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Abstract

This paper discusses some of the criteria by which an observer judges whether
to believe a signal or limit that has been reported for a cosmic ray source. The
importance of specifying the test before looking at the data is emphasized.

Introduction

At conferences and seminars, we have often heard speakers make statements
like the following: "This result may be evidence for cosmic ray emission from
object X. The chance that we would get this result as a statistical fluctuation
of the background is 10~3." The following are possible alternative implications
of the statement:
1. Object X is a source of the cosmic rajrs.
2. The result was a very unlikely statistical fluctuation.
3. The result was due to a systematic effect that wasn't properly taken into
account.
4. The chance probability of a statistical fluctuation was not properly calcu-
lated.

A large number of observations of many sources have been presented at
various conferences and throughout the literature.1 A variety of techniques have
been used, but a consistent interpretation of the various results has failed to
emerge. One possibility is that the sources are real, although tliej' may be
sporadic and involve new astrophysical and particle phenomena.

Certain features and potential inconsistencies of some of the results have led
many to be skeptical about most or all of the reported sources. Many signals
reported at conferences are never published. Null observations are often not
presented publicly. This has led to a certain cynicism in the field, leading to
the disregarding of potentially significant results as "not significant enough".

This paper's goal is to discuss the framework in which we evaluate such
results and then believe or disbelieve them. I feel that many results are due
to the use of improper statistical procedures. Section I is a list of some of the
characteristics that many of us expect from a believable signal. Section II looks
into the clangers of a-posteriori analysis techniques. Section III covers some
of the characteristics of a doubtful result. In Section IV some of the issues in
setting limits based on null observations are considered.
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I. Characteristics of a real signal

High Energy cosmic ray sources with a wide variety of possible signatures
have been reported. Besides dc excess and phase excess, there have been reports
of bursts of cosmic ray emission over a large number of time scales from many
potential sources. While reading a paper or listening to a presentation, one
often asks oneself, "Do 1 believe this result?" I discuss here six criteria that are
commonly used in answering this question: 1.) significance, 2.) repeatability,
3.) control of systematic^, 4.) self-consistency. 5.) consistency with others,
and 6.) a-priori hypothesis tested, These characteristics are neither necessary
nor sufficient to have a believable result. The ;/ observations of SN19S7A failed
some of these concerns.21 Yet. the observation is generally believed. The Whip-
ple observation of the Crab is generally accepted, even though no oilier group
has been able to confirm the azwidth analysis result3'. Other observations of
various sources, however, fail more of these criteria. I believe G.) may be the
most important and least satisfied of the group. It is discussed in detail in the
next section; here I review the other points:
1. Is the result statistically significant? We often speak of the probability P
that this result may have happened by chance. It is likewise often asked "How
many aV (most physicists should be aware they their intuitive understanding of
a is only for Gaussian distributions. By a 3 cr effect, we usually mean a chance
probability corresponding to a 3 cr effect for a Gaussian distribution. It is some-
times forgotten that 3 times the 1 a effect for a non-Gaussian distribution can
have a very different chance probability.) The choice of the level of significance
is arbitrary and depends .on the circumstances. Using a level of significance of
5%. one would be wrong one time in 20. A "3 a''1 effect, corresponds to a chance
probability of 1.4 x 10~3 (using one side of the Gaussian distribution).
2. Repeatability is normally regarded as an important aspect of physics mea-
surements. Many of the reported signals have in fact not been repeated in
subsequent observations by the same group. This is often cited as evidence for
sporadic emission. It would be desirable to see sporadic emission of more than
one source, or more than once from the same source.
3. Each experiment, needs to understand its own systematic effects. Once they
have been identified, they can usually be studied or estimated with the data.
4. Each experiment should do all possible consistency checks on its own data.
For example, if an experiment measures a phase excess or power, is the dc excess
compatible with the required number of events? Also are data from background
directions consistent with assumptions about time uniformity?
5. Finally, different experiments measuring the same phenomena should be
consistent. If a sporadic event has been recorded, this requires simultaneous
observation. If two experiments observe the same source, it greatly lowers the
potential for systematic error. However it does not eliminate the possibility, and
both groups need to use sound statistical methods. Care must also be taken in
the statistical combination of two results5.



II. A-Priori vs. A-posteriori analysis

I advocate that levels of statistical significance be quoted only for tests that
were formulated before the data is examined. Results which are due to tests
formulated after "looking at the data" should be presented only as hypotheses
to be tested with new data sets or by other groups.

It has sometimes been assumed that one can in an unbiased way decide what
question to ask after the data have been analyzed. The history of physics in-
cludes man}' important discoveries made in this way. An observation conducted
this way of a transient effect (and therefore difficult to confirm) is fraught with
great danger, however. While examining data, the careful analyzer is drawn to
unusual aspects of the data. In noting any such particular aspect, it is usually
impossible to estimate how man}' other unusual effects could have appeared just
as significant. These can be considered hidden trials, which need to be taken
into account, yet. the number of such trials simply isn't known. Once an unusual
effect is seen, a large number of plots are usually examined, most of which are
highly correlated. Again, unless the analysis is specified in advance, it is usually
impossible to assess the true statistical significance of the effect.

