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 UAPP Cherenkov préfous array

= Next generation of Cherenkov préfous

= Tens of préfous split into 2 geographic sites : North (La Palma, Spain)
and South (Chile)

= 3 types of préfous

= One prefou constructed so far : the Large-Sized Telescope-1 (LST-1)
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Indirect detection : Cherenkov astronomy

7 -ray enters the
atmosphere

Electromagnetic cascade

10 nanosecond snapshot

0.1 km? “light pool”, a few photons per m?.
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Cherenkov astronomy : hadronic background

CKAPP

Gamma-ray Hadron (proton)

1 TeV proton

300 GeV gamma

t 20
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The data production chain

Cherenkov light
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The data production chain

Cherenkov light Raw data
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The data production chain

Cherenkov light Raw data Calibration
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The data production chain

Cherenkov light

Raw data

Calibration

O Abe et al 2023

Reconstruction
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The data production chain

eletal; 2023

Calibration Reconstruction

[emohire Inada

Cherenkov light Raw data

10°

Gammaness
» 10% score indicating how
€ likely the primary event
S 10°] is a gamma ray
10

0.0 0.2 04 0.6 0.8 1.0
Gammaness
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The data production chain

T Aokt al 2023

Cherenkov light Raw data Calibration Reconstruction

l

10°

Gammaness cut +
Instrumental response
Functions
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The data production chain

Cherenkov light

Famohire Inada

Raw data

—P'—P

Calibration

Background
substraction

D ok et el 2023
Reconstruction

l

Gammaness cut +
Instrumental response
functions
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The data production chain

CT3

— —_—

Famohiro Inada

Cherenkov light Raw data Calibration Reconstruction

Spectra Lightcurve l
E ¢
©
x ] ]
5 T - 2 ¢
0 v !
E ¢ ¢ \
Energy Time
High level products Background Gammaness cut +
substraction Instrumental response
functions
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< UAPP Context

Unification of general relativity and quantum field theory
Difficulties at Planck scale Ep ~ 1019GeV

guantization of space-time

Some quantum gravity theories allow

a violation of Lorentz invariance

may be observable
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CUAPP

Lorentz invariance violation (LIV)

Lorentz invariance : speed of light ¢ in vacuum is a constant

Quantization of space-time
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CKAPP

Lorentz invariance violation (LIV)

Lorentz invariance : speed of light ¢ in vacuum is a constant

Quantization of space-time

o E n
Modification of the dispersion relation : E2 — pQCQ X |1+ E Qn, ( )

n=1 EQG
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CKAPP

Lorentz invariance violation (LIV)

Lorentz invariance : speed of light ¢ in vacuum is a constant

Quantization of space-time

o E n
Modification of the dispersion relation : E2 — pQCQ X |1+ Z Qn, (E—>
OF n=1 @G

“op
Energy-dependency of the photon velocity v(E£) : Lorentz invariance violation (LIV)

V
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CKAPP

Lorentz invariance violation (LIV)

Lorentz invariance : speed of light ¢ in vacuum is a constant

Quantization of space-time

o E n
Modification of the dispersion relation : E2 — pQCQ X |1+ Z Qn, (E—>
OF n=1 @G

“op
Energy-dependency of the photon velocity v(E£) : Lorentz invariance violation (LIV)

V

Two photons i and j with £; > E; arrive with At = t—t
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c UAPP Lorentz invariance violation (LIV)

Lorentz invariance : speed of light ¢ in vacuum is a constant

Quantization of space-time

o E n
Modification of the dispersion relation : E2 — pQCQ X |1+ Z Qn, (E—>
OF n=1 @G

“op
Energy-dependency of the photon velocity v(E£) : Lorentz invariance violation (LIV)

V

Two photons i and j with £; > E; arrive with At = t—t

At, n+1
Measurement of )\n — —

AFE,kp(2) 2HoEd

Search for E&Gﬁm forn = 1 ‘
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c CAPP Sources

« Large range of energy

n+1AE"
+

=« Cosmological distance At X K,(2)

