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TeV black hole fragmentation and detectability in extensive air showers
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In models with large extra dimensions, particle collisions with a center-of-mass energy larger than the
fundamental gravitational scale can generate nonperturbative gravitational objects. Since cosmic rays have
been observed with energies abové& T8V, gravitational effects in the TeV energy range can, in principle, be
observed by ultrahigh energy cosmic ray detectors. We consider the interaction of ultrahigh energy neutrinos in
the atmosphere and compare extensive air showers from TeV black hole formation and fragmentation with
standard model processes. Departures from the standard model predictions arise in the interaction cross sec-
tions and in the multiplicity of secondary particles. Large theoretical uncertainties in the black hole cross
section weaken attempts to constrain TeV gravity based solely on differences between predicted and observed
event rates. The large multiplicity of secondaries in black hole fragmentation enhances the detectability of TeV
gravity effects. We simulate TeV black hole air showers usimgHiA and AIRES, and find that black-hole—
induced air showers are quite distinct from standard model air showers. However, the limited amount of
information registered by realistic detectors together with large air shower fluctuations limit in practice the
ability to distinguish TeV gravity events from standard model events in a shower by shower case. We discuss
possible strategies to optimize the detectability of black hole events and propose a few unique signatures that
may allow future high statistics detectors to separate black hole from standard model events.

DOI: 10.1103/PhysRevD.68.043004 PACS nuni®er96.40.Tv, 04.50+h, 04.70-s, 95.85.Ry

[. INTRODUCTION [18-21].) If the fundamental scale is of the order of a few
TeV, the products of BH decay could be detected in particle
In models with large extra dimensions, the fundamentatolliders[22—25 and in extensive air showers of ultrahigh
scale of gravity may be around TeV energids-5]. The energied26-31.
presence of extra dimensions affects both sub- and super- Ultrahigh energy cosmic rays provide a natural beam of
Planckian physics. Sub-Planckian physics is affected by thparticles with primary energies up to and abové T8V that
presence of Kaluza-Klein modes that lead to deviations frontan in principle probe TeV scale physics. The dominant com-
standard mode(SM) predictions in perturbative processes ponent of ultrahigh energy cosmic rayd HECRS is be-
[6-9]. Searches for these effects in collider experimentdieved to be proton§32] generated in extra-galactic sources.
have placed bounds on the fundamental Planck s®dle, UHECR protons naturally generate ultrahigh energy neutri-
=1.3 TeV for two extra dimensions ardd,=0.25 TeV for  nos as they traverse intergalactic space through photo-pion
six extra dimension$10]. Additionally, submillimeter tests production off the cosmic microwave backgrouf@vB)
of the gravitational inverse-square law constraM,  [33,34. The threshold energy for pion production off the
=1.6 TeV forn=2 [11]. CMB induces a feature in the UHECR spectrum known as
Super-Planckian physics involves nonperturbative effectsthe Greisen-Zatsepin-KuzmifiGZK) feature [35,36. The
the most striking being the possible formation of black holesflux of neutrino secondaries from the pion production de-
(BHs) [12] and other gravitational object$3—17 in particle  pends on the assumed extra-galactic proton injection spec-
collisions with center-of-mas&.m) energy larger than the trum and generally peaks around ®ImeV [33,34,37,38
fundamental Planck scaléFor recent reviews, see Refs. These secondary neutrinos are often called GZK or cos-
mogenic neutrinos. Here we study the characteristics of ex-
tensive air showers initiated by ultrahigh energy neutrinos

*Email address: sein@oddjob.uchicago.edu and compare the production of BHs in TeV gravity theories
TEmail address: ave@cfcp.uchicago.edu with SM interactions.

*Email address: marco.cavaglia@port.ac.uk Ultrahigh energy neutrinos provide a useful means to test
SEmail address: olinto@oddjob.uchicago.edu TeV gravity. In some TeV gravity models, the neutrino-
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nucleon cross sectiomny,y , is greatly enhanced, leading to uncertainties, which make the identification of atmospheric
larger numbers of neutrino-induced air shower events. IBH formation based solely on event rates ineffective. Next
fact, the lack of observed neutrino air showers can be used we discuss the phenomenology of BH evaporation, which is
place a bound on the neutrino-nucleon cross section that hdde backbone of the air shower simulations. In Sec. Il we
been translated into constraints ki, comparable to collider ~describe the Monte Carlo that we have developed and used
limits [28,39. However, the physics of BH formation and O S|mul_ate neutrino-induced air showe_rs in _the atmosphere.
evolution in TeV gravity theories is highly uncertain and The main results of the paper are contained in Sec. IV, where
model dependent. As we discuss below, the cross section ¥f€¢ Show the outcome of our simulations and discuss the
the process can only be roughly estimated. While SOmé;i!fferences between ordlnary air shoyvers and B!—|—|nduced
choices of parameters lead to the enhancement of neutringi’ Showers. In Sec. V we briefly the discuss possible detec-
nucleon cross sections compared to the SM, others choicd@n techniques for BH formation based enproduction in
give cross sections for BH formation orders of magnitudeBH fragmentation. Finally, we conclude in Sec. VI.

below the SM case. Furthermore, the evaporation process of

BHs generates additional uncertainties on the fraction of the || BLACK HOLE PRODUCTION IN TeV GRAVITY

primary energy that is left to generate a shower. Even if a

limit on the neutrino cross section can be derived from the In models withn extra dimensions the fundamental cou-
lack of neutrino-induced air showe$or example, if the Pling constant of gravity is then(+4)-dimensional New-
cosmogenic neutrino flux is better constrainadanslating a  ton’s constant

bound ono,y into a limit on TeV gravity parameters is

highly model dependent. Therefore, the identification of Gpia=M, ("2 )
guantum gravity effects based solely on neutrino event rates

is not very effective. . : The observed four-dimensional Newton's consta@t,
Here we take a different approach by modeling the de'=M,§|2=6.707>< 1033 TeV-2 and the (+4)-dimensional

