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Fundamental Physics at UHE — Qutline:

Lorentz invariance violation

@ ALP effects at UHE

Top-down models:
» Superheavy dark matter

» Topological defects

Testing new/strong interactions

@ Summary
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Lorentz invariance violation (LIV):
e motivation: has Planck length Lp; = \/hG/c? any réle for space-time
despite SR?

Fundamental Physics at UHE

Michael KachelrieB (NTNU Trondheim)



Tests of Lorentz invariance violation

Lorentz invariance violation (LIV):

@ motivation: has Planck length Lp) = \/hG/c? any réle for space-time
despite SR?

@ M. Bronstein 1935:
“The elimination of the logical inconsistencies connected with this
requires a radical reconstruction of the theory, and..perhaps also
the rejection of our ordinary concepts of space and time, modifying
them by some much deeper and nonevident concepts. Wer's nicht
glaubt, bezahlt einen Thaler.”
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Tests of Lorentz invariance violation

Lorentz invariance violation (LIV):

@ motivation: has Planck length Lp; = \/hG/c? any réle for space-time
despite SR?

o M. Bronstein 1935: yes

e if yes, may modifies dispersion relation

B = m?+p*+ f(E p, Mp)
m? + p? + 1 W|p| Mpy + 1@ |p* + 0P |p> ) Mpy + ...
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Tests of Lorentz invariance violation

Lorentz invariance violation (LIV):

@ motivation: has Planck length Lp; = \/hG/c? any réle for space-time
despite SR?
o M. Bronstein 1935: yes

e if yes, may modifies dispersion relation

E* = m’+p’+ f(E,p, Mp)
m? + p? + 1 W|p| Mpy + 1@ |p* + 0P |p> ) Mpy + ...

ToF delays (SN1987a, AGN flares, GRBs, GW merger)

reaction thresholds: changes lower, introduces upper, opens new
channels (v — 2+, ..)

vacuum birefringence

generically preferred reference frame: sideral anisotropies
generically breaking of CPT

4l

LUy
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non-zero vev = preferred reference system

Lorentz invariance violation:
implementation:
@ EFT: SM plus composite operators of SM & tensor fields with

[Colladay, Kostelecky 97, '98 ]
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Lorentz invariance violation:

implementation:

@ EFT: SM plus composite operators of SM & tensor fields with
non-zero vev = preferred reference system [Colladay, Kostelecky '97, ‘98 ]

@ Example: gauge-invariant, CPT-even modification of QED

L= —i (*n"7 = 7) (Ou Ay — 00 Ap) (OpAs — 05 Ap)

k: 20—1=19 independent dimensionless numbers
10 lead to birefringence, || < 10732, 9 constraint by UHECRs

Michael KachelrieB (NTNU Trondheim) Fundamental Physics at UHE UHECR '22, GSSI L'Aquila 4/30



Lorentz invariance violation:

implementation:

@ EFT: SM plus composite operators of SM & tensor fields with
non-zero vev = preferred reference system [Colladay, Kostelecky '97, '98 |

@ Example: gauge-invariant, CPT-even modification of QED

1
L= 1 (ntPn"? — kHP7) (0, A, — 0, A,) (0,A6 — 05 4,)
k: 20—1 =19 independent dimensionless numbers
10 lead to birefringence, || < 10732, 9 constraint by UHECRs
o Double SpeCia| relativity (DSR) [Amelino-Camelia '01, Magueijo, Smolin '01 |
» Lorentz group kept
» modifies commutation relation boost <> momentum
» DSR: laws of physics contain a fundamental scale of momentum and of
velocity
just a kinematic theory
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Lorentz invariance violation:

implementation:

@ EFT: SM plus composite operators of SM & tensor fields with
non-zero vev = preferred reference system [Colladay, Kostelecky '97, ‘98 ]

@ Example: gauge-invariant, CPT-even modification of QED

L= —i ("7 — &P7) (O Ay — Oy Ap) (OpAs — 05 Ap)

k: 20—1 =19 independent dimensionless numbers
10 lead to birefringence, || < 10732, 9 constraint by UHECRs
e Double special relativity (DSR): [Amelino-Camelia 01, Magueijo, Smolin ‘01 ]
> Lorentz group kept
» modifies commutation relation boost <> momentum
» DSR: laws of physics contain a fundamental scale of momentum and of
velocity
just a kinematic theory
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Lorentz invariance violation:

