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Fundamental Forces of Nature

THERE ARE 4 MAJOR WAYS
THAT TUINGS INTERACT: R RePe A o

IF YOU HAVE ANY
MASS AT ALL, THNGS
GET ATTRACTED.

General Standard
Relativity Model

Geometrical s e msce.

MUCH, MUCH WEAKER,

Theory /
! (--->0\-

e SM & GR: the best theories describing the 4-fundamental Forces.
e No conflict with predictions from either of them.
- They are fundamentally different.

Quantum
Theory
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Quantum Theory of G.rawty?

String Theory Loop Quantum Gravity

?

New Physics involves new features, such as:
'Higher dimensions of space and time

'Brane world scenarios
'Non-commutative geometries

1‘:;1[][‘][’][‘]

The law of relativity might not hold exactly at all energy scales

— ... LI may not be an exact symmetry of Nature

Lorentz Invariance Violation (LIV)

— Like any other fundamental principle exploring the limits of validity of LI
has been an essential motivation for theoretical and experimental research
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Astroparticle Physics: Lab to test Fundamental Physics

% Energy
® Distance

Some effects of LIV are expected
to increase with the energy and
the very long distances due to
cumulative processes
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Modified dispersion relation

A general modification to the dispersion relation would
rather involve a general function of energy and momentum

an| = eV /M = 1/(EI)"

’

n=0,1,2, ... Epr, Ega

(d = 4, 5, 6, ) Family of MDRs that may lead
to similar phenomenology
In astroparticle physics!

humbertomh@ifsc.usp.br 7



mailto:humbertomh@ifsc.usp.br

Outline }ETWC

ghAlttth Ch enkov

I. Lorentz invariance violation (LIV)

II. Photon decay

I1I. HAWC

IV. HAWC LIV limits

humbertomh@ifsc.usp.br 8



mailto:humbertomh@ifsc.usp.br

Photon decay
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Photon decay
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The High Altitude Water Cherenkov

High Altitude Water Cherenkov
Gamma-Ray Observatory
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Highest energy sources

Y

High Altitude Water Cherenkov
Gamma-Ray Observatory

-10 1 2 3 45 6 7 8 91011
VTS

-Reported detailed measurements of y-ray >100 TeV,
-Recent development of advanced energy-reconstruction
algorithms, artificial neural network

[ Crab, J]
M2HWC J1825-134, M2HWC J2019+367 |
_ OHWC J1839-057, HWC J2031+415
> 56 TeV: & 2HWC) A2HWC)2 |
M 2HWC J1844—032, J2HWC J1809-190 |
M 2HWC J1908+063, J2HWC J1849+001
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LIV hard cutoff

LIV hard cutoff at some
energy Ec in the True

spectrum
I— —

softened in the observed spectra
due to the effects of the detector
energy resolution

T

T —

A profile log-likelihood is
performed to find the best-fit
spectrum model for each source,

including a energy cutoff, E.

LT
D:2ln( ‘{<E°) )
L (E; — o)

humbertomh@ifsc.usp.br

log(E 2 dN/dE)

}ﬁ(m

High Altitude Water Ch enkov
Gamma-Ray Obser

w— True spectrum
- Convolved with resolution

q)obs — q)emit (E)@(Ecut — E)

S. Marinelli. PhD Thesis (2019)
observatory.org/publications/#thesis.

log E
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LIV hard cutoff } o
High Al o Cherenkov
Source p
2HWC J1825-134 41000
2HWC J1908+063 . 0.990 Small p value
------------------------------------------------------------------------------------ data favors a cutoff
Crab 1.000 — —
2HWC J2031+415 0.714
2HWGC J2019+367 0828 No statistically significant
J1839-057 ~0.357 evidence of hard cutoffs
2HWC J1844-032 0294
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LIV hard cutoff

207 A

206 A

2InL

204

203 A

202 A

205 A

® Bestfit
® Lowerlimit

Preliminary

lower limit at 95% CL

-

152 TeV

102

Cutoff energy (TeV)

103

}rfmf

High Altitude Water Ch enkov
Gamma-Ray Obser

Likelihood curve as a function of the LIV Energy cutoff in the

Crab analysis
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LIV limits (PRELIMINARY)

}ﬁ(m

High Altitude Water Ch enkov
Gamma-Ray Obser

2
Source . |O(()l‘7 , LOIM ! LOsQ' 2 Ez(L(I)l)V Eo(L;')V
TeV 10 107 7"eV 10""eV = 10°%V  10°eV

2HWC J1825-134 253 1.63 0.64 0.26 15.5 6.26
2HWC J1908+063 213 2.30 1.08 0.51 9.25 4.44
Crab (HAWC) 152 4.52 2.97 1.96 34 2.26
2HWC J2031+415 144  5.04 3.5 243 2.9 2.02
2HWC J2019+4+367 121 7.13 5.6 4.87 1.7 1.43
J1839-057 79 16.74 21.1 26.8 0.47 0.61
2HWC J1844-032 77 17.62 22.9 29.7 0.44 0.58

