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INTRODUCTION

The Standard Model (SM) is increasingly well tested and it continues to describe
all experiments to the present limits of accuracy. Most particle physicists hope that
phenomena will be found that do not fit the SM predictions, not because it will
contradict the SM (which is now so well tested that it must be a good description of
nature on the 100 GeV scale), but because it will provide clues to physics beyond the
SM. There are still many questions whose answers we would like to have, such as why
the SM takes the form it does, what is the origin of mass and flavor, can all forces be
unified, is supersymmetry (which is an allowed symmetry in a quantum field theory)
realized in nature, and more. Even most theorists feel that experimental clues may be
needed to untangle these questions or at least will greatly speed up the process.

In recent years, a number of possible effects beyond the SM have been reported,
such as Higgs boson candidates with properties inconsistent with a single neutral SM
Higgs boson, too large a cross section for production of like-sign dileptons in »
reactions, several categories of events in the UA1 and UA2 detectors at the CERN
collider, and others. Unfortunately, most of them have not stood up to subsequent
experimental examination. Even the long-standing like-sign dileptons are not
appearing in recently improved experiments.' As we have heard™’ at this meeting, of all
the candidates at the CERN collider, only the UA1 monojet events (and perhaps some
associated dijet events with missing momentum) have become a stronger signal as the
data improved statistically and systematically.

On the assumption that others kinds of anomalous events might occur, perhaps at
new machines later this decade, I will divide this talk into two parts. First, I will
consider some of the kinds of constraints that must apply to any attempts to understand
the origins of anomalous events, with an emphasis on high energy colliders. The first
requirement on a theory is obviously that some events of the “observed” kind are
produced, i.e., that a specific mechanism exists. Equally important is that the rate of
production of such events is reasonable and that other associated (but not observed)
events are not produced. Most published models do not do well in this regard. It is very
instructive to see the kinds of things that go wrong; today’s unobserved prediction may
be tomorrow’s signal.

Then I will concentrate on the predictions of supersymmetry* and whether it can
describe the monojet events. As first emphasized in references 5 and 6 and by F. Paige
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(unpublished), extensive further analysis is necessary to compare theoretical predic-
tions with data under actual experimental conditions; this is described fully in the
following. The calculations I present are from an extensive collaboration” with M.
Barnett and H. Haber. Supersymmetry is a suprisingly well constrained theory in
terms of comparison with experiment. Only the masses of the superpartners are
unknown; once they are specified, all cross sections and distributions are fixed. Some
kinds of events must occur (such as one-sided events with one or two jets) and others
must not occur (e.g., any event with no missing momentum or any event with a hard ).
It is by no means trivial to find events of the right kind also occurring at the right rate
and with the right distributions in jet momentum and in missing momentum. As we
will see, at the present time there is (at least) one choice of masses that appears to be
consistent with the monojet data and with other information concerning anomalous
events.

It is very interesting that of the many types of anomalous events for which there
were candidates during 1984, only the events with missing momentum (that arise
naturally if supersymmetric partners are being produced) still seem to exist in the 1985
data.

POSSIBLE SIGNATURES OF ANOMALOUS EVENTS

There are a number of categories of events where anomalous effects might stand
out. It may be useful to list some of these. Normally, if one kind of event occurs in a
model, so do others.

(A) Signatures with missing transverse momentum (pr):

Topology SM Background
Jpr W—q, g+ Z, QCD
lahadrcns l*»,,,',
Jibr g+ W
I—'w‘:
Py W—
2*jpr g+ W
|n
LR Pr Z—1%"

In all cases, the background can be measured experimentally when sufficient data is
available and it can be quite accurately calculated as well. All of the above signatures
are predicted to occur, in varying amounts, in supersymmetric theories.

(B) Signatures involving peaks:

Topology SM Background

Q- toponium, 7,

Vi e

i W + j, Z + j + cuts and phase-space
jw W + j, Z + j + cuts and phase-space

jZ W + j, Z + j + cuts and phase-space
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(C) Signatures involving hard v’s:

Topology SM Background

Y 7, QCD

LYy bremsstrahlung
7¢T YZ

vJj QCDh

72 YZ

Qt’)’]ér

YYBr

vZ QCD

YW QCD

(D) Other constraints that are easily gotten wrong can be listed:

(1) The number of events has to be right, i.e., ¢ x BR, where ¢ is the
production cross section for the mechanism in question and BR is the branching
ratio for the decays that lead to the signature in question. Many proposals give
wrong rates; we will return to this below.

