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Abstract

Several classes of interesting and unusual events
from the SppS and from PETRA are studied with two pur-
poses in mind. Firstly, varieties of background within
the standard SU(3)xSU(2)xU(1) model are described, to-
gether with estimates of the number of expected events.
Secondly, a review of the recent explanations of the
events involving new physics is given. Critical assess-
ments of these proposals focus on the assumptions made,
expected rates for the unusual events, and the ability
to account for events of several categories.

I. Introduction

The CERN SPS pp collider data taken up to 1983 have
yielded more than 30 unexpected events in addition to
those (W,Z,t candidates) anticipated. 1In eVe™ inter-
actlons at the highest PETRA energies, unusual signa-
tures also may be appearing. In this report we summar—
ize consideration of these events by a working group of
the LBL S5C Workshop on Electroweak Symmetry Breaking.
For long-term planning, this exercise illustrates the
surprises that arise when a set of detectors planned for
one kind of physics encounters yet another. In the near
term, we hope to aid critical rassessment of the new
physics interpretations of these events as further data
are accumulated, To that end, we are preparing an ex-
panded version of the present article [1]. '

Six classes of unusual events from the CERN SPS
collider and two from PETRA were considered. We discuss
the events themselves, and standard physics backgrounds
to them, in Section IT. Section III deals with pro-
posals for explaining a class of radiative Z decays,
while Section IV treats suggestions primarily motivated
by events with large missing transverse momentum. Sec-
tion V considers origing of dimuon events (in pp colli-
sions) and both 2y and certain 1lu events in ete™ annihi-

ITI. Events and Background

We summarize the events to be discussed [2-8] in
Table I. These have been reviewed in Ref. [10,11]. We
have not included all reported interesting new signa-
tures, such as the 30 bump in the multijet invariant
mass distribution around 150 GeV seen by UA2 [12].

A. Apparent Z+E+E"y decays

Each of the UAl samples of 4 Z+ete™ and 5 Z+u+u_
decays contains an event with a hard photon, such that
M(2+£'Y)=Mz. The UA2 sample of 8 Z+ete~ decays also con-
tains one such event (see Table 1).

An dmportant conventional source of these events is
QED internal Bremsstrahlung. No other explanation is
capable of reproducing the strong observed clustering in
the Dalitz plot [Fig, 1]. This clustering expresses the
small angle between the photon and one of the leptons;
one lepton-photon invariant mass mg,y in Table IT is low.
The lepton energies in the 70 rest frame are:

2
Mz My
Ej = _2 = —‘M%—) (2.1)

External Bremsstrahlung (in which the lepton encounters
material after being produced and then radiates) is un-
likely since then my. would be extremely low.

The difficulty with an internal Bremsstrahlung ex-
planation of the &fy events ls the high observed event
rate., The UA2 collahoration has calculaced the probabi-
1ity of observing an ete™y event which is less likely
than the event observed (and which leads to a signature
of three separate electromagnetic energy depositions):
P(ete y)=1.0% per ete™ event. This would correspond to
a probability of 8% for one such ete™y event in the eight
ete™ events observed, A parallel calculation based on a
simulation program gives 13% for this last figure, or 25%
1f one adds together all configurations including ones

lati . ions are drawn in Section VI,
atiens:. Genclys in which one electrorn and the photon are not resolved,
TABLE 1
SALIENT FEATURES OF 8 CATEGORIES OF UNUSUAL EVENTS
EVENT [ GROUP REF FEATURES COMMENTS
ip 6 2,3 Jets of low charged multiplicity If p,, cut is i¢ 17
jjg 0 UAl and low invariant mass against relaxed to 4o iip 5
>2j§ 1 large missing Pr limit: >2j3T 3
T
ej(s)p 4 UA2 4 A hard e iscloated from j(s) In addition UALl reduced W sample of 43 events
T contains 2 with qT(w)322GeV
e ey 2 UAL UA2 5.6 EM showei isolated from lepton UAl sees no radiative W decays. UA2 has one
u+u_y 1 UAL ’ pair m(2 2 v) ~MZ W+evy with e,y nearly collinear,
VP 2 UAL 253 Ey=53,54 GeV One event may be W-ey with missed charged track.
T3 (s) 7 UAl ] 6 GeV <m(up)< 22 GeV
VESTESRE)] 3 Most events have j. Large
abundance of K, A,
23(s) 5 Al 3,7 Hadronic activity associated with 2. More j, larger E,, large n , than seen in
Ly o= 4 events consistent with W production, ang expected ?rom QCD.
m(Zj(s)) 160 GeV
vruyg 1 CELLO 8 V s=4.5 GeV; Little missing Mark J has similar events under analysis.
energy; All pair invariant masses large,
Wils) 6 MARK J 9 vV s=46.5 GeV; B =30 GeV; ~ Hadron distribution too coplanar for
vis tt interpretation (2-3¢ level).
High sphericity.

