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Abstract

This report reviews the potential risks associated with black hole production at the LHC.
In TeV-scale gravity scenarios, the creation of black holes is expected from LHC collisions.
Significant uncertainties remain about whether such black holes would radiate, and if so,
how quickly. It is also not known whether such black holes would be charged, or whether
they must all be neutral. The different possible scenarios are associated with different risk
profiles, but in almost all cases there are considerable potential risks associated with pro-
ducing black holes at an Earth-bound collider. Even under the favourable assumption that
black holes rapidly radiate, no bound has been established on the potentially catastrophic
environmental effects of the remnants which could be left at the end of the initial radiative
phase. Similarly, no bound has been shown for the possible effects of charged stable black
holes with masses greater than 7 TeV. In the case of neutral stable black holes, calculations
published by CERN predict the premature destruction of the Earth in several cases. At-
tempts to rule out these risks based on the existence of specific massive and ultramassive
white dwarfs are limited by significant uncertainties in the available data and the proposed
accretion model. Bounds based on the existence of neutron stars are even weaker, since
their powerful magnetic fields protect them from the direct effects of ultrahigh-energy cos-
mic rays, and the alternative constructions proposed by CERN are limited by the lack of
sufficient evidence to justify those arguments. The only significant safety factor would be
if TeV-scale gravity is not realized and black holes are not produced at the LHC.
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1 Introduction

This paper is an attempt to review the risks of black hole production at the Large Hadron
Collider (LHC).* For the most part, it is a summary and critique of the paper, “Astrophysical
implications of hypothetical stable TeV-scale black holes” prepared on behalf of CERN (the
European Organization for Nuclear Research) by Professor Steven Giddings of the University of
California, Santa Barbara, and Dr. Michelangelo Mangano of CERN’s Theory Department.

The principal sources it is based on are:

e "Astrophysical implications of hypothetical stable TeV-scale black holes” by Giddings and
Mangano [GM ]2

e "Review of the Safety of LHC Collisions” by CERN's LHC Safety Assessment Group (LSAG)
[LSAG )3

e “SPC Report on LSAG Documents” by CERN's Scientific Policy Committee [SPC 7]

e “Study of potentially dangerous events during heavy-ion collisions at the LHC" by CERN's
LHC Safety Study Group [LSSG /]

1The hyperlinks in this paper are coded as follows:

e Green links are intended to help members of the public who may not be familiar with some of the terms
used or people cited in this paper. Generally, they link to entries in wikipedia or to other suitable sites, if
available. (These links should not, however, be taken as a citation or endorsement of whatever content
may be on those sites.)

e Red links are internal links to footnotes, other parts of this paper, or bibliographical entries at the end
of this paper. (Readers using these links may wish to enable the “previous view" button on the Acrobat
Reader toolbar: Tools — Customize Toolbars — Page Navigation Toolbar — Previous View)

e Blue links are external links to the documents cited in this paper. Whenever possible, links are given
to freely accessible versions of these documents (e.g. arXiv preprints, ADS scans). Many of these links
are to specific pages, equations, tables, or figures of pdf files, although whether they arrive at the right
place may depend on the browser used and the browser's or computer’s settings. (Firefox usually works,
Internet Explorer usually doesn't .. .)

2As it is referenced repeatedly in this document, the Giddings/Mangano paper is cited simply as “GM". This
reference is for the version of this paper posted online on 20 June 2008. A slightly revised version, [GMv2 ],
was posted on arXiv 23 September 2008. This document primarily cites the first version of the paper for the
following reasons: substantial parts of this document were already written based on the first version, the changes
between the two versions appear to be relatively minor (mostly typographical corrections), and the first version
was presented by CERN as sufficient grounds to justify the commencement of high-energy collisions at the LHC
[CERNO8a .7]. Nevertheless, for a number of points the second version has been checked for any significant
changes, and in cases where citing the updated version better reflects the intent of the authors, this has been
done.

3Following the abbreviated style used for the “GM” paper, this report and the other key safety documents published
by CERN are cited simply as "LSAG", “SPC", and "“LSSG”, after the names of the committees responsible for
them.
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e References cited by the Giddings/Mangano Paper and the LSAG Report [GM pp. 88-96]
[LSAG pp. 14-15]

e Other relevant scientific articles published in the mainstream physics literature

e Public statements by the authors of the above documents

The focus of this paper is on whether a bound can be shown for potentially catastrophic effects
resulting from black hole production at the LHC. It does not look for a proof of complete safety,
in the belief that a strict proof may not be possible, and that an acceptable bound on the risks
must be shown before a proof of safety could be considered.

The paper focuses primarily on the risk of one or more black holes destroying the Earth, the
Moon, or the Sun, and the risk that the energy generated by accreting black holes could disturb
the internal heat balance of the Earth or increase the radiation from the Sun.

This paper does not assess the other possible risks which may be associated with LHC collisions,
such as the production of magnetic monopoles or metastable strangelets, or the initiation of a
vacuum transition. Nor does it consider the risks related to the production of either gravitational
black holes or the strong force equivalent of such objects in heavy ion collisions (cf. [Nas05 7]
[Nas06 1] [Nas07 ] [Gub07 .A]).

Furthermore, in line with the GM paper, the calculations and analysis of this paper do not consider
the risks associated with the increased luminosity planned for the “Super Large Hadron Collider”
(SLHC) or the increased energies planned for the “Very Large Hadron Collider” (VLHC).

The contents of this paper are organized as follows:

After this introduction is a section describing some of the general issues related to the data,
assumptions and presentation of the Giddings/Mangano paper [GM .].

The third section covers some of the key issues related to the flux of ultrahigh-energy cosmic
rays that is used as the primary basis for astrophysical arguments about the safety of high-energy
collisions.

The fourth section reviews the question of whether it is possible for high energy collisions to
produce black holes, and if so, what are the factors which could affect the number produced, and
how many would be expected at the LHC or in cosmic ray collisions.

The fifth section examines whether Hawking radiation or other forms of black hole radiation exist,
and if so, how quickly black holes would radiate, and what their final state would be.

The sixth section reviews the arguments given to support the claim that stable black holes would
preserve any initial or acquired charge.
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The seventh section summarizes and comments on the findings of the GM paper on the production
of black holes by cosmic ray collisions with various astronomical objects (including the Earth, the
Moon, the Sun, white dwarfs, and neutron stars) and the subsequent trapping of such black holes
within those objects. The paper’s analysis of the trapping of LHC-produced black holes within
the Earth, the Moon and the Sun is also reviewed.

The eighth section critiques the GM paper’s accretion models for black holes in the Earth, the
Moon, the Sun, white dwarfs, and neutron stars.

The ninth section presents a baseline assessment of the possible risks associated with black hole
production at the LHC based largely on the GM paper’s accretion models, but indepenent of its
proposed astrophysical safety arguments.

The tenth section examines the astrophysical arguments offered as proof of the safety or non-
existence of TeV-scale black holes.

The eleventh section reassesses the concluding statements of the GM paper.

The conclusions of this paper are presented in the final section.

There are a couple important caveats about this paper:

The first is that the present version is only a partial draft and is still far from complete. In
particular, sections 7, 8, and 10 focus primarily on the case of neutral stable black holes, and the
remaining scenarios have been treated very briefly (if at all). Section 9 and several subsections
in other parts of the paper are presently under revision and have not been included in this draft.
Under normal circumstances, a few more months would be spent completing this paper and
substantially revising it. There would likely be legitimate complaints, however, if the public was
not informed of the issues identified in this present draft until after CERN had already conducted
several months of high-energy collisions.

The second caveat is that the author of this draft, Alam Rahman, is not a physicist, so it focuses
on very basic problems with the evidence and arguments presented thus far. If these points are
valid, it is likely that there are many more advanced criticisms of the safety arguments which
are well beyond his expertise. Despite its length, this paper should be considered a very limited
critique of this issue.*

“Corrections or criticisms of this paper are welcome and can be posted anywhere online or sent to
“feedback@LHCSafetyReview.org” .
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2 General Issues

This section reviews a number of the “cross-cutting” issues that relate to the GM paper as a
whole or to several different parts of it. The issues considered here are:

e Quantification of risk

e Theory versus evidence

e Standards for evidence

e Limitations of the available data

e Confidence statements

e Statistical and systematic uncertainties
e Conservative assumptions

e Safety margins

e Solar time limit

These issues are described in further detail below:

Quantification of Risk - One of the major limitations of the GM paper and the other LSAG
documents is the lack of any attempt to quantify the risks being assessed. The GM paper
concludes that “...there is no risk of any significance whatsoever from such black holes.” [GM
p. 53, hyperlink added], but at no point does it calculate that risk, or define what the authors consider
to be “of any significance”. The most valuable input that professional physicists can give to a
public review of catastrophic risks associated with LHC collisions is a transparent, quantitative
assessment of those risks. This has not been done thus far.®

Theory vs Evidence - While the GM paper’s arguments are presented as empirical proof that
black holes are safe, their basic content is almost entirely theoretical. From the production cross-
section of TeV-scale black holes, to the energy losses of charged black holes, to the stopping
power of white dwarfs, to the accretion of black holes within the Earth and other astrophysical
bodies, almost the entire argument is based on untested theory. The SPC's report to CERN's
Governing Council describes the GM paper as “relying only on solid experimental facts and firmly
established theory” [SPC p. 1], but the only experimental facts that the GM paper relies on are
the following:

e The limits established thus far for extra dimensions [GM p. 11, citing Yao06 .# (large file)]

5This paper is also guilty of making only a very limited attempt to quantify the various risks. The reason for

this is the belief that such assessments, which typically involve a certain degree of subjectivity, should first be
attempted by experts in the field. However, if such estimates are not forthcoming in the foreseeable future, an
amateur attempt at such calculations could be made.
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e The parton distribution functions from lower-energy experiments [GM pp. 39-40, 70, 76, 78
citing Pum02 ]

e The stopping power of muons moving through matter [GM p. 9, citing Yao06 . (large file),
GMSO01 ]

e The cross-section of 4-dimensional Rutherford scattering [GM p. 65]

e The approximate dipole force found when separating an ion in a crystal from the electron
cloud of the bonding orbitals [GM p. 18]

e The Debye temperature for typical materials forming the Earth’s interior [GM p. 18]
e The speed of sound in iron at densities of 12 gm/cm3 [GM p. 24, citing [BM86 7], [Fiq01 A]]

e Experimental verification of special relativity at lower energies [LSAG reference 6]° 7

The paper also makes use of some basic astronomical facts, such as the radius and mass of the
Earth and the Sun, and on observations of distant white dwarfs and neutron stars. The most
important astronomical data that the paper depends on, however, are present-day observations of
ultrahigh-energy cosmic rays, but there is still a great deal of uncertainty about how to interpret
such data—an issue described in further detail in section 3.

Standards for Evidence - Neither the GM paper nor CERN set out a clear standard for the
evidence used to justify the safety of LHC collisions. The GM paper, for example, cites “private
communication” for a number of the “facts” it uses [GM pp. 36, 42, 66, 86, references 46, 47, 56, 86, 116],
most of which are essential for its astrophysical argument. The lack of transparency and objectivity
are of particular concern when most of these references are for private communications with two
of Professor Giddings' colleagues at UC-Santa Barbara who were assisting him with the paper.®

®The GM paper also briefly mentions analogue models of gravity [GM p. 7 7], which are, indeed, based on an
extensive programme of experimentation. Such models can only be seen, however, as a possible source of ideas
or inspiration for theorizing about gravitational black holes, and not as direct experimental evidence about their
behaviour. Moreover, the GM paper does not rely on these models for its argument, and, in fact, ignores the
lessons from these models about when standard predictions would be expected to fail. The review article on
analogue gravity cited by the GM paper emphasizes the following point:

When one thinks about emergent gravitational features in condensed matter systems, one imme-
diately realises that these features only appear in the low-energy regime of the analogue systems.
When the systems are probed at high energies (short length scales) the effective geometrical
description of the analogue models break down, as one starts to be aware that the systems are
actually composed of discrete pieces (atoms and molecules). This scenario is quite similar to
what one expects to happen with our geometrical description of the Universe, when explored with
microscopic detail at the Planck scale. [BLV05 p. 59 .7, hyperlinks added]

"This is an attempt at a complete list of the “experimental facts” that the GM paper is built upon, but other
experimental facts which are implicit in some of the derivations may have been missed, so suggested additions
are welcomed.

8 Affiliations are noted from [UCSBP:fac .#] and [Bild09 .#]. The assistance of Shen and Bildsten is acknowledged
in the GM paper [GM p. 53 1] and the role of Professor Bildsten is described further in an online posting
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This kind of free-wheeling standard is very different from the approach taken, for example, by the
Intergovernment Panel on Climate Change (IPCC). While giving clear preference to peer-reviewed
documents, the IPCC has adopted a formal procedure for using non-published /non-peer-reviewed
sources in its reports [IPCC99 Annex 2, pp. 14-15]. Such sources must first be critically assessed
by the author citing them, and then thoroughly vetted by an independent team for their quality
and reliability. The sources must also be fully documented and made available to independent
reviewers who request them. Finally, the reference to the source must state how the material can
be accessed.” It does not appear as if any formal standards have been adopted for the evidence
used in the GM paper.

Limitations of the Available Data - An essential element of any formal risk assessment is
a review of what's known, what's unknown, and what needs to be known. The GM paper
acknowledges significant current limitations in both theory (in the case of black hole radiation)
and data (in the case of the cosmic ray flux). It does not propose, however, any short-term or
medium-term plan of action to address these and other gaps before the start of the LHC. Instead
it presents whatever information the authors have as “the best-available scientific knowledge”
[GM abstract and p. 53], without addressing the question of why we should make do with whatever
happens to be available instead of waiting until we have what is needed.

Confidence Statements - The GM paper contains quite a number of “confidence statements”,
which try to reassure readers that the scenario the authors favour is the most likely one. A few
examples included:

Most workers consider this to be an exceedingly improbable, if not impossible, scenario
[GM p. 52].

In the unlikely event that our understanding of the horizon misses some critical ele-
ment forbidding black hole decay. .. [GM p. 9]

Moreover, decay of observed neutron stars would also have been catalyzed, unless
both of two unlikely possibilities are realized. .. [GM p. 53]

Thus, while not all scenarios are definitively eliminated by such a bound, it appears
likely that these bounds will be strengthened with future data on composition [GM
p. 47].

These bounds appear quite challenging to avoid [GM p. 50].

Generally, these statements do not add any new scientific evidence, but simply convey the authors’
confidence in their beliefs. To make such statements more useful and concrete, the authors could

[rite08 ).

9For only one of the 5 examples cited above does the GM paper give information on how the relevant information
can be accessed. In that case [GM p. 36, reference 46 7], the reference gives a website with the Fortran 95
codes used for calculating the density profile of white dwarfs.
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consider attaching numerical probabilities to such comments (for example, saying something like,
“we estimate a 5-10% chance that both of these two unlikely possibilities are realized”). Such
probabilities would still be subjective, but they could be cross-checked with the available scientific
literature and with other experts in the field. These numbers would also be very helpful for trying
to calculate the total risk based on the probability of each step.'®

Statistical and Systematic Uncertainties - It is quite surprising to see a physics paper in which
almost all the data has been stripped of any statistical uncertainty or systematic uncertainty. In
only three cases does the GM paper present any such uncertainty. In the case of white dwarfs it
notes a systematic uncertainty of the order of 10% in the theoretical calculations of integrated
column densities [GM p. 36, citing private communication]. For the case of parton distribution functions
applied to high energy collisions, it claims that most of the black hole production occurs within a
range of momentum fractions which are accurate to better than 10% [GM p. 76, citing Pum02 ],
although it does not incorporate the effects of this uncertainty into its production estimates. In
the case of cosmic ray data from the Pierre Augur Observatory (PAQ) it acknowledges a + 20%
resolution in its energy measurements [GM p. 40, 74, citing Yam07 .7, Rid07 .#]. The authors present
as “a further robustness check” a table in which the true energies are assumed to be 16.7% less
than the reported experimental values [GM p. 74, table 6], whereas such considerations should be
an integral part of any risk analysis. Their data shows that even this modest correction would
lead to a 40% to 55% reduction in all of their estimates based on cosmic ray data.!!

Conservative Assumptions - The GM paper claims that its analysis is “conservative”. Indeed,
the paper uses the term over 40 times to describe its assumptions and calculations, so a reader
may naturally get the impression that the paper is conservative. Whether this is actually the case
is not as clear. In some cases the conservative assumptions are made to facilitate a calculation,
but the ultimate effect is insignificant. For example, when estimating the subnuclear accretion
rate in neutron stars, the authors stress that they are making conservative assumptions by under-
estimating the rate of accretion, but even with those assumptions they find that the timescales

101f the authors prefer not to give such numerical estimates, they could at least indicate whether their paper is
using words in their ordinary or high-pressure form. Birch explains the conversion in his paper on the Earth's
interior [Birch52 p. 234, footnote * A]:

*Unwary readers should take warning that ordinary language undergoes modification to a high-pressure form
when applied to the interior of the Earth; a few examples of equivalents follow:

High-pressure form: Ordinary meaning:
certain dubious
undoubtedly perhaps
positive proof vague suggestion
unanswerable argument trivial objection
pure iron uncertain mixture of all the elements

" Calculations are based on tables 4, 5, and 6 of the GM paper [GM pp. 73, 74, tables 4, 5, 6 .#]. (Due to
technical limitations, direct links do not seem to work from footnotes in this paper to specific pages, tables or
figures in external pdf documents.)
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would range from “a fraction of a second to at most few weeks” [GM p. 49]. Thus, even if their
estimate was not conservative and their calculated rate for this phase was quicker, it would have
no significant effect on the whole argument (for the dimensions they consider). In other cases,
such as the composition of cosmic rays, when a conservative assumption would have a signifi-
cant effect on their argument, they argue strenuously against adopting such an assumption [GM
pp. 46-47], and eventually try to repackage as a “safety factor” the “unlikely possibility” that the
conservative assumption is valid [GM p. 53]. To more objectively determine how conservative the
paper is one can compare the upper bound of estimates with the corresponding lower bound.
Unfortunately, the paper does not provide such information. Although it claims to “...establish
upper and lower limits to the rate at which accretion can take place...” [GM p. 4], what it does
instead is calculate a theoretical upper limit for the rate of accretion within the Earth, but no
lower limit, and a lower limit for the accretion in dense stars, but no upper limit. Thus, the
degree to which their calculations are actually conservative remains unclear.

Safety Margins - Perhaps even more important than conservative assumptions for specific calcu-
lations is the adoption of acceptable safety margins for what the GM paper tries to show. There
are a few different areas for which safety margins are needed. The most critical one would be the
minimum mass of a black hole which CERN claims is safe. Thus, even though the centre-of-mass
energies of the LHC are limited to 14 TeV, a reasonable expectation is that CERN shows that
even higher mass black holes are safe. This safety margin is a standard way of acknowledging
uncertainties in theory and data and making sure that there is plenty of room if something goes
wrong. Given the scope of what is at stake, most people would expect the collision energies to
be kept far below whatever safety limit can be shown, perhaps at least 1,000 times less than the
theoretical maximum. In the GM paper, no such margin has been adopted. By the authors own
data, the heaviest neutral stable black hole that could be stopped by the heaviest white dwarfs
they consider is one with a mass of 30 TeV if there are 5 dimensions, 20 TeV if there are 6
dimensions, and 16 TeV if there are 7 dimensions. These correspond to safety factors of 2.14,
1.43, and 1.14 for the respective dimensions. Some of the other important safety margins, such
as the minimum mass of a white dwarf and the possibility of multiple black holes are discussed
later in this paper. Another key safety margin, the expected lifespan of the Earth, is discussed
below.

Solar Time Limit - While some people may feel that black hole production is fine, as long
as nothing happens until long after they're dead, CERN does recognize that no matter how
great the potential contribution of the LHC to our understanding of physics, it cannot justify the
premature destruction of the planet. The analysis of the GM paper is consequently based on the
requirement that nothing untoward happens to the Earth before it is consumed by the Sun. It
does not, however, choose to incorporate an explicit safety margin for this criterion. A natural
expectation would be a target of, say, a hundred times longer than the anticipated time limit,
but the authors consider only their exact estimate of the Earth’s future lifespan. They assume a
five billion'? year range [GM p. 52], which is just below their estimate of 6.4 billion years for the

12| this paper, 1 billion means 1,000,000,000, and 1 trillion means 1,000,000,000,000.
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destruction of the Earth through a 3 TeV mass black hole in a 7-dimensional scenario [GM p. 26].
On the other hand, an article published the month before the GM paper gives an estimated time
of 7.59 + 0.05 gigayears (Gyr) before the Earth is engulfed by the Sun [SS08 arXiv p. 7]. Even this
prediction is not a certainty, as the authors of that paper note that if three of their parameters
were at one edge of their uncertainty range, the Earth would not be engulfed at all [12 arXiv p. 7].13
Moreover, they report that even by their standard calculations, an increase of only 8% in the
Earth's angular momentum would prevent such a fate [SS08 arXiv p. 8]. Despite CERN'’s claim that
nothing can be done to protect future life on Earth [CERNO7 .#],'# there is already a published
proposal for how the Earth could be moved to safety [KLAOL arXiv 7], although not without its
own attendant risks [KLAO1 arXiv p. 20]. Such efforts would be in vain, however, if there is a black
hole accreting the planet.