2 Ejc

= Highly variable and active source

—— Blazars, gamma-ray bursts, pulsars

Flux (cm-2.TeV-1.s-1)
L]
-

Flux (cm-2.TeV-1.s-1)

Time (s)
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CCAPP Intrinsic source delay

No guarantee that photons are emitted at the same time

—>» Intrinsic source delay :

At = AtLIV + Al source

E. Ats Ats Atrrv
& — P>
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CCAPP Intrinsic source delay

No guarantee that photons are emitted at the same time

—>» Intrinsic source delay :

At = AtLIV + Atsoufrce

Possible distinction :

= |ntrinsic source delay : redshift-independent, source and flare-
dependent (stochastic)

= LIV : redshift-dependent, source and flares-independent
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CAPP Intrinsic source delay

No guarantee that photons are emitted at the same time

—>» Intrinsic source delay :

At = AtLIV + Atsoufrce

Possible distinction :
= |ntrinsic source delay : redshift-independent, source and flare-

dependent (stochastic)
= LIV : redshift-dependent, source and flares-independent

—» Combination of different flares and different sources

Consortium between different experiments : H.E.S.S., MAGIC,
VERITAS, LST-1
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CAPP Intrinsic source delay

No guarantee that photons are emitted at the same time

—>» Intrinsic source delay :

At = AtLIV + Atsoufrce

Possible distinction :

= |ntrinsic source delay : redshift-independent, source and flare-
dependent (stochastic)

= LIV : redshift-dependent, source and flares-independent

—» Combination of different flares and different sources

Consortium between different experiments : H.E.S.S., MAGIC,
VERITAS, LST-1

—» None of these delays have been observed at TeV scale
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cUAPP

Analysis : step 1

All blazar data of LST-1 until June 2023

JRJC 2023

Cyann Plard
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cUAPP

Analysis : step 1

All blazar data of LST-1 until June 2023

'

Variability test on each significant observation night

JRJC 2023

Cyann Plard
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cUAPP

Integrated flux (cm-2 s-1)

Analysis : step 1

All blazar data of LST-1 until June 2023

'

Variability test on each significant observation night

Non-variable sample

1

Constant fit :
pvalue < 50 ?

Variable sample

- Fit with constant, p-value=6.3e-22 +
m .
~ ¢ light curve
5
® [ ] -
$ x t !
=
gl
2 t
© $
Fit with constant, p-value=9.8e-01 5 4
¢ light curve 3 +
£
Time (s) Time (s)
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CAPP Step 1 : variable nights

All blazar data of LST-1 until June 2023

Found 1 variable source : BL Lacertae, redshift 0.069 with 4 variable nights

Significance of BL Lac observation nights

40 - O 2021_08_08 (Preliminary)
2022-10-20

30/ () 2021-08-03 ©
5 02021-08-09
80
m10-

O_

R S I N R
fv&\/ '19’1'\/ fv&\/ ’»&% w&% w&% ’»&’L w&% ’»&’L

Observation night
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CKAPP

Lightcurves of BL Lac variable nights

_ le-9 2021-08-03 le—9 2021-08-08
—
4 14] — S | 175 e +
é ¢ flux error 1.501 ¢ fluxerror
S 1.29 4 run —  run |_+_|
1.25-
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© 0.75-
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|_| -
N | Fit with tant -
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é ¢ flux error 1.0 |—+—|
S 0.81 H  run o +
E, >—+—< 0.8 |_+_| .
= 0.6
8 0.6 |_+_| Fit with constant +
© p-value=8.6e-24
5’0.4— )—+—< | ,0.4 ¢ flux error +
405‘) (Prellmlnary) + M run (Preliminary)
- 0 1000 2000 3000 4000 5000 0 2000 4000 6000 8000 10000
Time (s) Time (s)
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cUAPP

Integrated flux (cm-2 s-1)

Analysis : step 2

All blazar data of LST-1 until June 2023

'

Variability test on each significant observation night

Non-variable sample

1

Constant fit
pvalue < 50 ?

