mass (mtgj),
and find the data to be consistent with SM background
predictions. We calculate 95% CL upper limits on the
cross section of such resonance production from X pb
to Y pb for X masses ranging from 500 GeV/c? to
1000 GeV/c? and interpret the limits in terms of specific
physics models. These limits constrain a small portion of
the model parameter space. Analysis of collisions at the
Large Hadron Collider may probe the remaining allowed
regions.
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FIG. 4: Validation in the four jet control region:
requiring exactly four jets and at least one b-tag.

TABLE II: Expected background and signal and
observed yields in the tf+jet region, with four jets, at

Lepton Pt [GeV]

least one b-tag.

CDF Run II Preliminary 8.7 fb !

Process etjets  ptjets total

tt 616 £ 70 796 + 90 1410 £ 155
W+jets 122 £37 158 £48 280+ 85
Single Top 13+£2 15+2 29+4
Z+jets 4+1 T+2 1242
Diboson == 9+2 16 £3
QCD 29 +£29 <1 29 +29
Total 791 £83 986 99 1776 + 174
Data 812 879 1691
Signal at o = 300 fb:

500 GeV/c? 8 11 19

APPENDIX: ADDITIONAL MATERIAL

Table IT shows the yields and Figures 4, 5 shows lepton

Four jet contron region

pr, Hr, Br and my;.
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FIG. 5: Validation in the four jet control region:
requiring exactly four jets and at least one b-tag.
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FIG. 6: Validation in the zero b-tag control region:

requiring at least five jets and zero b-tags.

TABLE III: Expected background and signal and
observed yields in the tt+jet region, with at least five

jets, 0 b-tags.

CDF Run II Preliminary 8.7 fb !

Process etjets  ptjets total
tt 127 £ 30 164 +40 291 + 68
W+jets 184 £ 56 202+ 61 386 £ 117
Single Top 2+1 241 441
Z+jets 9+2 1243 21+4
Diboson 11+£3 13+£3 2444
QCD 85 + 85 <1 85+ 85
Total 417 £105 393 £ 71 810+ 135
Data 480 394 874
Signal at o = 300 fb:

500 GeV/c? 3141 50+2 8144

Zero btag control region

Table IIT shows the yields and Figures 6, 7 shows lepton

pr, Hp, Br and my;.
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FIG. 7: Validation in the zero b-tag control region:
requiring at least five jets and at least one b-tag.



>=5 jets, >= | b-tags, Ht < 350 CDF Run II PrcliminaryJ L=87fb"

% 80
6] —@- Data
S 70 —— 500 GeV Signal at & 300 fb
2
2 R
§ 60 - I
@50 Wets
40 B other Bkg
30
%2/ DOF =3.76/7=0.54
20
10
Il Il Il Il
?00 300 400 500 600 700
H; [GeV]
on E
2 2
= E
< 1=
P E
3 e
2 ?Y 300 400° 500 600 700
H, [GeV]
>=5 jets, >= | b-tags, Ht < 350 CDF Run II PrcliminaryJ L=87fb"
> F
6] © :_ —@- Data
'; = —— 500 GeV Signal at 6 300 fb
= E _
S 40 M
= E Wets
30 [ Other Big
20
£ ¥?/DOF =1535/14= 1.1
10
0 E L I L
0 20 40 60 80 100 120 140 160 180
Lepton Pt [GeV]
g .F _
2 F 7 %//4/4/;
T F Y, 7
ER 7
~ E g
E 2000
0 20 40 60 80 100 120 140 160 180

Lepton Pt [GeV]

FIG. 8: Validation in the low Hp control region:
requiring at least five jets and at leaste one b-tags and
Hr < 350.

TABLE IV: Expected background and signal and
observed yields in the tf+jet region, with at least five
jets, at least one b-tag, and Hy < 350 GeV.

CDF Run IT Preliminary 8.7 fb~ !

Process e+jets pu+jets  total
tt 85+ 15 107+£20 192+ 30
W +jets 16£6 18+6 34411
Single Top 1+1 2+1 3+1
Z+jets 0+0 1+1 1+1
Diboson 1+1 1+1 241
QCD 8£8 <1 8£8
Total 112 +18 128 £ 20 240 + 33
Data 108 129 237
Signal at ¢ = 300 fb:

500 GeV/c? 1 1 2

Low HT region

Table IV shows the yields and Figures 8, 9 shows lepton
pr, HT?ET and Myf.
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FIG. 9: Validation in the low Hp control region:
requiring at least five jets and at least one b-tag and
Hr < 350.
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