135 ADD NOTE on metallicity for solar time estimates

14The specific statement on CERN’s website is, “The size of their potential macroscopic effects is defined by the
rate at which they can accrete matter. If they accrete very slowly, then they have no time to absorb significant
parts of the Earth during the 5 billion years that we have left before the Sun explodes anyway, and life on Earth
will be impossible (and this is not something we can do anything about!).” [CERNO7 .#] (One of the ironies
of this issue is that while CERN characterizes its critics as prophets of doom, its own safety argument relies on
the conviction that the Earth itself is doomed.)
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3 Cosmic Rays

This section reviews some of the issues related to cosmic rays which affect a number of the
astrophysical arguments presented in the GM paper. The issues considered are the following:

e Proton-dominated flux

e Implications of a 10% proton flux

e Counting of iron cosmic rays

e Exclusion of ultraheavy nuclei

e Other possible components of the flux
e Variations in the flux over time

e Spatial variations in the flux

e Direct measurements of cosmic rays

These issues are described in further detail below:

Proton-Dominated Flux - The composition of the cosmic ray flux is a major source of un-
certainty. Astrophysicists still do not know whether it is dominated by protons or by heavier
elements such as iron, or whether it has some other mixed composition. Given this uncertainty,
the GM paper considers in most cases the possibility of a 100% proton flux and a 100% iron
flux, however, in at least one crucial case, it presents only the data for a 100% proton flux [GM
p. 46, table 3]. The authors argue that there is “mounting experimental evidence” that cosmic
ray primaries are dominantly protons and not heavy nuclei [GM p. 5], but the actual situation is
just the opposite. The LSAG report, but not the GM paper, cites a journal article published in
January 2008 by the Spokesperson Emeritus of the Pierre Augur Observatory in which he clearly
states that,

From measurements of the variation of the depth of shower maximum with energy,
there are indications-if models of high-energy interactions are correct-that the mass
composition is not proton dominated at the highest energies. [Wat08b abstract]

The trend towards a heavy nuclei dominance is clearly visible in figure 1 [Wat08b p. 222, figure 1]
of that paper. Whatever the final result may be is still anyone’s guess, but it is misleading to
suggest that proton dominance is a foregone conclusion.

Implications of a 10% Proton Flux - As a compromise solution to the uncertainty in the
composition of the cosmic ray flux, the GM paper suggests that one can assume a 10% flux of
protons as a conservative benchmark [GM pp. 46-47, 73-74, 87]. This sounds quite reasonable since
hydrogen is the most common element in the universe, so one might expect it to represent at
least 10% of the cosmic rays. What may not be clear to readers, however, is that the authors
are suggesting that protons account for 10% of the cosmic rays at any given level of total cosmic
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ray energy. Thus, even at the highest energies, there would be cosmic rays consisting of a single
proton which have as much energy as the combined total of all 56 protons and neutrons of the
most energetic iron nuclei cosmic rays. This still might be possible, depending on what the actual
source of such cosmic rays are and how they are accelerated, but this is a fundamental question
in astrophysics that remains unresolved. Likely scenarios would have cosmic rays accelerated in
proportion to their charge, which would typically result in protons with 1/26% of the total energy
of the corresponding iron nuclei. It is instructive to consider what the GM paper’'s 10% proposal
implies for the composition of cosmic rays at a given energy level per nucleon (i.e. the total energy
of a cosmic ray divided by the number of protons or neutrons it contains). The paper's data
suggests that the 10% proposal results in a 30-fold increase in the rate of black hole production
[GM p. 87]. This implies, given the paper’'s counting of cosmic rays (see the point below), that
for every iron cosmic ray of a certain energy per nucleon, there would be over 1600 hundred
proton-only cosmic rays with the same energy per nucleon. Through this lens, the authors’ 10%
suggestion can be seen as proposing a 99.9% proton composition.!> 16

Counting of Iron Cosmic Rays - The LSAG report and the GM paper have chosen to count
each and every nucleon in an iron nucleus as the equivalent of an independent proton cosmic
ray with the same initial energy per nucleon. More specifically, their calculations are based on
multiplying the flux of a given element by its atomic number [GM p. 72, eq. E.6] [LSAG reference 6].
While it is true that a number of the nucleons can be expected to undergo their own high-energy
collisions, it is a rather optimistic maximum to assume that this will occur, without any energy

15This potential confusion is underlined by Professor Ellis' “The LHC is safe” presentation. In addressing the
question of the composition of ultrahigh-energy cosmic rays he states:

...and in fact, uh, uh, even if you made iron, uh, at the source of the cosmic rays, in their
propagation through the universe they would make collisions and they would produce protons,
and so it's in fact difficult, impossible to believe that less than 10% of the ultrahigh-energy cosmic
rays are not protons. So this justifies, | believe, the estimates, uh, that | gave on the previous
slide. [Ellis08 18:18-18:45 ]

While Professor Ellis does not explicitly state what percentage of the original iron nucleons would be broken off
into protons, the clear message is that one can assume at least 10% (but he does not go further and claim that
the vast majority of these iron cosmic rays are expected to be broken down into protons). If his message to his
colleagues at CERN and to the wider public was that one should accept the cosmic ray assumption requested
in the GM paper since at least 10% (by number) of the final cosmic rays from an initial injection of iron cosmic
rays would be single protons, then he is not correctly presenting the GM paper’s request. If it were just the case
of a 10% iron-to-proton spallation rate, then, using the cosmic ray power law adopted by LSAG [LSAG p. 4,
endnote 6 7], this would result in protons being only about 0.003% of the cosmic rays at a given level of total
cosmic ray energy—far less than the 10% requested. It is not clear if Professor Ellis genuinely misunderstood
this issue, or has deliberately misrepresented it, but in either case, it calls into question CERN's capacity to
accurately analyze and responsibly manage the risks associated with the LHC.

161t may further be noted that while the paper speaks of, “a significative proton fraction, of the order of at
least 10%, and higher at super-GZK energies” [GM p. 74 .7, hyperlink added], the direct measurements of
the composition of cosmic rays (based on records from balloon experiments instead of just observations of air
showers) shows that the estimated proton component has already dropped to 16 + 5% for cosmic rays with
energies of 500 TeV [Tak98 abstract .]. A cosmic ray proton requires an energy of about 100,000 TeV for its
collision in the atmosphere to be comparable to an LHC collision.

11


http://en.wikipedia.org/wiki/Proton
http://en.wikipedia.org/wiki/Neutron
http://en.wikipedia.org/wiki/Iron
http://en.wikipedia.org/wiki/Atomic_nucleus
http://en.wikipedia.org/wiki/Astrophysics
http://en.wikipedia.org/wiki/Nucleon
http://arxiv.org/pdf/0806.3381v1#page=88
http://en.wikipedia.org/wiki/Nucleon
http://en.wikipedia.org/wiki/Atomic_nucleus
http://en.wikipedia.org/wiki/Flux
http://en.wikipedia.org/wiki/Chemical_element
http://en.wikipedia.org/wiki/Atomic_number
http://arxiv.org/pdf/0806.3381v1#equation.E.6
http://lsag.web.cern.ch/lsag/LSAG-Report.pdf#page=15
http://en.wikipedia.org/wiki/John_Ellis_(physicist)
http://en.wikipedia.org/wiki/Ultra-high-energy_cosmic_ray
http://cdsweb.cern.ch/record/1120625/
http://en.wikipedia.org/wiki/Nucleon
http://en.wikipedia.org/wiki/Cosmic_ray_spallation
http://lsag.web.cern.ch/lsag/LSAG-Report.pdf
http://en.wikipedia.org/wiki/Greisen-Zatsepin-Kuzmin_limit
http://arxiv.org/pdf/0806.3381v1
http://www.mpi-hd.mpg.de/hfm/CosmicRay/CosmicRaySites.html
http://www.mpi-hd.mpg.de/hfm/CosmicRay/ShowerDetection.html
http://www.mpi-hd.mpg.de/hfm/CosmicRay/ShowerDetection.html
http://adsabs.harvard.edu/abs/1998NuPhS..60...83T

loss, for every single proton and neutron of every single iron cosmic ray. CERN should provide a
more realistic estimate of the actual number, which may vary with the energy of the nuclei and
the kinematics of the collision.'”

Exclusion of Ultraheavy Nuclei - While the GM paper describes the possibility of a 100% iron
flux as a “totally extreme case” [GM p. 40], “the most pessimistic scenario” [GM p. 74], and the
“most conservative” case [GM p. 87|, it is ignoring the presence of ultraheavy nuclei in the cosmic
ray flux. An earlier safety report prepared by CERN in response to concerns about Brookhaven's
Relativistic Heavy lon Collider (RHIC) depends entirely on nuclei much heavier than iron in the
cosmic ray flux. That reports states that lead (with a mass about 3.7 times that of iron) is
relatively abundant in cosmic rays [DDH99 arXiv p. 3]. It notes that the ratio of lead-like nuclei
to iron nuclei has been measured to be 0.003% at lower energies. The report further argues
that it would be safe to adopt this value for the higher energy of RHIC collisions since the
relative abundance of the heavier elements increases with energy as they are more efficiently
accelerated and confined [DDH99 arXiv p. 5]. Similar estimates are also made in the safety report
from Brookhaven itself [JBSWO00 arXiv 8, footnote 2]. This may seem like a minor issue (since the
iron cosmic rays would still far outnumber those of heavier elements), but in some cases the GM
paper's argument involves black hole production by cosmic rays of the very highest energies [GM
p. 75, table 7, figure 6]. The use of this portion of the ultrahigh-energy cosmic ray flux leads to the
question of whether those cosmic rays are actually iron nuclei or ultraheavy nuclei. If ultraheavy
elements are injected into the cosmic ray flux in the same way as iron, then a natural expectation
is that at about 30% of the absolute maximum cosmic ray energies, the presence of iron nuclei
would peter out, and the remaining cosmic rays would be heavier nuclei with the same energy per
proton as the most energetic iron cosmic rays, but with a higher total energy due to their greater
mass. Since their energy per nucleon would be less than that assumed by the GM paper for its
100% iron case, they would be much less effective at producing heavier black holes (judging from
figure 6 of the GM paper [GM p. 75, figure 6]), and the estimated cosmic ray black hole production
rates would have to be further reduced from the paper's “most conservative” case.

Other Possible Components of the Flux - Aside from the possibility of a flux of ultrahigh-
energy neutrinos, the GM paper assumes that the ultrahigh-energy cosmic ray flux is composed
entirely of nucleons. It should be noted, however, that physicists have proposed a number of
other possible components of the flux. These possibilities include: strangelets, nuclearites (much
larger lumps of strange quark matter) [GP05 pp. 7-9], magnetic monopoles [> ADDCITE], Q-balls

I7A closely related issue which CERN may wish to clarify for both proton and iron cosmic rays is whether the
GM paper’s estimates have taken into account energy losses from interactions prior to a nucleon’s first inelastic
collision. The following observation should be noted for cosmic rays striking the Earth's atmosphere:

In order to probe short distance physics at distances r, it is necessary to have a momentum
transfer ~ r~1: but the vast majority of nucleon-nucleon interactions only involve ~GeV momen-
tum transfers. In fact, cosmic rays lose energy in the atmosphere not through diffractive QCD
scattering but by creating electromagnetic showers, where the effective momentum transfer per
interaction is still smaller. [> arXiv 9807344 p. 18 ]
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[GPO5 p. 8], dark matter, and high-energy photons'®. A more careful safety argument based on the
cosmic ray flux would need to consider these possible components and what effects they would
have on the estimated rate of black hole production.

Variations in the Flux Over Time - Both the LSAG report and the GM paper have assumed
that the ultrahigh-energy cosmic ray flux measured over the last 20-30 years represents the average
level for the 4.5 billion years of the Earth's existence. On the other hand, a paper published by
CERN just three months before the LSAG report states that “...there is clear evidence for long-
term variability of cosmic rays” [Kirk0OBCERN p. 2, italics in the orginal text]. The focus of that paper
was on galactic cosmic rays, but one might reasonably expect the variability of cosmic rays to
increase with their energy. The potential variability is even greater when one considers proposals
that ultrahigh-energy cosmic rays may come from a very limited number of sources. For example,
an article cited by the GM paper notes:

It is not impossible that all cosmic rays are produced by the active galaxy M87, or
by a nearby gamma ray burst which exploded a few hundred years ago. [HHO02 arXiv
p. 11, hyperlinks added]

A more recent paper, posted on arXiv two months before the LSAG report and co-authored
by one of the LSAG members, suggests that the nearby radio galaxy Centaurus A could be a
dominant source of ultrahigh-energy cosmic rays [GTTTO08 pp. 6-8]. If this is the case, then it
would be essential to know how long Centaurus A has been in its current active state. Without
that information, one cannot have much confidence in CERN’s estimates of historic black hole
production rates.

Spatial Variations in the Flux - In addition to the variation of ultrahigh-energy cosmic rays over
time, there is also the possibility of their variation over space. To the extent that the distribution
of ultrahigh-energy cosmic rays is not homogeneous, any estimate of the black hole production
rate from cosmic ray collisions would need to include an appropriate allowance for such variability.

Direct Measurements of Ultrahigh-Energy Cosmic Rays - Given CERN's reliance on as-
trophysical safety arguments based on ultrahigh-energy cosmic rays, it is rather disconcerting
that thus far there have been no direct measurements of any cosmic rays with energies compa-
rable to LHC collisions. As noted in the earlier CERN safety report for Brookhaven's Relativistic
Heavy lon Collider, the composition of cosmic rays has only been measured directly up to ~
100 TeV [DDH99 arXiv p. 3]. Other papers report direct measurements up to 1000 TeV [e.g. Takos
abstract 1], but cosmic rays must have an energy of about 100,000 TeV for single protons, and
about 5,600,000 TeV for iron nuclei, if the energy of their collisions are to match that of the LHC.
When the LSAG report speaks of high energy “cosmic rays collisions that are observed regularly
on Earth” [LSAG p. 2], it is not referring to the distinctive tracks that lower energy cosmic rays
have left in bubble chambers or on emulsion plates. What it and the GM paper are referring

18For 95% confidence bounds on the photon component of ultrahigh-energy cosmic rays, see [> arXiv 0606619 7]
[> arXiv 0712.1147 ] [> ADDCITE Astroparticle Physics 31 (2009) 399-406]
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to are “extensive air showers” caused by incoming cosmic rays colliding with particles in the
Earth's upper atmosphere. These collisions result in many flashes of light, which are recorded by
instruments on the ground, and a shower of energetic muons, which can be detected in specially
designed arrays of water tanks. Astrophysicists analyze where the shower began, what direction
it travelled, how deeply it penetrated into the atmosphere, what total energy it released, etc.,
and then try to guess what the cosmic ray was. Typically they are assumed to be either protons
or other heavier elements, but for collisions at energies equal to or exceeding the LHC, these
guesses are based on untested models of particle interactions. If the interactions are found to be
different from what is presently expected, it would be a fascinating discovery by the astrophysics
community [HHO2 arXiv p. 6], but it might nullify most of the safety arguments presented in the
GM paper. Moreover, as noted earlier, ultrahigh-energy cosmic rays could well be caused by
different objects entirely.

To a large extent, the current uncertainties about ultrahigh-energy cosmic rays are the result of
CERN's poor planning and misplaced priorities. Article I, paragraph 2 of the “Convention for the
Establishment of a European Organization for Nuclear Research” which created CERN called for
the organization to be involved in and sponsor international co-operation in the field of cosmic
rays [CERN:Conv Article 1l]. Instead CERN has chosen to focus almost all its efforts on building
larger and larger particle colliders. Now, when critical details about cosmic rays are needed to
assess the safety of CERN's latest collider, that essential information is missing. Over the next
few years, with much more data from PAO, OWL/Airwatch, JEM-EUSO, AMS-02, and other
detectors, we can hope to better understand the cosmic ray physics of our universe, but until then
we simply do not know enough to say that cosmic ray collisions prove that the LHC programme
will be safe.
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4 Black Hole Production in High Energy Collisions

This section reviews whether it is possible for the LHC or ultrahigh-energy cosmic rays to produce
black holes, and if so, how many might be produced.

4.1 Scenarios for Black Hole Production

The possibility of the LHC producing black holes depends on the behaviour of gravity at the
microscopic level. The force of gravity has been tested on scales ranging from the cosmological
down to that of our everyday experience, but below approximately 37 microns, the inverse square
law that is believed to govern the force of gravity remains untested.'®

In the past, physicists have simply assumed that gravity continued to obey the inverse square law
all the way down to the Planck scale (1073°m), but this involved extrapolating across 30 orders
of magnitude without any data or evidence. In 1998, a revolutionary proposal by Arkani-Hamed,
Dimopoulos and Dvali [ADD98 7] [see also AADD98 1] suggested that gravity could become much
stronger much sooner than physicists had previously expected. They presented a coherent pro-
posal in which the hierarchy problem (the enormous difference in scale between the force of gravity
and other fundamental forces) was solved through the assumption that the 3-+1 dimensional world
we see and feel is embedded in a higher-dimensional universe throughout which gravity, but not
the other forces, can have an effect. The spread of gravity over a larger volume dilutes its effect,
but when one approaches the distance scale of the extra dimensions (which are small compared
to our everyday life, but very large compared to the original Planck scale) the force of gravity
becomes much stronger.

The following year, Randall and Sundrum [RS99 .~], published an alternative proposal in which
the extra dimensions are not necessarily “flat”, as in the initial model, but could be “warped”,
with an increased force of gravity within the warped extra-dimensional volume. An important
consequence of this proposal was that having just 1 extra dimension could be possible, whereas
in the earlier model at least 2 extra dimensions were needed for the results to be consistent with
observations.

The GM paper focuses on these two scenarios, the “unwarped” extra-dimensions proposed by
Arkani-Hamed, Dimopoulos and Dvali, and the “warped” extra-dimensions of Randall and Sun-
drum. This review will similarly be focused on those two scenarios, although it should be noted
that there are numerous theories of gravity published in the mainstream scientific literature.?® A
proper assessment should systematically review all of them to determine their potential safety
implications for the LHC.

YMore specifically, 95% confidence is reported for the inverse square law down to 37 microns in the case of 2
extra dimensions, and 44 microns in the case of 1 extra dimension [Ams08 pp. 1274-1275 . (large file)]

20For example, over 50 abstracts were submitted to the session on “Alternative Theories of Gravity" at the most
recent GRG conference [Esp08 abstract]
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If it is the case that our world is embedded in a warped or unwarped higher-dimensional space,
then the question of whether black holes can be produced at the LHC largely depends on the
sizes of the extra dimensions and the corresponding energy level. A major part of the original
motivation for both theories was as a way to solve the hierarchy problem, and thus one would
expect gravity to become much stronger at the TeV energies that the LHC is designed to explore.
On the other hand, neither model sets an upper limit on the energy required before stronger
gravity is felt, so it is possible that higher-dimensional gravity could exists, but its effects still not
seen at the LHC.

From a risk assessment point of view, one of the most basic questions is, what is the chance that
gravity will be strong enough for black holes to be produced at that LHC? There will necessarily
be a large degree of subjectivity in trying to make any such estimate—the very fact that it is
a question which physicists hope to answer at the LHC illustrates the uncertainty of this issue.
Nevertheless, some attempt at quantifying the issue beforehand is useful so that the scale of any
possible risk can be considered and discussed.

One attempt to do so was undertaken by Professor Giddings a few years ago. He polled about 10
of his fellow physics theorists to see what odds they would assign to various possibilities for physics
at the LHC. The response he received was a 0-25% range of odds for gravity becoming strong
at the TeV scale [Gid01 p. 8]. The poll was intended as an amusing exercise but unfortunately
there does not appear to have been any more systematic attempt to answer this question since
then.?! The question has not been addressed in documents from CERN, beyond the excitement
expressed by its scientists about the possibility of this happening [~ ADDCITE]. Until a carefully
derived estimate is provided by CERN, an interim estimate of 1% could be used for the purpose
of discussions. In this paper, the working assumption is that there is perhaps a 1% chance that
black holes could be produced at the LHC.