Variable sample

- Fit with constant, p-value=6.3e-22 +
m .
~ ¢ light curve
5
® [ ] -
$ x t !
=
gl
2 t
© $
Fit with constant, p-value=9.8e-01 5 4
¢ light curve 3 +
£
Time (s) Time (s)
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< UAPP Analysis : step 2

Integrated flux (cm-2 s-1)

All blazar data of LST-1 until June 2023

'

Variability test on each significant observation night

Variable sample

Constant fit

Non-variable sample
pvalue <50 ?

Hu', Fit with constant, p-value=6.3e-22 +
~ ¢ light curve
5
® [ ] <
[) | é + +
=
¢ o ¢
-+~ |
© $
Fit with constant, p-value=9.8e-01 o +
¢ light curve g 4 ¢
£
Time (s) i Time (s)

Optimization of
analysis cut
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cUAPP

Step 2 : cut optimization

Non-variable sample

I

Optimization of
analysis cut

JRJC 2023

Cyann Plard
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CUAPP

Step 2 : cut optimization

10°

10*

10°

102

A Abe etal2023
Reconstruction

0.0 0.2

Gammaness cut

Non-variable sample

I

Optimization of
analysis cut
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 UAPP Step 2 : cut optimization

Non-variable sample

v

Select different gammaness cuts
and search for the significance

BL Lac
- o 38 {(Preliminary) e °
= 36 ° °
m104- E” °
= v 34
3 J2
O 102 S 32 o« °
s .
U30_ )
104 o © OGN H B H O o
Q" SEEPRENS Q’.\ " X o O
0.0 0.2 04 0.6 0.8 1.0 Gammaness cut

Gammaness

Scut — Z S')%,

non—var night
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< UAPP Analysis : step 3

Integrated flux (cm-2 s-1)

All blazar data of LST-1 until June 2023

'

Variability test on each significant observation night

Variable sample

Constant fit

Non variable sample
pvalue <50 ?

Hu', Fit with constant, p-value=6.3e-22 +
~ ¢ light curve
5
® [ ] <
[) | é + +
=
©
g t
© $
Fit with constant, p-value=9.8e-01 o +
¢ light curve g 4 ¢
£
Time (s) i Time (s)

Optimization of
analysis cut : 0.9
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< UAPP Analysis : step 3

All blazar data of LST-1 until June 2023

'

Variability test on each significant observation night

Non variable sample Variable sample

Constant fit
pvalue < 50 ?

Fit with constant, p-value=6.3e-22 +
¢ light curve

—o—

Fit with constant, p-value=9.8e-01
¢ light curve

Time (s) i i Time (s)

Integrated flux (cm-2 s-1)
Integrated flux (cm-2 s-1)

Optimization of Search for a variability template and extract sample
analysis cut : 0.9 properties (energetic and temporal distributions)
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< CAPP Step 3 : variability pattern

Search for a variability template and extract sample
properties (energetic and temporal distributions)

Define two energy bins : lower and higher than median of counts

Find a parametric model for the lightcurve of the low energies sample :
selected if p-value > 0.05 (20)

No significant disagreement between low and high energies

No significant time-variation of spectra (flux vs energy) parameters
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LI-‘...."".. 3*.'....
Time (s)
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CUAPP

Step 3 : variability pattern

Parametric models of the low energies variability

BL Lac 2021-08-08

BL Lac 2021-08-09

le—10
—— Fit with p-value = 0.27

- ¢ light curve
o 81
a
€
s
< 6
=
©
B a4
o
(@)
3
k= 2 +

+

(Preliminary)

¢ light curve

1 | —— Fit with p-value = 0.20

(Preliminary)

0 2000 4000
5 bins per run Time (s)
. (t—py1)?

6000

8000

. (t—pg)?

f(t) = Aje 207 + Ase

20

I+ Co

0 1000 2000 3000 4000 5000
. Ti
6 bins per run me (s)

g(t) = Ae” 2.2 +C

p-value > 0.05 (20)

JRJC 2023

Cyann Plard

37



< UAPP Analysis : step 4

All blazar data of LST-1 until June 2023

'

Variability test on each significant observation night

Non-variable sample Variable sample

Constant fit
pvalue < 50 ?