@ LIV becomes a priori important, when

2 n—2
m D n 2 —2
AN or ~ A/ m2 M
2 M DPer Pl
n Per for v per for e | per for p
2 | p~my~1eV | p~me P~ my
3 ~ GeV ~10TeV | ~ 1PeV
4

~ 100 TeV ~ 100PeV | ~ 3 EeV
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Lorentz invariance violation:

@ LIV becomes a priori important, when

2 n—2
m p n 2 —2
AN or ~ 1/ m2 M
2 M DPer Pl
n Per for v per for e | per for p
2 | p~my~1eV | p~me P~ my
3 ~ GeV ~10TeV | ~ 1PeV
4

~ 100 TeV ~ 100PeV | ~ 3 EeV

= very low values:

either tiny pre-factors (“x

or n>4("1/M3,") for QED

Michael KachelrieB (NTNU Trondheim) Fundamental Physics at UHE UHECR '22, GSSI L'Aquila 5/30



Bounds on LIV parameters from UHECRs:

@ threshold for GZK may be changed
e GZK photons: upper threshold Ey,., for vy — eTe™ introduced

o if Enax < 10?9 eV, photon fraction too large

e if some UHE photons observed, photon decay v — e¢T¢™ can be
limited

@ now: LIV changes shower evolution
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Tests of Lorentz invariance violation

Bounds on k from EAS:

[Risse, PAO '22]

‘g - CONEX v2r5p40, EPOS LHC
o -
\:Ix B
5§ 800 —
x -
700—
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500 —— p unmodified (k = 0)
—— p modified, k = -1e-21
—— p modified, k = -1e-19
—— p modified, k = -9e-16
400 ++++ Fe unmodified (k = 0)
- Fe modified, k = -9e-16
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Tests of Lorentz invariance violation

Bounds on x from EAS: [Risse, PAO 22

[~ CONEX v2r5p40, EPOS LHC

800—

X, Ig cm?]
T

700—
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500—

—— p unmodiiied (k = 0)
—— p modified, k = -1e-21
—— p modified, k = -1e-19
—— p modified, k = -9e-16
-------- Fe unmodified (k = 0)

-------- Fe modified, k = -9e-16

ool il vl il il il

10" 10" 10' 10”7 10 10" 10
Energy of the primary particle [eV]

400

limit: —x > —0.6 x 1072° J

Michael KachelrieB (N Trondheim)

al Physics at UHE



Bounds on dim=5 LIV parameters: ¢« cand 7y« ~
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Bounds on dim=6 LIV parameters: ¢« cand 7y« ~
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Bounds on dim=6 LIV parameters: ¢« cand 7y« ~
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If LIV exists, then probably not of EFT type J
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ALPs and transparency of the Universe:

@ axion-like particles: wiggles + increased m.f.p. of photons

10°F 3
—— With ALPs
—— Without ALPs ]
=
A,
2 6x107
e

4x 10!
2% 107 3x10™8x 10" ex 10"
E[eV]
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ALPs and transparency of the Universe:

@ axion-like particles: wiggles + increased m.f.p. of photons

10°F =
—— With ALPs

—— Without ALPs

EXHEY [arb.]
=21
=
5

4% 107! _ ; _ _
2= 107 3x10™x10" ex 10"
E[eV]
@ same parameter range leads to effects for UHE photons [Troitsky 21 ]
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Top-Down Models

UHECR primaries are produced by decays of supermassive particle X with
Mx > 10" GeV.

@ topological defects:
» monopoles [Hill '83]
> cosmic strings [Ostriker, Thompson, Witten ‘86 |

» ()-balls, hybrid defects,...
@ superheavy metastable particles [Berezinsky, MK, Vilenkin '97; Kuzmin, Rubakov '97 |
main properties:
o fragmentation products: mainly photons, neutrinos

e if X € CDM: Galactic flux dominates
@ allows to test high-scale physics: inflation, GUT, ..
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Top-Down Models

UHECR primaries are produced by decays of very massive particle X with
Mx > 10% GeV.

