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Probing new physics with high-multiplicity events: Ultrahigh-energy
neutrinos at air-shower detector arrays
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Semiclassical processes such as production and decay of electroweak sphaleron in the Standard Model
and also microscopic black hole in low scale gravity scenario typically involve large number of particles in
final states. These large multiplicities can be distinctively seen in collisions of ultra-high-energy (UHE)
neutrinos with £, > 10° GeV and nucleons in the atmosphere of the Earth. Focusing on air-shower detector
array experiments including Telescope Array Experiment (TA), Pierre-Auger Observatory (Auger), we
propose strategic ways to discover and analyze such events.
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I. INTRODUCTION

Recent observation of ultra-high-energy cosmic rays
(UHECRS) extended the domain of the high-energy fron-
tier covering beyond the reach of collider experiments.
Many O(10) EeV cosmic ray events and a few O(1) PeV
neutrino events have been already observed by ground air-
shower detector arrays [1,2] and other large detectors [3].
There are widely accepted and also more speculative
potential origins of such UHECRs: young magnetized
neutron star [4], active galactic nuclei (AGN) [5],
gamma-ray burst (GRB) [6,7], BL Lac type objects [8],
dark matter, and topological defects [9], but none of them
have been confirmed yet. Furthermore, the fluxes, compo-
sition, and the production mechanisms of UHECRSs sensi-
tively depend on the origin. Thus, they still need to be
clarified [10-15]. From the observation of UHECRSs up to
Ecg ~10?! eV, we also naturally expect the guaranteed
existence of ultra-high-energy (UHE) neutrinos, produced
by the Greisen-Zatsepin-Kuzmin (GZK) mechanism
between UHECR nuclei and the cosmic-microwave-back-
ground (CMB) photon during extragalactic propagation.

Even though uncertainties are still persist, our attention
focuses on scattering process of UHECR and UHE neu-
trino with known targets, such as the nucleons in the
atmosphere. We anticipate that such a “fixed-target” experi-
ment can provide a testing ground for particle physics
beyond TeV scale [16]. Indeed, the collision energy can be
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as high as \/myEcg, = O(1 —100) TeV, given that the
energy of the colliding cosmic ray or neutrino particle is
around O(1) PeV — O(10) EeV with the nucleon mass
my ~ 1 GeV.

As a concrete example of relevant physics showing
only above 1 TeV, we focus on the electroweak sphaleron
process in this paper. The sphaleron is predicted to take
place at around 10 TeV in the standard model [17-22], but
never has been experimentally tested and confirmed yet
[23,24]. We also study the microscopic black holes
predicted in low scale gravity scenarios for the hierarchy
problem [25,26]." The process of sphaleron and that of
microscopic black hole share common properties, such as
large multiplicities and grown interaction cross sections at
higher energies. We show that these common properties
lead to observational consequences at the air-shower
detector array experiments such as Telescope Array
Experiment (TA) and Pierre-Auger Observatory (Auger)
[31-40]. Also, black-hole-induced UHEv-nucleon scatter-
ing in the IceCube detector has been studied [41].

The paper is organized as follows: In Sec. I, we discuss
the cross sections of electroweak sphaleron and micro-
scopic black hole events. In Sec. III, we discuss the
event rates of new physics processes taking the GZK
neutrino flux. In Sec. IV, we show noticeable phenomeno-
logical features for each case and discuss potential
detection of new physics effects. The recently reported
“muon deficits” in hadronic interaction models [42—44] are
also discussed. Finally, we conclude in Sec. V. The
Appendix includes all details of the calculations used in
the paper.

ISee [27] for a recent review on microscopic black holes
and [28-30] for quantum black holes.
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I1I. PRODUCTION CROSS SECTIONS FOR
SPHALERON AND BLACK HOLE

In this section, we discuss phenomenological details
of the air showers induced by electroweak sphaleron
and microscopic black hole. The air showers typically
accompany with large multiplicity in signals. The showers
are boosted so that the final-state particles are highly
collinear and confined within a small separation angle
80 ~ O(1/poost)>» Where Ypo0s = 1/V1 — 02 is the relativ-
istic gamma factor of the produced particles with velocity v.

A. Parton level cross sections

The electroweak sphaleron is predicted within the
standard model as a saddle point solution to the classical
field equation of the electroweak gauge theory [17,18]. It is
a highly unstable configuration thus is not directly observ-
able. However, its decay products, the Standard Model
gauge bosons [45], and fermions leave observable effects
[46] and reveal their presence in processes in the early
universe. It also induces directly measurable signals in high
energy collisions of UHE neutrino as we will closely study
in this paper.