Fit with constant, p-value=6.3e-22 +
¢ light curve

—o—

Fit with constant, p-value=9.8e-01
¢ light curve

Time (s) i i Time (s)

Integrated flux (cm-2 s-1)
Integrated flux (cm-2 s-1)

Optimization of Search for a variability template and extract sample
analysis cut : 0.9 properties (energetic and temporal distributions)

JRJC 2023 Cyann Plard 38



c UAPP Analysis : step 4

All blazar data of LST-1 until June 2023

Variability test on each significant observation night

Non-variable sample Variable sample

Constant fit
pvalue < 50 ?

Fit with constant, p-value=6.3e-22 +
¢ light curve

—o—

Fit with constant, p-value=9.8e-01
¢ light curve

Integrated flux (cm-2 s-1)
Integrated flux (cm-2 s-1)

Time (s) Time (s)

Optimization of Search for a variability template and extract sample
analysis cut : 0.9 properties (energetic and temporal distributions)

Sample simulations to
validate LIV analysis
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c UAPP Analysis : step 4

All blazar data of LST-1 until June 2023

Variability test on each significant observation night

Non-variable sample Variable sample

Constant fit
pvalue < 50 ?

Fit with constant, p-value=6.3e-22 +
¢ light curve

—o—

Fit with constant, p-value=9.8e-01
¢ light curve

Integrated flux (cm-2 s-1)
Integrated flux (cm-2 s-1)

Time (s) Time (s)

Optimization of Search for a variability template and extract sample
analysis cut : 0.9 properties (energetic and temporal distributions)

Sample simulations to LIV analysis on real data with
validate LIV analysis the variability template

JRIC 2023 Cyann Plard 40



LCAPP Step 4 : LIV analysis

Sample simulations to LIV analysis on real data
validate LIV analysis with the variability template
LIVelihood

Code developped for time lag study and combination of different
experiments data

Uses the likelihood method :
the time lag is a free parameter that can be shared between sources with
different redshift and that minimizes the likelihood function :

L(An) = — Zlog(dP(Ed%;’;; An))
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< CAPP Step 4 : Likelihood method

Lag A. : free parameter, can be shared between sources with different redshifts

P(L i) liy A\n
For one night : [,()\n):_zlog<d (ERri, ti; A ))

event 1

L J EgA(Er, ) MM(Er, Eg) x Fy(Er,t; \p)dET
Y dEgdt ~ N

&3 11 L BB ONM(Br, Ep) x Fo(Br)dBr
k Nb k
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c UAPP Step 4 : Likelihood method

Lag A. : free parameter, can be shared between sources with different redshifts

dP(ER.i, ti; \
For one night : Z log( d}; p ) )
R

h dP B W fEffA ET,aMM(ET,ER) X F (ET,t A )dET
" dBpdt ~ N
Signal

N Z Wb’kaffA(ETa e”)MM(E]J@, Er) X Fy x(E7)dET
b,k

Backgrounds k : hadrons and baseline
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< CAPP Step 4 : Likelihood method

Lag A. : free parameter, can be shared between sources with different redshifts

dP(ER.i, ti; \
For one night : Z log( d}; pm ) )
R

dP W fEffA(ET, g)MM(ET, ER) X FS(ET,t; )\n)dET

with = Wi
dFE rdt i N!

Instrumental response functions

S W [EgA(Er, QMM(]?\? Er) x Fox(Er)dEr
b,k
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< CAPP Step 4 : Likelihood method

Lag A. : free parameter, can be shared between sources with different redshifts

dP Eri ti; A
For one night : Z log( d}ZERdt ) )
i dP f ElcfA(ET7 aMM(E'IU ER) X FS(ET7 ta )\n)dET
with = Wi
dERdt N! i

Lightcurve x spectra

N ZkafEffA(ETa aMM(ET,, Er) x ¥y . (E7)dET
k Ny .
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CUAPP

Step 4 : simulations for calibration

Sample simulations to
validate LIV analysis

.