It should be noted that the option does exist for determining the behaviour of gravity at the TeV
scale even without the LHC. In a paper published in Physical Review Letters in 2002, Professors
Feng and Shapere described how the analysis of cosmic rays could reveal if gravity becomes
stronger at the LHC's energy level [FS01 arXiv 2] (see also [AFGSO02 arXiv ] [FKRTO3 arXiv ]
[DRS03 arXiv .1]).22 The proposal was subsequently endorsed by Professor Frank Wilczek, a co-
author of the report reviewing disaster scenarios for the Relativistic Heavy lon Collider (RHIC)
[JBSWOO0 arXiv 7] and, from 2002 until 2007, a member of CERN'’s Scientific Policy Committee
[CERNO8c . (old link)]. He notes that:

Feng and Shapere have demonstrated, | think quite convincingly, how study of high-
energy cosmic ray showers can be an effective way of disproving—or, heaven help us,
establishing—the hypothesis [Mink02 .~].

21|f anyone is aware of any such attempt, kindly convey the results to LHCSafetyReview.org, or post them online.

22|t should be noted, however, that these proposals usually involve the production of black holes by ultrahigh-
energy neutrinos, and, as noted later in this paper, such neutrinos have not yet been observed.
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4.2 Black Hole Production Rates

If it is possible to produce black holes at the LHC or in cosmic ray collisions, the next question
is how many would be produced.

The first attempts to calculate production rates for the LHC were made in two papers prepared
by independent teams of researchers and published in June 2001. Both reached the conclusion
that it might be possible for the LHC to produce black holes at a rate of about one every second
[GTO02 arXiv p. 12] [DLOI arXiv abstract].

The exact rates would depend on the specific level of TeV-scale gravity, the number of extra
dimensions, and the mass of the black holes being produced. The paper on “High energy colliders
as black hole factories” by Professors Giddings and Thomas hypothesized that if the fundamental
scale of gravity was 1 TeV, and the total number of dimensions was 10, then the cross-section for
the production of black holes more massive than 5 TeV would be 240,000 femtobarns (fb) [GT02
arXiv pp. 12, 13, table 1. With an anticipated integrated luminosity for the LHC of 1000 fb~1, this
would result in the production of about 240,000,000 black holes with masses greater than 5 TeV.

The paper on “Black holes at the LHC" by Professors Dimopoulos and Landsberg estimated
that the total production cross-section at the LHC for black holes with masses above the higher-
dimensional Planck mass (Mp)?3 ranges from 500,000 fb for Mp =2 TeV in 11 dimensions, and
120 fb for Mp = 6 TeV in 7 dimensions [DLO1 arXiv p. 1]. These rates would correspond to a
total production of 500,000,000 black holes over the lifetime of the LHC for the first case, and
120,000 black holes for the second. The authors note that there is only a weak dependence of
the production cross-section on the number of extra dimensions [DLO1 arXiv p. 2, figure 1].

In a subsequent paper, Professor Landsberg estimates that if Mp =1 TeV, then the cross-section
for the production of black holes with masses greater than 1 TeV would be 15,000,000 fb [Land06
arXiv p. 12], implying a total production at the LHC of 15,000,000,000. He notes that this estimate
varies by ~ 10% if the total number of dimensions varies between 6 and 11 [Land06 arXiv p. 12].

The GM paper presents its estimates for black hole production at the LHC as the graph of figure
4 in Appendix E [GM p. 71, figure 4]. The estimates range from ~ 100,000,000 black holes with
masses greater than 4 TeV if Mp = 1.33 TeV and black hole-producing collisions are perfectly
inelastic, down to only 1 black hole with a mass greater than 6 TeV if Mp =2 TeV and only half
of the energy of collisions can be converted into the mass of newly formed black holes. These
estimates and their presentation are examined in more detail in section 7.1.11.

For the production of black holes by cosmic rays, the GM paper estimates that if the cosmic ray
flux is composed entirely of protons, then a white dwarf with a radius of 5400 km would have
21,000,000 black holes with masses greater than 7 TeV produced on its surface every million
years if Mp = 2.33 TeV and there is only 1 extra dimension [GM p. 40, table 2]. For a cosmic
ray flux composed entirely of iron nuclei, the corresponding estimate is 72,000 black holes every

2The two papers use slightly different conventions to normalize Mp. A conversion between the two conventions
is given in Appendix A of the Giddings and Thomas paper [GT02 arXiv pp. 26-27 4]
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million years. For both these estimates, the GM paper assumes that half of the energy of cosmic
ray collisions (or, more precisely, half the energy of the partons involved in the collisions) can
be used to form black holes. A few of the factors which can affect the number of black holes
produced by cosmic rays are reviewed below in section 4.2.6. The specific estimates for white
dwarfs are considered again more carefully in section 7.1.4.

For the production of black holes by cosmic rays impinging on neutron stars, the GM paper gives
estimates ranging from 110,000 down to only 8 every million years, depending on the minimum
mass of the black holes and the number of extra dimensions [GM p. 46, tables 3, 9]. The meaning
of these neutron star estimates is examined more critically in section 7.1.7.

While the above estimates give a general idea of the possible black hole production rates at the
LHC and in cosmic ray collisions, there are a number of factors which could significantly increase
or decrease these rates, and those factors are discussed further below in sections 4.2.3, 4.2 .4,
and 4.2.5. The two immediately following sections address the fundamental questions of what
the minimum mass of a black hole can be for a given value of Mp, and how much of a collision’s
energy can be converted into the mass of a black hole.

4.2.1 Minimum Mass of Black Holes

The black hole production estimates of the GM paper are based on the assumption that the
mass of any black hole must be at least three times the value of the higher-dimensional Planck
mass [GM p. 70]. The GM paper justifies this assumption by noting that several criteria for the
minimum mass of a black hole were discussed in the earlier paper by Giddings and Thomas [GT02
arXiv 1], and that one particularly useful criterion is that the entropy of the black hole be large,
so that a thermal approximation begins to make sense [GM p. 70]. The paper then provides a
formula for the entropy of a non-rotating black hole and notes that if a black hole has a mass
of 5 Mp, then for the representative cases of D = 6 and D = 10, its entropy reaches a plausible
threshold for assuming semiclassical behaviour. The paper further argues that for a given mass
of a black hole, the production rate decreases with increasing values of Mp, so to be conservative
in estimating the cosmic ray production rates it allows the value of Mp to be as high as a third of
the black hole's mass [GM p. 70]. The same criterion that M > 3M, is also applied for calculating
the production rates at the LHC [GM pp. 71, 83 figures 4, 12], an issue discussed further in section
7.1.11.

What the GM paper does not attempt to explain, however, is why semiclassical behaviour is
relevant when counting the number of black holes that are created. If one assumes that Hawking
radiation exists, this criterion could be very important for detecting the presence of black holes
produced at a collider and learning more about fundamental physics from the particles such black
holes may emit. However, the primary focus of the GM paper is on the cases of stable black
holes which do not exhibit Hawking radiation, or any other form of direct radiation. Thus, in
those cases, the requirement of semiclassical behaviour is entirely irrelevant.

Moreover, even if black hole radiation exists, the behaviour of a black hole is a separate issue
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from whether it is actually produced. For example, the article “Black Holes from Cosmic Rays”,
which is cited by the GM paper [GM p. 78, reference 94], suggests that at a collider, a cut-off of
5Mp or higher may be necessary to distinguish between black hole events and other particle
production [AFGS02 arXiv p. 8]. On the other hand, for black holes created by cosmic rays striking
the Earth’s atmosphere, the article assumes that the background compared to colliders would be
almost nonexistent, and calculates production rates based simply on the requirement that the
mass of black holes be at least Mp. From this it should be clear that the 5Mp or 3Mp restriction
in the case of colliders is solely for the purpose of detecting and studying black holes, and not
for determining the total number that would be created.

Estimates of the number of black holes with masses as low as Mp have, in fact, been given
in one of the very first papers on black hole production at the LHC and should be considered
common knowledge within the high-energy physics community. The initial paper by Dimopoulos
and Landsberg contains a hard-to-miss graph with estimates of the number of black holes with
masses between 1 and 1.5 TeV if Mp =1 TeV, between 3 and 3.5 TeV if Mp =3 TeV, and so
on [DLO1 arXiv p. 3, figure 2]. The very first citation of this paper was by Professors Giddings and
Thomas [GT02 arXiv p. 29, reference 33]; this paper was also cited again more recently by the GM
paper [GM p. 89, reference 6]; and in between it was cited by over 500 physics papers [SPIRES:DL01 ~].
Given this level of exposure, one might reasonably expect that a good number of physicists would
have criticized the higher minimum mass criterion adopted in the GM paper.

Thus far, it seems the only qualified physicist to publicly raise this issue is Dr. Rainer Plaga in
his article on the catastrophic risks associated with black hole production at the LHC.?* In the
first version of his paper, posted on 10 August 2008, Plaga states the following:

Thereby G & M introduce the assumption that mBHs in general have a minimal mass
M,,i» that exceeds the new Planck scale by at least a factor 3. This constraint is
motivated by the fact that the thermodynamical, semiclassical treatment of mBHs in
their “scenario 1" is expected to be reliable within this mass range. This is certainly
a most reasonable argument for all purposes of pure research, e.g. when predicting
collider signatures etc.. However, it does not mean that mBHs below M,,;, cannot
be produced. It rather means that we are presently unable to reliably predict the
behaviour of such mBHs8. [Pla08v1 pp. 7, hyperlinks added]

On 29 August 2008 Giddings and Mangano posted on the arXiv e-print server a response to some
of the points raised in Plaga's paper, but their response mentions nothing about the issue of a
black hole's minimum mass [GMreply08 ~].

On 26 September 2008 Plaga posted a revised version of his article which addressed the other
comments of Giddings and Mangano and further stressed that the minimum mass issue discussed
in section 5 of his paper had been ignored:

24If other public comments have been made by physicists on this specific issue, they will be duly acknowledged in
future drafts of this paper.
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Finally G & M'’s comment did not address section 5 of the present manuscript in
which | argue that their exclusion of dangerous mBHs is not completely definite for
a general, simple reason, completely independent of the above arguments. [Pla08v2
p. 11]

Plaga did not appear to have received any further comment from CERN about this issue, so on
9 August 2009 he again reminded CERN that his criticism of the GM paper's minimum mass
criterion has not be addressed [Pla08v3 p. 13].

In light of the arguments detailed above, and the absence of any response from CERN, this paper
adopts the general assumption that the only restriction on the mass of a black hole is that it be
no less than about Mp (while bearing in mind that there may be slightly different conventions
for the definition of Mp). This results in a couple significant changes in the analysis of TeV-scale
black hole production at the LHC or in cosmic ray collisions.

Firstly, the production of black holes with masses below 3 TeV needs to be considered. For the
case of Mp =1 TeV the GM paper only considers black holes with masses of at least 3 TeV, and
in the case of Mp =2 TeV it only considers black holes of at least 6 TeV. With the assumption
adopted in this paper, black holes as light as 1 TeV must be considered if Mp =1 TeV, and black
holes of mass 2 Tev must similarly be considered if Mp =2 TeV.

Secondly, the value of Mp is allowed to range up to 14 TeV. In the GM paper the maximum
value considered for Mp is 4.67 TeV (i.e. one third of 14 TeV). The implications of this change
are significant and are discussed further in section 7.1.4 on the trapping of black holes in white
dwarfs and in sections 8.1.4 and 8.1.5 on the accretion of black holes within white dwarfs and
neutron stars.

The GM paper notes that the production rates for black holes of a given mass decrease with
increasing values of Mp [GM p. 70], but it may be more appropriate to simply index black hole
production rates by values of Mp (i.e. estimate the total number of black holes produced for
a given value of Mp). Using this approach the number of black holes associated with, say
Mp =1 TeV, would be much greater than that estimated in the GM paper, since its estimate was
restricted to black holes with masses of at least 3 TeV. The same adjustment would apply for
values of Mp < 4.67 TeV. Above that value, however, the GM paper includes no estimate for black
hole production rates. Since the total black hole production rates for, say, Mp = 12 TeV should
be less than the estimated production rates of black holes with masses > 12 TeV if Mp =4 TeV
[cf. GM p. 70], the estimates of the GM paper for black holes of or above a given mass can be taken
as an upper bound (if they are correct) for the total black hole production above the same value
of Mp. However, the difference between this upper bound and the true numbers is expected to
be quite large, so this can only be used as a very rough indicator.?®

2The following examples may help clarify how the black hole production rates increase or decrease as a result of
removing the Mp,;, = 3Mp restriction. For a value of Mp =1 TeV the GM paper gives an estimate for black
holes with masses > 3 TeV, and for a value of Mp =3 TeV its estimate is for black holes with masses > 9 TeV. If
we instead assume that M,,;, = Mp, then the black hole estimate for Mp = 1 TeV would be significantly higher
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§ Subplanckian Black Holes

While the remainder of this paper adopts the assumption that M,,;, = Mp, it should be noted
that it may be possible for black holes to be created with masses below M.

The first such scenario is more of a technicality based on the definition of Mp. In a recent review
article on quantum black holes at the LHC, Professor Douglas Gingrich, a team leader in the
ATLAS experiment [ATLAS-Can09 7], notes that using the more intuitive Dimopoulos-Landsberg
definition of the Planck scale, the minimum mass for black holes is always above the fundamental
Planck scale, but using the definition adopted by the Particle Data Group (PDG), the minimum
mass is below Mp [Ging09 pp. 6-7]. (The GM paper states that it uses the conventions of the
“Extra dimensions” minireview by LSAG member G.F. Giudice and J.D. Wells in the 2006 edition
of the PDG's “Review of Particle Physics” [GM p. 11, footnote 7, citing Yao06 . (large file)].) As a
specific example, Gingrich states that accelerator experiments have set limits on Mp of 21 TeV
and notes that, in theory, quantum black holes would be required to have a mass above only
about 0.5 TeV [Ging09 p. 7].

A scenario in which truly subplanckian black holes could be produced was described in 2006
by Professor Landsberg, based on an earlier article by Dvali, Gabadadze, Kolanovic, and Nitti
[DGKNO2 arXiv .#]. In his review article “Black holes at future colliders and beyond”, he relates
the following possibility:

An interesting topic in black hole phenomenology, which has not been studied in
much detail yet, is the possibility that a black hole, once produced, moves away
into the bulk space. Normally it does not happen as the black holes produced in
collisions at the LHC or in cosmic ray interactions are likely to have charge, colour, or
lepton /baryon number hair that would keep them on the brane. However, a possibility
of that kind is allowed in the case when the strength of gravity in the bulk and on
the brane is very different. This is the case, e.g. in the scenario with large extra
dimensions with an additional brane term [70], or in the case of infinite-volume extra
dimensions [71].

In these models, a particle produced in a subplanckian collision, e.g. a graviton, could
move away in the bulk, where it becomes a black hole due to much lower effective
Planck scale in extra dimensions. Since the Planck scale in the bulk is very low, e.g.
~ 0.01 eV in the infinite-volume scenario [71], the newly-formed black hole is very
cold and therefore essentially stable. Furthermore, it generally does not move far
away from the brane due to gravitational attraction to it, and can further accrete
mass from relic energy density in the bulk and from other particles produced in the

(since it would now include black holes with masses between 1 and 3 TeV). The estimate for Mp = 3 TeV would
also be higher (since it would include black holes with masses between 3 and 9 TeV), but it would be lower
than the Mp, =3 TeV (i.e. Mp =1 TeV) estimate in the GM paper (since the production rate would decrease
if Mp is increased from 1 TeV to 3 TeV). For a value of Mp =9 TeV, there is no corresponding estimate in the
GM paper, but it would be less than the My, =9 TeV estimate (since the value of Mp would have increased
from 3 TeV to 9 TeV).
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subsequent collisions. Once the mass of the black hole reaches the mass of the
order of the apparent Planck scale, Mp; ~ 101° GeV, the event horizon of the bulk
black hole grows so large that it touches the brane, and the black hole immediately
evaporates on the brane into ~ 10 particles with the energy ~ 108 GeV each. (The
energy released in such an event is similar to that in an explosion of a large, few
hundred pound conventional bomb!) If such black holes are copiously produced by a
remote cosmic accelerator of a reasonable energy, they could act as a source of the
highest energy cosmic rays that are emitted in the process of decay and deceleration
of the super-energetic black hole remnants.

Even if the mass of the black hole in the bulk is small, it has certain probability to
reenter our brane. In this case, since the event horizon cannot be destroyed, once
it has been formed, such a subplanckian object would likely to act as a black hole
on the brane and evaporate similarly to a transplanckian black hole discussed above.
[Land06 arXiv p. 27, hyperlinks added)]

Reference [70]: DGKNO1 arXiv

Reference [71]: DGKNO2 arXiv .~

The safety implications of producing subplanckian black holes at the LHC or at other particle
colliders have not yet been addressed.

4.2.2 Inelasticity of Collisions

One of the key uncertainties in estimating black hole production rates is guessing what portion of
a collision’s energy can go into the formation of a black hole. There is, of course, no experimental
data on the inelasticity of black hole-producing collisions. One must rely instead on theoretical
predictions, but even these are subject to considerable debate.

The GM paper cites a recent article by Professor Giddings which adopts the assumption that the
inelasticity parameter, y, is of the order 0.6-0.7 [GM p. 69, citing Gid07 .#]. In that article, Giddings
notes that a significantly higher value for the inelasticity had been used in the initial black hole
production estimates by Giddings and Thomas [Gid07 arXiv pp. 67, citing GT02 .~], but that more
recent estimates of the inelasticity would reduce the black hole production rates to 1 black hole
every minute if y = 0.7, and 1 black hole every 10 minutes if y = 0.6 [Gid07 arXiv pp. 6], compared
to the original estimates of 1 black hole every second [GT02 arXiv p. 12]. The GM paper states
that the more recent estimate from Giddings is based on an article by Yoshino and Rychkov [GM
p. 69, citing YRO05 7], however, the relevant figure in that article only claims to present rigorous and
non-rigorous lower bounds on the mass of black holes formed in collisions [YR05 p. 19, figure 10].
Moreover, the conclusion of that article further stresses that its estimates are only upper bounds
on the amount of emitted gravitational radiation, and suggests that the real amount is likely to
be smaller than the paper’s estimates “by a factor of a few” [YR05 p. 23] (i.e. more energy would
be available for the black hole’'s mass). To illustrate the potential size of the difference they
cite the earlier work in 4 dimensions of D'Eath and Payne, which calculated an energy loss of
16% compared with a rigorous upper bound on the gravitational losses of 29% [YR05 p. 23, citing
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D'EP92 .~],%° and suggest that it would be natural to expect comparable reductions in the radiation
to occur in all dimensions [YR05 p. 23]. The article takes notes of another paper which predicts
highly suppressed gravitational wave emissions in higher dimensions (up to 0.001% in D = 10),
which they consider unlikely [YRO05 p. 23, citing CDLO3 arXiv 1], and yet another approach which
results in radiation losses of 8% in D = 10, which they consider closer to their own estimates [YR05
p. 23, citing CL02 arXiv .1, BCG04 arXiv .1]. The Yoshino/Rychkov article concludes its comparisons
with the following observation:

We point out that all these works have problems such as ignoring the nonlinear-
ity of the system, or the setup is too far from the realistic one. Analysis without
approximations remains an important open problem. [YRO05 p. 23]

Aside from these problems with semiclassical calculations of the inelasticity, an important matter
for the LHC is the inelasticity of collisions producing black holes with masses closer to the Mp
minimum, when quantum gravitational effects can be much more important. The GM paper
does not specifically address the question of the inelasticity of collisions producing black holes
within this range [GM .#]. The article by Meade and Randall cited by the GM paper stresses
that it is not obvious how classical calculations should be modified for energies approaching the
higher-dimensional Planck scale [MR07 10]. (See further comments below on the production rates
of black holes in this range.)

Another factor which can affect the inelasticity coefficient is the angular momentum of the newly
formed black hole, since rotating black holes are expected to lose more energy in gravitational
waves than non-rotating black holes of equal mass [BCG04 arXiv p. 8]. Also, deviations from
spherical symmetry can increase the energy losses, which Berti, Cavaglia, and Gualtieri note
could be particularly relevant when the compactified space is asymmetric, and some of the extra
dimensions have size of order of the fundamental gravitational scale. They stress that it would
be extremely important to quantify these differences [BCG04 arXiv p. 8].

It should also be noted that the inelasticity coefficient depends on the impact parameter of a
collision, and generally decreases as the impact parameter increases (cf. [MR07 p. 10 3] [YRO5 p.
19, figure 10]). The GM paper simply assumes that the inelasticity is constant out to an impact
parameter of half the Schwarzschild radius, and 0 beyond that point [GM p. 39]. Taking into
account this factor would add to the variability in the inelasticity of collisions [cf. GT02 arXiv p. 9].

