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ABOUT ME

* Gamma-ray astronomy since 2002, LIV studies since 2003
Associate Professor since 2010 - Sorbonne Université - Paris

Member of HESS and CTA

e Research activities:

- Search for LIV-induced energy-dependent time-delays with high-energy gamma-ray sources
- Study of source-intrinsic effects in flaring blazars

* Past technical activities
- On-call expert for HESS camera operation

- Maintenance of HESS cameras
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ABOUT THIS COURSE

* Preliminary comment:

- This course will be entirely focused on ground-based high-energy samma-ray astronomy
* [our parts:
- From image collection to raw data

- Calibration

= Reconstruction

- Analysis + A brief look at Lorentz Invariance Violation analyses

* Before that: some basics, to get familiar with some of the vocabulary
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NOTES/CAVEATS

* This lecture is mostly based on my experience with HESS

e Other |ACT Arrays can use different implementation of the same basic methods/
functionalities

* A huge thanks to HESS colleagues who helped me gathering the material for this
lecture: M. De Naurols, |.-P. Lenain, F. Toussenel, S. Ohm, a lot of PhD students, and many
other colleagues. ..
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SOME (QUICK) BASICS



SOME QUICK BASICS

* T[hree major experiments/Cherenkov
telescope arrays are currently operating

* [he goal Is to study the VHE sky

* For this, we take pictures of the
Cherenkov emission from cascades
developing In the atmosphere

» Atmosphere is a part of the detector
* The signal is faint and very short

* 50, 1o bulld a Cherenkov telescope, you
need

- A large mirror to collect Cherenkov
light

- A fast and sensitive camera in the
focal plane

e Additional constraints exist!
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SOME QUICK BASICS

* We are interested in photons produced by an
astrophysical source

* Dominant background: hadrons
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SOME QUICK BASICS

Detecting a particle means

- ldentifying it @ gamma-ray or hadron!?

- Characterizing it — energy, time, direction, impact location

Notion of event

- A gamma-ray (or a hadron) interacts in the atmosphere, the Cherenkov light is reflected by
the mirror and collected by a camera of HESS

- Necessary condition: the camera Is triggered

Raw data is recorded only when the camera triggers

- For each channel (pixel), amplified integrated pulses converted into ADC counts
+ other parameters

Calibration is necessary to convert ADC counts to a charge, and assess
optical efficiency — multiple ingredients required!
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SOME QUICK BASICS

e Reconstruction is used for

- Discrimination/ldentification — discriminating variables
» Selection cuts allows to obtain a sample of gamma-like events

» Different cuts will give different amounts of purity for that sample

- Characterization

» Several techniques can be used: Hillas, Model,...
* Analysis is used on gamma-like events for
- Precise background estimation and subtraction
- Evaluation of statistical significance

- Signal extraction: energy spectrum, light curve, morphology
» Sometimes long observations are needed

» Reconstructed event list can also be provided at this step

 If the source is suitable, only then can we attempt a LIV analysis
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SOME QUICK BASICS

* We are interested in photons produced by an
astrophysical source

* Dominant background: hadrons

e signal:

Primary cosmic rays hit the atmosphere

They produce a shower/cascade of secondary
particles

Charged secondary particles produce Cherenkov
light

* A shower develops within O(10 ns)

» The camera and electronics need to be fast
enough!
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SOME QUICK BASICS

* We are interested in photons produced by an
astrophysical source

* Dominant background: hadrons
e signal:
- Primary cosmic rays hit the atmosphere

- They produce a shower/cascade of secondary
particles

- Charged secondary particles produce Cherenkov
light

* A shower develops within O(10 ns)

» The camera and electronics need to be fast
enough!
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SOME QUICK BASICS

* We are interested in photons produced by an
astrophysical source

* Dominant background: hadrons

e signal:
- Primary cosmic rays hit the atmosphere

- They produce a shower/cascade of secondary
particles

- Charged secondary particles produce Cherenkov
light

* A shower develops within O(10 ns)

» The camera and electronics need to be fast
enough!

=» More on cascades during the tutorial
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SOME QUICK BASICS

* We are interested in photons produced by an
astrophysical source

* Dominant background: hadrons
e signal:

- Primary cosmic rays hit the atmosphere

- They produce a shower/cascade of secondary
particles

- Charged secondary particles produce Cherenkov
light

* A shower develops within O(10 ns)

» The camera and electronics need to be fast
enough!

=» More on cascades during the tutorial
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SOME QUICK BASICS

* Let's be more specific!

* We are interested in Cherenkov photons from the cascades which peaks around

350 nm

* But photo-detectors are also sensitive to « normal » light in their range of operation:

Night Sky Background (NSB)

* Photodetectors have to be carefully chosen
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THE CAMERA

* (Characteristics of the pre-upgrade CT5
camera (2012-2019)

PS8 0 < |,84 m?3
BiElcioview 5.2°

| 28 drawers with |6 PMTs each
- 2048 pixels

SRR iameter 29 mm

- PMT spectral range 2/70-650 nm
- Peak QE of 30% at 420 nm

- Gain 2x10° at ~800V

- 50 ADC counts for | p.e.