(occasionally includes charged lepton).

i(s):

P =
¥ : large EM shower with no charged track pointing to it.

hadron jet(s)

a substantial imbalance in the pbserved momentum transverse to beam.

-787-



The absence of iscolated hard photons in W decay
[5] implies P(evy/ev)sl/50 (for isolated y). The UA2
collaboration observes one event consistent with wevy
in which separate showers for e and y cannot be resol-
ved. The probabillity for th’s event to be external
Bremsstrahlung has been calculated to be 4.5% [6].

B. Events with jet(s) or isolated photon and
missing pr

The UAl collaboration [2] has drawn attention to
six events with a jet (A-F in Fig. 2), two with a pho-
ton (G,H), and one with 3 or more jets (A), opposite
large missing pp. The finite coverage of the UA2 de-
tector prevents a similar statement from UA2, but one
candidate for a photon opposite missing pp has been
reported [12]. The UAl events A-H are summarized in
Table III.

The background from QCD jets (with one jet missed)
falls quickly with missing energy and is very small for
AEy"35 GeV, One monojet event (F) 1s consistent
for expectations for W-vt with t+vj, and will be ignor-
ed henceforth. The remalning 5 monojet events A-E have

TABLE II
RADIATIVE z° DECAYS
4 +
e'ey wuy
UAL UA2 VAL
m(ete7y) [ 98.715 90.6:1.9 |88.4+40:1
-15.2
ety [ 42.702.4 | 50.451.7 | 70,9702
-12.4
m() o, | 4-641.0 9.1%0.3 5.0 + 0.4
+27.5
m(lly)high 88.542.5 74.741.8 52.570"3
2 14.4%4.00 | 25 £ 1U 7.9
EY 38.811.5 24 .4%1.0 283 53
{.0
|
0.8
2E,
M
MKy (UA 2)
0.6
0.4
ete" 7 (UA 2)[
0.2} e'e Y (UAY)
o L 1 i
04 0.6 08 2E, 1.0
&
Fig. 1. Dalitz plot for 2%y events. Ey 1s the

energy of the lepton with smaller angular sepa-
ratlon from the photon. M i1s the mean 1nvariant
mass of the events.

TABLE TIT

Properties of events with jet or
isolated phonton and missing p.
"Charged tracks" denote those
with Pq 0.5>GeV/c.

jory
Event E AEEV ¥ or ViR commnts
(Ref. 5)  (Gev) ¥y (Gev/c?)
A 25(71%) 2414,8 13016  a) Value 1f hard muon
(66487) included in jet.

B 48 5917 106112 Three charged tracks
m_,.=0,7910.12 GeV/c?
eff

c 52 4618 97417 ES=44 .4 CeV.

3 One visible charged track.

n 43 4246 85112 Four charged tracks,
(two in K'), Mege=
3.1420.38 GeV/c2.

E 46 4117 87114 Unreconstructed tracks.

F 39 3417 73114 Possible W1y

G 44 4016 B4tb Possible W+ev,

hd e track missed,
H 54 404 9315

been claimed inconsistent with this interpretation,
though 1t 1s possible that the T background was under-
estimated in Ref. [2]. 1If the T*(EAW)VT modes are suf-
ficiently important, a background to events B-E of near-~
ly 2 events of W»Tv was estimated in Ref. [13]. Without
a contribution from t+(>4m)v., however, the estimate
drops to 0.6 event. The background to the events G, H
is estimated to be negligible.

The single-shower event G has an azimuth angle ¢0
corresponding to an insensitive area of the central
detector: the event may be W»ev. The shower in event H,
by contrast, occurs in a region where a charged track
would be hard to miss.

The monojet events and those involving W + jet(s)
(to be discussed below) have an O(og) background consis-
ting of hard gluon Bremsstrahlung with Z(+v9 for mono-
jets) or W(+Vve for ejﬁT). The transverse momentum dis-
tribution of W's in Drell-Yan production has been evalu-
ated [13]; it 1s quite hard. A similar naive estimate
gives a QCD monojet background of A1 expected event for
q7>25 GeV (6 observed) and ~1/10 expected event for
qr>50 GeV (2 observed). These estimates are borne out
by more complete calculations [14]. TFor the monoshower
event, the background would be a hard photon Bremsstrahl-
ung together with Z+vv. This 1s down by a further o/oag,
giving 0.01 expected event with qp>50 GeV.