To address some of these issues, the GM paper adopts a range of 0.5 < y <1 for the inelasticity
coefficient [GM pp. 39-40]. This seems like a reasonable range, although the paper only describes
the value of y = 0.5 as a “lower than expected value”, and one can see in the graphs of the
Yoshino/Rychkov article their lower bounds for black hole masses have already dropped below
0.5 at impact parameters of 0.43 for D = 10 and 0.38 for D = 11 [YR05 p. 19, figure 10]; to
account for other possible factors, it might have been prudent to consider even lower values for

26The article does include a footnote, however, which notes that the estimate by D'Eath and Payne did not take
into account additional gravitational radiation from the centre of the system, which could not be evaluated by
their method [YRO5 p. 23, footnote 7 1, citing D'EP92 .7].
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the inelasticity. At the other end of the spectrum, the value of y =1 is acknowledged in the GM
paper to be “an unrealistic extreme” [GM p. 39], although the paper does note that the value of
y is subject to quantum fluctuations, so in the absence of a confirmed upper bound on y, this
would seem to be an appropriate upper limit for the purposes of the paper.

The main problem, though, is not with the range of 0.5 < y < 1, but with how the GM paper
decides to pick out values of y within this range. For a paper that claims to have a policy of
adopting “conservative or ‘worst case' assumptions” for every uncertainty [GM p. 5], one might
expect that the paper would have chosen the lowest possible inelasticity for its cosmic ray calcu-
lations, and the highest possible inelasticity for black hole production at the LHC. This has not
been done in the published version of the GM paper. It appears that earlier drafts of the GM
paper consistently adopted a value of 0.5 for the inelasticity of cosmic ray collisions. The earlier
drafts stated:

To be conservative in bounding rates, we take an inelasticity factor y = 0.5, meaning
that only 50% of the energy available in a given partonic collision will end up trapped
in the black hole. [GM.ltx lines 3662-3664 7|

In the public version of the paper this assumption was applied to all the calculations for ultrahigh-
energy neutrinos [GM pp. 47, 79, 80, table 10, figure 10], but for black hole production by proton or
iron cosmic rays, the paper uses values for heavier black holes that range all the way up to y = 1.
It presents this change as follows:

In making the estimates of cosmic-ray production rates we shall conservatively choose
the value of y corresponding to the smallest possible inelasticity compatible with
production of a given mass value at the LHC, namely y = M,,;, = 14 TeV. [GM p. 39]

With this assumption, the inelasticity for the production of 10 TeV black holes is 0.71, of 12 TeV
black holes is 0.86, and of 14 TeV black holes is 1. The paper does still include some alternative
data based on the conservative y = 0.5 assumption in appendix E.2 (primarily [GM p. 75, table 7,
figure 6], but see also the last column of table 8 [GM p. 76, table 8], and the dashed lines of figure
9 [GM p. 78, figure 9], however the only mention of this assumption in the main text is a single
sentence at the end of the production rate analysis for white dwarfs [GM p. 40]. The data tables
for white dwarfs and neutron stars highlighted in the main text are both based on the assumption
that y can range up to 1 for heavier black holes [GM pp. 40, 46, tables 2, 3]. At no point does the
GM paper remind readers of the fact that its cosmic ray production estimates for 14 TeV black
holes are not only not conservative, but they are based on an inelasticity assumption which the
paper itself describes as “an unrealistic extreme” [GM p. 39].

The GM paper justifies this assumption on the grounds that it is simply selecting the lowest value
of y that is needed for black hole production to be possible at the LHC. If this is to be the basis
for determining the inelasticity of cosmic ray collisions, then an appropriate approach would be to
consider distributions of y which have a non-zero probability for values which would make LHC
production possible. For example, for the production of 12 TeV minimum mass black holes, one
could consider a distribution with a median of y = 0.6, but with a tail end that extends up to
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y =0.95 (due to variability in the dynamics of collisions, quantum fluctuations, etc.). In this case
it would be possible for black holes to be produced at the LHC (depending on the momentum
distribution of partons), but the cosmic ray production rates would be significantly lower than
those given in the GM paper. More generally, if a maximum acceptable probability for black hole
production at the LHC is given, then one could consider a wide variety of possible distributions
in the value of y which would result in an unacceptable risk of black hole production, and then
calculate the corresponding cosmic ray production rates for each case. What the GM paper does,
however, is take the value of y needed for possible LHC production, and then apply it to every
single cosmic ray collision. This results in highly inflated estimates for the production of heavier
black holes by hadronic cosmic rays.

Moreover, despite arguing that its cosmic ray assumptions are only matching those needed for
the LHC, the GM paper does not even apply those assumptions consistently for the LHC. The
paper’s calculations for black hole production at the LHC does include a graph of rates based
on the assumption that y = 1 [GM p. 71, figure 4], but the more important issue is the number
of trapped black holes, and for those estimates it does not include a graph for any value of y
greater than 0.7 [GM p. 83, figure 12].%7

4.2.3 Enhancement of Black Hole Production

A few factors could potentially increase the black hole production rates from those given in the
GM paper. They include the following:

Collisions at Larger Impact Parameters - The GM paper assumes that black holes can only
be produced in collisions with an impact parameter of less than half the Schwarzschild radius [GM
p. 39]. Part of the motivation for this restriction is that the inelasticity drops off for larger impact
parameters, so there may effectively be no black hole production past a certain point. While this
assumption may be reasonably conservative for cosmic ray calculations, the paper also applies it
to the LHC [GM p. 69], which could lead to an underestimate of the black hole production rates
there. Even though the specific cut-off was justified by the comment that the inelasticity dies
off beyond impact parameters of about half the Schwarzschild radius of the collision energy [GM
p. 69], the source it cites shows the lower bound for the inelasticity coefficient staying above 0.5
until an impact parameter of 0.78 for D =5 and 0.67 for D =6 [YR05 p. 19, figure 10].%8

Gravitational Infall - Section 7.1.4 of this paper reviews the GM paper’s theory for the trapping
of neutral stable black holes in white dwarfs and criticizes its dependence on a capture radius

270One may guess that the reason for this is that with an increased inelasticity the black hole may have less kinetic
energy and would be more easily trapped.

28Since the production cross-section is based on the square of the impact parameter, using these values instead
of an impact parameter limit of 0.5 would result in a 143% increase in the production rates for D =5 and an
80% increase for D = 6. Note, however, that the distance used to normalize the impact parameter is similar to,
but not the exact same as, the Schwarzschild radius [YRO05 p. 6 .].
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which is significantly larger than the black hole's Schwarzschild radius. The main objection to
this expanded radius is that in the absence of a quantum theory of gravity, it is difficult to
be confident about the gravitational interactions of individual particles passing just outside the
Schwarzschild radius. However, if the GM paper’s theoretical model turns out to be correct, it
may also be necessary to increase the black hole production cross-section to take gravitational
infall into account. This possibility is discussed in an article on black holes from cosmic rays cited
by the GM paper which reports that this effect would enhance the cross-section by a factor of
6.75 in 4 dimensions and a factor of 4 in 5 dimensions?®: 30 [AFGS02 arXiv pp. 10-11] [cf. GM.Itx lines
3444-3448 ~]. This process has also been described in an article published around the same time
by Professor Solodukhin [Sol02 arXiv pp. 3-7].

Initial State Attraction - The calculation of the black hole production cross-section in the initial
paper by Dimopoulos and Landsberg includes an endnote which observes that the production
cross-section is somewhat enhanced by initial state attraction [DLO1 arXiv p. 1, endnote 6, citing
EHMO0 arXiv ].3!

4.2.4 Suppression of Black Hole Production

This section reviews the possibility that the general rate of black hole production could be lower
than that predicted in the GM paper. At first it may seem like any reduction in the number or
probability of black hole production would decrease the risks associated with the LHC, since fewer
black holes could be trapped in the Earth or in other nearby objects. Moreover, if the expected
number of trapped black holes from the LHC is less than 1, any reduction in the production rate
would directly decrease the chance of any black hole being trapped at all.

On the other hand, if safety assurances are based on astrophysical arguments which require
certain minimum rates of black hole production, then reductions in the general black hole rate
could threaten the reliability of those arguments. Such general reductions would also reduce
the production rate at the LHC, but if the astrophysical arguments become invalid before the
probability of black hole production at the LHC becomes exceedingly low, then the overall risk
associated with the LHC may be considered unacceptably high. With this in mind, the issue
of suppression of black hole production should be recognized as a crucial issue for assessing the
safety of the LHC.

A number of factors which could reduce the black hole production rate have been discussed in
the mainstream scientific literature. They include the following:

2The article also reports an enhancement of the cross-section by 87% in 7 dimensions, but that calculation could
not be verified for this draft.

30The article notes, however, that this estimate should be modified for a rotating black hole [AFGS02 arXiv p.
11, footnote 1 ]

31This factor has not been sufficiently researched for this draft, and is simply mentioned here for reference.
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Minimal Length Effects - In an article published in Physics Letters B in 2004, Hossenfelder
summarizes earlier discussions on the existence of a minimal length scale and calculates production
rates for TeV-scale black holes which take into account its effects. Hossenfelder notes that the
concept of a minimal length scale is a general feature which appears not only within a string
theory framework, but also arises from other approaches, such as non-commutative geometries,
quantum loop gravity, and non-perturbative implications of T-duality [Hoss04 arXiv p. 2]. For TeV-
scale black holes, the higher-dimensional Planck’s mass is not only a natural range for the start of
black hole production, but it would also be expected to define a minimal length which limits the
possible resolution of spacetime [Hoss04 arXiv p. 1]. As a sample calculation, she presents estimated
black hole production rates at the LHC for the case of D = 8 and Mp = 1 TeV. Hossenfelder
reports an exponential suppression of the black hole cross-section and a decrease in the expected
number of black holes by a factor of ~» 5 [Hoss04 arXiv p. 5]. (This estimate is based on the
assumption that M,,;, = Mp, which, as discussed earlier, is also adopted in this paper; however,
should one assume that M,,;, = 3Mp, as is done in the GM paper [GM p. 70], the cross-section
would be reduced by a factor of at least 1,000 [cf. Hoss04 arXiv p. 4, figure 1].)

Electric Charge Effects - The effects of the electric charge of partons have generally been
neglected in analyses of black hole production at the LHC and in cosmic ray collisions [YMO06 arXiv
p. 3] [Ging06 arXiv p. 2]. The GM paper itself simply considers colliding partons as small points of
mass, and ignores the effects that their other properties may have on production rates [GM pp.
29, 69-70, 72]. An initial attempt at incorporating the effects of electric charges on black hole
production was undertaken by Yoshino and Mann and published in 2006 in Physical Review D.
They found that the Coulomb field is repulsive, regardless of the sign of the charge, and tends to
obstruct black hole formation [YM06 arXiv pp. 15-16]. They note that charge effects had previously
been presumed to be small, based on the argument by Giddings and Thomas that the effects
would be proportional to the fine structure constant, o [YM06 arXiv p. 19, citing GT02 7], but they
explain that the charge effects can be quite large since the electromagnetic energy-momentum
tensor is proportional to ya, and v is much larger than 1/« for ultrarelativistic charges [YM06
arXiv p. 19]. Yoshino and Mann predict that if quantum electrodynamical (QED) effects are small,
black hole production at LHC energies would only occur when a quark and its antiquark collide,
or possibly when two gluons collide (however, see further comments below) [YM06 arXiv p. 20].
They acknowledge, however, that QED effects could play an important role [YMO06 arXiv pp. 4, 21],
and simply admit that it is not obvious whether QED effects weaken or further strengthen the
repulsive effect that they had found [YMO06 arXiv p. 21].

Color Charge Effects - The article by Yoshino and Mann does not explicitly analyze the effects
of color charges on black hole production, but it does note that if color charge has an effect
analogous to that which they had found for electric charge, then black hole production would
similarly be suppressed in gluon collisions [YMO06 arXiv p. 20, footnote 5]. The GM paper ignores the
possible effects of color charge on black hole formation [GM pp. 29, 69-70, 72].

Parton Spin Effects - The Yoshino and Mann article further notes that black hole production
estimates should also take into account the spin of incoming particles [YMO06 arXiv pp. 20- 21]. They
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suggest that the recently proposed “gyraton” model could be used to do so [YMO06 arXiv p. 21,
citing > arXiv 0504027 .7, arXiv 0506001 .7, arXiv 0512124 #]. As an initial assessment, they observe
that the gravitational field is also repulsive around the center of gyratons, so they would expect
a similar inhibition of black hole formation in gyraton collisions [YM06 arXiv p. 21].

Standard Model Particles in the Bulk - The GM paper states that in extra-dimensional models
the standard model fields are typically taken to lie on a brane spanning the 34+1 dimensions we
are familiar with [GM p. 11]. While this may be the usual assumption, it is by no means the only
possible scenario (as the GM paper itself notes in the case of hypothetical black hole production by
ultrahigh-energy neutrinos [GM p. 47, citing SSD06 .#]). A number of scenarios have been proposed
in which standard model particles are free to propagate within a “thick” brane, or some of the
particles are assigned to specific sub-branes [> arXiv 9903417v1 ] [> arXiv 9909411v1 ).

For such scenarios with unwarped extra dimensions, the black hole production rates have been
calculated in an article by Dai, Starkman and Stojkovic. They report that in a thick brane scenario
in which the standard model particles have a uniform distribution along the extra dimension, the
production rates decrease as a function of the brane's thickness [DSS06 arXiv p. 7]. For a case in
which the value of Mp =1 Tev, the production rates have decreased by more than a factor of
10 when the thickness of the brane is greater than 10 TeV-!, and continue to decrease as the
thickness increases. For higher values of Mp, the suppression rates are even greater [DSS06 arXiv
p. 8, figure 4].

For scenarios with unwarped extra dimensions in which some of the particles are restricted to
specific sub-branes, the reduction in the production rates depends on the extra-dimensional profile
of quark wave functions. For the extreme case in which the wave function is modelled by a
Dirac delta function, the suppression for a brane of thickness 10 TeV-! ranges from a factor of
about 2 to 6, depending on the value of Mp [DSS06 arXiv p. 6, figure 2]. As the thickness of the
brane increases, the suppression approaches the limiting case in which black holes are produced
primarily by collisions of particles within the same sub-brane [DSS06 arXiv p. 7]. If the quark wave
functions are assumed to have a Gaussian distribution, then in a brane of thickness 100 TeV-1, the
suppression ranges from a factor of about 6 to 16 [DSS06 arXiv p. 7, figure 3]. As the thickness of
the brane increases, the suppression similarly approaches the limiting case of production primarily
by collisions within the same sub-brane [DSS06 arXiv p. 7].

The reduction of black hole production in scenarios with a warped extra dimension has been
analyzed by Dr. Thomas Rizzo at the SLAC National Accelerator Laboratory (SLAC). He reports
suppression factors ranging from 60 to 500, depending on the mass of the black holes and the
location assigned to different fermions [Riz07 arXiv p. 11]. Of particular note is the reduction by
several orders of magnitude of the quark production of black holes in scenarios in which fermions
are located further away from the TeV brane [Riz07 arXiv p. 6, figure 1] [cf. GM p. 4, LSAG p. 8].

Voloshin Suppression - One of the earlier critics of the standard approach to calculating black

hole production rates is Professor Mikhail Voloshin, who argued that the production of heavier
black holes would be exponentially suppressed. In his first paper he states:
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By no means it would be justifiable to conclude, as claimed in the literature [10,11],
that the production cross section is given by the geometric area of the horizon. The
latter conclusion is based on applying the picture of classical collapse to an essentially
quantum initial state of few particles, which, as argued in Section 2, does not include
the effects of the initial state radiation becoming catastrophic at GE? > 1. Thus
attempts at describing classically the production of large black holes by few initial
particles as a collapse of "tiny but energetic” lumps of classical field appear to be of
little relevance for a description of the actual process. [Vol01 pp. 141-142 ]
Reference 10: GT02 arXiv

Reference 11: DLO1 arXiv

Professor Voloshin followed-up his first paper with a second article putting forth additional argu-
ments [Vol02 7], however, he subsequently acknowledged an error in one of the important points
of the second article [Vol05 .#]. His arguments have been given due regard within the physics
community, however, at present the consensus seems to be that the suppression he predicted
would not occur. Professor Landsberg summarizes the situation as follows:

Soon after the original calculations [25, 26] have appeared, it has been suggested [29]
that the geometrical cross section is in fact exponentially suppressed, based on the
Gibbons-Hawking action [30] argument. Detailed subsequent studies performed in
simple string theory models [27], using full general relativity calculations [31], or a
path integral approach [32] did not confirm this finding and proved that the geo-
metrical cross section is modified only by a numeric factor of order one. A flaw in
the Gibbons-Hawking action argument of [29] was further found in [33]: the use of
this action implies that the black hole has been already formed, so describing the
evolution of the two colliding particles before they cross the event horizon and form
the black hole via Gibbons-Hawking action is not justified. By now there is a broad
agreement that the production cross section is not significantly suppressed compared
to a simple geometrical approximation, which we will consequently use through this
review. [Land06 arXiv pp. 10-11]

References: [Land06 arXiv pp. 29]

Aside from these criticisms, it should be noted that Voloshin's arguments primarily focus on the
production of heavier black holes. These arguments might be of concern if M,,;, > 3Mp, as is
assumed in the GM paper [GM p. 70], however, as noted earlier, if one is concerned simply about
the production of black holes, as opposed to their immediate observation, then a criterion of
M in = Mp is a more appropriate measure. In that case, the arguments of Professor Voloshin are

not as important.

4.2.5 Other Factors Affecting Black Hole Production

There are also other factors which could affect black hole production rates, but for which it is
premature to predict whether they would cause a significant increase or decrease. Those factors
include:
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Quantum Gravitational Corrections and “Stringy” Effects - The limitations of a semi-
classical approach for black holes with masses close to Mp have been noted in most articles
estimating black hole production rates. A sampling of published comments is given below:

As Mgy approaches Mp , the BHs become “stringy” and their properties complex.
This raises an obstacle to calculating the production and decay of light BHs, those
most directly accessible to the LHC, where the center-of-mass (c.o.m.) energy of
colliding beams is comparable to the Planck mass. In what follows, we will ignore this
obstacle and estimate the properties of light BHs by simple semiclassical arguments,
strictly valid for Mgy > Mp. We expect that this will be an adequate approximation,
since the important experimental signatures rely on two simple qualitative properties:
(i) the absence of small couplings and (ii) the “democratic” (flavor independent)
nature of BH decays, both of which may survive as average properties of the light
descendants of black holes. Nevertheless, because of the unknown stringy corrections,
our results are approximate estimates. [DLO1 arXiv p. 1, hyperlinks added]

While a quantitative understanding black holes with masses of order the Planck scale
is quite difficult, for masses well above this scale black holes exhibit many features
well described by semi-classical physics. ...

In order to discuss black hole production and evaporation in the laboratory we there-
fore consider black holes with masses M 2 (few)M, where features of the semi-
classical analysis are expected to begin to be valid. [GT02 arXiv p. 5]

The approximate geometric subprocess cross section expression is claimed to hold
by both GT and DL when the ratio Mgy /M., is “large”, i.e., when the system can
be treated semi-classically and quantum gravitational effects are small; one may
debate just what “large” really means, but it most likely means “at least a few".
Certainly when Mgy /M., is near unity one might expect curvature and stringy effects
to become important and even the finite extent of the incoming partons associated
with this stringy-ness would need to be considered. Clearly caution must be applied
when Mgy ~ M, in interpreting cross sections evaluated in this parameter space
region. [Riz02 arXiv pp. 3-4]

To trust the semiclassical approximation, the typical energy of the process has to be
much larger than Mp. Given the present constraints on extra-dimensional gravity,
it is clear that the maximum energy available at the LHC allows, at best, to only
marginally access the transplanckian region. If gravitational scattering and black-hole
production are observed at the LHC, it is likely that significant quantum-gravity (or
string-theory) corrections will affect the semiclassical calculations or estimates. In
the context of string theory, it is possible that the production of string-balls [27]
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dominates over black holes. [Yao06 p. 1167 . (large file), hyperlinks added]3?
Reference 27: & arXiv 0108060

For calculating black hole production rates with M,;, = Mp, it is clear that quantum gravitational
corrections and “stringy” effects must be taken into account. However, even for estimating the
total number of black holes with masses > 3 — 5Mp, as suggested in the GM paper [GM p. 70],
these factors could still be quite important and may significantly change the expected numbers.