- Integration window width 16 ns

- Dead time |5 ps

- Maximum operational trigger rate 5000 Hz
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THE CAMERA

* (Characteristics of the pre-upgrade CT5
camera (2012-2019)

PRS0 < |,84 m?3
BElcioview 5.2°

| 28 drawers with |6 PMTs each
- 2048 pixels

SRR iameter 29 mm

- PMT spectral range 270-650 nm
- Peak QE of 30% at 420 nm

- Gain 2x10° at ~800V

- 50 ADC counts for | p.e.

- Integration window width 16 ns

- Dead time |5 us

- Maximum operational trigger rate 5000 Hz
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THE CAMERA

e [he camera needs to be fast!
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THE CAMERA

e [he camera needs to be fast!
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THE CAMERA

e [he camera needs to be fast!

1/10000
(100 ps)

1/100000
(10 ps)

1/1000000
(1us)

1/10000000
(100 ns)

1/100000000
(10 ns)
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THE CAMERA

e [he camera needs to be fast!

1/10000
(100 ps)

1/100000
(10 ps)

1/1000000
(1us)

1/10000000
(100 ns)

1/100000000
(10 ns)
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THE CAMERA

e [he camera needs to be fast!

1/10000
(100 ps)

1/100000
(10 us)

1/1000000
(1 us)

1/10000000
(100 ns)

1/100000000 g
(10 ns)
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DATA ACQUISITION

* Simplified view of front-end electronics for HESS CT5 camera

»  View of | drawer

Analog Memory Board #1 - Pixels 8 to 15

Analog Memory Board #0 - Pixels 0 to 7

Signals from trigger:

Ix40 Trigger Channel L1A
>_L L2A/R
x0.4 x -1
ISEG SAM  t12-pit ADC |— 1k FIFO —
PM #0 Active B Analog
clive base >j Memory [ 12-bit ADC |—{ 1k FIFO }—
x16 x -1
. Ix40 Trigger Channel FPGA
x0.4 %
ISEG SAM  t12-pbit ADC |— 1k FIFO |— A
PM #7 Active B Analog
clive base >j Memory [— 12-bit ADC |— 1k FIFO |—
A x16 x -1 <
3| &
2] =
Slow Control Board vV Data to
Temperature —
< . —p next drawer SLC to
| 12-bit AD
HV, HVI > 2 P next drawer
FPGA
Y ' 4 SLC from
 16-bit DAC—— €= Data from previous drawer
previous drawer
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* The PMT signal looks like thi

0.05
0.00
-0.05

-0.10

Voltage [V]

-0.15

-0.20

PM T

SH

HV set = 1350, read = 1337, DC = 80, DAC = 255

M‘ﬂw

|

0.0 0.5

Time [s]

- Typical width for HESS PMTs is 3.5 ns

1.0

155

2.0
le-7

NB: here we see only
pulses which triggered
the scope, so with an

amplitude exceeding a
fixed threshold

- The pulse integral is proportional to the amount of light received

 PMT bases have a protection system so that HV is switched-off when illumination is too

high
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DATA ACQUISITION

* Simplified view of front-end electronics for HESS CT5 camera

»  View of | drawer

Analog Memory Board #1 - Pixels 8 to 15

Analog Memory Board #0 - Pixels 0 to 7
Signals from trigger:
Trigger Channel L1A
L2A/R
ISEG SAM  t12-pit ADC |— 1k FIFO —
PM #0 Active B Analog
ctive Base Memory [ 12-bit ADC | 1k FIFO }—
. Trigger Channel FPGA
x0.4 %
SEG SAM 1 12-bit ADC [— 1k FIFO[— — A
PM #7 Active B Analog

ctive Base >J' Memory [ 12-bit ADC | 1k FIFO |—

A x16 x -1 <

9| &

2} e

Slow Control Board Temperature \ A 4 Data to
— x : —p next drawer SLC to
! 12-bit AD
HV, RV > g EPGA P next drawer
HY ' 4 SLC from
 16-bit DAC—— €= Data from previous drawer
previous drawer
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AMPLIFIERS

Linearity and HG / LG ratio

I

* Linear amplifiers

I

[ IIIHII

- High gain (x|6) amplification for low
amplitude signals (< 200 p.e.)

[ Illlll]

» | pe. = / mV amplitude

-  Low gain (x0.4) amplification for high
amplitude signals (< 5000 p.e.)