We conclude that events A-E and H of Table III can-
not be easily dismissed. With the exception of the open

i
ie UA
{150 I’
> 6 o G
(g 100 V‘,l f ’XPE . -
i /%o o ™)
— 10¢@
m" ) ® Single jots
== B0 o'. x "Photon"
I’ o 2 jets
| A 3 or more jets
o : 1 1 1 1
0 2000 4000
(AEy)? (Gev?)
Fig. 2. Events with jet(s) or isolated photon and

missing py. The dashed line corresponds to pr>49,
0=0.7/TE-[. Here |E | is the scalar sum of the

T T
traneverea enerev in the detector. From Ref. [51.
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Fig. 3. UA2 events with e -+ jet(s) + missing
pp, viewed transversely [4].

question of some W>Tv contamination in events B-E, the
backgrounds to these events are all at least an order of
magnitude below the observed rate.

C. Apparent W + hard jet(s) events

The UA2 group observes four events with etjet(s)+
(missing transverse momentum), shown in Fig. 3 [4]. One
of them [D] could be a heavy quark pair, followed by
semileptonic decay of one of the quarks. This 1is not so
for events A-C, for which the missing py lies opposite
the electron direction. 1In fact these events are con-
sistent with W+jet(s) followed by W-ve.

On the basis of calculated W transverse momentum
spectra [13], UA2 would expect V1 event with Qp>25 GeV
(they have 3: A-C) and 0.1 event with qr>50 GeV (event
B). This suggests that event A could be QCD background,
as noted in Ref. [4]. The UAl collaboration would ex—
pect 1.5 of theilr sample of 43 "clean'" W+ev events to
have qp>25 GeV. In fact, they have two events with
22<qp<24 GeV [15], but none higher.

D. '"Noisy" Z events

The UAL collaboration has observed that Z produc-
tion is accompanied by substantial jet activity. Of
their sample of 4 Z+ete~ and 5 Z+yuty- decays, the frac-—
tions with (0,1,2,3) jets are (33%,11%,22%,33%). By
contrast, their 68 W+ev candidates are accompanied by
(0,1,2,3) jets (69%,24%,4.4%,2.9%) of the time [3,7].
The jets occurring with W production are found to agree
with QCD expectations, so it 1s the high activity 2
events which appear anomalous. (A signal of equal mag-
nitude In W production could not be ruled out with pre-
sent statistiecs, however.)

The calculations made for high-q production of
Z referred to earlier are relevant heré as well. Since
one expects B(Z>18")/B(Z+all wW)A1/6, the backgrounds
are expected to be 1/6 of those to monojets.

E. Low-mass dimuons, sometimes with jets

The ability to identify muons has permitted the
UALl group to study a sample of 10 up+jet(s) events, 7
with pty~ and 3 with uiui, having m u between 6 and 22
GeV/c2. [Other pp events are consistent with Z produc-
tion.] These low-mass up events are characterized by
high occurrences of strange particles, and vary greatly
in their jet activity and invariant masses. Many could
be due to processes of tiie standard model only partially
understood, such as gluon fragmentation to ct, BB, e
[16]. Heavy (b) quark pair production followed by semi-

leptonic decays of both quarks may also play a role [17].

In this connectign_two of the three same-sign up events
may be due to B, —BSO mixing [17]. However [10],
neither bb nor cC production mechanisms fit the kine-
matics of several of the events.

One p~p~ event could be due to W‘+Eb, E+u‘+...,

1" [l I BT
ig|t9 | 9 |17
13 po [ [14 |22
|20
10 9 (s
By 2
Fig. 4. The dimuon CELLO event [8] at Vs = 43.45
GeV. Palr invariant masses and energles are shown
in GeV.

351\\\\\
+*
4.5 -3

Y -
__.__.~.~.~.:::::"_ © 25 X 10
=
3.6 (19
__hl~1~<::q ;? 15 a
et 3 7.2 |9.2 ls\
5 15 23 55

Muu (GeV)

Fig. 5. The 0(a4) contributions to wtp~jj
together with the expected number of events
plotted in bins of pair invariant masses (from
[8]). Observed event is marked by a star.

bu"+. .. (Some jets in this event must then not have
come from the W). Similarly, it is not excluded that
one or more Ty~ events come from W+tb or hadronic tt
production [18]. The recent announcement of events
compatible with W-tb, t»biv [19] should allow more pre-
cise calculation of rates In dilepton channels. The

UALl detector will resume running in September, 1984 with
enhanced muon detection capabllity, and the t signal
will certainly be searched for in the dilepton channel
[20].