Sphaleron is involved in baryon number generation
by inducing Chern-Simon (CS) number changing
(Ancg = #£n) and baryon number (B) and lepton number
(L) violating (A(B+ L) #0, A(B—L)=0) processes.
The generated baryon and lepton numbers are quantized as
AB = AL = £3n, where n € Z is an integer number. As
the sphaleron process is effective in unbroken phase of
electroweak symmetry, the baryon number, if generated
before electroweak symmetry breaking, will be “wiped
out” by sphaleron processes [19,20]. On the other hand, the
generated lepton number is “converted” into baryon num-
bers via the sphaleron. Therefore, it is important in baryo-
genesis from the lepton number generation [20,22].

Beside the role in baryogenesis, even though the spha-
leron is robustly predicted within the Standard Model,
it has never been experimentally tested in the collider
experiments, due to the high sphaleron threshold at
Egp, =~ 10 TeV. The UHE neutrinos are particularly inter-
esting since they reach this high threshold. According to
recent works by Ellis and his collaborator [47,48], the
production cross section of Sphaleron in scattering of i and
j initial partons can be relatively largez:

A P
aij—>EWSph(ECM) = 2 Q(ECM - Egph)v
My
1

= TG(ECM - Esph)’ (1)

2See, however, [49,50]. Conventionally, it has been believed
that the production cross section of a sphaleron in particle
collision is exponentially suppressed even when the collision
energy is beyond the threshold [22], &;j_sphateron & €~/ Fon.

where my, = 80.38 GeV, 0(x) is the Heaviside step func-
tion, and an unknown parameter p <1 encapsulates the
unknown theoretical details. The cross section is not
suppressed beyond the threshold because the sphaleron
process is a collection of all possible processes over
periodic vacua, and the multiple contributions from all
vacua overcome the exponential suppression factor [50,51].
We take this cross section as a benchmark expression for
the new physics “sphaleron.”

A microscopic black hole forms through the collision of
particles with a relatively low energy, /s = 1 TeV, in low-
energy gravity scenarios [25,26]. Once produced, a micro-
scopic black hole may explosively decay into multiple
number of photons and also other Standard Model particles
through Hawking radiation with high Hawking temper-
ature, Thawking > M, [52,53]. Thus, the collision of UHE
neutrino with a nucleon in the atmosphere is a potential
source of a high-multiplicity event.

The parton level production cross section of (i 4+ j —
black hole + X) is approximately given as

6'ij—>BH<ECM) ~ ”(GDECM)%v (2)

where Gp = 1/MB~2 is the gravitational constant in
D(= 4 + n)-dimensions with n-extra compact dimensions
[25,26,54,55]. The Schwarzschild radius is rapidly growing
as rgen ~ (GpE)'/P~3 so that the resultant cross section
grows too. Assuming Mp ~TeV in low energy gravity
scenarios, the cross section can be sizable as & > 1/TeV?
when E = TeV.

B. v—N cross section

The v — N cross section can be obtained by taking the
parton distribution functions (PDF), f, (x, Qz) for a quark,
g, in nucleon, N. The total cross sections for electroweak
sphaleron and microscopic black hole are, respectively,
given after the PDF convolution for nucleon:

UE%Sph,BH (Erab)

1
- / dxf o (x, 20my ) 6snpn(8), (3)

min

where § = 2xmyE,,,. The parton level cross sections are
given in Eq. (1) and Eq. (2), respectively. The input
parameters are my (the mass of Nucleon), £y, (the collision
energy in lab frame), and § (the collision energy at the parton
level). The minimum energy for making a black hole
(sphaleron) is controlled by x.;, = Min[§/(2myE},,)]. It
is noted that if we set the unknown parameter of the
sphaleron cross section p ~ O(1), the values of cross
sections for the sphaleron and black hole are numerically
close to each other with Mp ~ O(1) TeV. Even though the
production cross section for black holes eventually over-
takes the sphaleron production, the luminosity of UHE
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FIG. 1. (Neutrino-induced cross sections with nucleon or

electron.) The CC and NC neutrino-nucleon deep-inelastic
scattering (DIS) (orange and brown), Glashow resonance (green),
electroweak sphaleron with Egy, = 8-10 TeV (purple band),
microscopic black holes with Mp =1 TeV (red band), and
Mp = 2 TeV (blue band) for the number of compact dimensions,
from n = 2 (bottom) to n = 6 (top). We fixed the ratio between
the minimum energy for black hole production and the gravity
scale as X, = M pin/Mp = 5 for all cases. The black dots with
error bars are the v — N cross section obtained from the six-year
IceCube high-energy starting events (HESE) shower data set.

neutrino becomes smaller at higher energies; therefore, the
total event rates stay similar for the two different cases.

