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Abstract

We present results of searches for signs of physics beyond the Standard Model.
The focus of this paper is on analyses not driven by SUSY models. Most of the
presented results are based on ~2 fb~! of data and obtained since summer of
2007. No significant excess of data over predicted background is observed. We
report kinematic distributions, data and background counts, as well as limits
on some parameters of selected models of new physics.



1 Introduction

Experimental results of the past few decades have demonstrated a phenome-
nal success of the Standard Model (SM). Nonetheless, we also know that our
picture of particle physics is incomplete. There are many questions that the
Standard Model fails to answer. For example, we do not know why there are
only three generations of fermions, why the masses of particles have values we
observe, what are dark energy and matter, or what explains the hierarchy be-
tween the electroweak and gravitational scales. Although supersymmetry (or
SUSY) is one of the most popular extensions of the Standard Model, there are
other equally well-motivated models of new physics, such as extra dimensions,
compositeness, and technicolor. In this paper, we focus on non-SUSY searches
for signs of new physics beyond the Standard Model. We present recent re-
sults of signature-based and model-dependent measurements performed by the
CDF and DO Collaborations. The event selection in model-inspired analyses
is optimized to gain the best sensitivity for a model of interest. The result of
such measurements is usually a limit on some parameters of a selected model.
The analysis strategy for signature-based searches is to apply generic selection
criteria to reduce backgrounds in order to be sensitive to as wide range as pos-
sible of scenarios for new physics (some of them yet unknown) with a signature
of interest. Observation of an excess of data over the predicted background in
such analyses would indicate the presence of new physics. In signature-based
searches, increased attention is also given to examining kinematic distributions.

2 Search for High-Mass eTe~ Resonances

Lepton-antilepton pairs have been discovery signatures for new particles such
as the J/¢, T mesons, and the Z boson. Even though leptonic decay rates
are usually smaller than hadronic ones, leptons have relatively low background
contamination at a hadron collider. Many models beyond the SM predict the
existence of new particles decaying into lepton-antilepton pairs. Examples of

such new resonances are Z' bosons in the Eg model 1) and Randall-Sundrum

(RS) gravitons 2). The CDF Collaboration has performed a search for high
mass ete” resonances in 2.5 fb~! of data collected in Run II between March
2002 and August 2007. In this analysis, events are required to have two well
measured electrons of opposite sign with transverse energy of Er>25 GeV.
Both electron candidates are required to have tracks pointing to energy de-
positions in the calorimeter and originating from the same collision vertex.
One of the electrons must be in the central part of the calorimeter (pseudo-
rapidity range of |n|<1.1) and the second electron can be either central or
forward (pseudo-rapidity range of |n§|<2). The search for resonances is per-
formed in the invariant mass range 150 GeV/c?<M,+.- <1000 GeV/c? using



an unbinned likelihood ratio. The dominant source of background is Drell-

Yan production, which is estimated using the Pythia 3) event generator. The
other sources of background are di-boson production and events where one
or two jets are mis-identified as an electron. Figure 1 shows the measured
invariant mass spectrum of ete~ pairs from 2.5 fb~! of data. The most signif-
icant excess of data over the total SM background is found in the window 228
GeV/c? <M +.- <250 GeV/c?. Tt corresponds to 3.8 standard deviations from
the SM prediction. The probability of observing a background fluctuation with
significance S/op>3.8 anywhere in the mass range 150 GeV/c*<M,+,- <1000
GeV/c? is about 0.6%. The upper limits on o - BR(X — ete™) at 95% C.L.
are set as a function of mass for a Z' with SM coupling and six eigenstates of
Z' bosons in Eg model. These results are presented in Table 1. The lower mass
limits for Z' bozons with SM coupling and in Eg model are 966 GeV/c? and
737/933 (lightest /heaviest) GeV/c?, respectively.
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Figure 1: Invariant mass distribution of ete™ pairs in data (red dots) com-
pared to background predictions. The insert shows the same distribution for
160 GeV/c®> <M +,-< 340 GeV/c* using a linear scale.