Uncertainties in the Momentum Distribution of Partons - The black hole production
calculations of the GM paper depend on estimates of the distribution of a nucleon’s momentum
among its various partons [GM pp. 39-40, 70, 76, 78, figure 9]. There are, however, no experimentally
validated parton distribution functions (PDFs) for LHC energies. The GM paper asserts that “the
bulk of the production is always obtained for x < 0.6, namely the region where the knowledge
of the PDFs is accurate to better than 10%" [GM p. 76, citing Pum02 .#]. It is not clear, however,
what the basis is for the GM paper's claim about the reliability of the PDFs it uses. The source it
cites includes 3 graphs for the uncertainty in the distribution functions of up quarks, down quarks,
and gluons at an energy of approximately 0.0032 TeV. These graphs show that at the value of
x = 0.6, the uncertainty is approximately +8% for up quarks and +37/-23% for down quarks
[Pum02 arXiv p. 15, figure 9], and at least +100/-50% for gluons [Pum02 arXiv p. 16, figure 10]. This
uncertainty range is determined by the authors’ “tolerance parameter”, T [Pum02 arXiv pp. 33-36].
They emphasize, however, that it is only a partial measure of the uncertainties in their parton
distribution functions; their paper includes the following warning:

As already noted, the estimated tolerance of T = 10 contains experimental uncer-
tainties only. Uncertainties of theoretical or phenomenological origin are not included
because they are difficult to quantify. They might be significant. For instance, we
have seen throughout this paper that the parametrization of nonperturbative PDF's
has a big influence on the results. Therefore in physical applications the criterion
T =10 must be used with awareness of its limitations. [Pum02 arXiv p. 36]

Furthermore, the GM paper only claims that the PDFs are reliable in the range below x ~ 0.6
[GM p. 76], which, if true, could be used to establish a lower bound on the number of black holes
produced in cosmic ray collisions. The paper also makes claims about an upper bound on the
production of black holes in LHC collisions [GM pp. 71, 83, figures 4, 12], but for heavier black holes
these claims involve PDFs in the range above x ~ 0.6, yet the paper makes no mention about
the uncertainty of PDFs in this range.

4.2.6 Factors Affecting Black Hole Production Rates from Cosmic Rays

The previous sections reviewed several factors which could affect the general black hole production
rates, and which would be expected to apply equally to both LHC and cosmic ray collisions. There

32The issue of “string-balls” is not addressed in the LSAG report or in the GM paper, and has not been reviewed
in the current draft of this paper [> ADDCITE cf. Symmetry Breaking 13 Feb 2010 .7].
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are, however, a number of factors which could reduce the cosmic ray rates while leaving the LHC
rates unaffected. A few of the more general factors are summarized below, while factors which
are specific to certain constructions and scenarios are discussed in the relevant parts of section 7.

A number of issues related to the composition and flux of cosmic rays were discussed earlier in
section 3. The ways in which uncertainties about cosmic rays could reduce the cosmic ray black
hole production rates include the following:

e As noted in the GM paper, an iron-dominated cosmic ray flux would produce far fewer
black holes than a flux dominated by single protons [GM pp. 40, 46, 73, 74, 75, 77, tables 2, 3,
4,5, 6,7, figures 5, 6, 8].

e The GM paper's estimate of black hole production by iron nuclei may be reduced if not
every single nucleon in every iron nuclei experiences an inelastic collision at its initial energy
level.

e The production estimates for either a proton or iron-dominated cosmic ray flux could be
reduced by elastic collisions or interactions occurring before a nucleon’s inelastic collision.

e Errorsin the modelling of hadronic collisions could imply a reduced value of the true energies
of incoming cosmic rays [Wat08a.ppt 38] [Wat08b pp. 222-223].

e The effects of “new physics” in ultrahigh-energy collisions could similarly imply a reduction
in the true energies of cosmic rays [HHO02 arXiv p. 6].

e The inclusion of ultraheavy nuclei in an iron-dominated flux would reduce the energy per
nucleon and the production efficiency of the highest energy cosmic rays.

e The inclusion of strangelets or nuclearites in the flux would significantly reduce the energy
per parton in the collisions of such cosmic rays.

e The inclusion of ultrahigh-energy photons in the cosmic ray flux would result in a component
with a black hole production rate which could be much lower than that of nucleons.

e The inclusion of other forms of matter (magnetic monopoles [» ADDCITE], Q-balls [GP05
p. 8], dark matter, etc.) would similarly introduce a component of the flux with an unknown
black hole production rate which cannot be compared to the LHC's rate.

e As noted in the GM paper, limitations in the energy resolution of the Pierre Auger Ob-
servatory leave open the possibility of significantly lower values for the true energies of
ultrahigh-energy cosmic rays [GM p. 74, table 6].

e Statistical uncertainties in measurements of the cosmic ray flux at different energies [Wat08b
p. 224] could imply a significant difference between the assumed cosmic ray flux and the
true cosmic ray flux presently striking the Earth.

e Possible North /South hemispheric differences in the ultrahigh-energy cosmic ray flux [Wat08a.ppt 48]
could affect the expected rates for the overall ultrahigh-energy flux.33

331t should be noted that Watson considers this to be an unlikely explanation of differences in the observed cosmic
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e Variations in the cosmic ray flux over time could imply that the flux of ultrahigh-energy
cosmic rays measured over the past couple of decades is not representative of the average
rate over the past few billion years.

e Temporal variations in the ultrahigh-energy cosmic ray flux could also imply that the ex-
posure of an astronomical object over a specific period of time (for example, the exposure
of a given white dwarf over a 10-20 million year period), may significantly differ from the
average rate over billions of years.

e Spatial variations in the cosmic ray flux might also lead to differences between the expected
exposure of an astronomical object and its true exposure.

Aside from these issues, it should be noted that some of the points raised in the previous sections
on the general black hole production rate may be affected by the energy level of collisions. The
LSAG report includes a comparison of the estimated number of cosmic ray collisions experienced
by the Earth and the Sun with energies equal to or greater than that of the LHC (assuming a
100% proton cosmic ray flux in the main text [LSAG p. 4], and providing a formula for heavier
elements in an endnote [LSAG p. 15, endnote 6]). While it is a useful comparison, the argument put
forth in the GM paper, depends not on cosmic rays with energies similar to that of the LHC, but
on cosmic rays with much higher energies.

Taking a look at figure 5 of the GM paper, one can see that for protons the vast majority of black
hole-producing cosmic rays have energies 10 times higher than that required to match the LHC
[GM p. 73, figure 5], even though they would only represent about 1% of the cosmic rays counted
by the LSAG report.3* For a pure iron flux, the GM paper’s argument depends on cosmic rays
whose total energy is 100 times greater than the 107 eV benchmark given in the LSAG report
[GM p. 73, figure 5] [LSAG p. 4].%°

Figure 5 is itself based on the very optimistic assumption that for 14 TeV minimum mass black
holes, every black-hole producing collision has an inelasticity coefficient of y = 1. Using a more
conservative assumption of y = 0.5, figure 6 shows that most of the black hole production for a
pure proton flux is caused by cosmic rays with energies between 10184 eV and 1020 eV [GM p.
75, figure 6].3¢ The energies are even greater in the case of a pure iron flux, and almost all the

ray flux.

34This estimate assumes that the integral cosmic ray flux is falling as 1/E2 within this energy range [cf. LSAG p.
15, endnote 6 ]

350ne may note, however, that while not stated explicitly, endnote 6 of the LSAG report implies that for a pure
iron flux, only cosmic rays with energies > 56 x 101" would be included in the corresponding count [LSAG p. 15,
endnote 6 ].

36For the discussion of cosmic rays in the main text of the GM paper the authors speak of confining themselves
to the part of the spectrum below the GZK cutoff (i.e. $5x 101° eV) [GM p. 28 7], but in appendix E.2
the authors instead explain that they “allow E,,.x to extend only up to the largest value for which data exist,
namely Epax =2x10%° eV" [GM p. 72 .7, italics added for irony]. It is on this maximum possible energy range
that the specific black hole production rates in the GM paper are based, including the data of tables 2 and 3 in
the main text [GM pp. 40, 46, tables 2, 3 .
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black hole production predicted by the GM paper would be caused by cosmic rays with energies
between 10%°8 eV and 10204 eV [GM p. 75, figure 6].

For collision energies above that of the LHC (i.e. those caused by proton cosmic rays with energies
greater than ~ 107 eV, or iron cosmic rays with energies greater than ~ 10875 eV), the following
factors could further reduce the cosmic ray production rates:

e The minimum length effects discussed earlier may restrict the otherwise expected increase
in black hole production efficiency at higher energies.

e The parton distribution functions (PDFs) may be modified at higher energies, leading to
further uncertainty in the production rates (beyond the uncertainties in the PDFs discussed
earlier).3’

e As an offshoot of any changes in the PDFs, the proportion of black holes hypothetically
produced in collisions of charged partons might change, and thus the suppression caused
by the electric charge effects discussed earlier might be different from that of the LHC.
Similarly, the suppression due to color charge effects discussed earlier might also be different
from the LHC.

Beyond these factors, the possibility of a more fundamental difference between LHC and cosmic
ray collisions is considered below.

§ Validity of Special Relativity

TEXT UNDER REVISION

4.3 Detection of Black Hole Production

TEXT UNDER REVISION

37Such changes could increase or decrease the production rates, but for a risk assessment the focus would be on
a possible net decrease.
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5 Black Hole Radiation

This section reviews the question of whether black holes produced in high-energy collisions would
directly emit any radiation, and if so, how rapid the rate of radiation would be, and what would
be left at the end of the process.

5.1 Existence of Black Hole Radiation

One of the central questions in the public debate about the safety of potential black hole pro-
duction at the LHC is whether small black holes will accrete matter or decay through Hawking
Radiation. What the GM paper makes clear is that its authors do not expect that black hole
radiation, as originally derived by Professor Stephen Hawking [Haw75 ], will occur.

The GM paper begins by citing a journal article by Unruh and Schiitzhold which states:

Addressing the question of whether the Hawking effect depends on degrees of freedom
at ultrahigh (e.g., Planckian) energies/momenta, we propose three rather general
conditions on these degrees of freedom under which the Hawking effect is reproduced
to lowest order. As a generalization of Corley’s results, we present a rather general
model based on non-linear dispersion relations satisfying these conditions together
with a derivation of the Hawking effect for that model. However, we also demonstrate
counter-examples, which do not appear to be unphysical or artificial, displaying strong
deviations from Hawking's result. Therefore, whether real black holes emit Hawking
radiation remains an open question and could give non-trivial information about
Planckian physics. [US04 arXiv abstract]

In a recent talk, cited by the GM paper, Professor Unruh puts the issue more bluntly:

The derivation by Hawking is nonsense, in that it uses features of the theory in
regimes where we know the theory is wrong. [Unr07 ]

The GM paper also refers to a recent review of analogue models of gravity which states:

Most of the work on the trans-Planckian problem in the nineties focussed on studying
the effect on Hawking radiation due to such modifications of the dispersion relations
at high energies in the case of acoustic analogues [185, 186, 377, 378, 88|, and the
question of whether such phenomenology could be applied to the case of real black
holes (see e.g., [50, 188, 88, 299]).24 In all the aforementioned works Hawking radia-
tion can be recovered under some suitable assumptions, as long as neither the black
hole temperature nor the frequency at which the spectrum is considered are too close
to the scale of microphysics K. However, the applicability of these assumptions to
the real case of black hole evaporation is an open question. Also, in the case of the
analogue models the mechanism by which the Hawking radiation is recovered is not
always the same. [BLV05 p. 63, hyperlinks added]
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Footnote 24: However see also [318, 322] for a radically different alternative approach
based on the idea of “superoscillations” where ultrahigh frequency modes near the
horizon can be mimicked (to arbitrary accuracy) by the exponential tail of an expo-
nentially large amplitude mostly hidden behind the horizon. References: [BLV05 pp. 84,
87, 95, 104, 105, 109]

The GM paper itself says that:

While Hawking's result has become nearly universally accepted, it is certainly true
that elements of the original derivation of black hole radiance rely on assumptions
that are apparently not valid. Notable among these is the use of modes of ultra-
planckian frequencies at intermediate steps in the derivation. This naturally raises
the question of the robustness of the result. [GM p. 7]

In defence of Hawking radiation, the authors cite a review article by Nobel laureate and CERN
SPC member Professor Gerardus 't Hooft, even though this paper states:

Caution however is called for. We must underline that here we are dealing with a
purely theoretical prediction which, whether we like it or not, is based on assump-
tions that cannot all be verified directly, plausible as they may seem. Black holes
emitting quantum radiation have never been observed experimentally, and indeed it
is conceivable that either Quantum Mechanics or General Relativity, or both, might
break down precisely at the horizon, regardless how large the horizon is. [tH96 arXiv
pp. 18-19, hyperlinks added]3®

What the report instead asserts is the authors’ confidence that even if Professor Hawking's original
derivation is invalid, the general idea is correct. Thus it notes:

Belief in the robustness of Hawking's prediction of nearly thermal evaporation has
been boosted by arguments for the result which have now been produced from several
different directions. These derivations have the virtue of either facing head-on the
issue of the transplanckian modes, or being independent of them, and the basic effect
has survived a number of important consistency checks. [GM p. 7]

They further cite Unruh’s conclusion that:

Analog models of gravity have given us a clue that despite the shaky derivation, the
effect is almost certainly right. [Unr07 ]

38|t should be noted that these comments by Professor 't Hooft were made prior to the proposal of large extra
dimensions and were intended for the standard 4-dimensional scenario in which Planck’s mass is several orders
of magnitude larger than the 14 TeV maximum of the LHC. In such a scenario it would not be possible for the
LHC to create even microscopic black holes.
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Both the GM paper and the LSAG report argue that on basic quantum mechanical grounds,
some form of radiation should be expected [GM pp. 4, 8] [LSAG pp. 7-8]. The LSAG report further
emphasizes that quantum mechanics is “a cornerstone of the laws of Nature” [LSAG p. 8]. However,
Professor Giddings has elsewhere noted that the existence of black holes “suggests that a revision
of the fundamental underpinnings of physics may be necessary.” [Gid95 p. 1] In a paper presented
in 2007 he states:

...even if black hole production is not experimentally accessible, it is an extremely
important theoretical problem, as it forces confrontation with our most profound the-
oretical issues. Notable among these is the black hole information paradox.® The basic
statement of this paradox is that consideration of the fate of quantum information in
the context of evaporating black holes apparently forces us to abandon a cherished
principle of physics. The possibilities include abandoning unitary quantum-mechanical
evolution, as originally suggested by Hawking[43], with the apparent consequent dis-
astrous abandonment of energy conservation[44]; abandoning stability, as implied by
a black hole remnant scenario, or abandoning macroscopic locality, in order that in-
formation can escape a black hole in Hawking radiation. [Gid07 arXiv p. 8, hyperlinks
added]

Reference 43: Haw76

Reference 44: ~ ADDCITE BSP84

The GM paper asserts that such problems can be solved in stating:

Many workers feel that the resolution will be that there are subtle corrections to
Hawking's thermal spectrum, that lead to unitary evolution. Thus while very few
question that black holes Hawking evaporate, it is clear that there are detailed aspects
of the evaporation process that we do not understand. [GM p. 8, hyperlinks added]

What is missing, however, from the GM paper and other CERN documents is a clear statement
about exactly what those “subtle corrections” are, and when the aspects of the evaporation
process that we do not understand will be understood. It should be stressed that these issues are
not a question of whether there is any experimental verification of black hole radiation—there is
none—but a more basic question of whether there is a complete and consistent theory to begin
with. The text of the GM paper and the references it cites make it quite clear that no such theory
presently exists.
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5.2 Black Hole Radiation and Extra Dimensions

One of the strongest arguments that CERN makes in support of the safety of possible black hole
production at the LHC is that the very theories which predict black hole creation also predict
their immediate disintegration. The official summary of the LSAG report states the following:

According to the well-established properties of gravity, described by Einstein’s relativ-
ity, it is impossible for microscopic black holes to be produced at the LHC. There are,
however, some speculative theories that predict the production of such particles at the
LHC. All these theories predict that these particles would disintegrate immediately.
[LSAGSum p. 1, hyperlinks added)]

As this statement is from a summary document it does not include references, so it is not
immediately clear which “speculative theories” CERN is referring to. A review of the key papers
is summarized below:

e The initial paper establishing the theory of large unwarped extra dimensions does not
mention Hawking radiation or black hole disintegration [ADD98 arXiv .7].

e The abstract of the second paper on large unwarped extra dimensions does state the
following:
This scenario raises the exciting possibility that the LHC and NLC will exper-
imentally study both ordinary aspects of string physics such as the production
of narrow Regge-excitations of all standard model particles, as well more ex-
otic phenomena involving strong gravity such as the production of black holes.
[AADD98 arXiv abstract, hyperlinks added]3°
The text of this paper notes that graviton emission will be very important at energies above
the type | string scale and describes such emission as analogous to Hawking radiation from
an excited brane [AADD98 arXiv p. 6], but the paper makes no attempt to argue that either
Hawking radiation itself or black hole disintegration are a necessary consequence of higher-
dimensional black hole production [AADD98 arXiv .7].

e The first paper describing the theory of a warped extra dimension makes no reference to
Hawking radiation or black hole disintegration [RS99 arXiv ].

e The second key paper on warped extra dimensions by the same authors also makes no
reference to Hawking radiation or black hole disintegration [> arXiv 9906064 ]

39This paper was posted on arXiv on 24 April 1998 [AADDI8 arXiv .#]. That date can be considered the point
at which whatever risk allowance CERN did or did not make for the production of black holes at the LHC
through an unknown mechanism should have been revised to take into account a specific scenario of black hole
production, along with any other possible unknown mechanisms [cf. LSAG p. 3 ]. It may also be noted that
this paper had been cited in almost 500 other physics articles by October 2000 [> ADDCITE SPIRES] when
Reviews of Modern Physics published the “Review of speculative “disaster scenarios” at RHIC", which assured
the public that the production of black holes at higher energy accelerators would be a “pipe dream” [JBSWO00
p. 1130 ]. This report is presented on CERN's website page about the safety of the LHC as “the specialist
report published in the United States” [CERN08b .7].

38


http://en.wikipedia.org/wiki/Micro_black_hole
http://en.wikipedia.org/wiki/General_Relativity
http://en.wikipedia.org/wiki/General_Relativity
http://en.wikipedia.org/wiki/Micro_black_hole
http://environmental-impact.web.cern.ch/environmental-impact/Objects/LHCSafety/LSAGSummaryReport2008-en.pdf
http://en.wikipedia.org/wiki/Large_extra_dimension
http://en.wikipedia.org/wiki/Hawking_Radiation
http://arxiv.org/pdf/hep-ph/9803315v1
http://en.wikipedia.org/wiki/String_theory
http://en.wikipedia.org/wiki/Regge_theory
http://en.wikipedia.org/wiki/Standard_Model
http://en.wikipedia.org/wiki/Micro_black_hole
http://arxiv.org/pdf/hep-ph/9804398v1
http://en.wikipedia.org/wiki/Graviton
http://en.wikipedia.org/wiki/Type_I_string_theory
http://en.wikipedia.org/wiki/Hawking_Radiation
http://en.wikipedia.org/wiki/Brane_cosmology#Brane_and_bulk
http://arxiv.org/pdf/hep-ph/9804398v1#page=7
http://arxiv.org/pdf/hep-ph/9804398v1
http://en.wikipedia.org/wiki/Randall-Sundrum_model
http://arxiv.org/pdf/hep-ph/9905221v1
http://arxiv.org/pdf/hep-th/9906064v1
http://arxiv.org/abs/hep-ph/9804398v1
http://lsag.web.cern.ch/lsag/LSAG-Report.pdf
http://en.wikipedia.org/wiki/Reviews_of_Modern_Physics
http://en.wikipedia.org/wiki/Micro_black_hole
http://en.wikipedia.org/wiki/Particle_accelerator
http://en.wikipedia.org/wiki/Pipe_dream
http://rmp.aps.org/abstract/RMP/v72/i4/p1125_1
http://public.web.cern.ch/public/en/LHc/Safety-en.html

e The first two papers to calculate the rate of black hole production at the LHC both refer
repeatedly to Hawking radiation, but neither of them asserts that the higher-dimensional
creation of black holes necessarily implies their immediate disintegration [GT02 arXiv ]
[DLO1 arXiv . In fact, both papers suggest that observations at the LHC could provide an
opportunity to test the details of Hawking radiation [GT02 arXiv pp. 23, 25] [DLO1 arXiv abstract].

Turning to the full LSAG report to find the basis for the claim of immediate black hole disinte-
gration, one sees that after summarizing the arguments for Hawking radiation and the quantum
mechanical instability of non-pair produced black holes, the report notes:

Both this and the existence of Hawking radiation are valid in the extra-dimensional
scenarios used to suggest the possible production of microscopic black holes. [LSAG
p. 7, italics added]

This statement is logically very different from that of the LSAG summary. Aside from ignoring
the case of stable pair-produced black holes, the LSAG summary has taken the statement that
the arguments for Hawking radiation and quantum mechanical instability are still valid for extra-
dimensional scenarios, and converted it into a claim that extra dimensional scenarios predict the
immediate disintegration of black holes.