Perform 1000 dataset simulations

—2log &

v

ﬂ'l 11,68%

/ 1000 values \

1 ll) : 2
A,l /11,68%

21,68%
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CKAPP

Step 4 : simulations for calibration

Sample simulations to
validate LIV analysis

Perform 1000 dataset simulations
Calibration : inject lag to verify that LIVelihood reconstructs it well

—2log &

A’l ’11,68%

/ 1000 values \

/11,68%

JRJC 2023

Cyann Plard
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< CAPP Step 4 : simulations for calibration

Sample simulations to
validate LIV analysis

Perform 1000 dataset simulations
Calibration : inject lag to verify that LIVelihood reconstructs it well

BL Lac 2021-08-08 and 08-09 combined

30001

a =1.00 +/-0.01
. b =136.02 +/- 13.80 L
= 2000+ "
3
= ,,»"
< 1000- -
o -
L Pl
Fi 0
Jlj ’a"’
E .”’
+ —1000 - o
c =
S
& —20001 “e calibration stat. err. (MC)

----- ax+b fit 68% CL o
(Preliminary)

—2000-1500-1000-500 O 500 1000 1500 2000
Injected lag (s.TeV-1)
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c UAPP Step 4 : Extraction of Egga limit

LIV analysis on real data

Time delay : A, = (2060 +§§§% M )s.TeV!
ya .
—2log ¥ | |

Systematics :

Statistical uncertainty of the
: light curve template
! ; obtained by letting all
A Agse parameters free in each of

the 1000 simulations
/ 1000 values \

11,68%
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CUAPP

Step 4 : Extraction of Egga limit

LIV analysis on real data

Time delay : A\, = (2060

A

+ 2811 +
- 2899 -

4

)s. TeVv!

v

v
M Aesw 4959
/ 1000 values \
jl )LI,IGS% j1,95%3 c ’11,;5% 1 2
n-+1
Use A g50 = + - to extract : Epq jim = 4.2 X 10'°GeV
ZHOEQG,l’im

(subluminal case)
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cUAPP Comparison with other limits

8 GRB 190114C
2 PKS 2155-304

S 0 | +PSRBO531+21, MAGIC

— 107

H B

8 3 I Mrk501, MAGIC PG 1553+113 I

W I Mrk501, H.E.S.S.

- PSR B0531+21, VERITAS

@] 10—1 ’ 1 L 16
+ ////EQG, limm — 4.2 X 10 GeV
£ 4+ _ (subluminal case)
— BL Lac, 2 nights combined

-

S 1n-2

3 10 _

1 & PSR B0833-45

00 01 02 03 04 05
Redshift z

Bolmont et al., 2022
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c UAPP Conclusion

Analysed all LST database on blazars, searching for variability

Combined 2 variable nights of BL Lac to extract a limit on EQG at the
order n=1 on real data

Ongoing work :
Combine with the BL Lac 2022-10-20 night

Combination of LST data with the consortium data

JRJC 2023 Cyann Plard
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cUAPP
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cUAPP Redshift correction

1.8 .
— n=1, J&P .
1 6l n=2,)ap Jacob & Piran 2008 (J&P)
~| === n=1, DSR | N
" n=2. DSR Deformed Special Relativity (DSR)
1.2}
™~ 1.0}
R 1 Z (1 +Zf)n
: !
< 0.8 K,{&P(Z) = _[ dz
<0 Jo \/Qm(l +2')3 + Q,
0.6
0.4
0.2
0.0 UD 0.2 0.4 0.6 0.8 1.0

Bolmont et al 2022
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UAPP Likelihood for simulations

Lag A. : free parameter, can be shared between sources with different redshifts

For one night : E()\n) — = Zlog< dE’. d.t n))
R

event i

" dP [ EgA(Er, e MM(ET, ER) X Fs(Er,t; \)dET
WI —
dFE rdt N

Signal

Lightcurve x spectra

fEﬁ‘A ET, aMM(ET, ER) X Fb k(ET)dET
Ny x

Backgrounds k : hadrons and baseline
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< CAPP Likelihood for real data

dP B fEﬂ-‘A(ET, g)MM(ET, ER) X F5<ET,t; )\n)dET
dErdt ° N/

fEﬁ-‘A(ET,g)MM(ET,ER) X Fb(ET)dET

W,
+ Wy Né

dNoff 1 " L

Wi,
T TiER TN
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cUAPP Background discrimination

Reflected region background method

Hypothesis : background is purely radial in the field-of-view.