For explanations involving production of a single particle, there are “unitar-
ity” constraints that exclude some (proposed) interpretations; they are not
rigorous “unitarity” constraints since they require adding a physical condition
that necessitates that the production partial width is smaller than the available
energy region, but they give important constraints in practice.?’

The basis is that for production of a single particle, X, of arbitrary spin and
color from constituents, a/b, one has

do _ 205+ 1 N¥ T(X— ab)
—! (Pp—X+ )= s 3
dyly-o S, + 1) (28, + 1) N°N® M3

’

where N, is the color multiplicity (1, 3, 6, 8, ---) and A depends on the structure
functions,

A = 167" [Fp(x)F'55(x) + (p <> D)].

Clearly, if T'(X — ab) is limited, either by outside information or by the
observation that (say) all events are in a region of 40 GeV (or whatever value is
appropriate), the possible rate is limited. At My ~ 100 GeV, the constraint is
important and for M, = 150 GeV, it is very serious.

Barger et al.® integrate over y and define

o(pp— X + ) = (2x + )N¥Y_T(X— ab) Ry,
ab

thus giving useful graphs of R, versus M, at various energies. Dusedau ef al.°
study the constraints in detail for scalar particles.
Note that what is actually observed is

o x BR(X — f) = A’L,BR(X—» ab) BR (X — f),
My
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where fis the final state of interest. Taking I'(X — ab) = 50 GeV (assuming the
events show up in a limited energy region) and

BR (X — ab) BR (X — f) =< 1/4,

there is an absolute constraint. Often, of course, the product of branching ratios
is much less than 1/4.

In general, it is possible to conclude that to explain anomalous events with
single particle production, one must have 2Jy + 1and/or N¥ greater than unity
and that major branching ratios must be involved.

(2) Ifa Zis involved in the mechanism, a number of constraints operate:

(i) if a large branching ratio is involved, it can increase I';

(ii) probably, rates are large enough to see'® any anomalous Z° decay
at PETRA, or PEP as well, via e*e™ — Z — ?

(iii) if a Z° mode is the origin of anomalous decay, other Z° modes
must appear; e.g., if £+2”y events were supposed to be Z%y with
Z" — 20", then vy events must appear with o(yww)/a(vee™) =
6, and vjj events must appear with a known,"" large branching
ratio before corrections for soft and coalesced jets.

(3) A number of distributions are characteristic of specific mechanisms.
One can plot p4 pr, 0(2*y), My (jpr), etc. We will see below that the
distributions can be as powerful as one might expect in distinguishing compet-
ing mechanisms.

(4) The characteristics of jets are very important. They are also very
sensitive to cuts. Typical jet charged particle multiplicities in the momentum
range in question are large, with s, ~ 10-20. However, most of these particles
are soft. If a cut is made to take only particles with pr > 1 GeV, then n,, drops
greatly for quark jets, with 50-90% of the particles being softer than 1 GeV. If,
as sometimes happens, a jet is a combination of two jets coalesced, the charge
multiplicity will be double. Similar effects happen to jet effective masses.

The UA1 monojets have rather low mass and charged multiplicity. It seems
to be very unlikely that they could be pairs of particles such as ¢q, g2, gg.
Whether a single g or g can fragment into that few particles (n,, < 4 for most
monojets) is not yet clear, but it seems reasonable. Paige'? has examined this
question with the ISAJET Monte Carlo, which gives a satisfactory description
of jet multiplicities and masses at e*e™ colliders. When he produces events with
hard quark jets and UAT1 cuts, he finds the mean n,, is 4.2, with 39% having
n, = 3. However, when he examines a jet where § — ¢g¥ and gg coalesce, he
finds, as expected, about double the multiplicity.

Probably, it is fair to conclude at present that the “narrow’ jets observed
can originate with single hard quarks and perhaps single gluons; however, any
mechanism where they originate with coalesced jets must provide an explana-
tion of the jet properties in order to be taken seriously. Further, if the jets
originate as single quarks, some less narrow ones must appear, so the mean
ny ~ 4.

Many examples could be given of models that can provide one type of anomalous
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event, but that all too often provide too many of another. A few illustrations are:

@

(i)

(iii)

Any model based on heavy quarkonium states (formed from
known or hypothetical new quarks) that give decays with £*Q " or
decays with missing momentum produces'? a large number of 2+2~
events at the quarkonium mass. This occurs since the direct
annihilation occurs: Q@ — y or Z° — £*2". No energetic 2+2"
pairs are observed, excluding all such models.

