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UHE cosmic rays

e Ultra-High Energy cosmic ray (UHECRS) spectrum

PDG 2017
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UHE cosmic rays

e Ultra-High Energy cosmic ray (UHECRS) spectrum
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New Physics from
UHE cosmic ray event

 Ultra-High Energy cosmic ray events
. up to ~ 400 TeV in the center-of-mass frame
(It is the only way to reach above 10 TeV scale now.)

e Studying high E new physics event at ground air-shower
detector arrays can be very important.
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New Physics from
UHE cosmic ray event

e Ultra-High Energy cosmic ray events
. up to ~ 400 TeV in the center-of-mass frame
(It is the only way to reach above 10 TeV scale now.)

e Studying high E new physics event at ground air-shower
detector arrays can be very important.

New Physics Search using UHE cosmic rays!

Pros) Can be much more Energetic. (up to CME 400 TeV)
Cons) The flux of UHE cosmic rays cannot be controlled.

Q) What kinds of New Physics Search are expected in
UHECR observations?



New Physics from
UHE cosmic ray event

e New Physics candidates above 10 TeV
- Most of new physics expected in TeV-scale

m
- Electroweak (B+L)-violating process ESph ~ O( W)
W

= and so on...



New Physics from
UHE cosmic ray event

* New Physics candidates above 10 TeV (with High multiplicity)

- Microscopic BH production in O(1-10) TeV-scale gravity

m
- Electroweak (B+L)-violating process Ffgpn ~ O( W)
W

- Enhanced Multi-Higgs production, ...

Q) What kinds of New Physics Search are expected in
UHECR observations on air-shower arrays?

A) Process with(

of particles
in the final state. "



New Physics from
UHE cosmic ray event

* New Physics candidates above 10 TeV (with High multlpI|C|ty)

f - Mlcroscoplc BH productlon in 0(1 10) TeV-scaIe grawty )

{ m i
= Electroweak (B+L)-violating process Egpn ~ (’)(—W) |
N e aw
- Enhanced MuIti-Higgs production, “we will focus
on them.

Q) What kinds of New Physics Search are expected in
UHECR observations on air—shower arrays?

A) Process with(high multipli ityof particles
in the final state.™"



High multiplicity new physics
Cross section

e Ultra-High E neutrino-nucleon collision cross section

E, ~ 010 —10%1) eV

Target
UHE 1/ nucleon

quark g with
parton
fraction U

v+q— X

Z/dw fa(z, q°) 6(5 =2xmnE,)



High multiplicity new physics
Cross section

e Ultra-High E neutrino-nucleon collision cross section

Z/dx fo(z,¢%) 6(5 = 2zmnE,)

Depend on
E, ~ O(10'7 — 102!) eV New physics origin

UHE 1/ Parton distribution
uncertainties at

roraet small z < 107°

nucleon high \/g > 0(10) TeV




High multiplicity new physics
Cross section

e Ultra-High E neutrino-nucleon collision cross section

Z/dxfa ¢%) (8 = 2emnE,)

Depend on
New physics origin
17 21
E, ~O(107" —107) eV ; i) EW Sphaleron

UHE 1/ Parton distribution ii) Microscopic BH
uncertainties at iif) Multi-Higgs prod
Torae small x < 107°

nucleon high \/g > 0(10) TeV




Sphaleron cross section
o(E,) = Z/daj fo(xz,q%) 6(5 =2zmpyE,)

e New Physics case: Electroweak sphaleron
2 /12

J/ g/ g a Yr17auv g 14
Oul = OplL = Nf(32w2 Wi W = 552 B B )
N(u)+ve = L+ Q + (W, Z, Higgs bosons)
EW Sphaleron-induced L = ,u+ "‘_5 T _
B — L Conserving, Q=t+2b+2¢c+5+u+d

B + L Violating process




Sphaleron cross section
— Z/da: fo(xz,q%) 6(5 =2zmpyE,)

e New Physms case: Electroweak sphaleron

Actually, it is already predicted
2 in the Electroweak theory.
(not experimentally observed yet.)

cr br,
\\\// N(u) +ve = L+ Q+ (W, Z, Higgs bosons)

d;, — {:Sphaleron:} — by | = ,[L—I_ -+ D’r

//\\ Q=T+2b+2+5+u+d

dr,




Sphaleron cross section

Z/d:cfamq) (s =2xmpnyE,)

e New Physics case: Electroweak sphaleron

| Klinkhamer and Manton, 1984 |
unknown parameter ' Rubakov and Shaposhnikov, 1987, 1996 |

typlcally, D ~ 0(10_1 — 10_2) lengwaId etal., 1990 ]
i expected ' Tye and Wong, 2015, 2017 ]