'g[aed chz?\racterlsncs of ex_tetlswe air shoyvers_lnltlated by B|:(I:1_ravitational constanG, . , are related by

poration on a shower-to-shower basis, with the expect

tion that the large multiplicity of secondaries will lead to .

detectable signatures. We first calculate the fragmentation of G4=Gn4aV, 7, 2

BH and the spectrum of secondaries. The secondary particles

are then developed witRYTHIA [40] and AIRES [41] into  where V,, is the volume of the extra dimensions. Vf,
observable extensive air showers. We find that BH-induced>M ", it follows that M,<Mp,. For the appropriate

air showers generally differ from ordinary air showers. Dif- choices ofh andV,,, M, can be of the order of TeV energies
ferences in shower maxima reaet200 g cm 2 between BH  sych that gravity and the electroweak scales coincide. These
and SM events which could be easily detected if the firsimodels provide an attractive solution to the hierarchy prob-
interaction point of the air showers were either observed ofem of high-energy physics.

fixed by the interaction. Unfortunately, the first interaction  |f gravity becomes strong at the electroweak scale, par-
point of high energy neutrinos in the atmosphere is neitheficle collisions with c.m. energy larger than a TeV can create
fixed by the interaction nor detectable. Unlike protons, theBHs [12], braneg 13,14, and other nonperturbative gravita-
interaction length of neutrinos in air is quite large, thus neutjonal object§15—17. BH formation dominates the gravita-
trinos interact with almost equal probability at any point in tional channel if the extra-dimensional space is symmetric
the atmosphere. Moreover, the first interaction point is notyhereas branes form in asymmetric cagks. In this paper
directly observed since fluorescence experiments can onlye only consider symmetric compactification and BH pro-
detect the air shower oncex110° of particles have been duction since brane decay is even less understood than BH
generated while ground arrays only observe the air shower ag/aporation.
it reaches the ground. Shower observables such as the muon

content and the rise-depth parameter give indirect signatures

that can distinguish BH and SM events in large statistics
experiments that combine fluorescence detectors and ground The static and uncharged BH im{4) dimensions is

A. Cross sections

array detectors. described by ther(+4)-dimensional Schwarzschild solution
In addition to differences in the overall characteristics of 5 o oin
air showers, BH formation produces some unique signatures ds’=—R(r)dt?+R(r) 'dr’+r2dQ; ,, ()

since the fragmentation secondaries span most particles in
the SM. In particular, heavy BHs may produce severalhere
7-leptons. Multiple7’s are unique to BH formation and may
be differentiated in future UHECR observatories. p\n+l
The paper is organized as follows. In the first part of Sec. R(ry=1— (-S) ) (4)
Il we review BH formation in TeV gravity and the physics of r
the BH-induced atmospheric events. The aim of this part is
to fix notations and make the paper self-consistent. In thdhe Schwarzschild radiug of the BH is related to the mass
second part of Sec. Il we first focus on the cross sectioMgy by
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At energy scales sufficiently abowd,, BH formation is a AR
semiclassical process. Thus the cross section can be approx 10 F,o
mated by an absorptive black disk with radius. For a » u
Schwarzschild BH the cross section is 1 —
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1 2 s\ U+ = = =
— I R . S =
F(S)s* (2+n) S, ' 104 —— T SO ]
L #
(6) e
. .. 5]
where /s is the c.m. energy of the collisiors, =M?2, and S
F(s) is a form factor. SinceMgy=M,, it follows thatr 155 “‘ g 5 é
~M ! and the cross sectiof) must be interpreted at the 0
) . Metmin/ M. E, (TeV)
parton level. The total cross section for a neutrino-proton
event is obtained by summing over partons: FIG. 1. The two upper panels and the lower left panel show
) o p—n(Mpumin/M,) for E,=10°,10, and 18 TeV. The disks,
o — v —O2) . triangles, stars, and circles are Mr,=1, 2, 5, and 10 TeV, respec-
T yp—H(Xm;N) %‘4 mequl(X' Q%) aij—sH(XsiN), tively. The red(black symbols are fon=3 (n=6). The shaded