Most models that produce a Z° in the decay of a heavy object also
produce decays with the Z° replaced by a W* and by a . The
absence of many candidates for events with hard ¥’s is a severe
constraint on models.

There is an event reported by the CELLO detector at DESY, at 44
GeV near the top machine energy, of jju*u~. The four particles
are in one plane, which is very unlikely unless the event is due to a
pair of heavy particles produced essentially at rest. However, if the
particles are leptoquark states, LQ — ju, the cross section to
produce them at CERN is large (they would be like 20 GeV
t-quarks) and their signature is very clear, so this is excluded.
On the other hand, though, they could be heavy neutrinos, with
v — uqq, but then the jet would be a coalesced (gq) one of
large effective mass and multiplicity, while the experimental
one is a typical light quark jet. Therefore, no interpretation is
consistent.

We will see more examples of constraints below.

CATEGORIES OF INTERPRETATIONS

The interpretations of anomalous events can be put into four main categories:

(1) New Z° decay modes;

(2) Decays of a singly produced new particle;
(3) Associated production of new particles;
(4) Profound.

273

The last category, of which examples are given in references 15 and 16, argues that a
new interaction may be showing up, but not in a simple way, via new low-spin particles.
Supersymmetry either combines categories (2) plus (3) or just uses category (3),
depending on the masses involved.

APPROACHES TO MONOJET EVENTS

Since currently the monojet events are the main candidate for a signal for
anomalous events, I will comment on various approaches to their interpretation. First, I
will describe three approaches that—if the data is taken at face value—do not easily
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give an acceptable interpretation, but involve interesting and instructive physics. Then
I will turn to the supersymmetric approach and describe how some choice of masses
may successfully describe the present monojet data.

On the basis of the comments in the previous pages and from the reported monojet
(and dijet) data, I will require any explanation to have as necessary conditions:

(i) about the right number of events, including effects of experimental cuts,
detection efficiencies, etc.;

(ii) some one-sided dijets (even though the experimental situation and the
comparison of experiment and theory is not straightforward here—see
below);

(iii) most jets must be due to a single quark and probably not to coalesced jets;

(iv) the monojet distributions, especially the M, (jp;) distribution, must look like
the data;

(v) no other wrong predictions.

CAN Z° DECAYS EXPLAIN THE MONOJETS?

Two interesting approaches to monojets via Z° decays are (a) that of Krauss,"”
followed by references 18 and 19, where Z° — »'»”, and where the objects, v" and v”, are
new or familiar neutrino-like particles, which may either escape the detector providing
7, or decay, providing narrow hadronic jets; and (b) that of Glashow and Manohar,'®
Moffat,”® and King,®® where Z° — H® HY, with H} and HY being two light neu-
tral scalar or pseudoscalar (perhaps Higgs) bosons that arise in models with two
doublets or with extra gauge groups. One H is constrained to be effectively invisible,
either by requiring it to be very light so only 4y and e*e™ modes are allowed or
by largely decoupling it. The other HY is light enough to appear as a hadronic jet
when it decays.

These approaches do not seem to me to give likely explanations of the data, for
reasons [ list below, but they have some nice points and should be kept in mind as the
data improves. Among their virtues are that they can easily give the right number of
events since the associated Z° branching ratios are in the 1-3% range, which is about
what is needed, and that the events would be centered near M, in the M, distribution.
As the data increases, the latter point seems to be less of a virtue because the data does
not peak in My and it spreads out over 80 GeV < M, < 120 GeV.

Their problems are:

(1) The experimental M distribution is too broad and not sharply peaked;

(2) For HY giving the monojet, it seems very hard to get n,, < 4 for most events.
The HY will probably have to decay to cc, which will give n,, = 5 for most
events;

(3) For v’ giving the monojet, one always needs to have a charged lepton in the jet
(since v’ — & + ¢q), but almost none of the monojets are reported to contain a
hard charged lepton;

(4) No primary dijet events are generated by this mechanism, so the dijets must
come from the primary production of gZ° and are suppressed in rate.
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CAN TECHNICOLOR EXPLAIN THE MONOIJETS?

