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Nonsupersymmetric interpretation of the e1e2gg 1 missing energy event observed
by the Collider Detector at Fermilab
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The e1e2gg1E” T event reported recently by the CDF Collaboration has been interpreted as a signal of
supersymmetry in several recent papers. In this Rapid Communication, we report on an alternative nonsuper-
symmetric interpretation of the event using an extension of the standard model that contains new physics at the
electroweak scale that does not effect the existing precision electroweak data. We extend the standard model by
including an extra sequential generation of fermions, heavy right-handed neutrinos for all generations, and an
extra singly charged SU~2!-singlet Higgs boson. We discuss possible ways to discriminate this from the
standard supersymemtric interpretations.@S0556-2821~96!50319-X#

PACS number~s!: 12.60.2i, 13.85.Qk, 14.65.2q, 14.80.2j
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The Collider Detector at Fermilab~CDF! Collaboration
@1# has recently reported an event that contains a h
electron-positron pair with two hard photons and missin
transverse energy. The standard model~SM! background for
this event is negligible@1#; therefore, if more events such a
this are obtained further, it will indeed signal the existence
new physics beyond the SM. In two recent papers@2,3#, it
has been proposed that this single event is consistent wi

supersymmetric interpretation, when e.g.,qq̄→ẽRẽ̄R with
either ~i! ẽR→e1g̃ followed by g̃→g1G̃ or ~ii !
ẽR→e1x2 followed by x2→x11g (G̃ denotes a massless
goldstino in the gauge mediated low-energy supersymme
breaking scenario andx1,2 denote the lightest and the
second-lightest neutralino, respectively!. Clearly, this has
given further boost to the activities in the area of supersy
metry ~SUSY!, which already enjoys a number of theoretic
advantages in terms of understanding the puzzles of the S
While this type ofe1e2gg1E” T events~or for that matter
m1m2gg1E” T events, if they appear! receives a natural in-
terpretation in terms of SUSY, before one can be complet
sure about this, one must rule out any other reasonable n
supersymmetric interpretation. The purpose of this Rap
Communication is to point out that the reported experimen
features of the singlee1e2gg1E” T can be obtained in a
simple weak scale extension of the SM without invokin
SUSY. While the model we present is completely consiste
with all known low-energy data and could easily be a viab
model of particle physics at the electroweak scale, our goa
more to present it as a possible alternative to SUSY that
fake the CDF signal. If more such ‘‘zoo’’ events accumulat
an experimental discrimination is necessary before one
acceptprima faciethat SUSY itself is manifesting.

The model we propose is based on the SM gauge gro
SU(2)L3U(1)Y . In addition to the particles of the SM, it
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contains ~i! an extra sequential generation denoted b
Q4[(t8,b8)L , tR8 ,bR8 L4[(N,E)L , NR , ER , ~ii ! right-
handed SU(2)-singlet neutrinos (n iR) corresponding to the
first three generations, and~iii ! a singly charged
SU(2)-singlet scalar denoted byh([h6) that can only
couple to L4 and not to Q4. An absolutely model-
independent bound on any of the fourth-generation masses
MZ/2, which comes from its nonobservation at the CERN
e1e2 collider LEP 1. The CDF Collaboration has put an
experimental lower limit on theb8 mass as 85 GeV from an
analysis of two-lepton final states@4#. The nondegeneracy
among the multiplet members is restricted to be withi
;100 GeV from the near consistency of the oblique elec
troweakr parameter with unity@4#. Another important con-
straint is that a heavy sequential generation of degener
fermions contributes12/3p to the oblique electroweak pa-
rameterS and with the present precision of electroweak dat
one complete sequential generation can still be accomm
dated @5#. The fermions of the fourth generation are kep
heavy enough so that they do not effect any other cons
quence of the SM. It may also be noted that thet8-induced
triangle loop at theZbb̄ vertex adds correction in the same
direction as thet-induced loop; however, thet8–b charged-
current mixing angle can be kept small enough not to worse
the situation further as far asRb is concerned. The relevant
part of the new Yukawa Lagrangian of the model looks lik

LY
new5 f ih

1l iRn iR1 f i8h
1l iRNR1 f 4ih

1ERn iR1 f Eih
1L4Li

1 f i jh
1LiL j1hLiHn iR1H.c., ~1!