F. CELLO up 4+ 2 Jet event

Fig. 4 shows a sketch of an interesting event seen
in ete” interactioms at Vs = 43.45 GeV [8]. The event
cannot be interpreted as the semileptonic decay of t
and t quarks because there 1s insufficlent rise in R
and no tt onium resonance. The data cannot rule out a
fourth Q=-1/3 quark, but its semileptonic decay would
be expected to yleld much larger missing energy and
momentum than seen.

This event does have a possible QED explanation.
A dominant graph and its expected contribution are shown
in Fig. 5. The CELLO collaboration claim a background
of n10-3 expected events [8] from such standard radia-
tive processes. This could be increased by as much as
an order of magnitude if the background is obtained by
integrating over all phase space in which the squared
nmatrix element is smaller than its value near the ob-
served event. In addition, it 1s tempting tc ask what
the probability is thet the many PEP and PETRA detec—
tors might have observed such an event so near the
kinematic boundary. Since the process in Fig. 5 has a
low threshold, and since these detectors have accumulat-
ed a great deal of integrated luminosity, the event
then might appear not nearly as pecullar. Mark J has
also seen events with u pairs and jets, but the back-
ground analysis has not yet been completed [21].

G. Mark-J u + (planar topology) events

The Mark-J group studied events of the form ete ™
u+ (hadrons). When a cut on events with thrust<0.8
was applied, one expected a background of 1.1 events at
the highest energy (Vs246.5 GeV) by extrapolating from
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lower—energy data. Instead, 7 events were seen [22].
The hadronic activity in these events 1s predominantly
confined to a plane which, however, does not contain
the muon,

The study of these events 1s continuing, plagued
by the difficulties of running PETRA at such high ener-—
gles.

III. NEW PHYSICS IN %2y EVENTS?

A. Excited leptons
The decay Z+18%*, %>y is expected in some schemes

of composite quarks and leptons. Several authors [23,
24] have ascribed the observed &%y events to this pro-
cess, The excited lepton 1s produced and decays via a
transition magnetic moment.operator of the form

1
A

A small scale As100 GeV is needed to obtain sufficient
rate. This is uncomfortably low in view of limits

on other operators [25,26]. To be consistent with

g-2 [27-29], further chiral constraints on

couplings are necessary. The process W-Hvi*,

2%+2y can be suppressed (forbidden) by making M &
near (above) My.

The excited lepton scenarlo has severe difficulties
with the Dalitz plot. Both the high and low (&y) invar-
iant masses differ by ~30 for the ete”y events. 2% is
assumed to correspond to the high value as the low-mass
2* would have been seen at PEP or PETRA. It 1s then
very 1lmprobable that the Yy should be correlated with
the prompt lepton to give such low invariant mass
values. The operator (3.1) leads to an essentially flat
distribution in this mass [24].

T
*
RRo" AT (3.1)

B. Scalar boson in Z decay
An alternative explanation of 2%4~y events via Z
decays involves the chain [30-34]

Z5 Xy
I——-+ AN '

where X is a scalar or pseudoscalar boson. The observed
2t0~ invariant masses are barely compatible with one an-
other and with limits (Myg>47 GeV) from Bhabha scattering
[34,35]. A band at fixed 2192~ mass 1s expected in the
Dalitz plot. A persistent feature of such schemes is
the prediction of a- large X»>yy width, leading to the
decay Z-3y.

(3.2)

C. Scalar state > %y

It is possible that scalars expected in composite
or technicolor schemes are heavier than the Z. In this
case they could still yield the observed 22y events
provided theilr mass 1s less than V100 GeV [36]. In
this scheme the scalar (or pseudoscalar) boson R is
taken to have large couplings to fermions only 1f these
couplings are chirally invariant. A class of dimension
7,9,... operators then arises which leads to matrix
elements for R*21T2™y which vanish in the soft photon
limit and peak along the edges of the Dalitz plot. The
peaking 1s not sharp enough to predict the observed dis-
tribution, but 1t is a step in the right direction.
Operators in which & 1is replaced by v also occur, lead-
ing to mono-shower events.

The scale factor needed to obtain suitable produc-
tion rates is, as usual, uncomfortably [26] low: Av100
GeV.

In both X and R boson mechanisms, qqy events are
expected with M(qﬁy)=MZ. Present data cannot exclude
such events [3].