Technicolor was and is a good idea,”' that the new physics required by spontaneous
symmetry breaking is due to the dynamics of some new fermions. Some bound states
also play the role of Higgs bosons. Then, normally, other new particles arise and give a
number of interesting signatures. Some of the particles, their masses, and their decays
are listed in TABLE | (/V is a group label, with N = 4 expected). Although the simplest
masses, with N = 4, are not appropriate for the current CERN data, perhaps N is
larger or maybe a different symmetry gives lower masses; or perhaps such signatures
will appear at a future collider. From the table,” we can immediately see both some
interesting signatures, such as ¢, busy Z’s or busy W* (Z’s or W’s accompanied by
jets), and gy events. The gy events would be very dramatic, appearing as jvy, and would
have a large cross section. Monojet events would appear as gZ° with Z — »» and would
then require events with j2*R", jv, and jjj, all of which are not seen. Pair production of
leptoquarks (LQ) would be important if M(LQ)/M(n; or w;) ~ % was maintained,
again giving interesting signatures. Altogether, it is clear that technicolor signatures
are not what is being observed, but it will be interesting to look again in the future.?

TABLE 1. Possible Anomalous Events from Technicolor

Particle Mass (GeV) Color Decays
Singly Produced
nr ~2404/N 8 t 90%
88 5%
2Z°10%
T ~2404/N 8 th 75%
gW* 20%
T ~240+4/N 8 £Z°30%
gy 70%
Pair Produced
LQ ~160+4/N 3 tr¥, 1w, b, b,
Ju, je, jv

CAN WW “BOUND STATES” GIVE MONOJETS?

Although proponents of complicated dynamics'>'® have not proposed specific
models for monojets, one can examine a few alternatives to see if any simple
interpretation arises. Although none has so far, this does not necessarily imply that the
approach is wrong; only that more subtle thinking would be needed if such approaches
were relevant. The following remarks are my own approach to such questions and do
not reflect the views of other authors.

Two general problems with such approaches will be (i) that the decay gp, of a
color-singlet WW bound state is not possible, so it will be hard to get narrow, low
multiplicity jets plus missing momentum, and (ii) one might expect a single, rather
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narrow state so far below threshold, which would give problems with the M
distribution.

One way to get narrow jets would be a vector dominance mechanism, with one
W — =, p. Then monojets could arise from a W*Z° state with

w* z°

‘ t-—»yl_/

or a Z°Z° state with

‘ |—>V17

— T, p,w Y.

The main problems with this mechanism are rate/branching ratio and other modes. In
particular, if this occurred, one would also expect

w* zZ°
l b e i

7, p
and

w* w*
. Ly

l — T, p

giving large numbers of £*jp; events, which may not be observed. (However, note the
UA2 events.)

CAN SUPERSYMMETRY EXPLAIN MONOJET EVENTS?

We have seen that no proposed approach we considered above seems to give a clean
explanation of the monojet events. It has been known for a long time? that events with
jets and missing momentum would occur if supersymmetric partners were being
produced. Now, we will consider whether the detailed characteristics of supersymmet-
ric particle production are consistent with the monojet data. All the work I describe in
this section is based on a collaboration’ with M. Barnett and H. Haber, plus the work of
other authors. We will see that there is indeed a satisfactory description, perhaps even
competing ones, as far as the monojet data is concerned. Unbalanced dijet events are
also predicted and some are found. The detailed properties of the predicted ones and
the observed ones are not quite the same, however, and whether this is a problem is not
yet clear.

The minimal spectrum of new particles expected if supersymmetry were a
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symmetry of nature as realized on the weak scale is that each of the quarks, leptons,
and gauge and Higgs bosons should have a partner whose properties are identical to the
particle except that it differs in spin by half a unit. A useful notation and nomenclature
is indicated in TABLE 2. The names indicate both the origin of the particle and, for the
partners of gauge bosons and Higgs bosons, how the partner interacts; because of weak
interaction eigenstates mixing to form mass eigenstates, the interaction properties can
be subtle, but they are important to determine observability. Left-(L) and right-
handed(R) fermions are separated since they have different weak interactions.

If supersymmetry were an unbroken symmetry, the partners would have the same
mass, color, charge, etc., as the particles, and they would have been easily detected.
Since they have not been, we consider them to be heavier because of symmetry
breaking. If supersymmetry is relevant to explaining the weak scale, presumably it
makes sense to expect the partners to have mass, ~M,. If partners are not discovered

TABLE 2. The Minimal Particle Spectrum in a Supersymmetric Theory

Normal Particles Superpartners Names
g z gluino
uy iy up-squark
Ug g .
e e selectron
w* W wino
. whiggsino; charginos
Hj, hi, higgsino
% ¥ photino
. zino neutralinos
VA V4 higgsino
HY, ki,

on the weak scale, eventually the limits on their masses will be pushed up to well
beyond the weak scale and they will become irrelevant to the understanding of physics
on the weak scale.