The GM paper itself provides even less of a basis to believe in the immediate disintegration of
higher-dimensional black holes. Several of its statements or sources which raise questions about
Hawking radiation were noted in the previous section, and further issues related to the rate of
black hole radiation are discussed in the next section. As part of its summary of efforts to rescue
Hawking radiation, the GM paper reports the following:

One early approach relying on the trace anomaly and avoiding explicit reference
to transplanckian modes was pioneered by Christensen and Fulling [13]. In this
approach, the stress tensor describing the Hawking radiation is found by combining
the known trace anomaly in two dimensions, and the constraint that the stress tensor
be conserved. This approach has been used to give explicit models of evaporating
black holes [14], and has also recently been generalized to higher dimensions in [15]
and a number of followup works. [GM p. 7, hyperlinks added]

Reference 13: CF77 ~

Reference 14: CGHS92 arXiv

Reference 15: RWO05 arXiv

For the present discussion, the key point is the last phrase. If Hawking radiation or black hole
disintegration followed automatically from extra dimensional scenarios, then efforts to extend
models of evaporating black holes to higher dimensions would be irrelevant.?® As implied by
the GM paper and reinforced by the findings of this section, such efforts are indeed relevant,
since there does not appear to be any basis for CERN's claim that all theories which predict the
creation of black holes at the LHC also predict their immediate disintegration.

40The extension of 2-dimensional models to 3 or 4 dimensions is of general academic interest, but the focus of
the GM paper is on scenarios with more than 4 dimensions, so it is assumed that the intended message was
that these models have been generalized to scenarios with D > 4.
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5.3 Rate of Black Hole Radiation

The discussion of section 5.1 notes the lack of a complete and consistent theory for black hole
radiation, but one may nevertheless ask whether microscopic black hole radiation is guaranteed
to be very rapid. The Giddings/Mangano paper touches briefly on this issue, but it is not clear
what conclusions can be drawn. The report states:

Thus by basic quantum principles such a heavy black hole should decay into light,
ordinary matter, and the only question is the time scale. Since such a black hole
can have mass at most around ten times the higher-dimensional Planck mass, Mp ~
1 TeV, the only relevant dimensionful parameter is the corresponding time scale,
tp ~ 1/Mp ~ 107?’s, and there are no other small dimensionless parameters to
suppress decay. Thus, on very general grounds such black holes are expected to
be extremely short-lived, as is indeed predicted by the more detailed calculations of
Hawking and successors. [GM p. 8, hyperlink added]

Professor Giddings makes a similar point in an earlier paper on the black hole information paradox,
but then reaches a very different conclusion:

Basic quantum principles imply that such formation/evaporation should be taking
place all the time in virtual processes, as illustrated in fig. 2. The amplitude for
these processes should approach unity as the size of the loop approaches the Planck
scale-there is no small dimensionless number to suppress it. According to (6), we
would therefore expect Planck size energy violations with planckian characteristic
time scale. This would give the world the appearance of a thermal bath at the
Planck temperature, in clear contradiction with experiment. And that suggests we
explore alternatives to Hawking's picture. [Gid95 p. 3, italics added]

The solution he considers is the following:

Again, in accordance with uncertainty principle arguments, the only way to radiate a
large amount of information with a small amount of available energy is to do it very
slowly, for example by emitting extremely soft photons. An estimate [7,8] of the time

required is
t ( Mo )4t
Mpé ply

which exceeds the age of the universe for black holes with initial masses comparable
to that of an average building.#! Therefore this scenario implies long-lived remnants.
[Gid95 pp. 4-5, hyperlink added, footnote added)]

Reference 7: » ADDCITE CW87

Reference 8: » arXiv 9209058

#1This analysis was for a regular 4-dimensional black hole, not a higher-dimensional TeV-scale black hole.
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Aside from this specific proposal, Professor Giddings has noted elsewhere that Hawking radiation
would not apply to black holes with very low masses. At a conference held in 2001 on the future
of particle physics (Snowmass 2001), he explained:

Once the black hole reaches a mass M ~ M,, Hawking's calculations fail. We call
this phase the Planck phase. [Gid01 p. 6]

Since the vast majority of black holes produced at the LHC would be expected to have masses
~Planck’s mass, his statement implies that Hawking's calculations would fail for the very black
holes that are of concern.

In light of the GM paper's admission that “subtle corrections” may be needed to Hawking's
thermal spectrum [GM p. 8], the proposal that black holes could slowly radiate extremely soft
photons [Gid95 pp. 4-5], and the expectation that the particle emission rate would change during
the Planck phase [Gid01 p. 6], there is evidently a great deal of uncertainty about exactly how fast
black hole radiation would actually be.*> Given this uncertainty, it will be necessary for this paper
to consider a wide range in the possible rates of black hole radiation. The different possible rates
are grouped into the following 4 distinct categories:

No direct black hole radiation - In this scenario, black holes emit no direct radiation. In line
with the original view of black holes [Haw75 abstract], prior to Hawking's hypothesis, the mass of a
black hole would monotonically increase, with no matter or radiation escaping once it has crossed
the event horizon. In this paper this scenario is referred to as “stable black holes”.

Black hole growth not bounded by radiation - In this category, black holes may emit some
radiation, but the rate would not be sufficient to set a bound on the maximum possible mass of
an accreting black hole. This category covers a very wide range in the possible rate of radiation,
from the case of completely negligible radiation, up to a scenario in which the radiation rate is
fast enough to significantly slow, but not completely stop, a black hole's net growth rate. In
these scenarios, black holes can also be considered “stable”, but to distinguish this category from
the case of absolutely no direct radiation, it is referred to in this paper as “slowly radiating black
holes”.

Black hole growth up to an equilibrium mass - For scenarios in which the rate of direct
radiation is slow for masses near Planck’s mass, but becomes extremely fast at higher masses
[cf. Hoss06 arXiv p. 9, 22, figures 3, 9], it is natural to expect black holes to have an equilibrium
mass at which the rate of accretion balances the rate of radiation. However, until the theoretical
questions associated with black hole radiation are resolved, it is difficult to predict what that
mass might be. Thus, again it is necessary for this paper to consider a wide range of possibilities,
from an equilibrium mass close to Planck's mass, up to an equilibrium mass approaching that of
the black hole's host object. In this paper, these possible scenarios are grouped into the category
“equilibrium mass radiating black holes”.

Rapid direct black hole radiation - In this category, black holes radiate extremely rapidly (even
during the Planck phase) and would be expected to monotonically decrease in size down to the

25 ADD NOTE on other studies suggesting slower radiation, e.g. Casadio and Harms
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higher-dimensional Planck's mass. At that point, it is not clear what would happen to them.
Would they remain at roughly that size, or would their event horizon somehow dissolve? The issue
of black hole remnants is discussed further in the next section. These scenarios are described
in this paper as ‘“rapidly radiating”, however, to take into account the uncertainty about the
final step, they are divided into two categories: “rapidly radiating black holes” (in which stable
remnants are expected), and “rapidly radiating remnantless black holes” (in which black holes
which are not pair-produced with conserved quantum numbers are expected to dissolve).

While the category of “no direct black hole radiation” would apply to a scenario regardless of the
location of a black hole, the following two categories, and possibly the final category of “rapid
direct black hole radiation”, can depend on the medium a black hole finds itself in [cf. GLL02 ],
and even its initial velocity [cf. Hoss06 arXiv p. 30]. For example, a black hole which can only
reach a certain equilibrium mass in the Earth might be able to grow without bounds in a white
dwarf or neutron star. In analyzing the different scenarios, this paper has adopted the following
framework:

e For section 7 on the production and trapping of black holes, the categorization of a scenario
depends only on the object involved (i.e. an equilibrium mass black hole in a neutron star
is just that within a neutron star).

e For section 8 on the accretion of black holes, the categorization is similarly based only on
the object being accreted.

e For section 9 on the safety implications of black hole production, the same policy is followed.
A consequence of this, however, is that the possible effects of equilibrium mass black holes
in the Earth could, for example, be linked with those given for equilibrium mass black holes
in the Moon and those for slowly radiating black holes in the Sun.

e For section 10, the initial analysis given for each category and each specific object is based
on the assumption of that category applying to black holes within that object, however, the
overall astrophysical implications must consistently match scenarios, so the summaries for
each category are based on the application of that category to accretion within the Earth,
and note the different possibilities depending on which categories apply to other objects.

One final point to note is that these categories apply only to radiation from a black hole itself.
Another important issue is the radiation released by particles as they are being accreted. This
is distinct from radiation directly from the black hole, and would be expected to occur in the
region outside the black hole's event horizon. This process is described in Appendix B of the GM
paper [GM pp. 57-65], and is discussed further in section 8 of this paper. In places where the two
types of radiation might be confused, the first type is referred to as “direct radiation”, while the
second is called “reradiation”.
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5.4 Black Hole Remnants

For scenarios in which black holes radiate rapidly, one of the most important questions is what
happens to them at the very end of the process. The answer to this question is still unknown.

This section looks at two distinct possibilities. The first is that all microscopic black holes evolve
into long-lived or permanent black hole remnants. The second is that ordinary black holes end
their lives in a final burst of Standard Model particles, but if they were created through pair
production and have a conserved quantum number, they would be stable against a final decay.
These two possibilities are discussed in more detail below.

5.4.1 Stable Remnants from All Microscopic Black Holes

Historically, the idea of long-lived or permanent black hole remnants has been touted as a possible
solution to the black hole information paradox. If one accepts Hawking's theory that black holes
emit radiation with a thermal spectrum, an unresolved puzzle is what happens to the information
that was originally stuffed into the black hole.

Thermal radiation does not convey any information about the internal details of an object, so
one is left with a theory that predict that black holes become smaller and smaller but with no
outlet for their original information. Hawking had originally proposed that the information was
truly lost [> ADDCITE Hawking Phys. Rev. D1410 pp. 2471-2472], even though this implies both a
breakdown of quantum mechanics and a violation of conservation of energy [Gid94 arXiv pp. 22-25]
[Gid95 arXiv pp. 2-3].

One possible resolution of this problem is for the information from a black hole to be transmitted
in its radiation. The main objection to this proposal is that it would involve a signal travelling
faster than the speed of light, which would violate the usual notions of locality and causality
[Gid95 arXiv pp. 3-4].

A third possibility is for the original information to be preserved by the black hole and released
only very slowly through the emission of soft photons [Gid95 pp. 4-5] This process would result in
long-lived black holes remnants.

As plausible as this third option may seem, it nevertheless has its potential flaws. The first is that
if one were to require that such remnants be capable of storing an infinite amount of information,
this would lead to an infinite number of black holes states with masses close to Planck’'s mass. If
one then assumes that such black holes can be treated as regular quantum mechanical objects,
any process with available energy above Planck’s mass would have a tiny but non-zero probability
of pair-producing any given species of black hole remnant. If there are truly an infinite number
of possible remnants, this could result in an infinite production rate, which would imply that the
Universe is unstable to instantaneous decay into remnants [Gid95 arXiv p. 5].

A second argument against remnants being a solution to the black hole information paradox was
presented by Professor Leonard Susskind in his article “Trouble for Remnants” [> arXiv 9501106 .].
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Based on an earlier theory proposed by himself and John Uglum for infinitely large black holes [
arXiv 9401070 ], Professor Susskind has argued that if remnants have an infinite internal entropy
(above and beyond the usual Bekenstein-Hawking entropy), then the existence of remnants in
the thermal atmosphere of Rindler space would drive the renormalized gravitational constant to
zero [> arXiv 9501106 ~].43

Based on these argument, the proposal that the information from arbitrarily large black holes is
stored in remnants has not been accepted as the solution to the black hole information paradox.
Nevertheless, as noted by Professor Giddings, the alternative hypotheses are just as problematic
[Gid94 arXiv pp. 30-31], so the proposal of an infinite variety of Planck-sized remnants remains in
contention as a possible solution [Gid07 arXiv p. 8].

Even if remnants are not a solution to the black hole information paradox, there are a number of
other independent reasons why a long-lived or permanent remnant would be expected after the
initial phase of rapid radiation. The various reasons have been summarized by Koch, Bleicher and
Hossenfelder in the Journal of High Energy Physics [KBHO5 pp. 5- 6] and elsewhere [> ADDCITE
Phys. Lett. B566 p. 235] [Hoss06 arXiv pp. 25-29] [HKBO5 ] [KochO7 pp. 57-58]:

e The uncertainty principle sets a lower bound on the size of a black hole's Schwarzschild
radius. Specifically, a Planck-mass black hole has a Schwarschild radius which is of the
order of Planck’s length. The Planck length itself is the wavelength corresponding to a
particle of Planck's mass. If the mass of a black hole drops below this, the result would
be a mass trapped in a volume smaller than that permitted by the uncertainty principle
[KBHO5 p. 5].

e Corrections to the rate of radiation due to the curvature of a shrinking black hole can
result in the rate decreasing towards zero and lead to thermodynamically stable black hole
remnants [KBHO5 p. 5].

e Other possible factors, such as axionic charge, modification of Hawking radiation due to
quantum hair or magnetic monopoles, or the coupling of a dilaton field to gravity could
also result in remnants [KBHO5 p. 5].

e Calculation of lowest order quantum gravity effects can lead to stable remnants [Koch07
p. 58, citing > arXiv 0602159 7]

e If the radiation from a black hole is quantized to wavelengths which fit its surface, then
as the black hole decreases in size, the minimum energy for the emission of any radiation

43It should be noted, however, that the Susskind-Uglum theory implies that canonical quantum gravity field theory
would also drive the renormalized gravitational constant to zero [> arXiv 9401070 p. 15 .#]. The authors’ only
suggestion for solving this problem is to adopt superstring theory, and even for some superstring theories the
renormalized gravitational coupling is still zero [> arXiv 9401070 p. 15 .#]. The theorem also depends on the
assumption of 4 space-time dimensions. When its authors tried to apply it to the 2-dimensional toy model
developed by Callan, Giddings, Harvey, and Strominger [CGHS92 arXiv 7], they report that their theorem fails,
although they attribute this to 2-dimensional theories not possessing enough degrees of freedom to be viable
models of 4-dimensional gravity [> arXiv 9401070 p. 18 7].
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increases. When the size of a black hole is close to Planck’'s mass, the minimum energy for
emission would be greater than the mass of the black hole itself, so the process of radiation
would be shut off [> ADDCITE Phys. Lett. B566 p. 235-237].

These considerations strongly suggest that all black holes leave remnants, although this still
cannot be taken as a certainty. On the other hand, if one wished to show that microscopic
black holes do not leave remnants, then, in addition to addressing the above points, it would be
important to present a clear description of the process through which a black hole's event horizon
is dissolved and its mass energy released. After all, it is one thing to say that black holes radiate,
it is another thing to say that they explode.

While the possibility of all black holes leaving remnants is not mentioned in the GM paper, it
certainly has not been ignored by physicists preparing for the LHC. One of the most popular
programmes used to model LHC-produced black holes is CHARYBDIS2. Developed under the
leadership of SPC panel member Professor Bryan Webber, it includes an explicit option for
modelling the final black hole state as a stable remnant [> arXiv 0904.0979 pp. 24-25 .#]. Similarly,
the CATFISH programme allows users to run simulations with the assumption that the final state
is @ minimum mass remnant [> arXiv 0609001 7] [> arXiv 0707.0317 ~].*4

One of the most enthusiastic proponents of black hole remnants is Professor Dr. Horst Stocker,
the former Honorary Editor (Editor-in-Chief) of the prestigious Journal of Physics G, who has
gone so far as to patent the idea of using black hole remnants as a novel energy source [StockPat ]
[StockPat 7] [> ADDCITE Schwarze Locher im Labor? #]. He has calculated that a billion black hole
remnants stored in the LHC's rings could be used to convert 10 tons of ordinary matter into
102! Joules of energy each year [Stock06 p. S433 7] [for a slightly less detailed account, see Stéck06arXiv
section 6, pp. 6-7], at an average rate of ~ 32,000 GW [cf. GM p. 28]. Professor Dr. Stocker does
not appear to have considered, however, the thermal or environmental consequences of black
hole remnants which have escaped from the LHC and been trapped within the Earth, where they
would continue to convert matter into gamma rays [Hoss07 7| or other high-energy particles.*

440ne of the other popular programmes is the BlackMax event generator. This programme incorporates a number
of important factors for its simulation of black hole production and evolution, but it does not include an option
for a stable remnant [> arXiv 0711.3012 .7]. The authors of the programme acknowledge that in the absence of
a self-consistent theory of quantum gravity, the final phase of a black hole cannot be described accurately, but
the only option that their programme allows is a final burst of particles which conserves energy, momentum,
and gauge quantum numbers [> arXiv 0711.3012 pp. 11-12 #]. The QBH event generator (version 1.01) also
assumes that quantum black holes decay entirely without leaving a remnant [Ging09 p. 11 7].

“SA paper by Koch, Bleicher, and Stécker [KBS08v2 arXiv 1] has been cited by CERN as an independent

assessment of the safety of black hole scenarios at the LHC. CERN's website quotes the paper’s concluding
statement that:

We discussed the logically possible black hole evolution paths. Then we discussed every single
outcome of those paths and showed that none of the physically sensible paths can lead to a black
hole disaster at the LHC. [CERNO8b .7, citing KBS08v1 arXiv p. 7 ]

For the scenario most favoured by CERN in which all black holes radiate very rapidly, the Koch/Bleicher/Stdcker
paper only states that, “From this estimate it is clear that such mini black holes that are produced on the earth
can never grow.” [KBS08v2 arXiv p. 6 hrefhttp://arxiv.org/pdf/0807.3349v2.7], which, given the authors’
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The possible catastrophic risks associated with black hole remnants are (to be) discussed further

in sections 9.4 and 9.9 on the safety implications of neutral or charged rapidly radiating black
holes.%®

5.4.2 Stable Remnants from Pair-Produced Black Holes with Conserved Quantum
Numbers

While the above section identified a number of reasons why Planck-sized remnants may be
expected from all rapidly radiating black holes, this issue cannot be considered as resolved, and
other possibilities should be considered. One of the most common assumptions is that black
holes typically end their lives in a burst of Standard Model particles. Even if this is the usual
case, an important exception is pair-produced black holes with conserved quantum numbers.

The stability of pair-produced black holes is acknowledged in the earlier report by the LHC Safety
Study Group (LSSG). The report notes the following:

Even this bound is weaker than is necessary because black holes decay (unless they
carry a conserved quantum number @, in which case extremal black holes with mass
M = @ are stable — see below for a discussion of this case). [LSSG p. 10]

previous statements, clearly leaves open the possibility of these black holes persisting as stable, but non-growing,
remnants. The remnants would not be able to significantly increase their size, but they would continually accrete
matter and emit radiation. Their independent safety assessment includes no analysis of the thermal risks or
other environmental effects of black hole remnants trapped in the Earth.

4 As the text of those sections is still under revision, a few important points are noted here. When only a small
change in the Earth’s internal heat balance could have a potentially disastrous effect on the planet, the possibility
of remnants producing almost as much energy as the Earth generates each year raises a rather large red flag
for the idea of creating billions of microscopic black holes at the LHC. On the other hand, the estimate given
by Professor Dr. Stocker applies specifically to a billion black holes trapped at the LHC and being used in a
way which may maximize the column density they cover each second. Presumably, the energy production rate
of remnants “in the wild" would be much less, although this assumption should be checked. But, even if their
energy production rate per remnant is much lower, a proportionate increase in their total numbers would result
in the same output. If the LHC's operation does not produce enough remnants to pose a threat, the subsequent
operation of the Super Large Hadron Collider (SLHC) could significantly increase their expected numbers, and
the long-term plan to build a Very Large Hadron Collider (VLHC) could boost their numbers by several orders
of magnitude. Professors Giddings and Thomas have estimated that with a centre-of-mass energy of 100 TeV
and an integrated luminosity of 100 fb! per year, the VLHC would, if Mp =1 TeV and D = 10, produce black
holes of average initial mass of roughly 10 TeV at a rate of ~ 1,000 per second [GT02 arXiv p. 12 .#]. Another
key issue is how long these remnants would last. From the discussion of this section it seems they would last
a very long-time, if not forever. However, one possible way for their total numbers to decrease over time is
through mergers. If, for example, a positively charged black hole remnant merged with a negatively charged
remnant, all that would be left, after a brief period of radiation, would be a single neutral remnant [HKBO05
p. 5 ]. Mergers could be arranged for charged remnants trapped in the LHC's rings, but within the Earth the
rate may be very low for charged remnant mergers, and even lower for neutral remnant mergers. It may be
that their numbers within the planet would only be reduced if their interactions give them enough momentum
to leave the Earth and be spread across the Solar System and more distant space.
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One might worry that the discussion presented above fails for the case of a new
conserved quantum number @ stabilizing the black hole. However, this is not the
case because only extremal black holes are stable; others will rapidly decay to extremal
black holes in the manner just discussed. Extremal black holes have M = Q and so
can only grow provided there is the source of the absolutely conserved quantum
number Q. We know that normal matter does not possess such a quantum number
and so there is no source of matter capable of causing the extremal black hole to
grow, even if the LHC energy is capable of producing the new charge and thus a new
stable form of matter. [LSSG pp. 12-13, hyperlinks added]

The LSAG report also acknowledges the possibility of such stable remnants:

The case of pair production of black holes carrying new and opposite conserved
quantum numbers leads to similar conclusions: only their ground state is guaranteed
to be stable, and any further accretion of normal matter in the form of quarks, gluons
or leptons would immediately be radiated away. [LSAG p. 7, hyperlinks added]

An important question which is not answered in either the LSSG report or the LSAG report is
what percentage of microscopic black holes would be pair-produced. Admittedly, this may not
be easy to estimate, since it may require a working theory of quantum gravity and a resolution
of several other fundamental questions of physics.