D. Z mixing with exotic quarkonium

The Z would appear to have anomalous decay modes
if 1t was degenerate and mixed with some other state.
One such model [37] envisages the Z mixing with an ex-
cited 17~ onium state of a quark with exotic color.
This is assumed to decay to the lowest 17~ gtate of

mass V50 GeV via emission of a hard photon to a Ot
state, followed by a soft (unobserved) photon. The low-
est 177 state will occasionally decay to g1y~ gilving the
observed signature., A sufficlent rate requires essen-
tially complete mixing of the states, with a 27 branch-
ing ratio for the &te-y decay chain.

This scheme has much in common with the X boson
idea mentioned above. Moreover, it requires the binding
of quarks with higher color representations to produce
an extraordinary spectrum of states, with the lowest P
state nearly degenerate with 1S and the Z nearly degen-
erate with 2S.

E. Composite W,Z
If the W and Z are composite [27,33,38-40], opera-

tors of the form (G/A2y TV 7, 8 Zy could occur. The
branching ratlo for radiative decays is then [38]
+ 4 M4
T(Z+27T287y) - 22
F(Z—*ﬁ 2-_—)-— no10 G XZ (3.3)

This 1is sufficient only 1f G>>1 for AgM,. One would
then expect to see Z-qqy [41] or Z-qqg %i.e., iji)y [39].
If A is so low [41], however, one would expect a momen-—
tum dependence of vector boson masses, deviation of p
from unity, and W radiative decays at a large rate.

Perhaps the worst feature of this schéme is that it
prefers large lnvariant masses for both (y%) palrs, ra-
ther than one large and one small. This has been empha-
sized in Ref. 42 by comparing the Dalitz plot distribu-
tions of the data with that of Bremsstrahlung, the X
boson, excited leptons, and a composite Z. Bremsstrahl-
ung does the best, and a composite Z the worst.

A model with an effective Zyy vertex [43] also has
been proposed. It has the same difficulties with the
Dalitz plot distribution.

F. WW bound states

It has been proposed [41] that for very heavy Higgs
mass the resulting forces between longitudinal W bosons
are strong enough to bind them into a state of mass 90
GeV. Thils state would then decay to a virtual Z(»ete™)
+y, in the manner of the R boson discussed earlier.

The resulting eight-fermion operators coming from strong
W-W interactions are conjectured to be responsible for
same-sign multimuon events in neutrino scattering. One
would also expect the 90 GeV state to decay to virtual
Z(*vV)+y, glving the monoshower event(s), and to be pro-
duced in e"e” interactions via virtual Z exchange in
assoclation with a photon [44].

We belileve the production rate for such a bound
state 1s far too small to be relevant for the unusual
events. For comparison, a 100 GeV Higgs bosen 1s pro-
duced via W fusion with a quark subprocess cross section
of less than 107% nb [45]. Quark luminosity factors
reduce the pp cross section still more.

IV. NEW PHYSICS IN EVENTS WITH MISSING pg?

A. Remarks on the 160 GeV mass region

Many of the unusual events we discuss seem to point
to a common origin in the mass range-of 160 GeV. (See
in particular Ref. 7.) 'These include monojets (if
interpreted as j+z,»z+v3): monoshowers (Lf y+Z, Z+vV),
"nolsy" Z events, and W + jet(s) events. This mass
range will be more efficiently studied by raising the
SPS energy (Vs = 630 GeV in the forthcoming run), and in
particular at the Tevatron (/s > 1.6 TeV). Meanwhile a
cautionary note is that the selection of events contaln-
ing W or Z (or their analysis as such), combined with
cuts on a steeply falling pp(jet) spectrum, can conw
splre to produce a peak.

B. Higgs bosons

It has been proposed that many unu
(ej(s)pp, by, YPp) come from decay of
particle [bﬁa. The cross section must be enhance
%106 with respect to naive estimates in order to ©
a sufficient event rate (v103 produced at CERN) .

sual SPS events
a 160 GeV Higgs
d by
btaln
This
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enhancement makes the Higgs bozon so broad (I'z200 GeV)
that a peak is unlikely, and production violates unita-
rity [47,48].