Derived 95% CL lower limits on Ec and its different
LIV coefficients
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LIV limits (PRELIMINARY)

Y

High Altitude Water Cherenkov
Gamma-Ray Obse

(1) (2)
Source Ee kd |}a| | |/a2 | Ep v Erv
TeV 1077 1073evl 10%evV 2 10%V 10%2eV
2HWC J1825-134 253  1.63 0.64 0.26 155  6.26
2HWC J1908+063 213 2.30 1.08 0.51 925  4.44
Crab (HAWC) 152 4.52 2.97 1.96 3.4 2.26
2HWC J2031+415 144  5.04 3.5 2.43 2.9 2.02
2HWC J2019+367 121 7.13 5.6 4.87 1.7 1.43
J1839-057 79  16.74 21.1 26.8 0.47  0.61
2HWC J1844-032 77 17.62 229 29.7 0.44 058
| 2
Source EY Ia()| |a| | I/a2| E(L[)V EEJ)V
TeV 1077 103ev! 10%ev 2 103V 10%2eV
Crab (HEGRA) 2017 ~ 56 - 66.7 128 0.15 028
Tevatron 2016 0.442 6x10° - - - -
RX J1713.7-3946 (HESS) 2008 30 180 - - - -
Coleman & Glashow (1997) 20 100 - - - -
GRB09510 (Fermi) 2013 v > ¢ - - - - 0.134  0.009
GRB09510 (Fermi) 2013 v < ¢ - - - - 0.093  0.013
Crab (HEGRA) 2019 75 - - 0.059 - 13

humbertomh@ifsc.usp.br
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LIV limits (PRELIMINARY)
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LIV limits (PRELIMINARY)

AWC

High Altitude Water Cherenkov
Gamma-Ray Observatory
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q =
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=
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Q
Energy- Vasileiou et al '13 GRB090510 (?)
dependent
time delay | | - mmemmmmme===
Lang, Martinez & de Souza '19 MultiSrc
HESS & FACT '17 Mrk501
Pair production -
o HESS '17 Mrk501
shift threshold S
Biteau & Williams '15 MultiSrc g
» o)
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n=1
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LIV limits (PRELIMINARY)

Photon
decay

Energy-
dependent
time delay

Pair production
shift threshold

Energy-
dependent
time delay
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AWC

High Altitude Water Cherenkov
Gamma-Ray Observatory

>1200 Ep !!
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LIV limits (PRELIMINARY)

Photon
decay

Photon
splitting

Energy-dependent
time delay

Pair production
shift threshold

Energy-dependent
time delay
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AWC

High Altitude Water Cherenkov
Gamma-Ray Observatory
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Conclusions

/[%//I "
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}(WC

High Altitude Water Cherenkov
aaaaaaa y Observatory

The HAWC observatory measurements of the highest-energy
photons can be used as a test to probe fundamental physics such
as Lorentz invariance.

We have tested LIV photon decay through the study of seven
sources with significant high energy emission: none of them favor a
spectrum with a hard cutoff.

Preliminary stringent limits to LIV.

> A study including detailed systematic uncertainties in the source

spectra and HAWC detector response will be addressed in a future
publication.
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Modified dispersion relation

LI: ECZL —pg = mg

LIV: B2 —p? £ |f(A, 6, M)| =m?  A={E.p}

A general modification to the dispersion relation would
rather involve a general function of energy and momentum E > m.

Pl =m2 + o n|Ap " = leg”|/M™ = 1/(E{})"
pn—|—2

2 2 i /y - M. Galaverina and G. Sig|

E,y — p’Y —|— fn M” fﬂ; — (—1)n§n Phys.RGev. D78(2008)(§53%03
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Modified dispersion relation

LIV: % — p* +

A general modification to the dispersion relation would

E > m.

rather involve a general function of energy and momentum

2 2 2 L +2 n n
Ea, — Pg =My =T |Oéa,n‘AZ ; O‘”| — ‘Eg )|/Mn — 1/(E£12/)n
Photons:
1 — Et'r -
k — — k k — k F. Ks:mk:Vamerand M. Schreck,
WmodM ( ) \/ 1+ R . | |7 Phys. Rev. D 78, 085026 (2008)

M. Hohensee, R Lehnert, D

E2 - (1 - Rtr)ﬁz — O Phillips, and R. Walsworth
v Phys.Rev.D80:036010, (2009)
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