Since the way in which the supersymmetry is broken is not understood, the masses
of the superpartners are unknown. It is necessary to proceed by assuming a set of
masses (in practice that means masses for mainly g, 4, W, 2+, 5, and 4), calculating
predictions, and testing them.

Fortunately, the couplings of the superpartners are known because they are mainly
gauge couplings. In fact, they are the actual measured gauge couplings, so no
uncertainty arises at all. The rule that emerges from the theory is that every vertex in
the standard theory has added other vertices obtained by replacing particles by their
partners in pairs, while keeping the interaction strength the same. Thus, the ggg
coupling gives §gq and §gg couplings, all of strength, g; (g3/47 = a,), the We» coupling
gives wév, wep, and Web couplings, all of strength, g,, etc. With this rule, one can draw
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all the Feynman graphs that are relevant to whatever process is being considered and
estimate any cross section or decay.

Since supersymmetric partners occur in pairs, they can either be pair produced or a
single one can be produced via § or & in a proton.”** (The other supersymmetric
particle goes down the beam pipe with other soft partners.) We will consider both
mechanisms; it turns out that if gluinos are lighter than about 25 GeV, the gluino
content of a proton is significant.

Once a superpartner is produced, it will decay into normal particles plus a lighter
superpartner; the lightest superpartner will be stable (one can consider modified cases
where the lightest superpartner is unstable and carry through the analysis in a way
analogous to the following, but little changes and we will not pursue this alternative
here). The lightest superpartner can be a partner of a gauge boson or a Higgs boson, or
it can be a sneutrino. For our purposes, it will not matter much what is the lightest
superpartner, just as long as its essential property is that it normally escapes collider
detectors. This is so because to interact, it must excite a superpartner in the detector,
and since the partners of quarks and leptons are heavy, the interaction cross section is
at most of order, o?/m?, with i = 20 GeV, which gives too small a cross section to
see.

Thus, the basic signature of the production of supersymmetric partners is missing
momentum, accompanied by jets or charged leptons in characteristic patterns. If a
squark is produced, it will decay into ¢g and g% if both are kinematically allowed, in a
ratio (ignoring phase-space) of

(G- g7) el

NG—q2) Ao
For i@, this is a/3e, = 0.02. If #r, > 1, M, then
N(G—gq®) 13

1
L1 — 2 .0.05,
I'g—gg) 2 8a

where the 1/2 appears because only §; has a coupling to w. Similarly, if IS appear, they
will decay as £* — 2°¥. Gluinos will mainly decay via a virtual g, § — §¢%, with a
branching ratio (that depends on other masses) of perhaps 1% to g¥.

If sleptons or sneutrinos are lighter than winos or zinos, the latter will have useful
signatures,

W Ry — 2P,

W — 07,
or
7 Y0 — 00 P

If sleptons and sneutrinos and also g are heavier than winos and zinos, the latter still
may have a useful signature,

W — 495 — jj¥r,

Z— 49y — jjpr



KANE: MONOJETS AND OTHER ANOMALOUS EVENTS 279

If only g are lighter than W, %, the latter will decay into jjjj¥, becoming essentially
unobservable. In the approach we favor, with M, ~ 10 GeV, this is perhaps the most

likely situation, though it could well happen that sleptons or sneutrinos are lighter than

wor 2%

PRODUCTION OF SUPERPARTNERS

There are two kinds of ways to produce superpartners at a hadron collider.

(A) Starting with quarks and gluons in the proten, we have”

o(pp — @bX) = [dx,dx,F(x;)F3(x;)é(cd — ab),

4 eeaes

NaVaVa Ve 'B"W,Z

vvv\/=7

FIGURE 1. Some ways to produce superpartners. At §§ vertices,  can be replaced by W, Z, or 7,
giving production of WWw, wg, g%, 8, etc.

where F, is the structure function for constituent ¢ in a proton, F, is the
structure function for constituent d in a proton, and § is the constituent cross
section. FIGURE 1 shows a number of constituent processes to produce
superpartners; which ones dominate will depend on masses, kinematic regions,
cuts, etc. In all cases, we include all subprocesses in our calculations. We have
calculated all cross sections to produce 43, 2, g4, wg, g9, etc., and comparted
with earlier results in reference 27. We use the EHLQ structure functions®
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for calculations, with A = 0.29 GeV. Then, events are generated by a Monte
Carlo integration technique® and final state particles are decayed, using a
procedure due to two of us.” (Note that we have not included any effects of
QCD gluon radiation or “K-factors” in the calculations.)