C. New gauge interaction

As an example, we consider the case of "odor'" [49],
a proposed interaction with AgvAgcp and with the light-
est odor quark having a mass of V75 GeV. A spectrum of
00 ("odoronium") bound states between 150 and 300 GeV
is then expected. 00 production leads almost exclusive-
1ly to odoronium. It is necessary 1in this scheme for the
00 cross section to be V1 nb. (A perturbative estimate
falls short by about a factor of 100, for color tripiet

0 quarks.) The observed events are then ascribed to
specific products of 00 annihilation, e.g.
00(1) +Z H ¢ dbr (4.1)
VY
00(07) z ¥y : yﬁT 4.2)
LY

However, many other decay modes are expected, and it is
not clear they all occur with consistent branching
ratios. [See Table IV] Notable is the prediction [50]
that approximately 10ete™ and utu~ events would be ex-
pected from the 1° decay. The jet-jet bump seen by UA2
[12] around 150 GeV should also appear in the 3j spec-
trum. It is not clear whether odor gluon (G) emission
is visible; odor gluons should form odor glueballs (GG
or GGG) which are invisible except via energy and mo-
mentum balance.

D. Color octet mesons

In the previous two sections we saw that attempts
to produce a 160 GeV state have generally led to insuf-
ficlent rates, especially for a Higgs boson. It has
been suggested that these problems can be overcome by
producing a mesonic state, predominantly. via qq fusion,
which is a color octet [51]. This idea takes advantage
of the large qq differential luminosity (6 times larger
for ut than for gg at Vs = 540 GeV and M=160 GeV), and
allows for decay channels involving a weak boson (such
as gW, gZ, gy) at a rate down by only one power of a/as
compared to the leading decay channel. Furthermore,
for a given partial width to qq, the production cross
section for a color octet meson Mg is 8 times larger
than for a color singlet.

In Table V we show the number of events expected
at the CERN collider if o(Mg)=o(W). Drell-Yan produc-
tion rates for the W and Z are shown for comparison.
From the last three lines one finds 4 monojets, 2-3
ejpr events, and a 15% rate for jetty Z production.
However, there are also an order of magnitude too many
events in the jj bump, and 100 dramatic yj events.
These latter should be searched for.

TABLE IV
1~ DECAY TO EXPECTED EVENTS POSSIBLE SIGNATURE
£8g 45 331 bump at m=150 GeV
Gpcs 45 odor glueballs: invisible
62 1/2
Cagz 1§2 j(s) ¥y
ZH, Z+vv 5 SR 2
266, zoates 1 wte= p
Zgg, Z+ote- 1 o= j(s)
Z6G, Z+qq 10 1iPy
vH, H-bb 5(unless my<2my) Y4
\§B 5 Y
> 5 each high inv. mass gt

0” DE(‘AY TO ~ EXPECTED EVENTS POSSIBLE SIGNATURE

eg 15 1j bump at m=150 MeV

GG 15 odor glueballs: invisible
g?e? 1/7 i Pp

2y, zoatp- 1/20 ety with m(2T27y)=150 Ce%
036 H-bb 1 i Pq

ZY, 7wy 1/3 1Py

2~ includes ete~ and pHu~ contributions.

TABLE V. Decays of color octet mesons
(based on Table of [51])
DECAY MODE I _EVENTS DECAY MODE il _EVENTS
Mgrqq 500 Waq 500
HgreW 37 Z+qq 100
MgrgZ 23
Mgrgy 100
Mg"gz
VU &
el | . b2 Wve 3%
MB’L{_4E+L .7 zrete- 4
TABLE VI. Decay modes of an excited quark
[from Ref. 561
A=A'=150 GeV A=50,A"=15 GeV
MODE _ STIGNATURE {# EVENTS | EVENTS
q*rqg j3 bump at 150 GeV 10 80
q*+yq 1y bump at 150 GeV o2 20
q*rqW
v Jprpe .04 4
*qZ
i - 167 .04 4

E. Neutral leptons
The previous three explanations have assumed 7 to

be Z-+vv, where v is a conventional neutrino. It is al-
s0 pos51b1e that pp could be carried off by a heavy neu-
tral lepton vy of a few GeV mass, such as a fourth
sequential neutrino v4 [52,53] or a_mirror neutrino vy
[52-54], produced in the decay Z+vHvH.

A sequential neutrino vy typically has neutral-
current decays suppressed via the GIM mechanism. To
give missing pr, it must decay outside the detector.

Its mass must be chosen very carefully for this to be
reasonable, It could give monoshower events by oc-
cagionally decaying to Yy (i=e,u,7). In that case
one would also expect yypyp events, with M(yypy)<M In
many cages the neutrino v, must decay inside the ﬁetec—
tor, giving rise to monojets with charged tracks origi-
nating some distance away from the interaction point.

For a mirror neutrino vy, the GIM mechanism is fru-
strated, and one expects [54,55] B(vrww9)=0.1, Byt
hadrons)=0,2, B(vr8'v)=0.2, B(v+i+hadrons)=0.5, where
% 1s a charged lepton. The missing pyp signature 1s then
expected to come from vywwv, The monojets come from
such decays as Vy*d+hadrons. The low charge multiplici-
ty in the observed monojete and their low effective mass
(when all tracks are reconstructed) argues for M(vy) <
(few GeV). The mono-shower events correspond in this
scheme' to a less likely decay such as-vyvt(all neutral
hadrons) .