A A p A
OSph (5) — mg S(\/g) Exponentially suppressed
W N At low energies, but
can be unsuppressed

at \/g > ESph ~ 10 TeV




Microscopic BH cross section

Z/da:faazq) (s =2xmnE,)

e New Physics case: Microscopic BH in TeV-scale gravity

| Arkani-Hamed, Dimopoulos, and Dvali 1998 |
| Randall and Sundrum, 1999 |

6pH(8) ~ Thay = (GD\/E) o

 Higher-dimensional gravity scale can be low as ~ O(1) TeV

e Current p-p collider bounds are M ,,;, =~ 8 — 10 TeV
(from lepton+jet and multi-jet searches)
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Event rate at ground arrays

dN Bmax AE . /1 dy quI/(EI/) dO_I/N—)X (El/7 y)
0

— X
Y SMor NP

dt o
One guaranteed source
: GZK neutrinos

p+YcMB = T +n
+ +
(S TR o

+ + - 1 1 10 10 10 10E [lco;evl]o 107 10 1-0 101910t 10
po =€ T Ve T Vp, Fermi-LAT

0 observed diffuse
+ — Tt
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Expected NP event rates
on air-shower detector arrays

>0 Expected event rate spectrum
Events/yr . ]
| at Pierre Auger| Observatory

50 MD = 1TeV, Blackholes
I; \
1
C
o 1.0 Microsco pic BH .
T ' Mp =1TeV s
E : Il—2—6,/ \\\\
E | 'l \\\\
8 05 Esph =9 TeV W
a | EW Sphlaeron ™
Lﬁ [ IceCube 6yrs ,,'

(2008-2014) K
0.2} // o Auger North
/ (10yr: ] )
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’ Pl [T | | l Primary
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Sphaleron bounds : Auger 9yrs search p < 2.5 x 10~ *
Auger North 10yrs (expected) p < 3.4 x 102



Extensive air shower
In the atmosphere

e Air shower cascades in the atmosphere are described
In terms of |

Atmospheric o ] .
Interaction Depth A= / p(x) dx X
{I;O max
e The Gaisser-Hillas function )
for the fitting .
X —-X Xma)’i_xo Xmax — X Ground Level 2
N(X):Nma"(x —3(0> eXp( A ) L.

* In the longitudinal distribution, Sphaleron and BH air-showers
are very similar to heavy-nuclei showers [L.Anchordoqui et al, 2004]

E. J.Ahn et al., 2005
(smaller X,,.x than proton QCD case) Vi Soannonak, of > -




Extensive air shower:
vs. Fe primary CR
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Extensive air shower:
vs. Fe primary CR

Fe, QCD
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Extensive air shower:
vs. Fe primary CR

Fe, QCD

Fe
Each Ar. nucleons has
Ecr /A \ XII\}(‘FP X ”14_‘(\[

. ,QCD
T\ xproton o 0 heD N~ Ap- N fmore pions,
N crrgearions ). 0y n=1 et/ ] . and gach ...
Een “ \\1;41('1\{ — Ecn | ‘ | pion has
TRV IR ..“:? .............. T; .:..2. Nﬂ- N, /2 - Nﬂ- N, /2 Eﬂi )

Vo2 N2 2 N,. Smallerk 4.

nNT nT



Extensive air shower:
QCD vs. NP (Sph, BH)

, Sph or BH

Top of the
atmosphere JYAI\)II.I(;tlim X U]).(I,Q(‘l).

® & 0 & 0 0 0 0 0 0 0000000 e \. ® ® 0 & 0 0 0 0 0 0 0 0000 e o o
(0) . +
WO 0 —
N_ . charged pions T v w0 (—= ) n=1
ch Ecr — Een

e o o o e o o . e e o o o o ® © 0 0 0 0 0 00000000000 00
[} [}
I .

N, /2 N, /2
N7r e N7T Eﬂ_i - _E(:h
3 y Sph,BH |

X O

N+ = N7(ri X Ny “AMFP ~ “Sph,BH

® & & 0 0 0 0 0 0 000 °\....................
-(0) -(0) R
o
L I ........'.. ‘....l.................. \’\‘\‘[)}\.[;ll\ .T\(_)(v]"
r
N, /2 N, /2
& /]~ L L ] LN L » e o ® . & 0 0 0 0 0 0 0000

2\ n—1 h ".\.
Ewi = (g) Ech nth layer Nﬁ Nz /2 . Nw N, /2

(0) n—1 . . ~7(0) T
] Np+ = N x (Ny) : N.+=N9 xN,_
. . T 7w~ (Sph,BH) n
: E’ 3 ‘l_,I e o °pe o o 0 0 0 0 0 0 o o & 0 0 0 0 0 0 0 0 0 0000000000
€ o = ch <_ ﬂ)
N(O) 2 “\\\ LR ] “\\‘
e N N, nth layer
N, /2 N, /2
\Q\......I......l...l.......... ™/ ™/
"N, /2 , (0 ;
n/ N+ =N % (N, )"

= (Sph,BH)

i _ (())]i('/l . <fjl\v7r>l n
N 2

7w+ (Sph,BH)