(7) regions show the uncertainties. The lower right panel shows
0,p—pgn(E,) forn=6 andM,=1 TeV, with theMgy i, range in
where g;(x,—Q?) are the parton distribution functions red (inner shaded regiorand the uncertainties at the parton level
(PDFs9 [42], — Q2 is the four-momentum transfer squared, and PDF in greefouter shaded regignThe solid lines give the SM
is the fraction of nucleon’s momentum carried by the partoncross section, with dashed lines showing PDF uncertainties.
and \/Sxp=Mgy min is the minimal BH mass for which the
semiclassical cross section is valgenerallyM gy min~ few  that goes into the BH and the presence of angular momen-
M.,). tum. Numerical simulations for head-on collisions in four
Equation(7) should be interpreted with care as the totaldimensions suggest that the mass of the BH is smaller than
cross section value is affected by several sources of uncethe c.m. energy of the colliding particles, leading to a reduc-
tainty. The first uncertainty comes from the approximatetion of the total cross section. Rotating BHs have also
knowledge of the PDFs. For instance, the uncertainty in themaller cross sections than non-rotating BHs. A naive esti-
gluon distribution(the most uncertain distributipms ~15%  mate of the corrections due to angular momentum suggests a
for x<0.3 and increases rapidly for large[43]. Further- reduction of the cross section of about 40%. On the other
more, the PDFs are known only for momentum transfethand, the non-relativistic limit of two-BH scattering indi-
smaller than 10 TeV. In BH events we expect the momentuncates that the geometrical cross section can be enhanced by a
transfer to be of the order of either the mass or the inverséactor ~250—350 %, depending on the spacetime dimen-
Schwarzschild radiup44]. Therefore, the momentum trans- sion. The classical cross section for photon capture can also
fer can reach hundreds of TeV in UHECR-induced BHbe used to obtain a crude estimate of the cross section of BH
events. In the calculation of the total cross section we fix thédormation, suggesting an enhancement of the cross section
PDFs for momentum transfers above 10 TeV to be equal tby a factor ranging from 3009nE2) to 87% G=7).
the 10 TeV value. Although the dependence of the PDFs on To our knowledge, all the quantitative results of the past
the momentum transfer seems quite snfatl least for mo- literature are obtained from E§7) by settingF(s)=1 and
mentum transfers smaller than 10 Tiethe 10 TeV cutoff on  neglecting the PDF uncertaintieSee, e.g.[26—-29.) This
the momentum transfer induces an additional uncertainty iris partially motivated by the fact that an exact estimate of the
the integrated cross section, E@). A conservative estimate total uncertainty in the BH cross sections due to the com-
of the total uncertainty due to the PDFs~20%. bined PDF and parton-level uncertainties is unattainable at
A second major source of uncertainty in E@) derives  present. However, the arguments listed above suggest that
from the physics of BH formation at the parton level, which the cross section uncertainties range fre0% to~300%
is presently not well understood. The theoretical uncertainwhich can significantly affect most results. Throughout this
ties in the dynamics of the process at parton level are paranpaper, we take into account these uncertainties when deriving
etrized by the form factoF (s) and have been summarized in observables.
Refs.[18,27. The two main factors that may affect E@) The cross section as a functionldf, , Mgy min, E,, and
are the uncertainty in the fraction of the initial c.m. energythe uncertainties described above are shown in Fig. 1. The
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upper left, upper right, and lower left panels show, gy
as a function ofMgy iy for three different incoming neu-
trino energies E,=10°, 10, and 18 TeV), for different
values of M, (disks for M,=1 TeV, triangles forM,
=2 TeV, stars for M,=5 TeV, and circles forM,
=10 TeV), and for the case of seven dimensions-@, red
symbolg and ten dimensionsn(=6, black symbols The
symbols give the cross section calculated from &g .set-
ting F(s)=1 and neglecting the PDF uncertainties. The
lower right panel shows the cross section as a function of
energy forM,=1 TeV and ten dimensions. The réidner
shaded region shows the uncertainty in the cross section du
to the unknowrM gy nmin Which we vary fromM, to 10M,.
The green(outen shaded region shows the uncertainty asso-
ciated with the BH formation at the parton level and the PDF. i
The solid lines in the graphs show the cross section for SM 54
interactions. The uncertainty in the SM cross section due tc
the unknown PDFs at very small valuesxois bracketed by
dashed lines. L P ; |
For a given number of extra dimensions, the total cross g L. 1 o0 v 0 v b0 vy v v w1y
section increases with the energy of the primary neutrino anc 0 20 40 60 80 100 120
decreases when the fundamental scale is increased. At fixeu Mau(TeV)
energy andM,, the cross section decreases with increasing
Mgh,min- The overall effect makes the cross section at fixed,
energy vary by many orders of magnitude. For instance, th
ten-dimensional total cross section Bf=1C® TeV spans (long-dashed lineM,
p

Probability,

40 -

FIG. 2. Integrated probability of BH formation as a function of
initial BH mass forEV=1O7 TeV, n=6, M,=5 TeV, and
ﬁ/lBH,minzl (solid line), 3 (dotted ling, 5 (dashed ling and 10

five orders of magnitude, ranging from values of tens of pb
to millions of pb, where the lower values are obtained for ., . .. .
large fundamental scales. At fixed energy ang, the range with initial mass .qual toa fracthn_ (.)f the total c.m. energy
in cross section values span about an order of magnitud'g1ay fO”‘_"'- The _d'St”bUt'O” Of. the initial BH masses is given
unlessM g min becomes comparable to the c.m. energy of?Y the differential cross section

the event. In this case, the rate of events is dramatically

suppressed and the cross section tends to zero. The behavior  do,,_.gn 2 5

of the total cross section with the energy at fixit, is mzz 5/ G —Q9)oi_pu(xsn).  (8)
steeper for higher values &gy nin- In the rangeE = 10°
—10° TeV, which is of interest to UHECRs, the cross sec-

- - : p04-18
;"0” grows apprommatsly. "kde‘;vaBH E, ,there BH mass is usually a few timéd g i, - Therefore, models
ower exponents are obtained for loWMlgy min.- FOr €X-\yith |arger (smallej fundamental Planck scale tend to pro-
ample, in t%rlldlmensmns the behavior of the cross Section i, ce higheilowen mass BHs. The integrated probability of
0~ E," fOr Mgy min=M,=1TeV, UVPABOH;E# BH formation vs the initial BH mass is plotted in Fig. 2 for
for Mgy min=5M.=5 TeV, and o,,_su~E,”" for 3 neutrino energyE,=10" TeV, n=6, M,=5 TeV and
MegH,min=10M,=10 TeV. _ Magpmin=1,3,5,10M,. The initial BH mass is very sensitive
The large uncertainties in the values ®f, gy make it  to the value ofMgy min- FOr Mgy min=M,, 90% of the

quite difficult to discriminate between different values of thefoymed BHs have initial mass less20 TeV, whereas for

fundamental scaléM, with good precision. The range of \j,. . —10M, the 90% threshold is reached &g,
possibles,, g for a givenM, overlaps with the range for _gg' Tev.
larger M, because of the theoretical uncertainties. Even if Once formed, the BH decay phase is expected to proceed
o,p—sH Were to be constrained by experiment$, could  in three stages: classical, semiclassical, and quaf@@inin
not be determined unless the degeneracy were removed Biye first stage the BH sheds the hair associated with gauge
additional assumptions oMy min and by reducing other charges and angular momentum. In the second stage the BH
theoretical uncertainties i, .gy. The dependence of the evaporates semiclassically by emission of thermal Hawking
cross section on is the least dramatic, making it also hard to radiation with temperatur&,,. We assume that most of the
differentiate between different dimensions. In addition, a%nergy is radiated into the brane, as 0n|y gravitons can “see”
M, becomes larger tharn1 TeV, o,, gy becomes smaller the bulk[45,46.. The Hawking evaporation ends when the
than the cross section for SM interactions and the probabilitynass of the BH approachesM,. At this point the semi-
for BH formation decreases accordingly. classical description breaks down and the BH may either
decay completely by emitting a few quanta with energy of
order ofM, or leave a stable remnant with masi , [47].
Once the c.m. energy of a neutrino collision with a The details of this last stage depends on the unknown under-
nucleon in the air reaches the BH formation threshold, a BHying quantum theory. However, the semiclassical decay