In future runs the sequential [52] and mirror [54]
schemes may be differentiatied. The sequential neutrino
1s expected to have a sizeable radiative decay, so that
Yj, Y% events should be seen. The charged tracks should
in general originate a detectable distance from the beam
pipe, reflecting the finite lifetime needed to account
for events with missing transverse momentum. The scheme
based on neutrinos with a vvv decay mode can account for
monojets without finite lifetime effects, but predicts
jj as well as jpr events in which j has a high lepton
content. Both schemes have difficulty-in accounting for
the most spectacular jpr event ("A" of UAl) unless ano-
ther Z is postulated [54].

F, Excited quarks

A model [56] which could account for anomalous e-
vents at the CERN collider postulates an excited quark
q* belonging to a color 3, flavor doublet, with charges
2/3 and -1/3, and M(q*)v150 GeV. 'The g-g*-gluon coupling
is assumed to be of the anomalous moment type with scale
A, and q=g*- (W or B) couplings are also assumed to exist
(B is the hoson of electroweak U(l)y) with scale A'. A
natural choice for these scale factors would be a compos-
iteness scale, which might also be M(q*). q%* is produced
by quark-gluon fusion and decays via q*»qg,qv,qZ,qW. The
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expected number of events for J"Zdt=137nb“1 are shown in
Table VI [56].

Although there are signatures for jﬁT, jbre, and
jj events expected, there are rate problems 1if A=A'=150
GeV. It would seem necessary to lower A=A' to 15 GeV
to obtain a sufficlent rate for jpr and jgpe, but then
the jj rate would be too high. Moreover, other high
dimension operators with the same scale (e.g., 22qQ)
are excluded by present data [26]. The result of taking
A#A' is also shown 1n Table VI. The number of jy events
is still large (shown for Q(q*)=2/3). It would be re-
duced to 5 events if Q(q*)=-1/3. Again (as for color
octet mesons) the yj signature appears worth looking
for.

G. Supersymmetry [57,58]

A missing transverse energy signature has been re-
cognized as a signal for the production of supersymmet-
ric partners of the known particles, both at ete™ col-
liders [59] and at pp colliders [60,61].

The most favored supersymmetric phenomenologies
have an unbroken R parity ensuring the stability of the
lightest superpartner, taken to be the photino ¥. This
neutral particle, which interacts with strengths similar
to that of the neutrino, 1s expected to carry off miss-
ing transverse energy. However, the observed events
with large ﬁT do not involve the predicted broad jets
[60] opposite this momentum which would result from
W%y, @rqqy. Instead, the jets appear narrow. Any
supersymmetric scenarlio must cope with this feature.

We are aware of five variants, involving production of
88, qqt, 4dg, wg and even ¥Y, upon which we now comment.

1,2. Gluino, squark pailrs. The CERN collider can pro-
duce light gluino pairs copiously [62], and isolated Pr
signatures have been recognized as useful for gluino
searches [63]. Gluino [64,65] and squark [66] pair
production in fact yields monojet events under the UAL
event selection criteria, as a result of loss of soft
jets ‘or coalescence of two jets. The Py spectrum re—
sulting from 4§t production (§+q¥, §t+qT¥) is harder
than that from g§ production (g+gqy) [65], and the jets
are narrower, so 4§’ 1s preferred. However, since most
models do not give squarks much lighter than the gluino
[66,67], it 1s 1ikely that both mechanisms contribute.
The predicted jpr and jjpr rates for various squark
masses, assuming the UAl selection criteria, are shown

in Fig. 6. Squark masses much below 35 GeV are ruled
104 =
pb +3 =540 GeV PP—qq
leq¥
103 |- Total Py™ 540
UA { trigger conditions
10®
10 \
\
\
' 1 1 ] I} 1 1 )

mg [(Gev]

Fig. 6. The total and topological cross-section
for 44 production followed by §+q¥ decay giving
one- or two-jet final statés with pr-5%>4 , and
fulfilling the UAl trigger conditioms.

out by the observed monojet rate, and similar Iimits
apply to the gluino mass. The spectacular monojet
event "A" of UAl, and possibly the event "B", are left
unexplained for a squark or gluino mass of 40 GeV,
which otherwise fits the observed pp distributions.