Ultimately, an important test of whether supersymmetric partners are
being produced will be the determination of the spins of the new particles.
While it is clearly too early to be doing that, the spins do affect the
distributions and rates we predict, so their effects are being included. At the
present level of calculation, no polarization effects are expected; transverse
polarizations are absent since we are assuming parity conservation. Supersym-
metric processes in general do not conserve parity since masses of §; and gg
are not in general equal. By including such mass differences, longitudinal

T T T T T T T T ¥ Ty T

| Lt il Lo vl At il

1073 1072 107! 109
- X

FIGURE 2. Gluino distribution function, from reference 7.

polarizations would be generated, but at the present time such effects are
highly model dependent and we will neglect them.

If colored superpartners were light, they would occur®* in hadrons as well as
normal colored quarks and gluons. Since squarks are known to be heavier than
about 20 GeV, they will not appear in significant quantities in a proton. The
probability of a gluon splitting into a gluino pair is six times larger than the
probability of it splitting into a quark pair of the same mass, so even if M 2 18
20-25 GeV, there is a significant’ gluino content to the proton.

The question of gluinos in a proton has been raised in reference 24, and
Herrano et al.®® have specifically suggested that single squark production
would occur via this mechanism. We have calculated the gluino structure
functions, including mass effects,’ by using the technique proposed by Gluck,
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Hoffman, and Reya (based in turn on the Altarelli, Parisi equations) and by
checking against the EHLQ calculations of the heavy quark content of a
proton. Since 72/Q* < Yis and even though there are corrections of the order,
ME/Q2 and (M:,/Q2)2, involved, the lowest order ones, which are the most
likely to be correct, are dominant. FIGURE 2 shows the gluino structure
functions obtained. The curve for do/dx peaks around x = 0.08, where the
calculation is expected to be reliable, with x neither large nor small when
compared to M2/ for the values of M2 we find to be relevant.

EXPERIMENTAL CUTS

In a real experimental environment, it is necessary to apply cuts to the data® in
order to exclude conventional sources of anomalous events. The most important cut is
on the minimum pr required to count the event as a monojet event. Data has been
presented? in various ways, with fixed cuts such as pr > 40 GeV and with a “4¢” cut.
We will discuss how we implement these’ in the theory in the following section; it is
subtle to make the “4¢” cut in a way where theory is being correctly compared to
experiment. Other groups***~** have already done similar analyses. It is a difficult
procedure and not all analyses agree, though convergence is occurring.

In addition, an anomalous event must have one jet with p4 > 25 GeV. Since g and
p’ are both large, clearly this biases all other activity in the event to be softer. A jet is
defined>® as all activity in a bin, Ap> + A¢* < 1, where 7 is the rapidity and ¢ is the
azimuthal angle.

Some geometrical cuts are applied, as described in the UA1 paper,* and we have
included these in our analysis.

THEORETICAL CUTS

In discussing the data, it is useful’ to consider three different cuts on py: (a) pr > 40
GeV, (b) pr > 32 GeV, and (¢) pr > 2.8 VE; (i.e., the 40 cut). The first two are
straightforward. The recently reported data is most complete for the p, > 40 GeV cut.
The pr > 32 GeV results are presented as a comparison and as a prediction of how the
number of monojet events changes as the cut is varied.

For the cuts on jet py, we use the same values as the experimental analysis; py> 12
GeV for others. This is somewhat of a subtle point, as it is not clear whether a 25 GeV
parton corresponds to a 25 GeV jet in the detector. Future analyses can improve on
this.

The most subtle aspect of the analysis is defining the 4¢ cut. It is not necessary to
consider this cut for the main part’ of our analysis (where we examine the p, > 40 and
pr > 32 distributions for all § and & masses), but it is necessary to compare with
previous analyses, particularly of pair production of lighter gluinos, and it will be
necessary for a full analysis in the future of all g, events due to both Standard Model
and anomalous sources since they overlap near the 4¢ cut. Therefore, we go into some
detail.”
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The experimental missing energy fluctuations are characterized by a o = 0.7 VEp,
i.e., the amount of energy missing in an event goes as vE;. To be safe in assigning an
event to be new physics, it is required that p; be greater than 4¢. The problem is how to
relate what happens in a theory event to E;. The so-called “minimum bias” collider
events (those with no large py activity) have a distribution in E;with a mean of (E;) =~
20-25 GeV. Further, normal QCD jet-jet events are observed to have the property that
when the two jets are removed, the remaining event has (E,) ~ 40-50 GeV.