2 ® 0 0 0000000000000 00000000000

“ N /2

y

Vi n°th layer

LA BB
™
i

|

15 Yo € Trosuw, < (layer size)

® © 0 0 0 0 0 0 00000 000000000000 0000000000000 00

ground level
(Auger Obs.) L e < (e

(ngph’BH)th layel“

v

RV C C
! NSph,BH < N



Extensive air shower:
QCD vs. NP (Sph, BH)

, Sph or BH

due to small
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Extensive air shower:

QCD vs. NP (Sph, BH)

10.0

, Sph or BH
800
—— p—p, EW Sphaleron
——— p—p, Black hole production Micro BH
due to small c00 B
i i ~ 14N, QGSJET-II
NP cross section PN, Q
14
.......... p—"N, SYBILL [ g P
EW|ISph — _
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/ /// hlgh multiplicity i A
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High multiplicity NP makes highly
inclined & deep air showers!

(and NP air showers more quickly develop.)



Longitudinal development:
Observation of Longitudinal profiles

Extensive Air Showers

with activated :
phototubes <<I1f

Longitudinal development of air-shower
can be observed by
the fluorescence light detector (FD)
(in the range of 300-430 nm) Cerenkov tanks



Longitudinal development:
Observation of Longitudinal profiles
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Longitudinal development:
QCD vs. NP (Sph, BH)

primary parton shower : PYTHIAS
cascade in the atmosphere : CORSIKA

EW Sphaleron Microscopic BH
Auger Observations P

J m H I{HL}QCD

32
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300
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Conclusion

 High Multiplicity New Physics can be above TeV-scale,
which can be probed by Ultra-High-Energy Cosmic Rays,
up to ~400 TeV in the center-of-mass frame energies.

 Electroweak sphaleron process can be tested as
p < O(10 ") Auger 9yrs

p < O(1072) Auger North 10yrs ;|
(expected)

* Even though the NP event rates

are expected to be small,

their features in extensive air shower
(highly inclined, deep, and rapidly developjong)
can be helpful )
to distinguish
signal events

from QCD showers

00
00
00
) N
400 : Auger data set
00
%

..........
ooooooooooooooooooo
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Number of charged particles (x109)

Number of charged particles (x1 09)
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Longitudinal development:
Typical QCD showers
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Auger [1-excess in UHECRs

e 174 selected events in 9-yrs data set with

e E,+ > 0.3 GeV for each muons and Ecr > 10° GeV

® 62° < Ohenith < 80° and 6 5., = 67° (highly inclined)

2.4 :

22 | L o Normalized muon number

2.0 | o
~ 18- M RM — N,ui _ N,ui
2‘\0) 16 \\‘\ o Nref 1.2 X 107
014 477 |
/\\ Xmax
£ 12 ‘ <RM> — P(X, UNP) RM(X) dX

® Augerdata P 0
101 - ErOs LHC
i U QGSJET 11-04
N, -, PRD 91 (2015) no.3, 032003
10 10

E/eV

[arXiv:1408.1421]



(-excess in other CR obs.

Astropart. Phys. 92 (2017) 1-6
[arXiv:1609.05764] 3
|
No muon excess for B |
) No muon excess
Ecr <5 x 10 GeV 5 i 7 ,
Low E CR E /' -~
E,+ >10.0 GeV -
Energetic 1 P
o
Hzenith < 30 o . ; id f . .
, _ 4 6 7 8 9 10
Vertical air-showers Log,o(E,/GeV)
Experiment | altitude, | X, E, eV E,., |r/Ro 0 Muon excess
m a.s.l. | g/cm? GeV (data over MC)
HiRes-MIA [6] | 1500 860 |10 —10®[>0.85|>10| N/A yes
PAO [2, 4 1450 880 > 1019 >1 | >10| 70° yes
Yakutsk |5 100 1020 >10 >1 | > 10| 45° yes
IceTop [26] 2835 680 10— 107 | >0.2 | 23 | 13° mean no
RAS-VISU 190 990 | 10" —10"®| >10 | <3 30° no
(this work)




NP interpretation of (i-excess

1 o)
ASSUIT;I;\Q 100% Sph events, 10 v 4% 1019 oV
QCD (proton), QGSJET — EW Sph, Egpp, =9 TeV, h =5.0km
QCD (proton), EPOS-LHC — EW Sph, Egyy =9 TeV, h = 7.0km
0.4}
— QCD (iron), QGSJET EW Sph, Espp =9 TeV, h = 10.0km
--- QCD (iron), EPOS-LHC EW Sph, Eg,n =9 TeV, Depth averaged
% 0.3] — Auger muon Excess i
=
3 é = _______-fi-'——--—---% """""""""""
RIS % --------- —
& 02— T -

m —— (" E—

O --------
bE [
Q

— 0.1F—
0.0¢
\s-=120 TeV Vs =240 TeV
N R A
.6 0.8 10.0 10.2 10.4 10.6
Log,o(Ecr/GeV) (Not so plausible)

Only highly deep air-showers can contribute to the muon excess.