3. Singly produced squarks. The mechanism gq-q could
lead to single squark production. One would require

a gluino of about 25 GeV (a lighter § seems ruled out
by jjfp data [67]). The signature would be §+qy [68].
This mechanism could account for the observed number of
monojets, even if mzv150 GeV [69]. The decay {-q§ can
provide a jj bump at 150 GeV, as seen by UA2 [12], and
d-%q, W-WY¥, Wrev yields ejpr and a possible explanation
of the UA2 event '"B" of Fig. 3. A related mechanism,
gq+Yq, has also been proposed as a source of monojets
[70]. However, all these mechanisms require far more

g in the proton than one might expect for heavy quarks
(such as t [71]).

4. Heavy squark, light gluino [72]. If the gluino were
only slightly more massive than the photino it could
escape the detector before decaying to qqy, thus frus-
trating the 25 GeV lower bound on 1its mass. In this
case squarks could be produced singly even 1if theilr mass
were as large as 100 GeV: gg»gg. Presumably the monojet
signature would come from d+qg, where the energetic
gluino 1s missed.

5. Photino pairs. One model with broken R-parity en-
visions production of a pair of 5-8 GeV ¥'s, followed

by ¥*17v; [73]. The monojets occur when one photino
produces a fast v; and a vt~ pair with pp<10 GeV, while
the other throws the 1+t~ forward. The monoshower event
is viewed as a fluctuation to zero observed charged
multiplicity of the TT decay products.

6. w5 production. The processes qq*W§ and qg*Wg [74]
can glve ej(s)py signatures. Rates for these processes
are generically down by at least an order of magnitude
compared to g, 44T, and g§ productlon [58]. Optimal
values for g, 4, and W masses could enhance the signal
[75].

H. Heavy quark
We note that one UA2 event of e2jpr ("C" of Fig. 4)

is barely compatible with heavy quark palr production,
Pp+QQ+. .., QOWHg, Wrev; Q-W+q, W+qq [76]. Here q has
to be light (mqsfew GeV), which may not be favored if
Q is the lightest member of a fourth generation [77].

V. MECHANISMS FOR uu + jet(s) AND
u_+ (PLANAR EVENTS)

A, Lgptoguarg§

It has been suggested [78] that the CELLO event [8]
is due to the reaction e+e“+LL, where L is a leptoquark
which decays to u + jet. This possibility can explain
the apparent back-to-back nature of each u + jet in the
event. However, it entails large cross section for
leptoquark pair production at the CERN collider. The
observed 2u + jet(s) signal mentioned in §II.E can be
used either to bound leptoquark pair production, or to
provide confirmation of the hypothesis.

o. Neutral heavy leptons

One possibility suggested for the CELLO event 1s
the production of a palr of neutral leptons vypVy, either
via a virtual zY [8,79] or via a new, weakly coupled
"Z," in the 50-70 GeV range [79]. 1In the latter case,
vy could be a right-handed neutrino '"N" of the type
described in Refs. [54,55]. The decays ZO+vHv or
Z, NN should then be observable at the CERN co?liief-
AZy (50-70 GeV) should also have an observable e'e
decay mode, and should affect electroweak asymmetries
at PETRA. Both signatures will be visible in forth-
coming improvements of present data.

A neutral heavy lepton, produced in pairs, also
could be responsible for the Mark-J events discusse
§IT.G. One neutral lepton would decay to y+(hadrons)
and the other to (say) 22'v or v+(hadrons).

d in
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C. Heavy quarks

The Mark-J events have some properties in common
with semileptonic decays of heavy quarks. Possibly re~
lated features are that (i) the largest fluctuation in
R occurs at Vs=44 GeV, and cannot exclude the 1S bound
state of a Q=-1/3 quark and its antiquark; (ii) R is
sufficiently poorly measured above 45 GeV that one can-
not exclude the threshold for a Q=-1/3 quark, Further
study of the Vs=44 GeV region is in progress, and will
probably be able to settle the question of whether a new
quark is responsible for the events in the near future.

VI. CONCLUSIONS

A summary of our findings is presented in Table VII
and VIIT. A glance at Table VII is quite rewarding.
Theorists have found the kinematics of the 278 y events
essentially impossible to explailn except as a statisti-
cal fluctuation of bremsstrahlung, which thus remains
the most likely source.

It is easier to invent explanations for events with
large ﬁT, but few ideas apply to several event catego-
ries at once, and few explain the event topologies and
rates in a natural way.

Many explanations are based on new physics in the
160 GeV mass range, with characteristic yj and jj peaks
expected at this mass. All would benefit from improved
statistics, which are eagerly awaited.
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