Light BHs are favored over heavy BHs. The typical initial

B. BH evaporation products
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TABLE |. Decay time in the c.m. framer( in units of 10 ¢ s), initial temperatureT in TeV), initial entropy (S), average number of
produced quanta(lN)), and energy per quantuniE{(N) in TeV) of Schwarzschild BHs for various!, (TeV), Mgy (TeV), n=6 andn
=3 (in parentheses

M * M BH T TH S < N> E/< N)

1 5 0.521(0.736 0.553(0.282 8 (14) 5(9) 1.11(0.56
1 10 1.27(2.08 0.500(0.237 17 (34) 10 (21) 1.00(0.47
1 50 10.1(23.3 0.398(0.159 110(252 63 (158 0.80(0.32
1 100 24.5(65.8 0.360(0.133 243 (600 139 (379 0.72(0.29
2 5 0.107(0.130 1.22(0.670 4 (6) 2 (4) 2.44(1.34
2 10 0.261(0.368 1.11(0.569 8 (14) 5(9) 2.21(1.13
2 50 2.06(4.11) 0.878(0.377 50 (106) 28 (66) 1.76 (0.7
2 100 5.03(11.9 0.795(0.317 110(252 63 (158 1.59(0.69
5 5 0.013(0.013 3.48(2.1) 1(2) 1(D 6.95(4.22
5 10 0.032(0.03% 3.15(1.77 3(5 23 6.30(3.5H
5 50 0.254(0.416 2.50(1.19 17 (34) 10 (2D 5.01(2.37
5 100 0.6201.18 2.27(0.997 39 (80) 22 (50 4.53(2.00
10 10 0.007(0.007 6.95(4.22 1(2 11 13.9(8.49
10 50 0.052(0.079 5.53(2.82 8 (14 5(9) 11.1(5.64
10 100 0.1270.208 5.01(2.37) 17 (34) 10 (21) 10.0(4.74

should lead to most of the observable signatures. During thef specied. We neglect particle masses which are generally
semiclassical evaporation, the BH decays in a tifeen. = much smaller than the BH mass. Integrating Ei) over E

frame [46] gives
1 MBH (n+3)/(n+1) dN AT3
1
T~M*< M, © at —alsfig 2T (33

Assuming a Boltzmann statistics and instantaneous BH £(3)T (n+3)M 3+ (ny 1)
evaporation, the BH emits an average number of quagh =ciFSi i 16,3 ST D) , (13

N = Mgy 10 wheref;=1 (3/4) for bosongfermions. Since the observed

(N)= 2Ty’ (10 Hawking emission happens on the brane, we use the four-

dimensional greybody factors of Rgb1]. (Greybody fac-
where the Hawking temperatur@, is related to the torsinn+4 dimensions have been calculated in RESR—

Schwarzschild radius and to the entropy of the B, by ~ 54]. See also Refs55,56 for a discussion on BH recoil
[48] effect) The values of;, c;, Ts, andf; are listed in Table II.

The number ratio of two particle specieand] is [46]
~n+1l n+1 Mgy
H 4mry n+2 Sgy

(11)

N;
N~ - (14
In Table | we list the parameters of typical BHs in ten and six
dimensions for different choices &, and of the BH mass Using Eq.(10), N; can be expressed as
(Mgy=5,10,50, and 100 TeV The particle emission rate o
for a BH with temperaturd  is given by[49,50 -
Cil'gTi
Ni=(N) ———. (15
dNi _ CiFSiAC E2 12 2 CjFijJ
dEdt g2 eET_(— 1)’ (12 !

. _ ' The number of each particle species formed for the BHs
wherekE is the energyA. is the optical area of the BE5],  |isted in Table | forM,=1 TeV is given in Table III.
andl';, ¢;, og, andN; are the spin, the degrees of freedom,  For example, a BH of mas#lgy=50 TeV and M,
the greybody factors and the number of quanta of the particlee1 TeV according to Table | emits 63 quanta, each with

043004-5
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TABLE Il. The values ofs;, ¢;, Fsi, f; for the SM particles. 030 .
[
3]
Species s ci Iy f; ® . Z: gﬁ
G
quark 1/2 72 0.6685 3/4 5
charged lepton 1/2 12 0.6685 3/4 gzo | |
neutrino 1/2 6 0.6685 3/4 2
Higgs boson 0 1 1 1
photon 1 2 0.2404 1
gluon 1 24 0.2404 1
W 1 6 0.2404 1
VA 1 3 0.2404 1
graviton 2 2 0.0275 1
energy of 0.80 TeV. These quanta are translated into SM 0 L L !
10000 20000 30000

particles, some of which decay or hadronize. The final output

of the BH evaporation may contain up 62000 particles. Xo (g em™)

FIG. 3. The X, distribution for 100 neutrinos withE,
Ill. EXTENSIVE AIR SHOWER SIMULATIONS =10’ TeV interacting in a column depth of 36L0* g cm 2. The