3 Search for High-Mass Di-Jet Resonances

The di-jet mass spectrum is sensitive to new high-mass particles decaying into
a pair of partons (quarks or gluons). Many beyond-the-SM scenarios predict



Table 1: Observed and expected 95% C.L. lower limits on Z' masses.
| [ Zsm [ 2y [ 2 [ 2, [ 21 [ 2 [ 25 ]
Exp. Limit (GeV/c?) | 965 | 849 | 860 | 932 | 757 | 791 | 834
Obs. Limit (GeV/c?) | 966 | 853 | 864 | 933 | 737 | 800 | 840

much larger production cross sections for new particles decaying into hadrons
rather than leptons, photons, or electroweak bosons (in some models the latter
decay modes can be completely suppressed). Examples of such particles include
axigluons 4) (A—qq), excited quarks 5) (¢*—qg), color octet technirhos 6)
(pr—4,99), W'/Z'~q'7/qq ), di-quarks (D/D°~qq/qq) in the Eg model 1),
and RS gravitons 2) (G—qq, gg). Searches for resonances in di-jet channel are
challenging due to the huge QCD background. However, the earlier observation
of W and Z bosons in the hadronic decay mode by the UA2 Collaboration
demonstrated the feasibility of finding di-jet resonances at hadron colliders.
The CDF Collaboration has performed a search for high-mass di-jet res-
onances in 1.1 fb~! of data. In this analysis, events are required to have at
least two central (|y|<1.0) jets with invariant mass M;;>180 GeV/c? and no
significant transverse energy imbalance. Jet energy is corrected to the hadron
level. The background for this analysis is completely dominated by regular
QCD di-jet production. The search for resonances is performed by fitting the
measured M;; spectrum by a smooth function and looking for data points with
a significant excess over the fit. The shape of the smooth background parame-
terization is motivated by the shape of the M;; spectrum predicted by Pythia
and Herwig Monte Carlo and LO and NLO calculations by the NLOJET++
program:
— p1
do _ po(1— =) v = My /5 0

dM;; xp2tpslnz ’

Figure 2 shows the measured Mj; spectrum and a fit by the function from Eq.
1. No significant excess of data over the fit is observed; therefore CDF has set
upper limits on new-particle production cross sections. Table 2 presents the
observed 95% C.L. exclusion limits on masses of new particles. These results
are currently the world best limits.

4 Search for Long-lived Particles Decaying into Z Bosons

The D@ Collaboration has performed a search for long-lived particles that
travel tens of centimeters before decaying into Z bosons. There are many
models that predict the existence of such particles, for example: gauge mediated
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Figure 2: Left: measured M;; spectrum fitted to Eq.1. Right top: (data-fit)/fit
as a function of M;;. Right bottom: (data-fit)/os0 as a function of Mj;.

Table 2: Observed 95% C.L. exclusion limits on masses of new particles.

| Model | Observed mass exclusion (GeV/c?) |
Excited quarks 260-870
Color octet technirho 260-1110
Axigluon and coloron 260-1250
E¢ diquarks 260-630

SUSY 8); hidden valley models 9); models with an extended Higgs sector 10);

and fourth generation quarks (') 11),

The search is performed with 1.1 fb~! of data. Events are required to
have two central (|n|<1.1) isolated electromagnetic (EM) objects with E7>20
GeV and invariant mass of M >75 GeV/c?. The analysis is based on the unique
capability of the D@ detector to reconstruct a vertex of origin for two EM clus-
ters by using solely the position and shape of electromagnetic showers in the
calorimeter and preshower system, with a resolution of ~2 cm. In this search,
displaced vertices of Z bosons are reconstructed in the azimuthal (zy) plane
only. The presence of long-lived particles would reveal itself as an excess of
events with positive radii K., compared to negative R,,. Figure 3 shows the
measured R,, distribution. No excess of events with R,,>0 is observed, there-
fore D@ has set 95% C.L. limits on the production cross-section and lifetime
of a fourth generation quark (b'). The exclusion region can be found in Fig.4.
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Figure 3: Vertex radius (R,,) distribution. Points with errors bars are data,
the purple histogram is a reflection of the negative part of the distribution, and
the blue line corresponds to an expected signal from b’ -quark with mass of 160
GeV/c? and ct of 30 cm.