In Fig. 1, we show the relative sizes of the standard
model NC and CC cross sections [56] and the expected
cross sections from sphaleron and black hole with various
parameter choices. We use NNPDF 3.1 [57] as the parton
distribution function in the evaluation for CC and NC,
sphaleron [48] and the black hole production processes. We
find that the sphaleron and black hole interactions will
become increasingly important at higher energies as we
expected: At low energies below 10°~7 GeV, the Standard
Model CC and NC neutrino-nucleon deep-inelastic scatter-
ing (DIS) dominates over other interactions as depicted by
orange and brown lines. In a narrow resonance region at the
W-boson threshold at E, = m3,/2m, ~ 6.3 PeV, the W
production process, v,e~ — W™, dominates as depicted by
the green, mountain shape line (Glashow resonance).
Above O(100) PeV, the new high multiplicity events,
induced by the electroweak sphaleron and black hole,
become important and eventually dominate over the stan-
dard model CC and NC interactions.” We depict the
sphaleron events and black events with the parameters:
Egpy = 8-10 TeV for the sphaleron (purple band) and

CC and NC interaction cross section has dominant contri-
butions at small parton fraction as x < 10™* and the cross section
increases as o~ E°, where the parton distribution fitted
xf,(x) ~x7°. In contrast, new physics (black hole or sphaleron)
cross sections come from only large x region as X 2 Xy, =
E%. [2myE, 2 1074

My = 1-2 TeV with fixed xp, = M,,in/Mp =5 for the
black hole. We take M, =1 TeV, M,;, =5 TeV (red
band), and M, =2 TeV, M,;, = 10 TeV (blue band) as
our benchmark parameter choices. The bands for black hole
are for various numbers of extra dimensions 2 <n <6
from bottom (n = 2) to top (n = 6). Finally, the observa-
tional results for the neutrino-nucleon cross section are
depicted by black dots with error bars, which are from the
six-year IceCube data. In particular, we take the high
energy starting events (HESE) [58,59], whose starting
points of cascade or track are located inside the IceCube
detector.

The proton-proton and proton-air cross sections are
large, and the QCD showers are dominant in low X,
region. However, we show that the QCD background can
be greatly reduced even below the new physics level by
imposing a cut in large ¥§* atmospheric depth of injection
position. The details are discussed later in Sec. IV C. After
the cut, we take the sphaleron-induced and black hole air
showers with neutrino-nucleon collision as our signals,
and CC and NC with neutrino-nucleon collision as our
backgrounds.

III. EVENT RATES AND LIMITS ON
HIGH-MULTIPLICITY PROCESSES

As the fluxes of diffuse gamma rays and the GZK
neutrino are correlated, the flux of GZK neutrinos can be
determined from the diffuse gamma ray data taken, e.g., by
Fermi-LAT [60]. In Fig. 2, we collect the UHE neutrino
fluxes obtained from various observational sources in the
range of the energy, Eg C (10%,10'°) GeV [10,11]. In
particular, we show the upper bounds on the fluxes
obtained from direct measurements from IceCube (2008-
2014) [11] and Pierre Auger (2004-2013) [13]. We also

1078

UHE neutrino flux

(single flavor, ve : v, tv; =1:1:1)

_k
2
L

Auger (2019)

ANITA(2018)
IceCube

E20,[GeVem ™' s7"]
3
&

T FermiLAT (2010)

_.
3
b

Cosmogenic p, SFR (Kampert 2012)

108 10° 10" 10" 10%2
E,[GeV]

FIG. 2. E2®,, GZK neutrino fluxes. Expected GZK neutrino
fluxes and current experimental bounds. Expected GZK neutrino
fluxes from the diffuse gamma-ray observation of Fermi-LAT
(green, dashed) [60] and SFR source evolution (red band) [61].
The current experimental bounds from IceCube (purple) [62],
ANITA (blue) [63], and Auger (brown) [64].
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90% confidence level lower limits of the cross section scale for electroweak sphaleron Agyy, (left panel) and the extra-

dimensional model parameters (n, M) for xpi, = M pin/Mp = 3 (middle panel), and x,,;, = 5 (right panel). For Auger limits, we use
the effective area for down-going high zenith (6, = 85°, DGH) and down-going low zenith (6, = 66°, DGL) UHE neutrino searches
[65,66]. We show the current excluded regions by CMS [69], ATLAS [70,71], and IceCube [11]. The expected lower limits in future
experiments (GRAND [67] and POEMMA [68]), with several choices of total exposures for UHEv search, also are shown.

show the flux obtained from indirect measurement of
Fermi-LAT gamma ray data [60] with different minimum
energies of extragalactic cosmic rays involved in the
photopion production.

With given expectations on UHE neutrino fluxes in
Fig. 2, we obtain lower limits of parameters for electroweak
sphaleron (Agpy,) and extra dimensions (n, M, and M ;) in
Fig. 3. Current observatories such as Auger [65,66] and
IceCube [11] and also future proposed facilities (e.g.,
GRAND [67] and POEMMA [68]) are considered in order
to provide limits. For the evaluation of both signal
(sphaleron, black hole) and background (electroweak CC
and NC) event rates, we follows the expressions in
Appendix. A. We use the UHE neutrino flux estimated
from Ref. [60] (green dashed line in Fig. 2) as our
benchmark choice. For the discrimination between signal
and background air showers, we explain the details in
Sec. IV B.