_ ) ) _ SM CC interaction length 8 ,cc=1.1x 10" g cm 2 (solid error

Extensive air showers created by ultrahigh energy interparg The BH interaction length is\,gy=1.7X10° gcm 2 for
actions in the atmosphere can be detected with ground array$ =1 Tev andn=6 (dashed error bars
and fluorescence telescopes. Ground arrays record the signal
which is produced by the particles of the shower reaching the . . .
ground. Fluorescence telescopes observe the fluorescenigd® t0 the small values of the neutrino-air cross sections,
light produced by the interaction of the atmospheric nitrogert/lrahigh energy neutrinos can induce air showers at any
molecules with the electromagnetic component of the develdepth in the atmosphere such thatis arbitrary.
oping air shower. The fluorescence method pioneered by the Neutrinos can interact at any depth in the atmosphere with
Fly's Eye[57,58 detector is able to reconstruct the longitu- @most equal probability. The interaction length of a neutrino
dinal development of the*e~ component of the air shower. With energyE,=10° TeV is\ ,cc=1.1x10" g cm 2 for the
Fluorescence detectors are currently used by the HiBgls charged currentCC) interactions. This is larger than the col-
and Auger[60] experiments and are planned for the futureumn depth of the atmosphere in the horizontal direction,
EUSO[61] and OWL[62] observatories. This technique pro- which is 3.6x 10* g cm 2. BH forming interactions do not
vides a good estimate of the energy of the primary particldmprove this situation as the BH formation cross sections
that initiate the air shower, since most of the energy of the aitannot be not much greater than the SM val(se Fig. L
shower goes into the observable electromagnetic channgtor example, if M,=1 TeV and n=6, \,gy=1.7
Another advantage of the quorespence technique is thg abilk 10° g cm 2. Figure 3 shows that the, distribution is flat
ity to reconstruct the depth at which the cascade contains thgr 5 and BH interactions. Thus thé, distribution is also
maximum number o&"e" pairs, i.e., the depth of shower fi5t As we discuss below, differences between SM and BH
maximum, X, This parameter is sensitive to the type of jyiaractions are evident i, — X,. We can directly compare
primary particle, to its energy anpl to_the mte;racﬂo_n INitiating i yajues oiX,,, by fixing the value ofX, in the simulations.
the gascadﬁ. The :jepth of the. first flntr(]aractlor_w IpO(lat, d9d— We developed a Monte Carlo code to study the air show-
pends on the total cross section of the particle consi ere%rs induced by BH formation in neutrino-air collisions and

compare the BH-induced air showers to the SM neutrino-
induced air showers. The code generates observable second-
aries from SM neutrino interactions and BH evaporation us-

TABLE Ill. Fragmented number of particle species foe6
(n=3), M,=1 TeV.

Mgy (TeV) 5 10 50 100 ing thePYTHIA (version 6.2 packagd40]. These secondaries
are then injected into theRES simulator as primaries for the

quark 3(6) 7(14  42(109 92 (248 final air shower. In thenlRES code the threshold energy for
c. lepton 0(2) 1(2 7(17) 15 (4)) tracking particles in the air showers are 80 keV for gamma
neutrino 0(0) 1(1) 3(9 8(21) rays, 80 keV for electrons and positrons, 1 MeV for muons,
Higgs boson o) 0 (0 13 3(7) 500 keV for mesons and 150 MeV for nucleons. The geo-
photon 0(0) 0 (0) 1(1) 13 magnetic field is set to the Pierre Auger Observatory. The
gluon 0(1) 1(2) 717 15 (40) “thinning” level used in this work is 10° with a weight

W 0 (0) 0(1) 2 (4) 4 (10) limitation of 20. (Thinning is a method commonly used in
z 0 (0) 0 (0) 1(2) 2 (5) simulations of UHECRSs to avoid following the huge number
graviton 0(0) 0 (0) 0 (0) 0 (0) of secondary particles by following only a fraction of them

with varying weights. Se@41] for further details.
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A. SM neutrino-induced air showers IV. SIMULATION RESULTS

We simulate the air showers induced by CC and neutral A. Neutrino-initiated air showers

current(NC) interactions by the following procedure: We simulated SM-induced air showers for CC and NC

fracti fth | fth | ied by th Snteractions as well as air showers from BH production. The
raction of the tota mome_ntum of the nucleon carne Y theshowers were chosen to have a zenith angle of 70° and a
parton(x) for all the possible values of the fraction of total

X . primary neutrino energ¥,=10" TeV. The first interaction
energy that goes into the hadronic cascage ( ~ point was fixed to an altitude of 10 km corresponding to a
(il) A value ofy is sampled from the previous distribu- ggnt depth of 780 g cnt.
tion. The mean value of at the energies relevant for UHE- SM neutrino air showers are generally dominated by CC
CRsis 0.2. interactions because NC interactions have lower cross sec-
(iii) The energy of the leptofCC interaction or neutrino  tion, ¢N°=0.45¢. Moreover, a large fraction of the pri-
(NC interaction in the final state is given by (2y)E,. The  mary neutrino energy of the NC interaction, {¥)E,
CC lepton is injected intaIRES. 7 leptons cannot be simu- ~0.8€,, is carried out by the scattered neutrino and is not
lated byARES. Therefore, we calculate the decay length andobservable. Similarly, the C@, scattering produces a high
use thePYTHIA generator to obtain the secondaries, which arenergy invisiblew that does not contribute to the shower
then injected at the corresponding height at which#tde-  energy. The CG .. interaction produces a high energythat
cays. Note, however, that theparticles have a mean energy generally does not decay before reaching ground level. For
of 0.2E,, so mostr's reach the ground without decaying and E,=10" TeV, the decay length of the scattered is
are not converted into observable energy. The NC neutrino is-500 km. If the 7's were to decay before reaching the
not observable and is not injected AIRES. ground, the air shower would appear as a superposition of
(iv) The hadronic part of the CC and NC interactions areshowers initiated at different heighté/Ve will return to 7

simulated withpYTHIA. The secondary particles are then in- decay later in Sec. Y.Therefore, as far as CC interactions
jected inAIRES. are concerned, the most easily observed primary isvthe