I IHIIII

Measured Charge (ADC counts)

- Very high gain (x40) for the trigger
channel

e Note that

» Signal Is inverted and baseline is shifted
towards negative voltages to use the ADC
full iInput range

[ IIHIII

» Impedance matching is crucial all along the
signal path

£ g
3

0
Intensity (ph.e.)
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DATA ACQUISITION

* Simplified view of front-end electronics for HESS CT5 camera

»  View of | drawer

Analog Memory Board #1 - Pixels 8 to 15

Analog Memory Board #0 - Pixels 0 to 7
Signals from trigger:
Ix40 Trigger Channel L1A
>_L L2A/R
x0.4 X -1
ISEG SAM  t12-pit ADC |— 1k FIFO —
PM #0 Active B Analog
ctive Base >f Memory {— 12-bit ADC |—[ 1k FIFO }—
x16 x -1
. Ix40 Trigger Channel FPGA
x0.4 %
SEG SAM 1 12-bit ADC [— 1k FIFO[— — A
PM #7 Active B Analog
clivé base >J’ Memory —{ 12-bit ADC |—| 1k FIFO |—
A x16 X -1 <
] %
2} e
Slow Control Board Temperature \ A 4 Data to
— x : —p next drawer SLC to
! 12-bit AD
HV, HVI > 2 paA P next drawer
HY ' 4 SLC from
 16-bit DAC—— €= Data from previous drawer
previous drawer
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TRIGGER

* The array uses camera triggers and a central trigger

» Different levels of trigger are used 10° T
. . . 10°F : 1
- I.Q: pixel level = The charge In a pixel exceeds a ok §
given threshold (4 p.e.) i ]
ominated by 3
2 PMT after-pulses _;I
- L1:camera level = A number (= 3) of close-by - 0 :
pixels fulfill the LO criteria S ; E
|
S 2 ke level 3 o K E
» L2 trigger makes use of the central trigger output St
0O 2 4 6 8 10 12 14 16

e AC IS ihasitniggered = Monoscopic event LO threshold (p.e.)

» Another telescope has triggered within 80 ns = Stereoscopic event
* Different modes are used for different purposes
- Internal trigger for normal data taking
- External trigger for specific calibration runs (Single photo-electron runs)

- Software-generated trigger for testing/warm-up
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DATA ACQUISITION

* Simplified view of front-end electronics for HESS CT5 camera

»  View of | drawer

PM #0

PM #7

Analog Memory Board #1 - Pixels 8 to 15

Analog Memory Board #0 - Pixels 0 to 7

Signals from trigger:

Ix40 Trigger Channel L1A
L2A/R
x0.4
ISEG 12-bit ADC |— 1k FIFO —
Active Base 12-bit ADC | 1k FIFO |—
x16
Ix40 Trigger Channel FPGA
x0.4 %
ISEG Aﬁggﬂg — 12-bit ADC |—{ 1k FIFO |— A
Active Base >j Memory [— 12-bit ADC |— 1k FIFO |—
A x16 x -1 <
5| &
A =
Slow Control Board Temperature vV Data to
— x . —p next drawer SLC to
| 12-bit AD
HY HVE | S . B next drawer
HV 4 SLC from

: 16-bit DAC|—

= Data from previous drawer

previous drawer
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ANALOG MEMORIES

* Analog memory Is used to store the signal for some time, until the trigger decision Is
taken

- LI tngger decision takes ~200 ns

- Analog, because ADC conversion
takes time (~250 s for a full event)

* Signal Is sampled at | GHz, | ns
for each sample

e (lrcular buffer of 256 cells

Lo
threshold

PMT signal
sampling
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ANALOG MEMORIES

* Analog memory Is used to store the signal for some time, until the trigger decision Is

taken
- LI tngger decision takes ~200 ns

- Analog, because ADC conversion
takes time (~250 s for a full event)

* Signal Is sampled at | GHz, | ns

for each sample
Lo

e Circular buffer of 256 cells Sy

PMT signal

sampling e

Bl iR elielioe exceeds the LO threshold,
a LO signal is sent to camera trigger

il

N
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ANALOG MEMORIES

* Analog memory Is used to store the signal for some time, until the trigger decision Is
taken

- LI tngger decision takes ~200 ns

- Analog, because ADC conversion 1111
takes time (~250 s for a full event)

* Signal Is sampled at | GHz, | ns

L1 tri h
for each sample e

~200 ns after LO

e Circular buffer of 256 cells “"“h";-d

PMT signal
sampling

Bl iR elielioe exceeds the LO threshold,
a LO signal Is sent to camera trigger

W

* LI tngger happens ~200 ns later

» The exact delay can vary a bit and has to be
calibrated for each drawer T
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ANALOG MEMORIES

* Analog memory Is used to store the signal for some time, until the trigger decision Is
taken

- LI trigger decision takes a few ns

- Analog, because ADC conversion
takes time (~250 s for a full event)