where l i5e,m,t; the subscripti , j also go overe,m,t; L4
andLi in the above equation denote the SU(2)L-doublet part
of the fourth and the first three generations, respectively, a
H is the Higgs field. In the first term in the Lagrangian, we
have kept only the diagonal terms for simplicity. To star
with, let us assume thati5e, i.e., new physics couples only
to the first generation, except forf i j where antisymmetry in
the indices implyj5m or t. n iR have large Majorana masses
R4204 © 1996 The American Physical Society
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54 R4205NONSUPERSYMMETRIC INTERPRETATION OF THE . . .
in the;65 GeV region. The smallness of the left-handed S
neutrino masses can be explained by adjusting the o
diagonal Dirac masses invoking the usual seesaw mec
nism. We will show below that ifME,N.Mh.M neR

are sat-

isfied and if f i j is vanishingly small, then in a hadron
collider, one can pair produceh by gauge interactions with
h→eRneR followed byneR→ne1g. To explain the kinemat-
ics of the e1e2gg1E” T event, we will assume that
Mh.100 GeV andM neR

.65 GeV. We will show that for
our choice of the parameters, both the above decays con
tute almost 100% branching ratios and the emerging fin
states~electrons andg ’s! are hard as required. It is a neces
sity to assume the existence of the fourth-generation lepto
which in conjunction with f i j50 guarantees a virtually
100% branching ratio to theneR→neg decay mode and pre-
vents other channels~such asnmn̄me

1e2 etc.! from appear-
ing as final states inneRdecay. Moreover, the couplingh has
to be smaller than;0.1 to suppress decay modes lik
neR→nebb̄. This nonsupersymmetric scenario can provid
as good an explanation of the CDFe1e2gg1E” T event.

In the simplest version of the model with
f e , f 4e , f EeÞ0, f i j50 and all other couplings involving the
second- and third-generation leptons switched off, the m
hierarchy mentioned in the previous paragraph implies th
all the new heavy particles except theneR have tree-level
decays to lighter particles by virtue of the interactions in E
1. In fact it is required that all heavy paricles must decay in
lighter ones before;1 s or so since injecting extra energy a
the nucleosynthesis era is cosmologically troublesom
Guarded by all these requirements we are now set to see
this model can explain thee1e2gg1E” T event.

The first step is the pair production ofh ’s by gauge in-
teractions. Since theh has the same gauge quantum numb
as theẽR , its production cross section is at the 10 fb level fo
mass of order 100 GeV or so~see, e.g.,@2,3,6# for numerical
details!. Being lighter thanE or N, h will decay toneR1e
with a strength proportional tof e

2 ; we assume that the
Mh2M neR

.35 GeV or so to understand the observed ele

tron energy. Let us now look for the decay ofneR; since we
set f i j50 andMh.M neR

, the only tree-level decays for the

neR are through its mixings with the light neutrino via th
seesaw mechanism and these decays can be eitherZ medi-
ated orW6 mediated leading toneR→3n or neR→n l1l 82.
The decay widths for these processes are given
G3n or ne1e2.(GF

2M neR

5 /192p3)(mnL
/M neR

); note that they

are suppressed by the small neutrino masses. However, a
one-loop level, one gets the penguin decayneR→ne1g. The
amplitude for this decay arises from theE andh flowing as
virtual particles in the loop. This decay is controlled by th
heavy fourth-generation masses and its amplitude is e
mated to be

A~neR→neg!.
f 4Ef Eee

16p2ME
. ~2!

Although this is a loop decay, it can dominate the tree-lev
decay that is suppressed by light neutrino masses, mentio
earlier. The one-loop decay width for theneR is about
GneR

.1.8310210 GeV for f 4e. f Ee.1021 for M neR
.65
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GeV andME.150 GeV or so. Note that the presence of th
fourth-generation lepton is crucial for this purpose. Th
purelyW- and Z-mediated decay widths mentioned abov
are much smaller than the photonic decay mode ifmnL

, 4.5

KeV for M neR
565 GeV, leading toneR→ne1g as the

dominant decay mode of theneR. The kinematics is similar
to the gravitino mode discussed in Refs.@2,3#. We also ex-
pect theneR to travel about;1023(1022/ f 4ef Ee)

2 mm be-
fore decay. For lower values of thef parameters, one should
observe a displaced vertex for the photons from thee1e2.

An interesting set of predictions follow if we switch on
the muon couplings in the model~i.e., f m , f 4m , f EmÞ0). If
we assume analogously thatM nmR

,Mh , we would expect

the branching ratio for the electron to muon modes to
proportional to f e

2/ f m
2 as a result, one would get also

m1m2gg1E” T-type events inpp̄ collider experiments if the
muon-neutrino mass is assumed to be less than 4.5 keV.