The secondary electron initiates a purely electromagnetic air
shower that carries-80% of the primary neutrino energy.
These showers have similar features to electromagnetic air
A similar Monte Carlo code is used to simulate air- showers:
showers induced by BH formation. The BH simulation fol- (i) CC v, air showers arg. poor. The dominant process
lows this procedure: for w production in an electromagnetic cascade is photopro-
(i) The mass of BH is calculated using the probabilitiesduction. The ratio of the pair production and photoproduc-
given by Eq.(8). The gamma factor of the BH isy  tion cross sections determines the numbeps in the air
=E,/Mgy. Different cases oM gy min are considered. shower. This ratio is 2810 2 at 102 GeV and is expected
(i) The temperature of the BH, and the energy and totato be ~1072 at ~ 10’ TeV.
number of quanta emitted in the evaporation phase are cal- (ii) CC v, air showers develop slower than hadronic air
culated for different choices ai andM,. The fragmented showers. The number of secondaries in pair production or
number of particles species is computed in Table I1). bremsstrahlung interactions is smaller than in hadronic inter-
(i) The momentum of each quanta in the rest frame ofactions. Additionally, the Landau-Pomeranchuk-Migdal
the BH are calculated assuming an isotropic distribution. If(LPM) effect[63—64 also contributes in slowing down the
the quantum generated is a quark or a gluon, the secondarishower development once primary energies reach above
resulting from the parton cascade of this quantum are calclg, p\,~10" TeV [67,68.
lated usingPYTHIA. If the quantum is a gauge boson, it is  We performed a systematic simulation of SM neutrino-
decayed usingYTHIA. The momenta of all the particles are induced air showers and checked the characteristics dis-
then boosted to the laboratory system. cussed above. Here, we only show the more relevant CC-
(iv) The secondaries are injected in tAgES code to  induced air showers and compare them to the BH-induced air
simulate the extensive air shower. All the secondaries arshowers. The left panel in Fig. 4 shows the longitudinal de-
injected at the assumed first interaction point except forrthe velopment of CC- and BH-induced air showers. We chose
particles which are dealt with as in the SM air showers.the BH parameter§l gy min=2M,=2 TeV andn=6. A dif-
However, the energy of the particles generated by BH ference of~200 gcm 2 in X, is evident between the SM
evaporation is generally smaller than the energy ofilse and BH events. This large difference results from the com-
generated in the SM process. The decay length off8Hs  bination of the large multiplicity and hadronic nature of BH-
comparatively shorter than in the SM case. Neutrinos, graviinduced air showers and electromagnetic nature of the CC-
tons, and7’s that decay after reaching the ground are notinduced air showers.
observable, thus they and are not injectediRes. BH-induced air showers generally develop faster than
(v) 7%s generated by the hadronization of quarks, glu-typical SM hadronic air showers, depending on the initial
ons, and gauge bosons are immediately decayemlviopiA.  and minimum masses of the BH that give the number of
This is a good approximation since the average pion energgroduced quanta. For example, Mgy min=2M,=2 TeV
is smaller than the critical energy. Therefore’s are more and n=6, the average BH mass {Mpy)~7 TeV which
likely to decay than interact. produces about seven quanta. If all the quanta are quarks,

B. BH-induced air showers
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N

©y4 [ = vBH, n=6,M=1TeV, Mpm=2 MO [ — v-BH ,
N Ko |7 W CC Xoshifted ] FIG. 4. Number ofe*e” vs
~zr AX,=200gcm™ I~ | slant depth for neutrino air show-
Lt «—> 1,910 - ] ers with E,=10" TeV. The SM
010 10 [ . .
s f > sl ] CC air showers are shown in red
8 | a (dashed linesand the BH-induced
I 6 o 1 air showers with n=6 and
6 : ] Mgy min=2M,=2 TeV are
4 E 4 } { shown in black(solid lines. The
r i 1 left panel has fixed Xy(CC)
2 F 2 . =Xo(BH). The right panel has
g iy i Sl | L . shifted X, such that X,,(CC)
1000 1500 2000 2500 1000 1500 2000 2500 =Xmn(BH).
Slant Depth(g cm™) Slant Depth(g cm™)

gluons or gauge bosons, the number of secondaries producgdo (840) gcm? and 970 (1250) gcn? for SM-induced

is ~200. This number of secondaries is also close to theijr showers. The spread is 62 (72) gcm and
mean multiplicity for a SM proton-i collision with energy 75 (140) gcm?. The difference between the BH and CC
10" TeV in the laboratory frame. However, in SM hadronic ajr showers increases with the energy because the difference
interactions most of the momentum is carried by the leadinghetween hadronic and electromagnetic air showers also in-
baryon; the other 199 particles are softer. In the BH case, thgreases with energpelowE,=10" TeV BH and SM show-
momentum is equally shared by all the quanta such that thgrs are indistinguishable Since X, is not observable, we
shower produces 200 similar secondaries in the first interagiefine an observable “rise-depth” parameter for each indi-
tion which causes a faster shower development. vidual shower,Y=X,,— X, 1, WhereXg, is the slant depth

If the first interaction point could be observed, the differ- where the shower has 10% of particle content of the shower
ence between the BH and the SM valueXgf—X, would be  maximum.Y is a more realistic parameter as a discriminator
clearly distinguished on an event-by-event bdsie Fig. 4  petween BH- and CC-initiated air showers because it is ob-
left pane). However,X, cannot be directly observed due to servable. The right panels of Fig. 5 show taistributions
limited sensitivity of the detectors. The right panel in Fig. 4for SM- and BH-induced air showers at energi€s,
shows the events with the SM curves shifted by 200 Q%:m = ]_07 TeV (upper pane| and 1@ TeV (|ower pane)_ The
and renormalized. The difference between the two cases iseparation between the distributions is evident Bt
no longer apparent.

CC-induced air showers have large fluctuationsXip o p

—Xo (Fig. 4. This is mainly due to fluctuations in the frac- ..| [ . v—CC
tion of primary energy carried by the scattered electron. Thisg ’
fraction is usually large such that CC-induced air showersg
behave often like electromagnetic air showers. On the odcZ 02 r
occasion that a large fraction of the primary energy is carried&
by partons, the air shower is closer to a hadronic air shower 01 -
In addition, the LPM effect increases the fluctuationjp Mo . . .
— X of electromagnetic air showers, if the energy of the 0 660 '8’60' 10'00 200 %00 4'50 'é'(‘)'(;"' 500
scattered electronyE,) is larger thangE, ;. On the other X, —Xo (g cm™) T (g cm™)
hand, the number of particles at shower maximiyy, IS "
proportional to the primary particle energy, which is more -
stable in the electromagnetic cascade cdketuations in
Nmax are on the~5% leve).