On the other hand, CMS [69] and ATLAS [70,71]
experiments provide lower limits on the same parameters
(Asph> 1, Mp and M,;,) from the analysis of LHC Run 2
data. However, as shown in Fig. 3, current constraints from
LHC are only sensitive for v/ < 10 TeV. Typical searches
of black hole production only can give exclusion limits for
1 < xpin < 3, where the semiclassical description of evapo-
ration is not fully guaranteed [72]. In contrast, due to the
large (as /s ~ 130 TeV for E, ~ 10'° eV) center-of-mass
of expected UHEv-nucleon collision in ground array
observatories, astrophysical searches can be more relevant
for larger x;n, UP tO X <5, as shown in the right panel
of Fig. 3.

IV. FEATURES OF NEW PHYSICS EVENTS

In this section, we describe some evident features of new
physics events based on the symmetry principles and the
quantum nature of Hawking radiation, which eventually

provide useful guidelines to single out the new physics
events from the background events.

A. Signals from sphaleron: (B — L) symmetry

For the sphaleron, due to the symmetries of baryon num-
ber and lepton number, A(B— L) = 0and A(B+ L) = 3n
with an integer number n, the particle contents of the
sphaleron process in the final state are almost uniquely
determined. For instance, v, —N collision generates
(10 fermions) + (ng bosons) particles satisfying AB =
AL = -3. The number of bosons (ngz bosons) is the
sum of the number of gauge bosons (ny + n;) and the
number of Higgs bosons (ng).

More precisely, if an up-type quark is in the initial
nucleon N, the final state is

Nu)+v, > L+Q+nyW+n,Z+nyH, (4)

where L(Q) stands for the primary leptons (quarks),
respectively. For example, L = y* + 7, and Q =7+ 2b +
2¢+ 5+ +d is one of the possible minimal choices
satisfying L =1 to L =-2 and B=1/3 to B = -8/3,
respectively. In general, there are two antileptons (L = —2)
and eight antiquarks (B = —8/3) in a final state with
possible addition of electroweak bosons. The secondary
leptons from the decay of primary (heavy) quarks and
gauge bosons are distinguishable as they are less energetic
compared to the primary leptons.

Taking all the properties discussed above, we summarize

the rules for the signal configuration:

(i) Total SU(2), isospin is conserved,

(i1)) SU(3) color is conserved, and the total color is
singlet if initial and final states are considered all
together,

(iii) AB; = AL; = AN¢g for each families, (i, j =1,
2,3),

(iv) Total U(1)gy and B — L charge are conserved.
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Typically, the final state of the sphaleron-induced proc-
ess consists of O(10) hadronic jets and a few additional
leptons in high energy domain, and each particle carries an
energy of about E~ M /nyin.y, Where M is the new
physics scale, and 7y, 1S the number of primary
decay products. The high multiplicity of hadronic compo-
nents leads to lower individual pion’s energy E, =~
Ecr/(N,+ + N,); thus, the amount of energy loss is
relatively smaller before reaching the critical energy,
E.i = (1 =10) GeV [73]. In Fig. 4, we show the number
of charged particles (charged particle multiplicity,

Ncharged = N Si)) from the different origins. The new physics
induced air showers have larger Ncpyreeq- We used hadronic
interaction models, QGSJET II-04 [74] and EPOS LHC [75]
for calculation.

Below the critical energy, the charged pion’s decay
length, yct,+, becomes short in comparison to the inter-
action depth A, ~ 120 gcm™ of the atmosphere. In this
stage, the charged pions decay mainly via 7" — u*y,
before they interact with nuclei in air molecules. To some
extent, the high multiplicity processes of new physics are
similar to the processes due to heavy nuclei in the sense of
the superposition model [76]. The extensive air shower
from a heavy nuclei of the atomic mass Acg with primary
energy Ecr can be considered as a parallel copy of Acg
proton air showers, and each of the proton carries the
primary energy of about Ecg/Acg. It is important to note
that the number of muons included in the air shower at the
observation level /i, scales as N,  (Acg)'™ [73], where

f=1In ;\]]"i =0.85 and (Acg)'™ ~ 1.8 for the iron nuclei;
2Vt
i.e., ACR = 56.

As a summary, the main features of air showers from the
different origins are collectively shown in Fig. 5; the
schematic picture of each air-shower event from different
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200
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FIG. 4. [Charged particle multiplicity Nepagea (<N'2)]. The
average number of charged particles after the primary hard
interactions of neutrino-proton collision with CC and NC (green
dashed line), EW sphaleron (red solid line) and microscopic black
holes productions (blue solid line).

primary interactions (sphaleron, black hole, and CC
and NC).