@ topological defects:
» monopoles [Hill '83]
> cosmic strings [Ostriker, Thompson, Witten ‘86 |

» ()-balls, hybrid defects,...
@ superheavy metastable particles [Berezinsky, MK, Vilenkin '97; Kuzmin, Rubakov '97 |
main properties:
o fragmentation products: mainly photons, neutrinos

e if X € CDM: Galactic flux dominates
@ allows to test high-scale physics: inflation, GUT, ..
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QLSRN VIS (Super-) heavy dak matter

Dark matter candidates with €2 ~ 1:
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(Super-) heavy dak matter
Dark matter candidates with €2 ~ 1:

0

[ [ ]
51 SM neutrinos
10 4+ WIMP
To—-15 + \
:: 720 T HXion -
;5 axino
ET o
SHDM
—30 4
gravitino
| G
—40 1 ——t

I
} — }
—18-15-12-9-6-3 0 3 6 9 12 15 18

log(m/GeV)

such a large variation? Different production mechanism
thermal relics: WIMPs
misalignement/phase transitions: axions

gravitational production: superheavy dark matter
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QLSRN VIS (Super-) heavy dak matter

WIMP miracle: neutralino DM after LEPII:

tanB=10, u>0

i s

E i
7004 i : my =114 GeV E
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~ 06004 i E

2 1

g 500 E my: =1?3.5 GeV 3

= 0 g

g 400 E' 3

100 200 300 400 500 600 700 800 900 1000
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Top-Down Models

WIMP miracle: neutralino DM after LEPII:

=171 GeV , t =10, u>0
1500 m; eV, tan 3 1

m, (GeV)

my, =114 GeV

100 1000 1500

my, (GeV)

=] F = = DA
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Top-Down Models

WIMP miracle: neutralino DM after LEPII:

=171 GeV , t =10, u>0
1500 m; eV, tan 3 1

m, (GeV)

my, =114 GeV

bulk region excludéd after LEPII J

mass degeneracies required too avoid €2, > Qcpwm

100 1000 1500
my, (GeV)
=] 5 = E DAy
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QLSRN VIS (Super-) heavy dak matter

Dark matter candidates with €2 ~ 1:

zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV 30M®

-+ttt

Fuzzy Dark
Matter

Axion-Like Self-Interacting Primordial

Dark Matter Dark Marter Black Holes

@ almost all the M — o plane needs to be explored...
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Gravitational creation of superheavy matter
@ Small fluctuations of field ® obey

(,bk; -+ [k2 + mgff(T)] Pr = 0
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QLSRN VIS (Super-) heavy dak matter

Gravitational creation of superheavy matter
@ Small fluctuations of field ® obey

(,bk + [k2 + mgff(T)] Pr = 0

o If mgg is time dependent, vacuum fluctuations will be transformed
into real particles.
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QLSRN VIS (Super-) heavy dak matter

Gravitational creation of superheavy matter
@ Small fluctuations of field ® obey

(,bk + [k2 + mgff(T)] Pr = 0

@ If meg is time dependent, vacuum fluctuations will be transformed
into real particles.
= expansion of Universe, a” # 0, leads to particle production
/!

my = M?a® 4 (6€ — 1) ¢

a
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QLSRN VIS (Super-) heavy dak matter

Gravitational creation of superheavy matter
@ Small fluctuations of field ® obey

(,bk + [k2 + mgff(T)] Pr = 0

@ If meg is time dependent, vacuum fluctuations will be transformed
into real particles.
= expansion of Universe, a” # 0, leads to particle production

/!

a
mig = M*a® + (6€ — 1)

@ In inflationary cosmology, for My < H:

M 2o
Qxh2~< X ) RH

1012GeV ) 109GeV

[Kuzmin, Tkachev '98; Chung, Kolb, Riotto '98 ]
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Signatures of SHDM decays
e fragmentation spectra:
» slope: flat dN/dE < 1/E"? up to mx/2
» composition: v/p ~ v/p>> 1, no nuclei
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QLSRN VIS (Super-) heavy dak matter

Signatures of SHDM decays

e fragmentation spectra:
» slope: flat dN/dE < 1/E"? up to mx/2
» composition: v/p ~ v/p > 1, no nuclei