5 Search for Anomalous Production of Exclusive v+ Jr Events

The exclusive production of a photon in association with a large imbalance
in transverse energy (fir) is a relatively rare process in the Standard Model
dominated by Zvy — vv + . Such a signature is a promising way to observe

the production of high-energy invisible particles 17), since a photon or gluon
radiated by incoming quarks is the only detectable evidence of this process in
a given event. Exclusive v + Jir events also appear in models of Large Extra

Dimensions 12) (LED), where an undetectable Kaluza-Klein (KK) graviton is
produced in association with a photon (g7 = YGkk)-

The CDF and D@ Collaborations have performed a search for signs of the
anomalous production of exclusive v+ Fr events in 2 fb~! and 1 fb~! of data,
respectively, optimizing the analyses for maximum sensitivity to the benchmark
model of KK graviton production. Both experiments select events with only
one central (|n|<1/1.1 at CDF/D@) photon with E;>90 GeV. Events with
energetic jets (E7r>15 GeV) and tracks (Pr>10/6.5 GeV/c at CDF/D@) are
rejected. The DO Collaboration also requires events to have fr>70 GeV. The
exclusive v + Jir signature suffers from large non-collision backgrounds such
as cosmic rays depositing significant amount of energy in the electromagnetic
calorimeter. This search would not be possible without an effective rejection
of cosmic-ray events. For this purpose, the CDF Collaboration requires an
EM shower to be in time with a pp collision. The D@ Collaboration rejects
cosmic rays by vetoing events where an EM shower is aligned with hits in
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Figure 4: The 95% C.L. exclusion limits on the b'-quark lifetime versus its
mass (left: log scale; right: linear scale).
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Figure 5: The Fr distribution is exclusive v + Fr events (left: CDF results;
right: D@ results).

the muon system. Figure 5 shows the observed Jr distributions in exclusive
v+ Fr events. Neither of the experiments see any significant excess of data over
the predicted background. Therefore, 95% C.L. lower exclusion limits are set

on the fundamental Planck mass scale 12), Mp, as a function of the number
of extra dimensions, Ngp. The results can be found in Fig. 6. The CDF
Collaboration also combines the results of the exclusive v + Jr analysis with
an earlier search in the exclusive jet + Jir channel. The combined limit exceeds
earlier world-best results obtained at LEP for Ngp>4.

6 Search for Anomalous Production of vy + Jr Events

The vy + Fr signature is predicted in many well-motivated models of new
physics beyond the Standard Model. Examples include gauge-mediated SUSY 13),

fermiophobic Higgs 16, 10), 4*h generation fermions 14), and the Eg model 15),
Rather than trying to optimize for these or other models, the CDF Collabo-
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Figure 6: The observed exclusion limits on the fundamental mass scale, Mp,
as o function of the number of extra dimensions (left: CDF results; right:
Dy results).

ration takes a model-independent approach. The analysis is performed with 2
fb~! of data. Events are required to have two central photons (|n|<1.1) with
E7>13 GeV. Both photons are required to be in time with a pp collision to re-
duce a contamination from non-collision sources. The dominant backgrounds
are regular di-photon and QCD jet events with fake Jir due to energy mis-
measurement in the calorimeter, and electroweak (EWK) processes with real
Fr. In this search, the CDF Collaboration applies a novel approach to discrim-
inate events with unobserved particles producing the yy+ Fr signature. Events
are selected based on a significance of the measured Fir, unlike the majority of
similar analyses where a fixed cut (usually with a large value) on Fr is applied.
The Fr-significance is estimated on an event-by-event basis according to the
measured resolution for jet and soft unclustered (due to the underlying event
and multiple interactions) energy, and helps to efficiently separate events with
fake and true Fr. Figure 7 shows the observed Fr-significance distribution in
~v7v events, and Fig. 8 illustrates how a cut on significance>5 helps to select
EWK events with Jr as low as 20 GeV, which otherwise would be buried un-
der the huge di-photon and QCD jet background. This plot demonstrates the
major advantage of the Fr-significance method: it allows sensitivity to new
physics processes even with moderate values of fir (Fr~20-40 GeV). Table 3
shows the observed and predicted numbers of vy + Fr events for three values
of the Fr-significance cut. The data agree with the predicted background for
all values of the significance cut.

7 Search for Anomalous Production of jj + fr Events

The search for anomalous production of jj + Fr is sensitive to processes not
accessible by the previously discussed vy + Fr analysis. Events with large
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Figure 7: The Fir-significance distribution in vy events.
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Figure 8: The observed Fr distribution in all (left) vy events and events with
Fr-significance>5 (right).