In contrast, BH-induced air showers have small fluctua-:
tions inX,— X, and large fluctuations iN,,. The fluctua-
tions in X,— Xq are consistent with the fluctuations of SM 0.1
hadronic-induced air showers. The large fluctuatiomNj,, } )
(~20%) is due to the supersposition of two effec¢tsEach 0 C i 0 LI =
guantum usually carries a large fraction of the primary en- 200 1000 15_30 200 400 600 _2800
ergy and(ii) some of the produced quanta do not contribute Xn=Xo (g cm™) T(gem™)
to the shower energyneutrinos, gravitonsy’s, and non- FIG. 5. The left panels show thé,,— X, distribution for SM
decayingr’s). and BH air showers with=6 andMgy nin=2M,=2 TeV. The

The left panels of Fig. 5 show th&;,,— X, distribution for  right panels show the distribution of the rise-depth paramater,
neutrino SM and BH air showers. F&,=10" (10°) TeV,  for the same showers. The uppéwer) panels correspond t,
the average X,,—Xo for BH-induced air showers is =10 (10f) TeVv.
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FIG. 6. Scatter plot ol vs N, for CC air showergred void
symbolg and BH air showersblack filled symbolswith n=6 and
Mgh.min=2M,=2 TeV. The disks are foE,=10’, the circles for
E,=10° TeV, and the triangles foE,= 10",

FIG. 7. u number distribution at a dept,,+ AX vs N, for
50 simulated air showers witg,=10", 10 1¢° TeV. The red
void (black filled symbols correspond to SM-induce®BH-
induced air showers =6 and Mgy nin=2M,=2 TeV). Nyax

gives the observed energy of the event.
=10° TeV. This trend is better seen in Fig. 6 whéYevs

Nmax iS plotted for different primary energies. To clearly see . .
the difference in the distributions it would be necessary tosam?lle the parUch cton':ent athg ﬁlven %e'ith’ Iooke(:jg)[ver by
accumulate a large number of neutrino air showers. For th pur fiuorescence detectors which may de ermigeandY .

or shower core distances larger thad km andAX larger

cosmogenic neutrino flux, we would expect one® TeV ) . .
neutrino for every dozen 10TeV neutrinos[38]. However, than 100. gem: most of,the signal r_eco_rded n the_ground
.detectors is dominated hy's and thus is directly sensitive to

the cosmogenic neutrino flux is barely detectable by experi-

ments under construction; at most a few events betwe&n 1651%\(/1\);6;6?’?12 igﬁ|§ogrtlzm2S;ercﬁntr?eH}\382rcgéggrtgfgrilio
and 10 TeV are expected to be detected per y@8-71. est the BH hypothesis is the low neutrino flux. If the ultra-

Either there are larger unexpected fluxes of neutrinos of; ) .
larger detectors will be needed that can accumulate enou gh energy neutrino flux Is at the level of the expected cos-
ogenic flux, a larger version of the Auger hybrid detector

statistics to discriminate between BH and SM interaction .
through theY distribution. would be needed to test these theories.
We also simulated the longitudinal development o
for each individual shower. Sincg’s are detected on the
ground, we calculated the number for different positions
of the ground detector relative ¥,,. In Fig. 7 we show the
number of u’s vs N, for 50 air showers at a deptd,,  The previous results can be generalized to different choices
+AX, whereAX= 168, 336, and 672 g cnt N, iS €ssen-  of these parameters. The two quantities that characterize the
tially proportional to the observed energy. CC-induced airBH air showers are the cross section and the multiplicity of
showers arq. poor because of their electromagnetic nature particles. The cross section uncertainties considered in Sec.

whereas BH-induced air showers arerich like hadronic air 1l affect the first interaction point, but do not affect the
showers. shower development. The main factors that can change the
To summarize, two features should be used to find eviphysical characteristics of the air showers are the multiplicity
dence of BH formation in extensive air showers: the riseand the nature of secondaries originated from the BH evapo-
depth and thew content of the air showers. The main differ- ration.
ences arise from the electromagnetic nature of the CC- The multiplicity is controlled by the mean number of
induced air showers in contrast to the hadronic character afuanta,N,, produced in the BH evaporation. Most of these
the BH air showers. To take advantage of the differences iguanta are quarks and gluons that hadronize and initiate a
u content and th& distribution, an experiment should com- number of hadronic cascades with average enéajyora-
bine both ground and fluorescence observations for each itery frame E,=yMgy/N,. These subshowers reach a
dividual air shower. The Pierre Auger Observatory is the firsitmnaximum at the same depth. Thus the maximum of the
such hybrid detector consisting of a ground array whichshower, which is the sum of all subshowers, is given by the

B. Shower dependence on BH parameters

In the previous sections we compared SM- and BH-
induced air showers fon=6 andMpgy ynin=2M,=2 TeV.
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maximum of a hadronic air shower with ener§y,. The tor of 5, thus increasing the number of quanta by the same
shower maximum has a logarithmic dependence on the eriactor. This is translated into a shift ¥y, of ~50 gcm 2, in
ergy good agreement with E@17).