@ reliable predictions?
» (SUSY) QCD cascade: [MK, Berezinsky '98, '00, Toldra, Sarkar '02,... |
* (Q? — oo is an attractor
= evolving initial data from Q2 to Q* > Q3 is “safe”

* hadronisation at @ ~ AQQCD

» EW cascade: [MK, Berezinsky '02, Barbot, Drees '03,.., Bauer et al. '20 |
* mass effects are more important

* large range with ¢*/(8m)In?(m%/miy) ~ 1
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QLSRN VIS (Super-) heavy dak matter

Signatures of SHDM decays

e fragmentation spectra:
» slope: flat dN/dE < 1/E"? up to mx/2
» composition: v/p ~ v/p > 1, no nuclei

@ reliable predictions?
» (SUSY) QCD cascade: [MK, Berezinsky '98, '00, Toldra, Sarkar '02,... |
* (Q? — oo is an attractor
= evolving initial data from Q2 to Q* > Q3 is “safe”

* hadronisation at @ ~ AQQCD

» EW cascade: [MK, Berezinsky '02, Barbot, Drees '03,.., Bauer et al. '20 |
* mass effects are more important

* large range with ¢*/(8m)In?(m%/miy) ~ 1

(] ga|aCt|C anISOtrOpy [Dubovsky, Tinyakov '98 ]
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QLSRN VIS (Super-) heavy dak matter

Signatures of SHDM decays

e fragmentation spectra:
» slope: flat dN/dE < 1/E"? up to mx/2
» composition: v/p ~ v/p > 1, no nuclei

@ reliable predictions?
» (SUSY) QCD cascade: [MK, Berezinsky '98, '00, Toldra, Sarkar '02,... |
* (Q? — oo is an attractor
= evolving initial data from Q2 to Q* > Q3 is “safe”

* hadronisation at @ ~ AQQCD

» EW cascade: [MK, Berezinsky '02, Barbot, Drees '03,.., Bauer et al. '20 |
* mass effects are more important

* large range with ¢*/(8m)In?(m%/miy) ~ 1
o ga|aCt|C anISOtropy [Dubovsky, Tinyakov '98 ]

@ isocurvature modes: dx # dy [Chung et al. 05 ]
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own Models

Exclusion limits: photons (PAO 22]

Auger HeCo + SD 750 m (2022), U.L. at 95 % C.L.
Auger Hybrid (2021), U.L. at 95 % C.L.

Auger SD 1500 m (2019), U.L. at 95 % C.L.
KASCADE(-Grande) (2017), U.L. at 90 % C.L.
EAS-MSU (2017), U.L. at 90 % C.L.

- Telescope Array (2019), U.L. at95 % C.L.

«-r0060

I GZK proton (Kampert et al. 2011)

GZK mixed (Bobrikova et al. 2021)

= = = = SHDMI (Kalashev & Kuznetsov 2016)

SHDM Il (Kachelriess, Kalashev & Kuznetsov 2018)
pp interactions in halo (Kalashev & Troitsky 2014)
CRinteractions in Milky Way (Berat et al. 2022)
Single source without cutoff

0

Integral photon flux for E > E_[km? srlyr]

DA
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QLSRN VIS (Super-) heavy dak matter

Exclusion limits: [(PAO 22]
10 g T Wl T é
B : : I ]
~ 1 3
T ol ’
N '
g w0} ! 3
g i ! 1t ]
L R
A 10° 3 P Tyt E
~_ E B
) L = Photons : y
10*L ¢ UHECRanis ! i
3 = UHECRs E
F Neutrinos E
5[ : T
10 8 9 10 11
10 10 10 10

E (GeV)
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Lifetime:

@ stable:
» annihilation o, < 1/m§< = too small flux
> exception:

* break in V(p), clump formation in radiation epoch

= gravithermal catastrophe and/or Sommerfeld effect
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QLSRN VIS (Super-) heavy dak matter

Lifetime:

@ stable:

» annihilation o, < 1/m§( = too small flux
> exception:

* break in V(¢), clump formation in radiation epoch
= gravithermal catastrophe and/or Sommerfeld effect

@ decay: too fast?

» for Mx > 10'° GeV even gravitational interactions result in
cosmological short lifetimes, 7x < {o.
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QLSRN VIS (Super-) heavy dak matter

Lifetime:

@ stable:

» annihilation o, < 1/m§( = too small flux
> exception:

* break in V(¢), clump formation in radiation epoch
= gravithermal catastrophe and/or Sommerfeld effect

@ decay: too fast?