The GM paper does not address this issue at all. Even though it focuses exclusively on stable
TeV-scale black holes, and even though Professor Giddings has previously co-authored an article
on the pair-production of extremal black holes [> arXiv 9312172v2 7], the GM paper makes no
mention whatsoever of pair-produced black holes.

The possible safety implication of such black holes are (to be) discussed further in sections 9.5
and 9.10.

47


http://en.wikipedia.org/wiki/Extremal_black_hole
http://doc.cern.ch/yellowrep/2003/2003-001/p1.pdf#page=18
http://doc.cern.ch/yellowrep/2003/2003-001/p1.pdf#page=19
http://en.wikipedia.org/wiki/Pair_production
http://en.wikipedia.org/wiki/Quantum_number
http://en.wikipedia.org/wiki/Quark
http://en.wikipedia.org/wiki/Gluon
http://en.wikipedia.org/wiki/Lepton
http://lsag.web.cern.ch/lsag/LSAG-Report.pdf#page=7
http://arxiv.org/pdf/hep-th/9312172v2

6 Charge Retention of Black Holes
TEXT UNDER REVISION

6.1 Charge Retention of Stable Black Holes

6.2 Charge Retention of Radiating Black Holes
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7 Production and Trapping of Black Holes

This section reviews the possibility of black holes being produced in cosmic ray collisions and
subsequently being trapped in the Earth, the Moon, or the Sun, or in white dwarfs or neutron
stars. It also assesses the possibility of black holes being produced at the LHC and then being
trapped in the Earth, the Moon, or the Sun.

The case of neutral stable black holes is examined in depth, and the case of charged stable black
holes is also carefully reviewed. The trapping of neutral or charged radiating black holes has not
been addressed in the GM paper [GM .~], and the analysis in this paper focuses mainly on how
these cases may or may not differ from that of stable black holes.

7.1 Production and Trapping of Neutral Stable Black Holes

This section reviews the possible production and trapping of neutral stable black holes on various
astronomical objects. This case is the main focus of the GM paper, and is reviewed in some
detail here. It will also serve as a reference point for the other cases of neutral radiating black
holes (sections 7.2, 7.3, 7.4, and 7.5).

7.1.1 Cosmic Ray Production and Trapping in the Earth

§ Production in Cosmic Rays Collisions with the Earth

The production of black holes in cosmic ray collisions with the Earth may be possible, subject
to the various factors outlined in section 4. The specific details of possible production are not
examined further here in light of the discussion on trapping below.

§ Trapping in the Earth after Cosmic Ray Production

The GM paper examines the process through which gravitational scattering and the absorption
of other particles can slow down neutral stable black holes and concludes that:

In view of the value for Earth dy(E) ~ 3x10 cm, these mechanisms cannot efficiently
slow down neutral CR-produced black holes in Earth, or in other bodies such as planets
and ordinary stars!*. [GM p. 33]

The importance of this finding is discussed further in section 10.1.1.
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7.1.2 Cosmic Ray Production and Trapping in the Moon

§ Production in Cosmic Rays Collisions with the Moon

The GM paper does not review the possibility of cosmic rays producing black holes in collisions
with the Moon, however, the situation may be similar to that of the Earth (with a reduction due
to the Moon's smaller surface area). The key issue, though, is the trapping of such black holes,
as noted below.

§ Trapping in the Moon after Cosmic Ray Production

The GM paper's finding that neutral stable black holes cannot be trapped by the Earth or other
bodies such as planets and ordinary stars [GM p. 33] also applies to the Moon, which the GM paper
describes as having “limited stopping power” [GM p. 84]. Thus, no neutral stable black holes are
expected to have been trapped by the Moon.

7.1.3 Cosmic Ray Production and Trapping in the Sun

§ Production in Cosmic Rays Collisions with the Sun

The production of black holes in cosmic ray collisions with the Sun may be similar to the case of
the Earth described above, but with a significant increase in the number due to the size of the
Sun. The LSAG report notes that the effective surface area of the Sun is about 10,000 times
that of the Earth [LSAG p. 4], so the number of black holes produced in the Sun’s history should
be roughly 10,000 times that of the Earth. The issue of trapping, however, is discussed below.

§ Trapping in the Sun after Cosmic Ray Production
As noted in the case of the Earth, the GM paper states:

In view of the value for Earth dy(E) ~ 3x10 cm, these mechanisms cannot efficiently
slow down neutral CR-produced black holes in Earth, or in other bodies such as planets
and ordinary stars'4. [GM p. 33]

The footnote for this quote further adds that:

As a consequence of this, neutral black holes produced during head-on collisions of
cosmic rays within the galaxy will freely escape the galaxy, not being trapped by
either collisions with the interstellar medium and stars, or by the galactic magnetic
field. [GM p. 33, hyperlinks added]

The Sun is considered an ordinary star and thus is not expected to have ever trapped any neutral
stable black hole produced by cosmic rays.

The significance of this finding is discussed further in section 10.1.3
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7.1.4 Cosmic Ray Production and Trapping in White Dwarfs

§ Production in Cosmic Rays Collisions with White Dwarfs

As the discussion further below finds that in some scenarios, a few white dwarfs may be able
to trap neutral stable black holes, the question of their cosmic ray production rates becomes
important, so it is reviewed more closely here.

The GM paper presents its estimates of black hole production rates in table 2, which includes
figures for both a 100% proton and 100% iron cosmic ray flux [GM p. 40 2]. The figures are limited
to the cases of 5, 6, or 7 dimensions, since these are the cases for which a white dwarf astrophysical
argument is given. Table 2 indicates that the number of 7 TeV black holes produced is between
21,000,000 and 67,000,000 every million years for a 100% proton flux, and between 72,000 and
260,000 for a 100% iron flux. For the production of a 14 TeV black hole, the corresponding
numbers are 2,300,000 to 10,000,000 every million years for a 100% proton flux, and 7,300 to
38,000 for a 100% iron flux.

Before reviewing the different factors which can affect the production numbers, a couple points
should be noted. The first is that these are simply rates for the cosmic ray-production of black
holes on the surface of a white dwarf, and not the rates for black holes being trapped within a
white dwarf. Those rates are discussed further below.

A second point to note is that the assumption of a 100% proton flux is unrealistic and, by the GM
paper’s own admission, inconsistent with the available data [GM pp. 73-74]. On the other hand,
the assumption of 100% iron can also be considered unrealistic, or, as the GM paper describes,
“the totally extreme case” [GM p. 40]. It would be a mistake, however, to simply assume that the
real situation lies somewhere roughly in the middle. The GM paper’s supposedly conservative
proposal of a 10% proton flux (for a given level of total cosmic ray energy) was critiqued in section
3 as simply being a way of packaging a scenario which is still very much proton-dominated. The
assumption of a 100% composition of any single element is obviously an extreme case, but it is
not clear if the true black hole production rates are significantly different from one of the extreme
scenarios.

A more realistic guess about the hadronic component of cosmic rays would ultimately be based
on assumptions about the proportion of different elements among whatever is being accelerated
to produce cosmic rays. Instead of assuming 100% protons, or 100% iron, one could, for example,
assume 50% protons and 50% other heavier elements, or 50% iron and 50% other lighter elements.
This is, however, where an important assymmetry in the situation for proton and iron comes into
play. For a proton-based injection, if other heavier elements are added and accelerated to the same
energy per charged nucleon (i.e. per proton), then these other elements will begin to dominate
the composition for a given level of total cosmic ray energies, since the (integral) cosmic ray
spectrum is dropping off as the square of the total energy [cf. LSAG p. 4, endnote 6, for the differential
spectrum]. For iron, on the other hand, the addition of other lighter elements at injection would
have much less of an effect on the composition of cosmic rays at a given total energy level, since
those other elements would result in cosmic rays which have lower total energies, and which would

51


http://en.wikipedia.org/wiki/White_dwarf
http://en.wikipedia.org/wiki/Proton
http://en.wikipedia.org/wiki/Iron
http://arxiv.org/pdf/0806.3381v1#table.2
http://arxiv.org/pdf/0806.3381v1#page=74
http://arxiv.org/pdf/0806.3381v1#page=75
http://arxiv.org/pdf/0806.3381v1#page=41
http://en.wikipedia.org/wiki/Nucleon
http://en.wikipedia.org/wiki/Proton
http://lsag.web.cern.ch/lsag/LSAG-Report.pdf#page=4

be overshadowed by more numerous iron nuclei with lower energy levels per proton but equal total
cosmic ray energies. Visually, one can picture changes in the composition of a proton-dominated
injection resulting in a very wide spread in the rate of cosmic ray-induced black hole production,
whereas changes in the composition of an iron-dominated injection would result in production
rates which would still be clustered near the 100% iron extreme.

As the purpose of both this paper and the GM paper is to assess the risks associated with black
hole production at the LHC, it is not actually necessary to make a final choice between the cases
of a 100% proton or 100% iron flux, or to settle on a compromise between the two. A standard
approach for a risk assessment would be to treat these cases separately, and simply assign a
probability for each of them. Such an approach would likely result in a more significant risk being
associated with the iron-dominated case, so that will be the primary focus of the remainder of
this section (even though risks may still be associated with the proton-dominated case). Based
on the discussion in the previous paragraph, the case of 100% iron is viewed in this paper simply
as a reference point for the iron-dominated case, whose true black hole production rates should
be slightly higher. It is not considered, however, a “totally extreme case” in the sense of being
overly conservative or numerically unrealistic.

Aside from the above points, there are a number of other factors which can affect the cosmic
ray-induced black hole production rate. They are reviewed briefly below:

General Factors Affecting the Cosmic Ray Flux - As outlined in section 4.2.6, factors such
as errors in the measurement of the cosmic ray flux, problems with the hadronic models used
to interpret cosmic ray events, possible non-hadronic components of the ultrahigh-energy flux,
and historical variations in the flux could all have a significant effect on the expected black hole
production rates. Of these various factors, the GM paper only considers the effects of a possible
overestimate of cosmic ray energies due to the official energy resolution of measurements from
the Pierre Augur Observatory (PAO) [GM pp. 40, 74], and only considers this in a separate, sample
calculation [GM p. 74, table 6], which, as noted in section 2, found a 40% to 55% reduction in the
estimated production rates. The other black hole production numbers given in the GM paper
for white dwarfs do not include the effects of this possible error in the cosmic ray data [GM pp.
40, 73, 74, 75, tables 2, 4, 5, 7, figure 6]. Both the question of measurement errors and the other
possible factors affecting the cosmic ray flux can be seen as assuming even greater importance
when analyzing the production of black holes from iron cosmic rays with energies above 10%° eV
[GM pp. 73, 75, figures 5, 6]

Effects of Magnetic Fields on Ultrahigh-Energy Cosmic Rays - Assuming a given cosmic
ray flux, the GM paper does analyze the effects that magnetic fields could have on cosmic rays
actually reaching a white dwarf and producing black holes. The two effects it considers are the
deflection of cosmic rays away from an object, and the reduction of cosmic ray energies due to
synchrotron radiation [GM pp. 38-39, 84-85]. For the first effect, the GM paper finds that for cosmic
rays with energies in the range of 10'® or more and a white dwarf's magnetic field of 1,000,000
Gauss (1 MG), the deflections would be relatively small (and even smaller for weaker magnetic
fields). For the second effect, the GM paper finds that it is, indeed, important, and for this reason
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states that in order to avoid significant magnetic screening it must consider white dwarfs with
magnetic fields B, < fewx 100,000 Gauss [GM p. 39].4" It is not clear from the text, however, if
the given black hole production rates take into account the reductions due to possible deflections
of cosmic rays which might otherwise strike almost parallel to the surface of the white dwarf, or
the reductions due to synchrotron radiation energy losses. The GM paper cites WD0652-563 as
one of its examples to prove the safety of black holes, and lists the magnetic field strength of
this white dwarf as B, < 270,000 Gauss [GM p. 45]. Applying the paper's equation for synchrotron
radiation losses for cosmic rays [GM p. 39, eq. 6.4], assuming a radius of 5000 km, and using
270,000 Gauss as a reference value, the maximum possible energy would be about 4.94 x101°
eV (for 6 = 7/2) for a proton cosmic ray striking such a white dwarf, and about 1.06 x1021 eV
for an iron cosmic ray (after multiplying by (A/Z)* [GM p. 85, eq. G.6]). This would not be a
signficant restriction for iron cosmic rays, but looking at figure 5 (right graph) [GM p. 73, figure 5]
and figure 6 [GM p. 75, figure 6], one can readily see that for the proton component of the flux this
restriction would cut off a noticeable portion of black hole production from the most energetic
cosmic rays, and would likely also reduce production from cosmic rays with initial energies just
below that limit. (Both of these factors may involve relatively modest reductions in the total
black hole production rates, but the issue of deflection is revisited below in the discussion on
trapping, for which its impact may be more significant.)

Variations in Surface Areas - All of the GM paper's calculations of the black hole production
rate for white dwarfs are based on the assumption of a 5400 km radius [GM pp. 40, 73, 74, 75,
tables 2, 4, 5, 6, 7]. While this is a reasonable (but not conservative) value for a white dwarf with a
mass of 1.0 Mg, it may not be appropriate for the heavier white dwarfs cited by the paper. The
radii of white dwarfs are inversely proportionate to their masses, and begin to drop off rapidly as
they approach the Chandrasekhar limit [~ ADDCITE]. The first three candidate white dwarfs cited
by the GM paper (WD0346-011, WD1022-301, and WD1724-359 [GM pp. 44-45] have estimated
masses equal to or greater than 1.20 M, so their radii may be expected to be significantly
less than 5400 km. The corresponding reductions in the black hole production rate would be
proportionate to the square of the relative reductions in their radii. A further issue is that some
white dwarfs have been found to have unexpectedly small radii when compared with standard
predictions [PSHT98 p. 764, figure 2]. This finding underlines the need to have estimated production
rates for individual white dwarfs based on verified observations of their actual radii.

Artificial Restrictions on the Minimum Mass of Black Holes - As noted in section 4.2.1,
the GM paper artificially sets what it claims to be a conservative criterion that black holes must
have masses at least three times greater than the value of Mp [GM pp. 39-40, 70].48 This criterion

*"The text does mention that bounds from white dwarfs with larger magnetic fields are still achievable through
cosmic rays striking at angles closer to the magnetic poles, but it says that this leads to a reduction of rates
for acceptable cosmic rays [GM p. 39 1], and it does not provide any specific production rates or attempt to
make an astrophysical argument based on cosmic rays directly striking such stars. For these reasons, only the
case of white dwarfs with weaker magnetic fields is considered in this paper for the safety argument based on
direct cosmic ray production of black holes.

48The GM papers argues that this criterion is conservative compared to the benchmark of M,,;, = 5Mp used in
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was originally based on the size required for the hypothesized radiation of a black hole to be
observable, but it does not reflect the true rate of black hole production, and it is not relevant for
the case of neutral stable black holes. Adopting instead the assumption that masses of Mp are
sufficient for black hole production, the estimated black hole production rates from the GM paper
would need to be significantly revised. When considering the rates for a given value of Mp the
total production rates would actually be much higher, since lighter black holes could be produced
and they would be much more numerous than the black holes counted by the GM paper [cf. DLO1
arXiv p. 3, figure 2]. On the other hand, under this new assumption it would be more appropriate
to index the production rates for black holes of a given mass by the same value for Mp. If the
rates are presented this way, they would show a very significant decrease. For example, when
considering the production rates for 3 TeV black holes, the graph published by Dimopoulos and
Landsberg indicates that the number of black holes (detected through the electron or photon
decay channels) would be about 13 times lower for Mp = 3 TeV compared to Mp = 1 TeV when
D =6, and about 31 times lower when D = 114° [DLO1 arXiv p. 3, figure 2]. Moreover, these figures
are based on semiclassical arguments which are strictly valid only for Mgy > Mp [DLO1 arXiv p. 1].
The true rates, when the effects of quantum gravity are included [cf. GT02 arXiv p. 7], could be
very different indeed!

Unrealistic Assumptions for the Inelasticity of Collisions - One of the key uncertainties for
black hole production through cosmic ray collisions or at the LHC is the value of the inelasticity,
y, for the collisions. If the value of y is close to one, more energy from a collision can be used
to create a black hole, and thus cosmic rays of lower energies would be sufficient for black hole
production. On the other hand, if the value of y is lower, then the less frequent cosmic rays
of higher energies would be required to produce black holes. For the purpose of developing
a conservative estimate of the cosmic ray production rate, a natural expectation is that the
lowest conceivable value of y would be adopted. As noted earlier, for the production of heavier
black holes (with masses greater than 7 TeV), it appears that an earlier draft of the GM paper
consistently adopted a value of 0.5 for y [GM.Itx lines 3662-3664 .#]—a value which is not a worst
case (the GM paper only describes y = 0.5 as a “lower than expected value” and does not claim
that it is a lower bound [GM p. 39]), but it is a value which can at least be considered reasonably
conservative. Regrettably, the final draft of the GM paper abandoned this approach and instead
adopted the assumption that y was equal to M,,;,/14 TeV [GM pp. 40, 73, 74, tables 2, 4, 5, 6].
Thus, in this case the GM paper is assuming that for the production of 14 TeV black holes
from cosmic rays, the value of y would be 1-a value which the GM paper itself describes as “an
unrealistic extreme” [GM p. 39]. Clearly this is not a conservative assumption. The GM paper
justifies this assumption with the argument that the same value of y would be needed for black
holes of that mass to be produced at the LHC [GM p. 39], but it fails to inform readers that all the
estimated black hole production rates based on this assumption [GM pp. 40, 73, 74, tables 2, 4, 5, 6]

the Giddings and Thomas paper [GT02 arXiv p. 8 ]

#The case of D = 11 is not directly relevant to the white dwarf astrophysical argument, which only applies to
the cases of D = 5, 6, or 7. It has been mentioned here simply because it is the only other case included in the
graph and it gives readers an idea of the dependence of this result on the value of D.
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are extremely optimistic.>® (In fact, it appears that it may have taken steps to downplay this fact,
as an earlier draft of table 8, for example, shows explicitly the value of y adopted for each value of
M min [GM.Itx lines 3965, 3967, 3969, 3971, 3973, 3979, 3981, 3983, 3985, 3987 .~|, but in the final version
this has been replaced in all but the final column with the statement that y = M,,;,/14 TeV [GM
p. 76, table 8].) For white dwarfs, the vestiges of the conservative approach left in the final draft
are table 7 [GM p. 75, table 7], figure 6 [GM p. 75, figure 6], figure 9 [GM p. 78, figure 9], and the
last column of table 8 [GM p. 76, table 8], which are included for reference in Appendix E.2 [GM
pp. 72-78] but are not incorporated in the cosmic ray production rates highlighted in the main text
[GM p. 40, table 2], and are only mentioned in a final remark at the end of section 6.2 [GM p. 40].5!
The effects of returning to a conservative assumption are quite dramatic. For the case of a 100%
proton flux, the estimated black hole production rates are reduced by factors ranging from 8.2
in 5 dimensions up to 11.0 in 7 dimension. For a 100% iron flux, the reduction factors are even
greater: 209 in 5 dimensions, 263 in 6 dimensions, and 281 in 7 dimensions [GM pp. 40, 75, tables 2,
7]. Moreover, for the case of a 100% iron flux, no black holes whatsoever would be expected
from cosmic rays with energies less than an order of magnitude below the most energetic cosmic
ray ever observed [GM p. 75, figure 6].