Now suppose the monojets are due to the production of supersymmetric partners.
Then presumably the total £ is given by

EF - EY + B3,

where ES is related to what is observed to QCD jet-jet events after the two jets are
removed and where E%# is the total energy associated with all of the partners that arise
from the decay of supersymmetric particles, whether they pass the jet cuts or not. We
take E%to have mean of 40 GeV (using the lower side of the range because there is one
less jet to radiate) and we use a distribution about E% to make the simulation as
realistic as possible.”

This procedure gives a larger E; — E7 with which to calculate o, so fewer events
pass the cuts, and we do not find too many mono_lets arising from light gluinos that are
pair produced. As a consequence, we do not find that any M ¢ is clearly excluded by
predicting significantly more monojet events than there are candidates for. In this
connection, it should be noted that as the gluino mass decreases, it becomes less
probable that a given gg event passes the cuts, while the cross section for making the g3
pair grows. Since the probability of passing the cuts gets quite small (<10~ when M, o=
5 GeV), it is necessary to generate a large number of Monte Carlo events to have
reliable results. While we have been careful to do this, we think further consideration
of the low mass gluino pairs may be worthwhile.

MONOJET EVENTS

We have concluded that the regions of the M,-M, plane that could describe the
data are those shown in FIGURE 3. In the next sections, we study the allowed regions
further. For monojets,® one can get about the same conclusions from the distributions
in M (j, pr), p or Pr, so we mainly use My, which is easy to interpret physically. We
find that, taking the data at face value, there seems to be a preference for the region
with M ~ 110 GeV and M =~ 10-20 GeV where most of the monojets arise from single

producnon via gluinos in the proton. While it is too soon to conclude that this is the
only allowed region or that it is indeed the origin of the monojets, at present it may give

a better description of the data than the other alternatives.
It is important to note that the reported monojet data has not been corrected for p

mismeasurement.’”® Indications from other jet information® are that p4, M, etc., will

bNote that for dijet events, it is not so simple because of the extra jet. Our dijet predictions give
a good description of the reported M distribution, but not of the p values.



KANE: MONOJETS AND OTHER ANOMALOUS EVENTS 283

120 T T T T T T T

100 -

80~ .

q (GeVv)
3
T
)

= 1
40

20

O 1 1 1 | 1 | I | I
0 20 40 60 80 100

/v\9 (GeV)

FIGURE 3. Allowed regions in the Mg-Mq plane for production of supersymmetric partners to
explain monojet events, according to the criteria of reference 7.

be corrected up by 5~10% eventually. We do not show such corrections, but they should
be kept in mind.

SINGLE SQUARK PRODUCTION

We have explained above how the single squark is produced via the g content of the
proton.” There are three sources of actual monojet events:

(1) 92— q—q2
|— qav
This provides the majority of monojet events. The g from § decay is energetic
and passes the jet cuts, and 5-10% of the time, the photino from g decay passes
the pr cut, giving an event that passes the UA1 cuts. There is, though, some
residual energy from the two soft g, g from the g decay.

(2) gg—q—q9%

This is about a 2% branching ratio, but it essentially always passes the cuts. It
provides 10-15% of the monojet events.
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(3) Since gluinos are 10-20 GeV, their pair production cross section is large. As we
discussed above, of the order 1072 of the candidates pass the cuts. We find
about 25-35% of the monojet events arising this way. Once M ; < 0* ~ (100
GeV)?, the number of monojets arising from this mechanism is basically

independent of M,, as might be expected physically.

We note from the M, distribution with various cuts (FIGURE 4) that if the cut is
placed at pr > 32 GeV, almost as many new monojet events should occur as above p >
40 GeV. While not quite that many candidates are in the reported data, several
candidates do exist, so at present this prediction is not inconsistent with the data.
However, to accept the heavy squark interpretation, it will be crucial to see the
additional events as the pr cut is reduced.

Note that there is some sensitivity to § and g masses, but not too much flexibility.
The fraction of the events from § — g% does shift as Mq shifts, but because the other
sources of events depend on the g decay, they are not as sensitive. When high statistical
data is available, an accurate determination of masses will be possible. If the M,
distribution is shifted up 5-10% from jet energy calibration, as expected, one can shift
masses to compensate, but it is not a simple situation because cross sections will then
decrease. If one takes the present numbers very seriously, though, M ¢~ 10-15 GeV

probably, but as the data improves this could change.