Table 3: Observed and expected number of vy + Fr events for three values
of the Fir-significance cut. Systematic and MC statistical uncertainties of the
background are added in quadrature.

| Fr-sig>3 | Pr-sig>4 | Fr-sig>5 |

Non-collision 0.90+0.32 | 0.85+0.30 | 0.80+0.27
QCD (fake Fr) 52.1+11.5 | 15.44+3.8 6.2+£2.7

EWK (real Fr) 53.6+8.9 47.3+8.0 | 41.6+7.0
Total background | 106.6+14.5 | 63.6+8.9 | 48.6+7.5
Data 120 52 34
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Figure 9: The observed fir distribution in jj + Fr events from region 1 (left)
and region 2 (right).

Frr and one or more energetic jets can be produced in models of new physics
beyond the Standard Model. The CDF Collaboration has previously performed

a signature-based search for exclusive jet + Fir events 18) and now extends the
analysis to an exclusive jj + Fr channel. This signature, for example, appears

in MSSM 19), Universal Extra Dimensions 20), and Littlest Higgs 21) models.
In this search, events are required to have exactly two jets with Er>15 GeV
and |n|<2.4. The second jet has to satisfy the requirement of E7>30 GeV.
Clean-up cuts are applied to remove events with poorly measured jets and
events due to cosmic rays. The data sample is split into two regions that
can be sensitive to different models: events in region 1 must have Fr>80
GeV and Hy = EIf'' + Ei¥>125 GeV, and events in region 2 must have
Fr>100 GeV and Hr>225 GeV. The dominant background in this search are
W/Z + jets events. Figure 9 shows the observed Fir distributions for jj + Fr
events from the two kinematic regions. Data agree well with the total predicted
background: region-1 has 2,506 events compared to 2,312+140 predicted events;
region-2 contains 186 events compared to 196+29 expected events. The CDF
Collaboration has recently used these results to set limits on the leptoquark

production 22),

8 Search for 3"¢ Generation Scalar Leptoquarks Using the brbr Final
State

The observed symmetry between leptons and quarks leads to prediction of
existence of the Leptoquark bosons in models of new physics such as grand

unification 23), Technicolor 24), and compositeness 25). Since flavor-changing
currents have not been observed, it is expected that there are three generations
of leptoqurks (LQ), and each couples only to fermions of the same generation.
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Figure 10: The observed St distribution (left plot) and the cross section upper
limits as a function of LQs mass (right plot).

The D@ Collaboration has performed a search for 3"¢ generation scalar lepto-
qurks in the brbr final state with 1.1 fb~! of data. Selected events are required
to have a muon with P;>15 GeV /¢, hadronic tau with visible Pr>15 GeV/e,
at least two good jets with E7>25,20 GeV and |n|<2.6, and transverse mass
My (Br,p)<50 GeV/c?. At least one of the reconstructed jets is required to
be tagged as a b-jet with a displaced decay vertex. The dominant backgrounds
are QCD, tt, and W/Z + jets events. In this search, D@ finds 17 data events,
which agrees well with the expected background of 18.4+0.5 events. Since no
excess is observed, DO excludes 3"? generation scalar leptoqurks with masses
up to 180 GeV/c? at 95% C.L. Figure 10 shows the observed distribution of
the S = Pr(p) + Pr(7) + Er(jetl) + Er(jet2) + Fr parameter (left plot) and
the cross section upper limits as a function of LQs mass (right plot).

9 Search for HtTH=— — ptutp—p~

Doubly-charged Higgs bosons appear in such scenarios of new physics as left-

27)

right symmetric models 26), Higgs triplet models , and little Higgs mod-
g

els 28). The major production mechanism of a doubly-charged Higgs at the
Tevatron is via pp — Z/v* — HTTH~~ + X. Since the H** coupling to
W pairs is suppressed by the measured m, /(cos® fywm?%) =~ 1, the dominant
final states are expected to be like-sign lepton pairs. Since these decays violate
lepton flavor conservation, mixed flavor states are also possible. Left-handed
and right-handed states are distinguished by their decays into left-handed and
right-handed leptons.