* Signal Is sampled at | GHz, | ns

for each sample
Lo

e Circular buffer of 256 cells “"“h";-d

PMT signal
sampling >

Bl iR elielioe exceeds the LO threshold,
a LO signal Is sent to camera trigger

Read-out
window

* LI tngger happens ~200 ns later

» The exact delay can vary a bit and has to be
calibrated for each drawer

N

The read-out Is performed (16 ns window)
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DATA ACQUISITION

* Simplified view of front-end electronics for HESS CT5 camera

»  View of | drawer

PM #0

PM #7

Analog Memory Board #1 - Pixels 8 to 15

Analog Memory Board #0 - Pixels 0 to 7

Signals from trigger:

Ix40 Trigger Channel L1A
>_L L2A/R
x0.4 x -1
ISEG SAM 12-bit ADC |— 1k FIFO
Active B Analog
ctive Base >f Memory [fH 12-bit ADC |— 1k FIFO
x16 x -1
Ix40 Trigger Channel FPGA
x0.4 %
ISEG SAM  t12-pbit ADC |— 1k FIFO |— A
. Analog
Active Base Memory [ 12-bit ADC | 1k FIFO |—
A x16 x -1 <
Ol =
o] &
Slow Control Board vV Data to
Temperature — I
HY, VI é [ 12-bitADC P> next drawer > S
Y FPGA 4 SLC from

: 16-bit DAC|—

= Data from previous drawer

previous drawer
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DATA ACQUISITION

* Once the trigger Is received, analog memories are stopped, and the signal Is digitized to
be sent to the DAQ cluster

* FIFO buffers are used all along the signal path to make the tasks of analog memories
and of the rest of the DAQ independent

» It helps reducing the dead time (15 ps) and make it much smaller than the read-out
time (250 us)

* 50, raw data consists In integrated charge as ADC counts

- For each pixel
- For each gain (HG and LG)

Slow control data is intertwined with raw data, at lower rate (| block for
~ 000 events)

- High voltages, high voltage base currents, temperatures
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A SIDE NOTE ON CAMERA DESIGN

* The design presented here Is the one used for CT5 « old » « French camera ». It s
inherited from CAI and HESS-| camera designs.

e Other designs exist
* Most recent ones show improved performance
» Better sensitivity, lower energy threshold, lower dead time
* Some examples:
- MAGIC: analog signals are sent to the ground through optical fibers

- HESS-Il new camera design (NamCam): signals from the PMTs are digitized directly and
sent to an FPGA for trigger, data processing and event transmission

- NectarCam: evolution from HESS-II old camera readout with improved performance

» Dead time < 500 ns
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CALIBRATION

* (Calibration is the step where ADC counts are converted into a charge in
(photoelectrons) p.e.

* (Cherenkov light intensity Is also assessed in order to get the optical efficiency
* [tis a multi-step process requiring specific types of data
- What is the electronic signal baseline! =& Pedestal
- How to convert ADC counts to a charge at HG! — Single photo-electron (SPE)
- What about LG channel! = Hi/Lo ratio
- How to deal with pixel efficiency non-uniformities! = Flat-field
- How to convert charge to Cherenkov light intensity?

»  What is the optical transmission efficiency! = Use of muons + atmospheric
monitoring

* From then on, we are going to deal with charge distributions
» Charge Iis obtained integrating PMT pulses
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PEDESTAL

* Pedestal = basecline of the electronics

* [t needs to be calibrated with high accuracy since Cherenkov signals are deduced using
this baseline as a reference

* (an be acquired from:

- Dedicated runs: camera lid closed, random trigger

Event count

Low gain channel

2000 RMS = 6,6

1500 High gain channel

RMS = 14,6
- 1

III]|[III|II¥I|IIIN|

1000

500

III[I[III

] l

11800  -11750 _ -11700 _ -11650 _ -11600
Charge [ADC counts]
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PEDESTAL

* Pedestal = basecline of the electronics

* [t needs to be calibrated with high accuracy since Cherenkov signals are deduced using
this baseline as a reference

* (an be acquired from:
- Dedicated runs: camera lid closed, random trigger
- Data taking runs: identifying and filtering out pixels hit by Cherenkov light
»  More NSB — wider pedestal

N
[21]
(=]

pas de NSB

----------- NSB ~ 0.5 x 10° Hz
o NSB ~1.1x 108 Hz

----------- NSB ~ 1.4 x 10° Hz

Nombre d’evenem
N
(=]
o

sy
o
o

IIIIIIIIIIIIIIIIIIIIIII

100 ;
50 Ha
[ % 1?';;«'-:-5_."1:‘:‘;.._”“.lm_‘
O -L’{ Ll 11'1 I R (N i BT 1. :}'”A‘{::"f':i'j'r"i"-l'-'}-«-.r-4--yJ Loadotdad
-12300 -12200 -12100 -12000 -11900 -11800 -11700 -11600 -11500 -11400
pas d’ADC

Belgrade - COST Action Training School 2022 40 J. Bolmont



PEDESTAL

e Pedestal = baseline of the electronics

* [t needs to be calibrated with high accuracy since Cherenkov signals are deduced using
this baseline as a reference

* (an be acquired from:
- Dedicated runs: camera lid closed, random trigger
- Data taking runs: identifying and filtering out pixels hit by Cherenkov light
»  More NSB — wider pedestal

26P 0° -20°
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GAIN CALIBRATION

* Galin is used to convert ADC counts into a charge expressed in photo-electrons (p.e.)