» for Mx > 10'° GeV even gravitational interactions result in
cosmological short lifetimes, 7x < {o.
» global symmetry broken by grav. wormhole effects, Tx o exp(.S)

» symmetry broken by instanton effects,
Tx o exp(472 /%)
» discrete symmetries forbid operators with d < 9

» crypton or fractionally charged and confined particle of superstring
theories
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Concrete example: [PAO 22]
o Pertubative decay via £ = 37%7,(Xv)
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QLSRN VIS (Super-) heavy dak matter

Concrete example:

[PAO 22]
le
A A=10" GeV
10 ¢ E
-2 i
10 F o}
Q E =3
< c
c g =} >S5 >S5 ]
10'3 = in in fin|ia |
& 5 588
E
B =}
10" " E
2]
10'5 I L | | L | | L | | L
10° 10° 10" 10" 10” 10" 10™ 10" 10* 10" 10" 10"
M (GeV)
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Top-Down Models

oncrete example: [PAO 221
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Top-Down Models IceCube neutrinos

lceCube events: Soft “low-energy” spectrum?

At heric FI (reduced by self-veto | lysis) =
o ot Uppos L, “;:ji ey o manalysis Astrophysical Fluxes
- - «© vl (o, 7, 0 [1.07% Honda2006] (on top of atmospheric)
T ee e HESE Differential
R T v, Best Fit 1
0 = HESE 1-Component (E29)
o1
=
=
-
<
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210 |
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&
o
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107
4
10

Neutrino Energy [GeV]
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Top-Down Models IceCube neutrinos

lceCube events: power-law fit of energy spectrum

23'5 i Y
& ® vTracks—8y(E>119TeV) 4
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2.5 IceCubepreliminary f,r"lr \1*.\ =
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Yastro
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Top-Down Models IceCube neutrinos

lceCube events: power-law fit of energy spectrum

5.5 - : -
Y% HESE 1-Component Best Fit
5.0H A v, BestFit(prior for Hard)
v 2-Component - Hard (constrained by v, prior)
4.5 © 2-Component - Soft
4.0| lceCube Preliminary ..
3.5
23.0
© 2.5(
2.0
@]
1.5+ 3
1.00 A e
v
0.5
00535 2.5 3.0 35 4.0

Vastro

Michael KachelrieB (NTNU Trondheim) Fundamental Physics at UHE

4.5

UHECR '22, GSSI L'Aquila

20/30



Top-Down Models IceCube neutrinos

Cascade limit: o = 2.1

10000

gémma
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—_ 1000 E
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E 4
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1
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E/leV
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Top-Down Models IceCube neutrinos

Cascade limit: o = 2.3
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Top-Down Models IceCube neutrinos

Cascade limit: o= 2.5

10000 T T T T T T T
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Top-Down Models IceCube neutrinos

Cascade limit:

10000 ¢ ‘
gamma
nu
Fermi EGRB +----4
— 1000 ¢ |
"
%]
o~
£
L
i 100 |
[m)
=
1 A}
u 10 o
y
1 1
le+10 le+1l le+12 1le+13 le+14 le+l5 le+1l6 le+l7
Elev
Slope o > 2.2

@ requires “hidden sources” or

@ Galactic origin
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Top-Down Models IceCube neutrinos

lceCube searches for sources: transient sources

10% . . . :
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Top-Down Models IceCube neutrinos

Galactic origin?

IceCube all flavors ——
IceCube muon*3 +———
local flgx _—
102 EG1/E> ——
} total ——
%
0
[aV)
I
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>
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@1o'
w
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w
10° 12 ‘13 ‘14 ‘15 16
10 10 10 10 10
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Top-Down Models IceCube neutrinos

Galactic origin?