B. New Physics air-shower features at ground arrays

In addition to the high multiplicity of energetic hadronic
components (n; 2 10) with associated leptons, we also
notice distinguishable features of the new physics events by
performing realistic simulation of the air-shower events.
The simulation is carried out aiming to see the new
physics effects in the energy range 10" eV — 10%° eV or
collision energy of /s = 10-300 TeV). As a benchmark,
we set Egyp, = 9.0 TeV for electroweak sphaleron-induced
events. In particular, we consider minimal signals without
additional W-boson attached. From the events from the
microscopic black holes, we set Mp = 1-2 TeV and
M pin = SMp, which is complimentary to the LHC
searches [70,71]. Several MC tools are used for generating
the extensive air-shower events: Blackmax [77] for the
parton level black hole production and PYTHIAS [78] for
primary parton shower and hadronization. Finally CORSIKA
[79] is used for extensive air-shower cascade, where
GHEISHA at low energies and QGSJET II-04 [74] (or EPOS
LHC [75]) at high energies are attached for hadronic
interactions in air-shower cascade simulations. A particu-
larly useful quantity is the atmospheric slant interaction
depth, X (%), which is defined as the integrated density of
atmosphere along the path of the air shower,

X0 = [ 7 dbipun(1), (5)

h

where p, (1) is the density of the atmosphere at height 5.
We mainly focus on the observables listed below.
(1) X, (Fig. 7): The first interaction point of air showers,
defined as

X = / ™ A (1), (6)
h

inj

where hyp,; is the height of the starting point (or
injection point) of the air shower induced by the
collision of the UHE neutrino and the nucleon in the
atmosphere. The typical air-shower events induced
by the standard QCD interactions have a relatively
steep distribution, but the new physics interactions
with a smaller cross section, oxp < 6ocp, induce
much broader distribution in X, (See Fig. 7), as the
probability distribution of the interaction point is
given as

P(Xy)  exp (—0inN Az Xo). (7)

where o;, is the cross section of primary interaction,
and A,,,, = 14 is the atomic mass of the atmosphere.
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Schematic view of typical extensive air showers for two cases of primary hard interactions between neutrino and nucleon. Left:

EW sphaleron or black hole productions with a primary neutrino and a target nucleon. Right: CC and NC interactions with a primary

neutrino and a target nucleon. Note that QCD backgrounds are removed by X, cut. Initial charged pion multiplicity N

NO

#(CC and NC) AT€ shown in Fig. 4.

(i) AX(=Xpax — Xo) (Fig. 6): AX is the difference
between the interaction depth position of the maxi-
mum charged particle multiplicity, X,,.x, and the
first interaction depth. In this work, we focus on AX
because it is highly sensitive to the types of the
relevant interactions. AX is observable at 24 fluo-
rescence detector (FD) telescopes in the Auger
observatories, for 6, < 60°, by measuring fluo-
rescence light emitted from excited atmospheric
(nitrogen) molecules in the range of 300-430 nm
[80]. In addition, Auger can be sensitive to X, .«
measurement for highly inclined air showers
(B enitn = 60° — 84°) by utilizing the radio array
facility [81]. Measuring X,,,, and AX for inclined
showers (@,.nim = 50°) will be crucial to distinguish
sphaleron and black hole signal showers from
CC and NC background showers. Nevertheless,
detecting the precise value of AX is also important
in future searches. GRAND and POEMMA experi-
ments are expected to be sensitive for X, and AX
with the resolution at the level of ~20—40 g/cm?
[67,68], which is beneficial for giving future limits
on sphaleron/black hole showers.

(0)

(sphpr) and

In Fig. 6, we depict the Monte Carlo simulation result of
AX for EW sphaleron (left, red dots with error bars)
and black hole (right, blue dots with error bars) in
Ecg = 108-10"" GeV. All error bars indicate the statistical
error of the mean value, which is root-mean-square divided
by square-root of the number of entries in each energy bin.
Figure 6 indicates AX values for new physics showers, and
AX for ordinary CC and NC showers are shown in
comparison.4 We can easily notice that the sphaleron
and black hole induced air showers have smaller
AX(=Xpax — Xo) values compared to CC and NC air
showers. Our results are consistent with earlier simulation
for sphaleron-induced [82] and black-hole-induced [83] air
showers. The new physics induced air showers by the
sphaleron and black hole have broader distributions in their
injection positions /. (See Appendix. B for more details).