The D@ Collaboration has performed a search for pair production of
doubly-charged Higgs bosons in the ptutp~p~ final state with 1.1 fb—! of
data. Events are required to have three isolated muons with Pr>15 GeV/c and
In|<2.0. At least one muon pair should satisfy M,,,>30 GeV/c? and A¢,, <2.5
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Figure 11: The observed and predicted M, distribution (left plot) and the cross
section limit as a function of the Higgs mass (Mgx+) at 95% C.L. (right plot).

requirements to suppress Z — pTu~ and QCD events. The largest background
comes from WZ events. Other backgrounds include ZZ, Z — u*pu~, and
QCD events, each at about the same level. After all cuts, DO finds 3 data
events, which is in good agreement with an expected background of 3.1+0.5
events. Since no excess is observed, the D@ Collaboration sets limits on the
production of doubly-charged Higgs bosons. At 95% C.L., the left-handed
state is excluded with masses up to 150 GeV/c?, and the right-handed state is
excluded with masses up to 126.5 GeV/c2. This analysis significantly extends
the previous CDF result. Figure 11 shows the observed and predicted invariant
mass distribution for pu pairs (left plot) and the cross section limit as a function
of the Higgs mass (Mp=++) at the 95% confidence level (right plot).

10 Search for H > yy+ X

There exist models of new physics where, unlike in the Standard Model and
most common MSSM scenarios, the Higgs coupling to fermions is greatly sup-

pressed. Such a “fermiophobic” Higgs appears in top-color models 16, 10)

theories with large extra dimensions 29 , and even in the MSSM where de-

cays to bb can be suppressed by 1-loop SUSY corrections 30). In all these
cases, a light Higgs boson (m,<100 GeV/c?) will predominantly decay into
a v pair. Decays are mediated by either a W or a heavy quark loop. The
D@ Collaboration has looked for signs of “fermiophobic” Higgs produced via
two mechanisms: pp =+ VV = hy = vy + X and pp = h;V = vy + X,
where V = W, Z. The analysis is done with 1.1 fb~! of data. Events are re-



DZero Run Il Preliminary, 1.1 fo™

------ BR*g, LO
207 —— BR*o, NLO
B . —=— BR¥g et
a 0.6 —=— BR*o% "¢t expected
b4 —— BR*g *¢ observed
@05
=]

)
TTTT TTTT TTTT TTT \b\ TTT TTTT TTTT

T T BT T S e T
70 80 90 100 110 120 130 140 150
m,,, Gev/c?

Figure 12: The cross section limit as a function of the “fermiophobic” Higgs
mass at 95% C.L.

quired to have two central (|n|<1.1) photons with E7>25 GeV and M,,>65
GeV/c?. The data sample is split in two parts according to the di-photon
pair momentum (gr): signal sample with gr>35 GeV/¢, and control sample
with gr<35 GeV/c. The backgrounds are regular QCD and QED events: 7,
v+ jet = YYrake, and jet + jet — YrakeYrake- The control sample is used
to test and tune the background estimation technique. The 7y background
template is taken from MC simulation. The v + jet and di-jet background
templates are derived from data. Since no excess of data over the predicted
background is observed, the 95% C.L. limit on the production cross section is
set. A “fermiophobic” Higgs boson with mass up to 92 GeV/c? is excluded in
this study. The limits obtained are shown at Fig. 12.

11 Summary and Conclusion

The CDF and D@ Collaborations continue to search for signs of new physics be-
yond the Standard Model in both signature-based and model-dependent anal-
yses. Many signatures have been explored, but no significant excess of data
over the predicted background is observed. An interesting result is found by
the CDF Collaboration in the M,+,— spectrum using 2.5 fb~! of data. In
this study, the most significant excess of data over the total background is
observed in the window 228 GeV/c?<M,+,- <250 GeV/c?. It corresponds to
3.8 standard deviations from the SM prediction. The probability of observing
a background fluctuation with significance S/op>3.8 anywhere in the mass
range 150 GeV/c?<M,+.- <1000 GeV/c? is about 0.6%. More data and a sim-
ilar analysis in the uTp~ channel and by the D@ Collaboration should reveal



whether this is a sign of new physics or just a rare statistical fluctuation.

Both the CDF and D@ Collaborations continue to explore new signatures
and analysis techniques. This increases our potential to see something new.
One example of signatures that were not thoroughly explored before is the
search for “delayed” Z bosons by the D@ Collaboration. Photon pointing (D®),
Fr-significance (CDF), and EM-timing (CDF) are examples of new promising
analysis techniques.

The Tevatron has already delivered 3.7 fb~! of data per experiment and
continues to set performance records. With 2-5 fb—! still to come in the Run
IT program, we can expect many new interesting results.
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