The variation ofX,, with M, and the number of dimen-
+B. (16) sions have no effect on the conclusions obtained in the pre-
vious section. The two parameters discussed to discriminate
between BH- and SM-induced air showers do not depend on
the position of the shower maximum. The observable signa-
éures are based on the difference between the electromag-

gous to the more commonly used elongation rate, which is_ . X X
. netic nature of the CC-induced air showers and the hadronic
the change inX, per decade of energy. Our resuilts agre€ ature of the BH-induced air showers. Therefore, deeply

well with the experimental results and previous simulations . . . . . .

that give an elongation rate 60 g cnt 2 [72]. penetrating horizontal hac_ironlc-looklng air showers will
The number of quanta depends on the BH mass and digenerally signal BH formation.

fers for each individual air shower. Moreover, the number of

guanta varies wittM, andn at fixed energy. The shift in the V. OTHER SIGNATURES OF BH FORMATION

shower maximum of two distinct showers initiated by,

andNy, quanta is

E,
Xm=XoTA |0910[W

The simulations giveA~60 gcni ? andB~311 gcm 2. A
is the change irX,,— X, per decade of energy and is analo-

In the previous sections we discussed the different char-
acteristics of neutrino initiated air showers in the atmosphere

Ng2
X~ Xm2=A |0910N_ : (17)
ql 0014“‘\“‘\H‘\H‘\Hw”w“w”w‘w‘7
— — v—BH, n=6, M\,=1 TeV, Mgyin=2 M,
For instance, if the number of quanta increases by a factor of_ - v—BH, n=6, M,=1 TeV, Mgym:=10 M,
3 (10), X,, decreases by 29 (60) gcrh —~12 7
The left panel of Fig. 8 compares the longitudinal devel- +© AX,=53 g cm™

opment of BH-induced air showers far=3 andn=6, with =10 PN ]

Mgu min=2M,=2 TeV. The primary energy is set B,
=10" TeV, andX, is the same for both air showers. The
number of quanta produced in the BH evaporation decreases 8
for largern. Approximately three times more quanta are pro-
duced forn=3 at fixedMgy. This translates into a shift in
X of ~25 geni 2.
The right panel of Fig. 8 shows,,, for M, =1 TeV and 5
TeV withn=6 andMgy min=2M,. At fixed Mgy the num-
ber of quanta forM,=1 TeV is six times larger than for
M,=5 TeV. However, adl g is usually slightly larger than
Mgy min, the M, =5 TeV case starts with a more massive 2
BH overall and hence produces a larger number of quanta
thanM, =1 TeV case(see Fig. 2 These two effects coun- e A
teract and compensate each other, leading to the same num- 600 800 1000 1200 1400 1600 1800 2000 2200 240Q
ber of quanta for both cases and no shiftin as shown in Slant Depth (g cm™)
Fig. 8. FIG. 9. Number ofe’e” vs slant depth for BH-induced air
Figure 9 shows the variation in the longitudinal develop-showers with Mgy min=2M, (black solid line and Mgy min
ment forMgy min=2M, and 1M, . Mgy changes by a fac- =5M, (red dashed lingsat fixedn=6 andM,=1 TeV.
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for SM interactions compared to the formation of TeV BHs.  The first challenge on this type of study is the unknown
Given the uncertainties in the BH formation, evaporationdetails of BH formation and fragmentation. The BH forma-
processes, and the inherent fluctuations of air showers, cle@bn cross section has large uncertainties and varies by orders
signals of BH formation are difficult to extract and require aof magnitude with model parameters that include the number
large number of neutrino events. The problem is analogousf extra dimensions, the energy scale of extra dimensions,
to separating proton-induced air showers from gamma-ragnd the minimum mass of BHs. In principle, contrasting the
air showers, but with an additional unknowdy. If future  observed neutrino flux with the expected neutrino flux can
experiments can observe bothand u's of a large number help constrain the neutrino nucleon cross section, but the
of neutrino air showers, a separation between SM and BHincertainties of the BH cross section limit the translation of
events could be reached. Given the low expected flux ofhese constraints into constraints on TeV gravity parameters.
ultrahigh energy neutrinos, hybrid observatories larger than We showed that BH forming interactions generate very
Auger would be necessary. different air showers from SM interactions, but the inability

As an alternative to a large study of neutrino induced airof realistic detectors to observe the first interaction point
showers, BH fragmentation may be observable via a fevhides most of the difference between these air showers. We
events that have no significant background. For instance, theroposed two parameters that show the different characteris-
production ofr leptons in BH evaporation have no signifi- tics of the two types of air showers: the rise depth and the
cant counterpart in the SM air showers. The fragmentation omuon content of the air showers. The BH air showers tend to
heavy BHs may allow multiple- production with7 energies  rise faster, given their large multiplicity, and have larger
two or more orders of magnitude lower than the primarymuon contents, given their hadronic nature. A BH air shower
neutrino energy. This kind of process is strongly suppressef$ similar to a hadronic air shower that can occur at a much
in SM interactions. higher depth in the atmosphere, i.e., a very deeply penetrat-

One effect of the lower energy of's produced in BH ing hadronic air shower. Deeply penetrating SM air showers
interactions versus the SM case is the shorter decay length afe dominated by CC processes that generate electromag-
the generated. As a concrete example, if a neutrino with netic air showers. SM neutrino air showers are similar to
energyE, =10’ TeV crosses the Andes Mountains towardsdeeply penetrating photon showers. The rise depth and the
the Auger Observatory this neutrino-induced BH can pro-muon content can help distinguish these characteristics of the
duce one or more leptons with energies around °LTeV. SM and BH types of air showers, but the process requires a
Theser’s would decay at a distance of about 5 km from thelarge number of events to overcome the inherent fluctuations
mountains where the Auger Observatory is located. A showethat generally occur from shower to shower. Given that
from one suchr decay from the direction of the Andes would present observatories are not large enough to study a large
be surprising and even more so if two decays from that dinumber of neutrino events, the kind of distinction we pro-
rection were to occur. If the same neutrino had a SM interpose will not be achieved in the near future.

action it could create a singlewith about 2< 10° TeV. This In addition to proposing the study of different air-shower
SM producedr will decay after traveling about 100 km, past characteristics, we suggested that unique events can arise
the Auger Observatory. from BH formation which are suppressed in SM interactions,

This example illustrates that for a given neutrino flux andsuch as the multiple generation. The rate for these events is
flavor content, the number of produced may help separate low if the ultrahigh energy neutrino flux is at the level of the
rare events that have a BH origin versus a SM origin. Earthexpected cosmogenic neutrinos. However, unusual air show-
skimming event$71,73 would also show different energies ers from the direction of a mountain chain can signal both
for the generated’s. A significant study of these signatures a larger flux of neutrinos and a departure form the SM
depends on detailed assumptions of the neutrino flux and thiateractions.
detector capabilities and will be more fully addressed else-

where.
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