However, the presence of bothf Ee and f Em will lead to
the rare process such asm→eg or m→3e. This in turn will
put constraints on the simultaneous production of bothee-
andmm-type events. To see these constraints in detail, w
calculate theB(m→e1g) and find that the present uppe
limit of 4.9310211 on it implies thatf Eef Em,631025 and
f Eef e8,631028. Oncem→eg bound is satisfied,m→3e is
also seen to be satisfied. Requiring theneR and thenmR to
decay inside the detector puts the following constraints
the couplings:f 4ef Ee.831026 and f 4m f Em.831026. It is
possible to satisfy all these constraints simultaneously
appropriately choosing the Yukawa coupling parameters.

In this scenario, one should expect the number of eve
of ee-, mm-, and em-types to satisfy the relation
Nem
2 5NeeNmm , which is different from the prediction of the

SUSY model@2,3# where any mixedem-type event will arise
only from the tt-type events. In our case the number o
tt-type events will be proportional to another parameterf t
and is therefore arbitrary. The relative number ofeegg- and
mmgg-type events can therefore be used to distinguish th
model from its SUSY counterpart.

A few additional comments regarding the model are
order.

~i! The new Yukawa interaction will induce corrections t
Z→ee,mm and also toZ→ inv at the one-loop level viah-
andL4- mediated triangles. For example, the tree level co
pling aL

e5t3
e2Qesin

2uW of Z to the left-handed electron is
modified by ; f Ee

2 /16p256.331025 for f Ee;1021. It is
perfectly compatible with the precision of leptonic branchin
ratio of Z at LEP, which is presently at the per mille level
Flavor-violating Z→em will also be induced for simulta-
neous presence ofe- andm-related new Yukawa couplings
generating an effect of order;( f Eef Em/16p

2)2 and the con-
dition of satisfyingm→eg automatically takes care of its
consistency with experiment. The new Yukawa coupling
also add corrections tog22 of the electron of order
.( f e

2me
2/16p2Mh

2), which is at the level of 10215 for our
choice of parameters safisfying present measurements.

~ii ! The standard neutrinos are massive in this mod
However, their masses are arbitrary since they depend on
values of the corresponding Dirac masses from the sees
formula and hence can be tuned to the desired values.
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~iii ! A recent publication by the L3 Collaboration of LEP
@7# gives experimental lower limits on the masses of th
sequential leptonsE andN from their nonobservation. They
exclude the rangeME,61 GeV andMN,48.6 GeV on the
basis of nearly 6 pb21 data collected atAs 5 130 – 136
GeV run at LEP last year. Since we assume these masse
the 100 GeV range, our model is consistent with the
bounds. The possibility of observing the sequential leptons
the oncoming phases of LEP 2 run have been investiga
@8# with the conclusion that their mass reach could go ve
close to their kinematic limits under favorable condition
~iv! It may be noted that the masses of the fourth-generat
leptons are bounded by the electroweak symmetry-break
scale. As far as the neutrino states of the fourth generat
are concerned, the masses of the two Majorana eigenst
are MN1

.vwk
2 /M @where vwk.246 GeV, the SM vacuum

expectation value~VEV!# andMN2
.M , induced by the see-

saw mechanism. The experimental lower limit ofMZ/2 on
the lighter one~from theZ-invisible width constraint at LEP!
implies an upper boundMN2

,2vwk
2 /MZ.1.3 TeV on the

heavier eigenstate@9#. Therefore future colliders, e.g., the
Next Linear Collider~NLC!, have chances to see them und
favorable conditions.
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In conclusion, we have presented a nonsupersymme
interpretation of the CDFe1e2gg1E” T event by invoking
new physics at the electroweak scale in the context of
extended particle content for the SM that has a fourth s
quential fermion generation and massive Majorana righ
handed neutrinos and a singly charged scalar. The kinema
of our model can be set exactly analogous to the SUSY s
nario while fitting the CDF event —the singly charged scal
playing the role of selectron and the right-handed neutri
acting as a counterpart of the next-to-lightest supersymme
particle. We admit that our scenario is quitead hoc and
tailored to fit the CDFe1e2gg1E” T event. However, it has
some features quite distinct from SUSY and, if this type o
‘‘zoo’’ event shows up in large number, it may be possible t
distinguish between the two scenarios.
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