Dependability of Special Relativity - As explained in section 4.2.6, any cosmic ray argument
for the safety of LHC collisions involves applying the theory of special relativity to a collision
with a highly relativistic centre-of-mass. While it seems unlikely that there would be significant
deviations from special relativity for cosmic rays with energies of about 1017 eV, the same cannot
be said for cosmic rays with energies close to 10%° eV. The highest observed energies for cosmic
rays is approximately 3x10%° eV [LSAG p. 5, figure 1], so this is a region close to the limits of recorded
physics. It is also well above the region for which special relativity has been experimentally tested
[cf. LSAG p. 4, endnote 4]. In this situation, it is not unreasonable to wonder whether special
relativity still holds for such energies, or whether that level marks the start of “new physics”
[HHO2 arXiv p. 6]. Unfortunately, most of the anticipated production of black holes by iron cosmic
rays involve energies of around 10%° eV [GM pp. 73, 75, figures 5, 6], so if there is a significant
deviation from special relativity in this region, the safety argument for an iron-dominated cosmic
may no longer apply.

FURTHER TEXT PENDING

50Unlike the case of the LHC, the possibility of y = 1 is not strictly necessary for cosmic ray production of 14 TeV
black holes, since there are cosmic rays which collide with centre-of-mass energies greater than 14 TeV. The
only purpose behind adopting the value of y =1 for cosmic ray collisions is to increase the predicted black hole
production rates.

51 As mentioned earlier, one may note that the GM paper’s black hole production rates for hypothetical ultrahigh-
energy neutrino cosmic rays are based solely on the conservative assumption of y = 0.5 [GM pp. 47, 79, 80,
table 10, figure 10 ]
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§ Trapping in White Dwarfs after Cosmic Ray Production

TEXT UNDER REVISION

§ Candidate White Dwarfs for Production and Trapping of Black Holes

The GM paper identifies 8 specific massive or ultramassive white dwarfs which it claims currently
have a high enough mass and a low enough magnetic field to trap neutral TeV black holes produced
by cosmic rays striking their surface. These “candidate white dwarfs"°? are summarized in the
following table:

Table 1: Candidate White Dwarfs

[GM p. 44-45]
No | ID Mass (est.) | Magnetic Field (est.) Age (est.)
1 WD0346-011 1.25 Mg < 120,000 G ~100 Myr
2 WD1022-301 1.2 Mg < 120,000 G 2100 Myr
3 WD1724-359 1.2 Mg < 120,000 G ~150 Myr
4 | WD2159-754 1.17 My < 30,000 G | ~2,500 Myr
5 WD0652-563 1.16 Mg < 270,000 G ~100 Myr
6 WD1236-495 1.1 Mg < 30,000 G | 21,000 Myr
7 WD2246+223 0.97 Mg 1,500 + 13,800 G | ~1,500 Myr
8 WD2359-434 0.98 Mg 3,000 G | ~1,500 Myr

These specific candidates are reviewed more carefully in section 10.1.4 on the astrophysical im-
plications of white dwarfs exposed to high energy cosmic rays.

52The term “candidate white dwarfs" is used in this paper to mean those white dwarfs which may be suitable for
the astrophysical safety argument put forth in the GM paper. It does not mean “white dwarf candidate” in the
traditional astronomical sense of a stellar object which is suspected, but not confirmed, to be a white dwarf.
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7.1.5 Production in Cosmic Ray Collisions with the Interstellar Medium and Subse-
quent Trapping in White Dwarfs

To circumvent the restrictions caused by the magnetic fields of white dwarfs, the GM paper
presents another construction in its attempt to make an astrophysical argument for the safety
of TeV-scale black holes. In this scenario, ultrahigh-energy cosmic rays strike particles in the
interstellar medium (ISM) and produce neutral black holes which can then be trapped by white
dwarfs, regardless of their magnetic fields. The details of the production and trapping of these
black holes are reviewed below.

(The case black holes produced in the ISM and being trapped in neutron stars is discussed in
section 7.1.9)

§ Production in Cosmic Ray Collisions with the Interstellar Medium

TEXT UNDER REVISION

§ Trapping in White Dwarfs after Production in Cosmic Ray Collisions with the Inter-
stellar Medium

TEXT UNDER REVISION

§ Additional Candidate White Dwarf for Black Hole Trapping after Production in
Cosmic Ray Collisions with the Interstellar Medium

The possibility of production of black holes in the interstellar medium adds less than 0.014% [GM
p. 87] to the expected black hole production rates for the 8 candidate white dwarfs identified in
section 7.1.4, but for those few ISM-produced black holes, uncertainties in the present or past
magnetic fields of those white dwarfs would not be a factor.

The main purpose of this construction, however, is the inclusion of white dwarfs with strong
magnetic fields as possible candidates for demonstrating the safety of black hole production. The
paper cites a single massive white dwarf, Sirius-B, as an additional candidate [GM p. 87]. Its details
are summarized in the following table:

Table 2: Additional Candidate White Dwarfs from ISM Production

No | Name Mass (est.) | Magnetic Field (est.) | Age (est.)
1 Sirius-B 1 Mg not applicable | ~120 Myr
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7.1.6 Production in Cosmic Ray Collisions with Dark Matter and Trapping in White
Dwarfs

A final possibility mentioned at the end of the introduction [GM p. 6] and described in the last
paragraph of the Appendix [GM p. 87] is that cosmic rays could strike massive weakly-interacting
dark matter and thus produce neutral TeV-scale black holes. The GM paper predicts that the
expected densities could be sufficient to generate large numbers of black holes which could be
absorbed by white dwarfs. The paper further notes that the lower velocities expected for black
holes produced on such heavy targets could facilitate their capture by lighter white dwarfs, and
extend the stopping potential of white dwarfs to black holes significantly heavier than those within
the range of the LHC.

The paper does note, however, that “...lack of direct experimental evidence for it makes it
insufficient today for our purposes...” [GM p. 87], which is the authors’ way of admitting that
they do not even know whether massive weakly-interacting dark matter actually exists.

It may be noted that microscopic black holes have themselves been suggested as a possible
component of the dark matter in the Universe. This possibility was proposed in a paper from
CERN's Theory Department for scenarios with extra dimensions and TeV-scale gravity [ADMR98
arXiv ). As these are the underlying assumptions of the GM paper, it further highlights the need
to determine what dark matter actually is before giving serious consideration to a safety argument
based on its properties.
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7.1.7 Cosmic Ray Production and Trapping in Neutron Stars

As the astrophysical argument for white dwarfs is limited to the cases of 5, 6 or 7 dimensions,
the GM paper turns to neutron stars to provide a bound on the risk of black holes should there
be 8 or more dimensions [GM p. 38].

§ Production in Cosmic Ray Collisions with Neutron Stars

The production of black holes by cosmic rays striking neutron stars is referred to in the abstract
of the GM paper, which states:

We argue that cases with such effect at shorter times than the solar lifetime are ruled
out, since in these scenarios black holes produced by cosmic rays impinging on much
denser white dwarfs and neutron stars would then catalyze their decay on timescales
incompatible with their known lifetimes. [GM abstract]

It is mentioned again in the conclusion of the GM paper which refers to the “significant production
rates on neutron stars when D > 8" [GM p. 52].

The main LSAG report similarly states:

In fact, ultra-high-energy cosmic rays hitting dense stars such as white dwarfs and
neutron stars would have produced black holes copiously during their lifetimes. [LSAG
p. 9, hyperlink added]

The details of this production and its implications are reviewed further in the introductory part
of section 8.1 of the GM paper [GM p. 45]. The paper notes that neutron stars are very common
in the Universe and provide robust examples of long-lived objects in other galaxies. Neutron
stars are extremely dense objects, and the authors suggest that the introduction of a microscopic
black hole into a neutron star would rapidly catalyze its decay into a macroscopic black hole.
The paper does note, however, that neutron stars have strong magnetic fields which limit the
maximum energy of proton and iron cosmic rays impinging perpendicular to the magnetic field
axis. This limit can be avoided for cosmic rays incident near the magnetic poles, but this reduces
the acceptable flux by a factor of 10~3 which, the authors note, considerably weaken the resulting
bounds [GM p. 45].

The production rates per million years are summarized in table 3, which has the following title:

Summary of black hole production rates, per million years, induced by proton cosmic
rays impinging on a R = 10 km neutron star. Mp = M,,;»/3 and y = Mp,;,/14 TeV.
[GM p. 46, 3]

The table shows the estimated number of black holes produced of masses 7, 10, 12, and 14 TeV
for the cases of 8, 9, 10, and 11 dimensions. These numbers range from a low of 54 to a high
of 633 black holes per million years. The weakening of the bounds is clear when compared to
the rates for white dwarfs shown in table 2, which range from 7,300 up to 67,000,000 per million
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years [GM p. 40, 2]. Nevertheless, even the lowest figure of 54 would imply approximately 5,400
black holes being produced over 100 million years, which should easily be enough to conclude
that a black hole must have been produced on any neutron star of that age.

The data in the table seem to be at odds, however, with the conclusion of Appendix G [GM
pp. 84-85], which, after analyzing the effects of magnetic fields on the black hole production rate,
clearly states:

These numbers are too small to allow sufficient rate for all cases, and specifically
those at the highest black hole masses. [GM p. 85]

The numbers in table 3 would seem to be sufficient, even in the case of the highest black hole
masses. The following convoluted clarification is given in the text:

In order to compute the actual production rate on the neutron star, we use the
uncorrected rates of Appendix E, times the number of years of FCE. A survey of
known classes of binary systems (see Appendix H.1) reliably yields FCE's in the 2 Myr
range, resulting from systems with a 1 Gyr lifespan. The neutron star production
rates are exhibited in table 9 and in fig. 8 of Appendix E.2. A summary of that table,
focusing on the most interesting cases of D > 8, is shown here in table 3. [GM p. 46]

Appendix E contains 7 tables and 9 figures [GM pp. 69-79], so it may not be immediately clear
which rates are “uncorrected”, but the following sentences refer to table 9 [GM p. 77, table 9].
Table 9 itself does not mention anything about its data being “uncorrected”, but the text on the
previous page includes the sentence:

The production rates on a neutron star (neglecting the magnetic screening) can be
obtained from the white dwarf’s ones by rescaling by the surface area. Assuming a 10
km radius, the proton rates in Table 4 are reduced by a factor of 3.4 x 1079, leading
to the numbers in Table 9. [GM p. 76]

Thus, with a bit of digging it becomes clear that “uncorrected” means neglecting the powerful
magnetic screening of neutron stars. At this point it also becomes clear that the figures in table 3
have no relationship with the actual number of black holes produced by cosmic rays impinging on
a R =10 km neutron star. In order to arrive at those numbers one must also divide the figures in
table 3 by the factor of 10~3 mentioned in the text [GM pp. 45, 85] to take into account a neutron
star’s very limited acceptance of ultrahigh-energy cosmic rays.

Given the comments in the abstract and conclusion of the GM paper about cosmic rays producing
black holes on neutron stars [GM abstract, p. 52 ], and the claim in the LSAG report that cosmic
rays hitting neutron stars “would have produced black holes copiously during their lifetimes” [LSAG
p. 9], one may be left with the suspicion that the authors and CERN were deliberately trying to
obscure the finding that an insufficient number of black holes would be produced by cosmic rays
striking neutron stars [GM p. 85]. While obscuring inconvenient truths may be part and parcel of a
spin doctor’s trade, it would mark a new low for a prestigious scientific institution like CERN to
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knowingly publish a table in a peer-reviewed journal with data that has been inflated by at least
three orders of magnitude [GMPhysD p. 23, table IIl ].%3

One may give CERN the benefit of the doubt and assume that it was just a case of a poorly
worded title, since the text clarifies that table 3 relates to the production of black holes in binary
systems. Even in this case, the table is still extremely misleading since it claims to be the rate
of black hole production “per million years”, which readers will naturally assume to actually
mean “per million years”.>* The explanation in the text about table 3 [GM p. 46] facilitates this
interpretation since if one were to read it without carefully cross-checking every detail with the
appendix, the impression would be that some uncorrected rates in Appendix E must be multiplied
by the number of years of “FCE" (full-coverage equivalent—explained further below), which are
confirmed to be in the 2 million year range, resulting in the production rates in table 9 and
figure 8, which are then summarized in table 3. Table 3 [GM p. 46, 3] mentions nothing about
being the rates being per million years of “FCE", and neither do table 9 [GM p. 77, table 9] or
figure 8 [GM p. 77, table 8]. To arrive at the rates per real million years one would have to multiply
by the fraction of the sky covered by the neutron star's companion.>® This fraction would vary
depending on the size of the companion and its distance from the neutron star. Appendix H.1
gives a range from 0.002 up to 0.06 [GM p. 86], which implies that the rates in table 3 are actually
the number of black holes expected during a time period ranging from 500 million years down
to about 17 million years. A careful reader may realize that this is implied in the paper’s brief
description of a system with 2 million years of FCE [GM p. 46], but this does not change the fact
that table 3 mentions nothing about FCE, leaving many readers with the impression that the
rates are per real million years.%®

Aside from the issue of misleading data given in table 3, there are a number of other factors
which could lead to a further reduction in the neutron star black hole production rates. Since the
GM paper acknowledges that their black hole production rates for cosmic rays directly striking
neutron stars “are too small to allow sufficient rate for all cases, and specifically those at the

53The phrase “at least three orders of magnitude” has been used since the suppression factor of order 1073
given in the GM paper applies only to neutron stars with the weakest magnetic fields ever observed [GM p.
85 ]. Neutron stars with stronger magnetic fields would have even lower rates of direct black hole production.
Moreover, other reduction factors are described further below.

54For comparison, the immediately previous table is entitled:

Black hole production rates, per million years, induced by cosmic rays impinging on a R = 5400 km
white dwarf. N, refers to the case of 100% proton composition, Nre refers to 100% Fe. Mp =
Mumin/3 and y = Mp,in/14 TeV. [GM p. 40, table 2 ]

In that case the rates “per million years" really means “per million years”.

%5The GM paper states that the actual production rate is calculated by multiplying “uncorrected rates” by the
number of years of FCE. This calculation gives the total integrated black hole exposure over the lifetime of the
object—not the time-based production rate. The production rate could be calculated by dividing by the object’s
estimated age.

56For those who may still be inclined to write this off as a simple misunderstanding, one can further ask why
the only tabular data for neutron stars presented in the main text are “uncorrected rates”, whose sole purpose
should be to serve as a starting point for calculating the true black hole production rates.
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highest black hole masses” [GM p. 85],%" these factors are only briefly listed below. In the next
section on neutron stars in binary systems, for which the GM paper claims that there are sufficient
production rates for an astrophysical argument, these factors and their quantitative consequences
are examined more closely.

> ADD SUMMARY of factors

§ Trapping in Neutron Stars after Cosmic Ray Production

The trapping of black holes in neutron stars is a much more straightforward issue. The GM paper
states that:

On the other hand, for a neutron star with densities surpassing 10'%gr/cm3, one has
do(NS) < 0.01cm. Thus neutron stars can promptly slow down such black holes,
and then quickly bring them to below the escape velocity, which for a neutron star is
close to v ~ 1. [GM p. 33]

The exact distance may vary depending on the number of dimensions, but it would seem reason-
able to conclude that a neutron star could trap practically any black hole that reaches it.

§ Candidate Neutron Stars for Production and Trapping of Black Holes

In line with the admission in Appendix G [GM pp. 84-85] that neutron stars are effectively shielded
by their magnetic fields, the paper provides no example of a neutron star which the authors claim
should have been destroyed by cosmic rays directly striking its surface and producing black holes.

A possible example of a neutron star in a binary system which theoretically could have been
affected by black holes produced on its companion is examined in the next section.

5"The phrasing of this statement leaves open the possibility that the production rates may be sufficient for some
cases, including especially those of the lowest black hole masses. The GM paper does not, however, specify
which cases it believes have an acceptable production rate, and it does not claim to have an argument involving
cosmic rays directly striking neutron stars for any specific black hole mass or number of dimensions. If such
a claim is made in the future, the quantitative implications of the various reduction factors could also be
considered.
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7.1.8 Production in Cosmic Ray Collisions with Binary Companions and Subsequent
Trapping in Neutron Stars

This section reviews an alternative construction of the neutron star argument in which black holes
are first produced by cosmic rays striking the companion of a neutron star, and, after passing
through the companion, are trapped by the neutron star. Since the black hole is assumed to be
neutral, it would not be deflected by the neutron star's magnetic field during its transit from the
binary companion to the neutron star.

§ Production in Cosmic Ray Collisions with Binary Companions of Neutron Stars

In TeV-gravity scenarios, one may generally expect that black holes could be produced by cosmic
rays striking the companions of neutron stars. Some of the exceptions, however, include the
following:

e Black hole companions of neutron stars would not be a useful target.

e Neutron star companions of other neutron stars would also not be useful because their
magnetic fields would deflect or reduce the energy of cosmic rays.

e White dwarfs with magnetic fields greater than a few hundred thousand Gauss would not
be useful targets because their magnetic fields would have a similar effect on the energy of
cosmic rays.

Five classes of neutron star binary systems with potentially acceptable companions and configu-
rations are suggested by the GM paper. They are the following:

e Massive X-ray binaries, with a donor star at least 5 times more massive than the Sun
e Neutron stars accreting from a solar mass red giant companion

e Traditional low-mass X-ray binaries, with a donor star less massive than the Sun

e Neutron stars with brown dwarf companions

e Ultracompact binaries, with a helium white dwarf donor star
These specific classes are considered in more detail further below.

The approach taken in the GM paper is to define the “full-coverage equivalent” (FCE) of a
neutron star's companion as the sum over time of the percentage of the neutron star's sky
covered by the companion [GM p. 46, eq. 8.1] . Using this construction, the paper estimates that
some binary systems could, over the course of a billion years, result in the neutron star receiving
the equivalent of 2 million years worth of the direct cosmic ray exposure it would experience
if it had no magnetic field [GM p. 46]. Other systems could potentially lead to 5 or 6 million
years of full-coverage equivalent. One of the scenarios involving accretion from a red giant could
theoretically result in 30 million years of full-coverage equivalent [GM p. 86]. These possibilities
are also considered further further below.
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The principal challenge for this construction is ensuring a sufficient rate of expected black hole
production. Considering just the reduction in surface area when shrinking down from a white
dwarf with a radius of 5400 km to a neutron star of radius 10 km, the expected flux would be
multiplied by a factor of 0.0000034 [GM p. 76], which imposes very tight limits on the expected
number of black holes.

In addition to this primary issue, there are also a number of other factors which can reduce the
expected black hole production rate. These factors were briefly listed in the previous section, but
they are examined in more detail here.

Unrealistic Assumptions for the Inelasticity of Collisions - For the case of 14 TeV black
holes, the rates given in table 3 of the GM paper [GM p. 46, table 3] are based on the assumption
that y = 1, even though the paper describes this value as “an unrealistic extreme” [GM p. 39]. If a
more conservative value of y = 0.5 is used, the rates of table 3 would be significantly reduced.>®
Based on the trends from 14 TeV black holes in 5-7 dimensions [GM pp. 73, 75, tables 4, 7],
this reduction would be at least a factor of 10, but the GM paper does not include the data
required to calculate this more precisely. For the case of white dwarfs this issue is downplayed,
but nonetheless, the relevant data is given in tables 7 and 8 and figure 6 [GM pp. 75, 76, tables 7, 8,
figure 6], and the analysis of black hole production in the main text concludes with a calculation
assuming y = 0.5 [GM p. 40]. For neutrinos striking neutron stars, all the calculations are based
on the assumption of y = 0.5 [GM pp. 47, 79, table 10]. For hadronic cosmic rays striking neutron
stars or their companions, there is no tabular data and no mention in the text of production rates
with the assumption that y = 0.5. One may note that for the example of a 2 Myr FCE system
given in the main text [GM p. 46], if D =8 and y = 0.5, a 10% proton flux would produce only 1
black hole in a billion years.%°

Assumption of a 100% Proton Flux - The rates given in table 3 are based on the assumption
of a 100% proton flux—an assumption which the GM paper itself admits is inconsistent with the
available data [GM pp. 73-74]. The title of the table states that the data is black hole production
“induced by proton cosmic rays”, but that does not clearly express the assumption of a 100%
proton composition, since the assumption of a 10% proton composition would still result in the
vast majority of black holes being “induced by proton cosmic rays”. In several other parts of
the paper the assumed composition of the flux, whether 100% proton or 100% iron, is explicitly
stated in the description of tables or figures [GM pp. 40, 73, 74, 75, 76, 77, tables 2, 6, 7, 8, figures 5,
6, 8]. The only cases in which it is ambiguous in a table or figure's description is for table 4 [GM
p. 73, table 4], table 9 [GM p. 77, table 9] (which is based on table 4), and table 3 [GM p. 46, table 3]

58 As described earlier, it would still be possible for heavier black holes to be produced at the LHC if the value of
y had a probability distribution with, say, a median value of y = 0.6, but a tail end that extended close to 1
(although falling parton distribution functions would further reduce the probability of such events).

59This calculation is based on the assumption that for D = 8, approximately 10.8 black holes would be produced
by a 10% proton flux over the course of a billion years if y =1, and this rate would be reduced by a factor 