* Overall gain is from
- PMT, and
- Amplifier

»  Obviously, it Is different for HG and LG channels

* Dedicated runs are necessary:

- With camera protected from ambient light (dark or

using a filter)

- Low intensity flashes so that 10000

-10200

| p.e.is produced at the
photocathode on average

-10400

-10600

- External trigger required 0800}

-11000

* (Simulated) Signal and charge
distribution in the HG channel: oo}

400

350

300

250

200

150

100

i—1——J__‘__J__J__J__1__1__1__L__r——L__r——L__ s0f-
11600
-IIIIIllIIIIIIIIIllIIIIIIIllII -IIIIIIIIIIIJILIIIIJI.IIIII]IIllllIIIIIIIIIIIIlIllIl
0 2 4 6 8 10 12 14 —1q70016591160615591150&145&1409113501309112501200
Time (ns) HG Amplifier output (ADCC)
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GAIN CALIBRATION

* Galin is used to convert ADC counts into a charge expressed in photo-electrons (p.e.)

* Overall gain is from
- PMT, and
- Amplifier
»  Obviously, it I1s different for HG and LG channels

* Dedicated runs are necessary:

Measured SinglePE Luminosity |
O Ny

- With camera protected from ambient light (dark or
using a filter)

- Low intensity flashes so that

| p.e. (SPE, single photo-electron) is produced at - e aparas 5:355.:32.::
the photocathode on average S B O O R O O

Co

- External trigger required

* Luminosity on the camera:
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GAIN CALIBRATION

* Galin is used to convert ADC counts into a charge expressed in photo-electrons (p.e.)
* Overall gain is from
- PMT, and
- Amplifier
»  Obviously, it Is different for HG and LG channels

* Dedicated runs are necessary: 1400~
- Opgp = 05 = 10.520.1 ADC Counts -
- With camera protected from ambient light (dark or 1200;_ ﬁ Ogpe = |02 - 02 ]
' - =19.1:0.6 ADC Counts .
SIng 4 filter) £ 10002_ Aspe.pep = 48.820.5 ADC Counts -
- Low intensity flashes so that S 800 | N
| p.e. (SPE, single photo-electron) is produced at by - 1
the photocathode on average 5 000 g
@) -
- External trigger required 4001 E
* Charge distribution and fit: 200[- E
> Nominal gain is 50 ADC/p.e. -19700 11666""' '*""-ﬁsoo 17400
. Charge (ADC Counts)
BRNER R rUns are also used to set PMT HV. ..
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GAIN AND AGING

* PMTs are subject to aging — gain decrease with time — need for regular monitoring

e HV adjustments are made from time to time to re-adjust the gains to 2x10°

| Gains vs Integrated Luminosity Pixel 4 | xZ /7 ndf 615.7/ 314
Amplitude 299.2 + 8.559
O 200 ! ! ! ' ! Decay Charge 57.44 + 8.029
Q | | | | | E t N
< | ! ! ! ! xponfan 0.2074 * 0.007174
c | | | | |
5 1801 | | | | |
O — I I I I I
160 — I I ' I I
— | | | | |
L ! | | : Test bench
= ; | | |
I | | |
120 — ' |
— [ ¥ |
— | -
100 — : '
I |
I |
80— I R B S B A N
0 20 40 60 80 100 120
Luminosity [C]
| Gains vs Integrated Luminosity Pixel 5 |
o ] ]
a | |
s. | |
I I
-% 2 K
o [ [ &G
> P> i
IA | N ;™ | k) .
”:‘n“:‘”-'n'_"-"-ﬂ:: ke : : 4 On Sl-te
e A Lo @
| ¥ etk o '8 | 8
| S AN "‘i{] | > >
! i U < 0
| | 117 | |
| | | |
I I I I
| l | | | | | ;
30 40 50 60 70 80
Luminosity [C]
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HI/LO GAIN CROSS-CALIBRATION

Linearity and HG / LG ratio

I

I

e SPE cannot be resolved In the LG
channel

[ IIIHII

* Real data Is used to cross=-calibrate
High and Low gain channels in
the intensity range where they overlap

[ Illlll]

I IHIIII

Measured Charge (ADC counts)

Rel. Error (%)

1 10 10° 10°

0
Intensity (ph.e.)
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FLAT-FIELD

* Flat-fielding is used to correct for non-uniformities of collection efficiency (cones +

PMT) and PMT Quantum Efficiency

- Camera is llluminated by a very uniform light source located at the center of the dish

- Cross-calibration coefficients are obtained for each pixel

e Q< Qmean-00
*  Qmean- 00 < Q < Qmean
o Qmean < Q < Qmean + 00
Q > Qmean + 00
Q = Qmean

Run 145121

1.004

0.75

0.50

0.25-

»~ 0.00-

-0.25

-0.50

~0.75

—1.00

-1.00 -0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00

X
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WHAIT WE HAVE 50O FAR

* Up to now, we have a conversion from ADC to a number of photo-electrons, averaged
over the spatial efficiency of the camera:

ADCye — P
ADC,S p
Sie = Le LY S (HG/LG) x FF
YHG
with:
- S:signal In pee.