IceCube all flavors —e—
IceCube muon*3 ———
local flgx _—
EG1/E* ——

total ——
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@ possible sources:
» extended CR halo

» extended nearby CR sources  [andersen, MK, Semikoz 17, Bouyahiaoui, MK, Semikoz 21 |
[Feldstein et al. '13, Esmaili, Serpico '13,.. ]

[Taylor, Gabici, Aharonian '14 ]

» heavy dark matter
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Top-Down Models IceCube neutrinos

Exclusion plots for X — Dv: neutrino constraints

10%3F ]
102200 IceCube X-w |
----- PAO X-w
—— lceCube X-qq
S ---- PAO X-qq
02t S T 4
5
I~
1020, 5
1019} 1
10%8L ‘ ‘ ‘ ‘ i
108 1010 10%? 10
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[MK, Kalashev, Kuznetsov '18 |
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Top-Down Models IceCube neutrinos

Exclusion plots for X — Dv: gamma constraints

1031 1
ol e T 1
> 10711 3
%
—— PAO SD 2015
. ---- PAO hybrid 2016
10%| TA 2017 E
) - Yakutsk 2010
------ —— KASCADE-Grande 2017
. --- KASCADE 2017
1091 1
------ CASA-MIA 1997
..... EAS-MSU 2017
My, GeV

[MK, Kalashev, Kuznetsov '18 ]
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Top-Down Models IceCube neutrinos

Exclusion plots for X — vv:

constraints
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@ significant contribution from
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only leptonic decay still possible
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Top-Down Models

Topological defect models

+ "“generic” in SUSY-GUTs
+ produced during reheating
-+ source of primordial perturbations

- typical density: one per horizon/correlation length
- main energy loss low-energy radiation?

Michael KachelrieB (NTNU Trondheim) Fundamental Physics at UHE



QSR Topological defecs

LSS anomalies:

[Peebles '22]

@ bulk flows & kinematic dipoles (radio galaxies, ) too large?

@ deviations from homogeneity on too large scales?

100

80 —

scaled counts

20 —

60 -

40

L

0
sin SGB
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Top-Down Models Topological defecs

Topological defect models [Allen, Shellard 06 ]

@ box 2ct

@ matter
epoch

@ scaling
regime

UHECR '22, GSSI L'Aquila
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QSR Topological defecs

Topological defect models

+ “generic” in SUSY-GUTs
+ produced during reheating
+ source of primordial perturbations

- typical density: one per horizon/correlation length

- main energy loss low-energy radiation?

favourable models for UHECRs:

@ monopole-antimonopole pairs
@ hybrid defects: cosmic necklaces
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QSR Topological defecs

Topological defect models

+ “generic” in SUSY-GUTs
+ produced during reheating

+ source of primordial perturbations

- typical density: one per horizon/correlation length

- main energy loss low-energy radiation?

favourable models for UHECRs:

@ monopole-antimonopole pairs
@ hybrid defects: cosmic necklaces
» G HR U(l) » H® Z,
monopoles M ~ 1,,/e connected by strings ps ~ 7>
parameter r = M/(ud):
r < 1 normal string dynamics
r>> 1 non-rel. string network:
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QSR Topological defecs

Topological defect models

+ "“generic” in SUSY-GUTs
+ produced during reheating

+ source of primordial perturbations

- typical density: one per horizon/correlation length

- main energy loss low-energy radiation?

favourable models for UHECRs:

@ monopole-antimonopole pairs
@ hybrid defects: cosmic necklaces

monopoles M ~ 1,,/e connected by strings ps ~ 1>
parameter r = M/(ud):
r < 1 normal string dynamics
7> 1 non-rel. string network: = strongly reduced photon, increased
neutrino fluxes

>
>
>
>
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New interactions

Testing new /strong interactions

@ New effects in strong interactions:
» BFKL, colour glass effects

» chiral phase transition, strange fireballs, ..

o Large extra dimensions

@ Deviations from weak interactions:
» NS neutrino interactions

» sterile neutrinos
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Summary

@ strong limits on ETF-like LIV

e topological defects are generic prediction of (SUSY-) GUTs

@ SHDM is an interesting DM candidate
> probes inflation & GUT physics
» photon & neutrino searches most promising

o v-telescopes: strong limits on sterile neutrinos and NSI

Michael KachelrieB (NTNU Trondheim) Fundamental Physics at UHE UHECR '22, GSSI L'Aquila 30/30



	Tests of Lorentz invariance violation
	ALP's
	Top-Down Models
	(Super-) heavy dak matter
	IceCube neutrinos
	Topological defecs

	New interactions
	Summary