Imposing X§" (Fig. 7) and AX“"" (Fig. 6), our selection
criterion for signal is given by

*X max (=X, + AX) distribution for new physics shower will be
much broader since X, are almost uniformly distributed.
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FIG. 6. [The Monte Carlo simulation of expectations of AX for EW sphaleron (red dot), black hole (blue), and CC and NC (brown

dashed line) in Ecg = 108-10'! GeV.] Note that circles (in the left panel) are the result with QGSIET 11-04 [74] and triangles (in the right
panel) are with EPOS-LHC [75] in its extensive shower event generation. AX values for CC and NC showers are also shown for

comparison.

i) Xo > X5 =1200 g/cm?, (8)

ii) AX < AX® ~ 50Log;o(Ecgr/GeV) + 260 g/cm?. (9)

One can expect new physics showers from signal yields
under these cuts. Huge charged CR backgrounds can be
removed by X{" (See Sec. IV C), and new physics showers
can be distinguished from remaining CC and NC shower
backgrounds by considering AX". If we consider the view
in Fig. 5, we estimate the maximum position as follows [84]:

10°
— p-p shower (o~ = 0.5 bn)

— Fe—p shower (o- = 2.5 bn)
107
— v—p, CC/NC shower (o = 10 nb)

- v—p, Sphaleron/Black hole shower (o = 270 nb)

-
o
o

1000

Event Rate (Event/yr)

10,

0.10 \

500 1000 1500 2000 2500 3000

X§* [g/em®]

FIG. 7. Event rate on ground detector array after X, cut.
Expected number of events per year on Auger after injection
point cut X§" for primary particle energy 108 GeV <
Ecgr < 10'" GeV. New physics event is neutrino-nucleon colli-
sion induced by electroweak sphaleron (Eq. (1) with p = 1.0).
Total event numbers are obtained for the maximum slant depth
X = 5000 g/cm?, which corresponds to 6., = 80°. We use
(B2) for X, distribution with oy, as each cross sections indicated
in the figure.

E
Xmax zXO +X”MPFP In (N (10)

where N,(,Oi) is the number of charged pions produced in the

first hard interactions indicated in Fig. 4 for each interaction,
and Xyhp = 120 g/cm? is the mean-free-depth of pions in
the atmosphere. E_; is the minimum energy of charged
pions satisfying y,cz,+ < (layersize), in order to make the
pions reinteract with nucleons in air molecules before they
decay into muons and neutrinos. As a result, the difference
XECadNC _ X NP is given by

(0)
CC and NC Sph.BH _, y7p 7+ (Sph,BH)
X maxan - X max ~ X MFP In <(0)— .

7% (CC and NC)

(11)

Clearly, we notice that the value In( (5‘“‘ ) corresponds

to the number of layers in Fig. 5. p et

C. Cutting the charged CR background events

In general, the charged CR background events from the
collision of UHECR proton and heavy nuclei and nucleon
in the atmosphere are dominant sources of shower events
observed at a ground based experiment. However, impos-
ing an aggressive cut at a large X, greatly reduces the
background as observed in Ref. [33]. Taking the short
mean-free-depth Agcp ~ 80 g/cm? for the QCD event, we
found that the cut X§" > 1200 g/cm? removes almost all
QCD backgrounds. The neutrino events, by new physics
(black hole, sphaleron) or CC and NC, on the other hand,
have longer mean-free depth, and the event distribution is
uniform, thus remaining relatively large as clearly seen
in Fig. 7.
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D. The muon number in the UHECR events

Finally, in this subsection, we address the anomalous
result reported by the Pierre Auger collaboration with their
nine-year data [42,43] and see the potential account from
the new physics effects. The nine-year (2004-2013) Pierre
Auger Observatory data set contains many UHE cosmic ray
air-shower events, including 29,722 highly inclined events,
with the event selection criteria:

(i) 62° < Oenin < 80° with 6525, = 67°,

(i) E, > 0.3 GeV,

(iii) Ecg >5x 108 eV,

Among these 29,722 events, there are 174 events indicate
the deficit of muons in the Monte Carlo simulations. These
highly inclined shower events have more muons than the
expected number of muons predicted by the hadronic
models. Importantly, the muon number is detectable via
SD and FD hybrid detection [42,43]. Specifically, R, =
N,/N, 19 parameter is used to define the normalized muon
number in each extensive air shower event; the total number
of muons in each event divided by the reference value of the
muon number. We take the reference value N, 19 = 2.68 X
107 at 0,5, = 67° from Ref. [42], which is obtained from
the MC simulation at Ecg = 10'° eV. We take these events
seriously since the similar muon issues are also found in TA
7-years (2008-2015) dataset [44]. The deficit in interaction
models mainly appear in highly inclined and highest
energies air showers [85]. To account for the muon issue
in air-shower events, several approaches have been pro-
posed even though no thorough explanation has been given,
including the revision of hadronic interaction models at
high energy collisions in the /s = 110-170 TeV range
[86] as well as new physics contributions [87,88].