- ADC:signal in ADCg, v: gain

P: pedestal
FF: flat-filed coefficient
HG/LG: Hi/Lo gain ratio

* C(Charge in p.e. will be the main ingredient of the next steps of data analysis

e But we still want to evaluate optical efficiency
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CHARGE TO CHERENKOV LIGHT

* Jo get the number of Cherenkov photons hitting the telescope, we need to know:
- Reflectivity/transmissivity of optical elements as a function of wavelength

- Telescope collection efficiency

- PMT QEXCE as a function of wavelength.
e All this is difficult to measure...

* Atmospheric muons are used to get the overall optical efficiency
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CHARGE TO CHERENKOV LIGHT

* Muons offer a natural calibration beam:
- Radiation spectrum is very similar to Cherenkov emission from gamma-ray showers

- Muons reaching the ground are ultra-relativisitic, making the light yield independent of the
muon energy — it depends only on the track length

- Muon signal is very short in time

e HESS small cameras can see the last ~400 m of the muon track (~/00 m for CT5)

* The overall optical efficiency Is given by:
Eff. opt. = Re x (1-Sh) x Co x QE

where:
- Re is the mirror reflectivity integrated over wavelength (~80%)

- Sh is the shadow of camera and masts on the mirror (~10%)

- €o is the collection efficiency (~/0%) i
- QE is the PMT quantum efficiency (~30%) -
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CHARGE TO CHERENKOV LIGHT

* Some simulated and real examples:

a)

Miroir

|
| “
' ! )| = rotation axe optique
! .j
|
T

Plan; focal Plan focal

b)
Miroir
—;h— + rotation axe optique
Plari focal

Plan focal

{ <
NSNS \

{ o
: .

NS );\_ A 4 4
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2 <
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CHARGE TO CHERENKOV LIGHT

* [he number of photons reaching the camera per unit wavelength, azimuth angle, track
length Is given by:

Related to the geometry

d>N oL— W
didpd) — 257 (260)371D(¢, p)all; V)

Atmospheric absorption

Related to the radius Optical efficiency

* Atmospheric absorption can be obtained from models or deduced from
measurements (LIDAR)

» Transparency is reduced by dust, aerosols...

S
[

sERlEREtechnique must be proven

with Monte Carlo simulations! 0.00

Efficacite optique

* Long-term monrtoring of
optical efficiency Is important

0.08—-

»  PMT cleaning, Winston cone
replacement, mirror

refurbishment... | =2 SN USSR SRR SOUTNNS USRS SR £ &
1 1 1 1 i 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i_
00 25000 30000 35000 40000 45000 50000 55000 60000

N° du Run

r—e— i
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¢Lilllltllll|lJIL|;$;:z:JJJ—
T : :
B r—-u—.-r—»—; . -
L : e : i
'_mi ........ ]
i | :
e ; 1
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et 2 el
——— -
it
000
e Ror Rz Rex
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WHERE ARE WE NOW!?

* For each pixel, we end up with a charge in p.e., and a way to assess
Cherenkov light intensity

* This will be the main ingredient for the next step: reconstruction
and analysis.

* T[he calibration step is also very important as a first assessment
of Instrument performance

* Hardware problems detected during calibration must be taken
Into account In the reconstruction and analysis steps

» An inoperative pixel can be removed from the analysis only for a
part of a run...

* (alibration software requires great care: a bug can introduce
biaises In the reconstruction and analysis steps

» Each time the calibration software is updated, all data sets need to be
reprocessed. ..

» Fortunately, effects of these bugs are usually very smalll
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To be continued...



PART I

RECONSTRUCTION AND
ANALYSIS



WHAT DID WE LEARN SO FAR?