X CAM : camera pointing direction
OFFSET : regions dispersion radius
ON : source (gammas) + background

EXT : exclusion of potential remaining source
events

EXCL : exclusion of a potential other source

OFF : background

1
ny — Nexcess — {Von — E ZNn,off
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c UAPP Spectra

BL Lac 2021-08-08 BL Lac 2021-08-09
power_law fit 3 power_law fit
—. 10-104 Stat. err. 10 10_5 Stat. err.
= ] HH Flux H4 Flux
N
S _
S | 10—11_E
5 10_11'E ]
2, : -
g 107125
S 10712 !
2 | Index:3.65 +/- 0.05 I Index : 3.7 +/-0.1
| (Preliminary) 10_13'5(Preliminary)
100 101 100 101
Energy [TeV] Energy [TeV]

10 bins per decade, ON radius = 0.2°, energy reco : [150GeV , 10TeV]
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cUAPP

Time-independency of the energetic distribution

le

2.01 — Low erllergies model elapplied on high energies
- ¢ High energies light curve
" ' |
N1.51
S |
) i
X !
< 1.0 | {
O i
Q i
= i
O !
© 0.5 |
4.:
- +

| (Preliminary)

10 Lightcurve of the night 2021-08-08

4000 6000 8000
Time|(s)

—— power_law fit 10_10_ —— power_law fit —— power _law fit
-10 | Stat. err. Stat. err. Stat. err.
% 10 # Flux H Flux 10-104 o Flux
(o]
5 10711, 1074 o\ T T
o v
o 10—11_
% 10—12_ TT
o 10—124
=
™~
¢ 0712
: 107134 107124 .
104 Index : 3.8 +/- 0.1 Index : 3.7 +/- 0.2 Index : 3.47 +/- 0.09
10° 10° 10° 10! 10° 10’
Energy [TeV] Energy [TeV] Energy [TeV]
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c CAPP Time-independency of the energetic distribution

Lightcurve of the night 2021-08-09

le—10
—— Low energies model applied on high energies

= 1.751 ¢ High energies light curve
% 1,50 |
o i
E125
x :
21007 ——¢ | |
o .y ’ i lel S
L 0.75- \ ~ + t ;
8050 * \F‘
E L

0.25 1 } :

0 1000 2000 3000 4000 5000
Time (s)

-10
—— power_law fit 10 —+ —— power_law fit
10-10 Stat. err. _I‘I‘ Stat. err.
% -+ Flux E 10-11 —+— #  Flux
o [
£ S
:‘:’: 10-11 i-’_: 10-12
o) )
2, [
— 10—13_
2 10712 8
9 o
e Index : 3.7 +/- 0.1 % 10744 Index: 3.4 +/-0.3
10—134
100 10t 10° 10!
Energy [TeV] Energy [TeV]
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cUAPP

Median of counts

Counts

Counts

°° I, ¢ Excess 2021-08-08 E i
P Median : 0.31 TeV 105 ¢ i
2 ' I
10 ! - 1 i
! ~ | — run 5552
: : E 10%; | — run 5553
i ® - i | — runs554
E ® 8 103- E | — run 5555
101 E © | |~ runssse
i o © 2 | 1= runsss57
; > 1094 | {—— runssss
: ¢ + I | — run5559
i @ 101 | ! i ---- Excess counts median : 0.31 TeV
E I | === Analysis range : [0.150 - 4.766] TeV
10°- i P i
| 10°; P !
! . T !
! ° P i
H . . 10*1- . —1 H . I . .
10° 10! 102 10-t 10° 10! 10?
Energy(TeV) Energy (TeV)
.o 2021-08-09 ; i
" > e Excess 1051 ! m
10%; ® —— Median : 0.25 TeV i i
5 10 | |
®e ‘% 103+ i — run 5592 ;
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