We check if the new physics interactions due to the
sphaleron or black hole improves the situation. The results
are shown in Fig. 8. The new physics interactions indeed

— QCD (proton-air) — EW Sph (neutrino—proton), hiy; = 5.0km (Xo=1400 g/cm2)

— QCD (iron-air) — EW Sph (neutrino—proton), hiy averaged

— Auger(2013) data set

Vs =120 TeV

Vs =240 TeV

-0.1
9.6 9.8 10.0 10.2 10.4 10.6
Log;o(Ecr/GeV)

FIG. 8. The total number of muons in highly inclined air
showers of nine years of Auger data [42] and the expected muon
numbers for sphaleron-induced air showers for a fixed initial
injection height /;,; = 5.0 km of extensive air showers (red solid
line). The depth-averaged muon number is also shown (blue
solid line).

provide some enhancement compared with the QCD events
(proton, iron with different modelings) at high energies,
E > 10°° GeV. However, when the muon number is
averaged over the energy ranges, R,'®(Ecr), the new
physics interactions do not provide any significant
enhancement except for the very deep injection from /A, <
5.0 km (or equivalently, X, > 1400 g/cm?), which is not
very likely for the new physics. In conclusion, the new
physics interactions by the sphaleron and black hole do not
seem to explain the muon deficit in the air showers
generated by the hadronic interaction models.

As we mention in Appendix IV C, the muon number
measurement for highly inclined air showers still can be
informative for new physics search after imposing the
X, cut.

V. CONCLUSION

Targeting potential new physics located at O(10) TeV,
we studied generic search strategies at the air-shower
detector array experiments such as Telescope Array
Experiment and Pierre-Auger Observatory, where the
collisions of UHE neutrinos and nucleons in the atmos-
phere are observed. Comparing the signal events with
conventional charged CR and CC and NC background
events, we found that our target events have larger
multiplicities and thus, have characteristic features in
showering processes: i) larger X, than charged CR back-
ground, ii) larger Ncpyrgeq than CC and NC neutrino shower
at higher energies, iii) smaller AX than CC and NC
background, and also distinguishable numbers of electro-
magnetic, muonic, and hadronic components. The features
are highlighted in the schematic figure in Fig. 5. Finally, we
also studied potential implication of new physics inter-
actions to the “muon deficit in models™ seen in Auger and
TA data.

We expect the future air-shower array experiments such
as TA x 4 [89], FAST [90], GRAND [91] POEMMA [92],
and AugerPrime [93] will reveal the nature of physics at
TeV and beyond.
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APPENDIX A: EVENT RATE IN THE
AIR-SHOWER DETECTOR ARRAY

1. CC and NC neutrino-induced deep inclined
air-shower event

The CC and NC neutrino-induced, nearly horizontal
deep air-shower event rates on the Pierre Auger, for each
shower origin, are [56]
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®

(i)

(iif)

(iv)

NC shower for all 3 flavors v, ,, and 7, .

vig = vig")

dNy© o dg,, (E,)
—pAerA Z / dEshli

I=eu,t Ein dE”

c

» /ymax dy dUZIY[ (El/’ y)

Ymin

dt
dy
where Ey4, = yE, = E, — E, is the total hadronic
shower energy.
CC shower for v, and 7,. (v,q = eq’),

A(Eg). (A1)

dNGC [ g, (E)
dr = PairlVa ‘ $hTaE
1 doSC(E,,
X/ dyMG(Emax _EI/)A(Esh)’
0 dy
(A2)

where yE,=E, —E,, and E, is the hadronic
shower and EM shower energy, respectively. The
total shower energy is Ey, = E,.
CC shower for v, and 7, with hadronically decaying
7 (v.q > ¢, and 7 = v.4"q"),

def-hﬂd:p v /oo 5. 4. (E)
dt ArA f TR,
X/1dyda,ic(Eb,y)/ldZdn(r—»had)
0 dy 0 dz
xO(E,(y+(1=y)(1=2)) = Enin)
X O(Epagx — E,(y+ (1 =y)(1-2)))

x Br(z — hadrons) x A(Eg,), (A3)
where yE, = E, — E, is the deposited energy, and
z=E,/E, is the fraction of invisible (neutrino)
energy from tau decays, and total shower energy
is the sum of hadronic energy of the broken
nucleon yE, and hadronic energy from tau decays
(1-y)(1-2)E,.

CC shower for v, and p, with electronically
decaying 7 (v,q = 7¢’, and 7 = v,7,e),

dNCC—em
Uz
dt

o0 dg, (E,)

— oo N dE., v v)
P Air A/Emi“ sh dED
dn(t > v,p,e)

I dofC(E,.y) !
X d L d
A Y dy /o ¢ dz

X ®(Eu(y+ (1 —y)z) _Emin)
X ®(Emax _Eu(y+ (1 —y)z))
xBr(z > v, 0,e) x A(Eg,), (A4)

V)

(vi)

where yE, = E, — E, is the deposited energy again,
and z = E,/E, is the fraction of EM shower energy
from tau decays, and total shower energy is the sum
of hadronic energy of broken nucleon yE, and tau
EM shower energy (1 —y)zE,.