SQUARK PAIR PRODUCTION

The M distribution for squark pair production® is shown in FIGURE 5. If only the
Pr > 40 distribution were considered, this mechanism does as well as the single heavy

pp — mongjets

0004 T T T T T T T T T T T T T T T T T LI
[ J5 = 5406eV ]
i F = 110 GeV 1
. 0003F Mg =T0GeV
N - TN Mg = 10 Gev 1
U L ’ A i
2 L R>326ev / ]
) + S
= r ,’ T
700021 ! B> 406ev 7
o002y s -
=3 F [} 4
) L K i
~ /
b i / 1
© 0001 ki =
! .
r ]
L / 4
[ AN S 1 I 1 h 1
0000 60 80 100 120

my (Gev)

FIGURE 4. M, distribution for Mq =110GeV, M‘r = 10 GeV, from reference 7. Data from UAT,
reference 3.
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FIGURE 5. M distribution for M, = 40 GeV, M, = 80 GeV, from reference 7. Data from UAI,
reference 3.

squark. However, the full M distribution for §g peaks strongly at My ~ 70-75 GeV,
while the data is flat or a little peaked nearer to 90-100 GeV. If the p; cut is relaxed
from 40 to 32 GeV, at least 1.5 times as many events should appear as were already
found. However, the reported data contains only about two-thirds as many candidate
events in that region as above p, = 40 GeV. If one tries to shift the distribution up by
increasing M,,, the cross section decreases. Therefore, if the data continues to be very
flat or peak above 85-90 GeV, it will not be possible to obtain a consistent description
of the data with § pair production. The situation will get worse if the entire M,
distribution is shifted up by 5-10 GeV because of jet energy calibration. This is the
basis of our preference for the single squark mechanism.

HEAVY SQUARK AND VERY LIGHT GLUINOS

Barger et al. have argued®>® that an alternative mechanism, with a heavy g (M, ~
3 GeV), gives a description of the data. While we find this is perhaps correct as to rate
and perhaps as to the M distribution, for two reasons we are concerned’ about the
validity of this interpretation. Since the gluino in this scenario is either long-lived or
fragments softly so that the resulting photino and jets essentially never pass the cuts, all
of the monojet events were assumed® to arise from

98— 32
- 97
This gives a relatively narrow distribution, but one that is spread out by the recoil g. It
is also necessary to include the g in the proton when it is so light; this gives additional
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events from
98— 3 q¥

and there is a possible problem from getting too many monojet events from the two
mechanisms. Further, for every monojet generated by this latter mechanism, there are
50-60 jet-jet pairs with an effective mass of M, o> the § width is 8-10 GeV, comparable
with the experimental resolution, so this may be an observable peak. Our calculations
indicate’ about 500 jj events from this source, with M; about 100 GeV. It is not clear
whether such a signal would be observed.

COMMENTS

In this discussion of the anomalous events, I have first given a general analysis of
how to approach the study of new (possible) experimental phenomena that might take
us beyond the Standard Model and I have discussed the constraints on ideas. Then I
gave a short review of the kinds of anomalous events expected if supersymmetric
partners were being produced. It is very interesting that at the present time the only
candidates for anomalous events are the kind that are expected if partners of quarks
and gluons are produced. Indeed, other possible kinds of events, which could not have
been explained by supersymmetry, have tended to disappear as the data have
improved. I have not considered at all whether the anomalous events constitute a signal
of phenomena not interpretable within the Standard Model; that is up to the
experimenters, who have now proposed such status for the monojets.

Given that situation, it is next necessary to examine whether supersymmetry can
quantitatively interpret the data; in this case, that means mainly the UA1 monojet data
(the situation with dijets plus missing momentum is somewhat unclear experimentally
and also unclear theoretically because of the possibility of QCD radiation). It would be
of extraordinary significance if new phenomena were discovered at all and of even
greater significance if the new phenomena were related to supersymmetry which has
such potential theoretical value. It does indeed seem to be the case that at present,
there is at least one valid supersymmetric interpretation of the data. Finally, I have
discussed choosing among different supersymmetric interpretations (i.e., choices of
superpartner masses), which is of importance particularly to workers within the field
and to model builders. Further discussion along these lines is available in references 7,
25, 26, and 31-35 and in several papers that are surely in preparation by various
authors.
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