A-posteriori effects, no matter how significant they appear, should only be
regarded as new hypotheses requiring further test. Chance probabilities are not
likely to have a quantitative meaning for such effects. Therefore they should
not be quoted at all. or should only be quoted with clear caveats that they are
different from chance probabilities for a-priori hypotheses.

It should be emphasized, however, that E-posteriori data analysis should be
done. One reason for doing an experiment is that we don't know what new
effects to expect. Intuition plays a great role in data analysis, and seemingly
unusual effects in the data need to be studied thoroughly. It is the attribution
of a quantitative chance probability for such an effect to which I object.

I am certainly not the first to point out the importance of testing a-priori
and not a-posteriori hypotheses. Experimenters have continually violated this
rule because so many hypotheses are formulated a-posteriori and one wants to
get as much out of the data as possible. I reiterate the problem by quoting
VVallis4"; "An investigator who after inspecting the data decides what to test
or how to make the test can, by virtue of the fact that any sample has unique
characteristics, disprove any hypothesis."

It is sometimes difficult to remember what a-priori hypotheses were. In the
social sciences, we are aware of the necessity of double-blind experiments in cer-
tain situations. One thing to beware of is the changing hypothesis. Variability
is such an example. Early data sets were searched for dc emissions of sources
and many signak were found. Let's say the null hypothesis was rejected with
a significant chance probability P,. Other experiments have generally contra-
dicted these observations (except for the Crab in VIIE 7-rays). The possibility
certainly exists that the source was variable in time, but this a different hypoth-
esis than the one originally tested. Therefore it is not appropriate to use P, as



the probability for this new hypothesis. Again in this case, it is inappropriate
to use any chance probability, and one is left with an interesting phenomena
suggested by the data.

Another problem may be hypotheses that are suggested after a partial ex-
amination of the data. The analyzer may suggest (and believe) that the analysis
that gave the unusual result was the a-priori hypothesis, when in fact it wasn't.
This is almost impossible for the outside observer to judge, but as a rule of
thumb, I suggest that, "If the question isn't ohvious, beware, of the answer'". An
"a-priori" h.vpothesis that seems contrived may reflect a large number of hidden
trials for which the chance probability should be modified.

III. Characteristics of a doubtful signal

The obvious characteristics of a doubtful signal are the antithesis of the
characteristics of a believable signal. It may be statistically insignificant, based
on an a.-posteriori test, not repeatable, influenced by uncontrolled systematics,
self inconsistent and/or contradicted by others.

Another characteristic of many such effects is tlieir observation soon after a
detector starts to accumulate data. Analysis techniques are being developed,
and creative physicists invariably turn their attention to unusual aspects of the
data. If such an effect fails to repeat in subsequent data that is an indication
that the effect only appeared unusual because hidden trials were not taken into
consideration.

The physics implication of a result certainly lias some bearing on its believ-
ability. A 3cr result on the moon shadow is more likely to be accepted than a
3<r result which implies 2'new particles. This is not a statistical statement, of
course, but a general judgement of the 4 possibilities mentioned at the begin-
ning of this paper. In principle, we should set our required level of significance
in advance. In practice, this is less important because we are rarely forced to
decide if a given result is believed or not. Some groups may have a policy that
a signal from a new source may require no before they would write a paper. If
there is a well-defined a-priori hypothesis that is being tested, any result of any
level of significance should be presented publicly and it stands on its own. If a
result is based on a.-posteriori hypothesis, this paper suggests the no criterion
is without quantitative meaning, so "going public"1 with the effect as a new
hypothesis is based on other issues.

IV. Consistency between methods used to find signals and set limits

A truly calculated 3cr effect will happen by chance only 1.4 times in 1000. Yet
most of us are aware of claimed 3a effects which "went away". As a consequence,
some groups say that only a her or more result should be considered as evidence
for a source. I call this the "discount, factor" and I feel it may be inappropriate.

In the absence of a signal, it is desirable to quote upper limits on the flux,
which may then be compared to the flux calculated for a signal from another



experiment. A 90%CL upper limit implies, in a sense, the absence of a 1.3<r
effect. Mathematically, an upper limit can be calculated for any data, but I
feel that quoting only a 90%CL upper limit when there is a 2.7er effect, for
example, is potentially misleading. A b/r upper limit would be at 99.99997%CL
and would be higher.

Should one have higher standards for the reporting of a signal than for a
limit? 1 think the answer is no. One may want a high confidence level before
accepting the existence or sources (or any other new physics result). But then
one should want an equally high confidence level before disproving them. One
may disbelieve some experiment based on conventional wisdom. That should
not lead to acceptance of a different standard for experimental evidence needed
to contradict the results.

Summary

This paper is one physicist's view of a rather controversial subject-the possi-
ble existence of cosmic ray signals from discrete astrophysical objects. The large
number of significant yet confusing reports of source observation may be the re-
sult of improper calculation of chance probabilities. The largest contribution to
this may be the use of tests based on a-posteriori effects.

A common reaction to the confusing situation, however, lias been the dis-
counting of potentially significant results as "•insignificant". This is not a proper
response. We should restore the dignity of the 3<7 effect.
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