CC shower for v, and . (v,q — puq'),
dNCChad w dg,, (E,)
dt PAirlV A Lmin sh™ ;- dED
Ymax dGEC(ELw )’)
< [y T S A, (AS)
Yimin dy

where Eg =yE, =FE,—E,
energy.

CC shower for v, and 7, with muonically decaying =
(v.q = 7q', and 7 — v, J,p),

is the total shower

dNSC-had
dt

dé, (E,)

= PairNa / ” dEg, dE,

X Br(z = v,0,u)

/ ymx  doSC(E,,y)
Ymin

dy
where Ey, =yE, =E, —E,
energy, again.

A(Eg).  (A6)

is the total shower

For the detailed evaluation, we need several quantities
defining the detector size, the strength of each interaction
and the flux of neutrinos from various sources, such as

®

(i)

015018-9

A(Ey,) is the energy-dependent effective array
acceptance, obtained from the effective area
[65,66] for UHE neutrino search with CC v, event
and rescaled by cross sections for other CC and NC
and high multiplicity processes. Basically, the Pierre
Auger detector array is sensitive above O(100) PeV,
in which GZK neutrinos are dominant.

doS“NC /dy is the differential CC and NC neutrino
(v))-nucleon (N) cross section in the SM [56],
respectively, and the total cross sections are

G2M E, 2
U,SC(EL/ N / / (Qz +M2 )

XZqu X, Q%) +xf7(x, Q%) (1 = y)],
q
(A7)
_GI%'MNEU 1 ! M% 2
E,)) == A dy/o dx <7Q2+M%>
3 [xf o (x.02) +xf g0 (x. 02) (1= y)2].
q

(A8)



YONGSOO JHO and SEONG CHAN PARK

PHYS. REV. D 104, 015018 (2021)

where x is the parton fraction in the nucleon, and y is
the fraction of deposited energy. f,(x,0?) and
f3(x, Q%) are also defined in [56].

(iii) The energy spectrums dn/dz in electronically [94]
and hadronically [95] decaying 7, and the branching
ratio in the = decay.

(iv) There are neutrinos due to the interaction between
high-energy cosmic rays and Earth atmosphere
nuclei [96] and the neutrinos of the astrophysical
origin, such as highly accelerated hadrons in super-
novae remnants, active galactic nuclei (AGN),
gamma-ray bursts (GRBs), and shocks in star for-
mation regions of galaxies [97].

(v) Above O(100) PeV, the UHE neutrinos are pro-
duced by the interaction between the UHE cosmic
rays (mainly protons and small fractions of other
heavy nuclei) above O(10°) GeV and the CMB
photons [98,99], by the following channels:
Pt+roe =7 +nat > pt +u, and p+ e —
7%+ p,z° = y + . This generation of pions is also
denoted as the photo-pion production. The cross
section for pion production has a resonance peak at
the A*™(1232) resonance [100]. These UHE neutri-
nos from the GZK mechanism are expected from the
observations of the UHE cosmic rays by the air-
shower detector arrays [1,2] and the observations of
diffuse photons by the gamma-ray telescopes [60],
although there is no direct observation of the GZK
neutrinos by the neutrino telescopes yet [10,11].

The UHE neutrinos can produce nearly horizontal and

deep air showers, which correspond to X ~ 13,000 g/cm?
[12]. For typical flux values and CC and NC interactions,
we expect ~(0.9 — 2.9) events per year with typical choices
of the acceptance values and the GZK neutrino flux models,
although no neutrino-induced event candidates have been
found yet [101], which provides the bound on the GZK
neutrino flux.

2. Sphaleron and black hole air-shower event

The event rate in the ground air-shower detector array is

given by
dN Em‘dX 1
= NApair/ dEsh/ dy
dt E, 0

> d¢v, (EIJ) dGD,X(Ew y)
dE, dy

A(Eg).  (A9)

where A(Ey,) is the air-shower energy-dependent accep-
tance of the entire detector array. For Auger, we adopt the
values obtained from the effective area [65,66] for CC v,
UHE neutrino with rescaling by the sphaleron and black
hole cross section.

APPENDIX B: MEAN-FREE-PATH
WEIGHTED MUON NUMBER

The mean-free-path averaged muon number, which is
given by

ave. Xobs,
R (Egq) = / dXoP(Xo.ou(E,)R, (Xo.E,). (B1)

where

.
B XMFP(Gint(Ev))
x exp(—Xo/Xmrp(ini(EL))).

P(X070int(Eu))
(B2)
and  Xypp(Gin) = Agm - N3' - 031(E,) is the mean-free
depth. A,,, is the atomic mass of the atmosphere.
Because the cross section for new physics oy, is small
enough for our parameter choices, P(Xy,oj,) is almost

constant, and the air showers can occur everywhere with
almost uniform distribution.
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