* Yesterday, we've seen

- How Images are collected

How we can convert from ADC to a charge and to the Cherenkov light intensity

»  Multiple step process
* |n practice, reconstruction and analysis use charge Iin p.e. as main input
* Optical efficiency must be taken into account in Monte Carlo simulations, which
provide a charge In p.e. for each pixel

B Tiedtisteps are

Reconstruction: shower images are processed to discriminate gamma-like and hadron-
ike events and to reconstruct shower parameters

- Analysis:
» If the signal Is strong enough (significant), spectral analysis, light curve extraction...
» If the signal 1s not significant, limits on the flux can still be derived

- Addrtional criteria apply for LIV analysis

* Before that: run selection, data quality checks, etc. = not covered...
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RECONSTRUCTION

Goals of reconstruction:

Reconstruct the parameters of the primary particles: direction, impact location and energy

Provide discriminating variables to reduce as much as possible the amount of background
events. Rejection factor is typically O(10%)

e [wo methods will be covered In this session

ST
S

Hillas reconstruction
Model reconstruction
hey are quite simple to implement, and widely used

ey are also complementary and can be cross-checked or even combined

* Many more exist! Some are based on the use of neural networks, boosted decision
[ife=SHelG.

»  More complexity, longer computing times. .. but better overall performance
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HILLAS RECONSTRUCTION

* First step: image cleaning

- |deally, keeps only the pixels with light from the shower

- Iwo thresholds:

» A pixel with a signal >s; is kept only If it has at least a neighbor with intensity >s;

Different values can be used depending on the amount of NSB (4, 7), (7, 10)...

cleaning 2

no cleaning cleaning 1

Plxel Intenstities
a) :

Pixel Intansities

Pixel Intensities
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HILLAS RECONSTRUCTION

* Images look like this, for a photon, and for a hadron

* [he gamma shower Is quite elliptical in shape...

?QOOO.. ?.OOO.Q

6 15 30 60 150 300 p.e. 6 15 30 60 150 300 p.e.

1 TeV gamma at a distance of 116 m 2.3 TeV proton at a distance of 58 m
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HILLAS RECONSTRUCTION

In 1985, Hillas proposed to model the
images by an ellipse

Hillas parameters:

- Length L and width w of the ellipse
- Size (total image amplitude in p.e.)
- Nominal distance d

- Azimuthal angle of the image main axis @

- Orientation angle o

* This parametrization can be expressed from
the intensity gi (in p.e.) and position (X, yi) of each pixel

From these, several quantities are computed:

Zi Liq;

- > i ) = Zgzgjqq 0,2 = <y2> - <?J>2
’ (

DY, S, o Syl o2 = (2%) — )
= 2 i )= 2 Ui W)= > Ui oy = (2Y) — (2) (Y)

()
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HILLAS RECONSTRUCTION

In 1985, Hillas proposed to model the
images by an ellipse

Hillas parameters:

- Length L and width w of the ellipse
- Size (total image amplitude in p.e.)
- Nominal distance d

- Azimuthal angle of the image main axis @

- Orientation angle o

* This parametrization can be expressed from
the intensity gi (in p.e.) and position (X, yi) of each pixel

From these, several quantities are computed:

X — 0-172 _ O-yg

z = \/X2+40$y

h o \/(1 +x/2) () + (1= x/2) () — 20, () (1)
2
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HILLAS RECONSTRUCTION

In 1985, Hillas proposed to model the
images by an ellipse

Hillas parameters:

- Length L and width w of the ellipse
- Size (total image amplitude in p.e.)
- Nominal distance d

- Azimuthal angle of the image main axis @

- Orientation angle o

* This parametrization can be expressed from
the intensity gi (in p.e.) and position (X, yi) of each pixel

* From these, several quantities are computed d = \/<x)2 + (y)°
 And then we get Hillas parameters from image quantities: L = 0p2+02+2
W = 042+ 0,2 —2
S 1 b
a = arcsin (3)
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HILLAS RECONSTRUCTION

* Single telescope reconstruction

- Degeneracy for source direction...

..OOO..

6 15 30 60 150 300 p.e.

1 TeV gamma at a distance of 116 m
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HILLAS RECONSTRUCTION

* Single telescope reconstruction
- Degeneracy for source direction...

- Additional parameters are added to remove
the degeneracy

- Recent hardware developments can help:
addition of timing in image analysis

L X ROROROR X
0

6 15 30 60 150 300 p.e.

1 TeV gamma at a distance of 116 m
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HILLAS RECONS TRUCTION

* Single telescope reconstruction
- Degeneracy for source direction...

- Additional parameters are added to remove
the degeneracy

- Recent hardware developments can help:
addition of timing in iImage analysis

» Possibility to resolve cascade development as a
function of time

- Example with a hadron:
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HILLAS RECONSTRUCTION

* Stereoscopy Is used by all major experiments

- Intersection of image axes in the camera frame gives the position of the source

Belgrade - COST Action Training School 2022 66 J. Bolmont



HILLAS RECONSTRUCTION

* Stereoscopy Is used by all major experiments
- Intersection of image axes in the camera frame gives the position of the source

- Intersection of planes containing the telescope position and the shower axis gives the
position of shower impact on the ground (also called shower core)

* NB: pointing accuracy, camera position in the focal plane have to be carefully controlled!

I These two
fisures do not

_ depict the same
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HILLAS RECONSTRUCTION

* Gamma-hadron separation
- Hillas parameters can be used to discriminate between photons and hadrons
- Several methods exist. An example is the so-called Scaled Cuts method

- The idea Is to compare image width and length with the expectation values and variance
obtained from simulations as a function of image charge  and impact distance p

» Scaled Width (5\W) and Scaled Length (51)
— [ — ({
oy = W@p) —wlap) o _ Ug,p) — (g, p))
Ow(Q7p> Ol(Qa :0)
- For stereoscopic observations with ntels telescopes:

» Mean Scaled Width (5W) and Mean Scaled Length (50)

> SW > SL

MSW _ tels MSL _ tels
vntels vntels
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HILLAS RECONSTRUCTION

¢ Example of MSW and MSL distributions for the Crab Nebula

Simulated gamma-rays in red, Gamma-like events from the Crab in green, Background

events in blue

| Mean Scaled Width | [ Mean Scaled Length |
»w 6F ) C
£ F =
S 5f 3 .
# O * 4F
N C ¥ —— v (simu)
N —— v (simu) 3.5F ST
aF g | - -~y (ON - OFF)
. Mt -~~~ 7(ON-OFF) 3 3 Y —— Background (OFF)
N ' ¥, | —— Background (OFF)

B T T
MeanScaledWidth MeanScaledLength

810

SR ciRinterest of Scaled Cuts:
- They are scaled by the variance of the parameters, e.g.
» Small energy — big variance = small parameters
» Big energy — small variance — big parameters

- This will turn into the fact selection efficiency will not depend on energy
— No bias for energy spectrum determination
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HILLAS RECONSTRUCTION

* [Energy reconstruction

- Use of simulated events to build look-up tables

- Primary energy is deduced from impact parameter and

image size (intensity)
* Jables

- For each shower:

» Reconstruct the impact point (the core)

» Compute the intensity in each telescope

- Bvents are binned by reconstructed distance
to the telescope and image intensity

| Mean Energy |

— 500
£

H

@ 450 %
§ 400 32
3 350 >
© 21
g 300 "\E/
£ 250 1

200

o

150

)
—

100
50

0

5 6 7 8 9 10 11
(Size in p.e.) log(size)

- For each of these bins, average and variance of true energy Is computed

- This is repeated for 20 bins for zenith angle, /7 bins for optical efficiency, 6 bins for off-axis
angle. Intermediate values are obtained through interpolation

* This interpolation allows to get the reconstructed energy for each telescope from the
size, using the Impact point reconstructed with the full array

* Final energy estimation Is obtained from a weighted average. Energy resolution ~20%,

with biases at low and high energies
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MODEL RECONSTRUCTION

 Model reconstruction was developed by De Naurois & Rolland (2009) from
early works done in CAT in the 90s (Le Bohec, 1998)

* NB: Cherenkov light distribution of a shower is given by the longitudinal, lateral and
angular distributions of charged particles

e [he method:

- Produce these distributions from Monte Carlo simulations

- Parameterize the distributions = shower model
» The first interaction depth parameter is taken into account
- Produce the images in the cameras, adding the noise due to NSB in each pixel

- Reconstruction and discrimination are achieved through the comparison between raw
images and modeled raw images

»  Done with a log-likelihood maximization technique

* |n HESS, this technique allows a x2 improvement of sensitivity compared to Hillas
reconstruction
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MODEL RECONSTRUCTION

* Examples of modeled
shower iImages

e | TeV vertical showers

R SR tinitsicdegrees (n
the camera frame

B Edlenintensity In p.e.

ERIORES el size
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MODEL RECONSTRUCTION

* [tis important that the model is accurate

* Need to compare it with simulations

* Example:
§ = % 0.008
\g- :HJJH“ T | ><O § 0.007
Y jw [T : e
3 =l - ® LT
= 10°F . < 0.006 i LI L
a =T . g’ T ] L
€ = . o ength
< = = Trigger effects ; 0.005
i .; EEEEEEEER * s
= n £ 0.004 1
102t ML :
= . i 0.003 1 %l (| o
= . B 1[ Width n
m - 0.002 -
E_ - : ! l_|L{ }'%—rl--!.:!:‘l[l ™ -
= - 0.001— = HHH
: 1 1 1 I | I - I 111 1 | 11 1 I 111 I | I | I 111 ] 11 1 _ﬂl |- 0 : | | 1 | | | 11 I | 11 | I | 1 | I | 11 | I | 11 | I 1 | | I
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350
True Impact Distance True Impact Distance

- Average and shower-to-shower fluctuations from simulations is shown in black (1 TeV,
zenith)

SEade"pbrediction In red, pixel size 0.16° (H.ES.S)

Belgrade - COST Action Training School 2022 75 J. Bolmont



MODEL RECONSTRUCTION

* A likelihood fit I1s used to reconstruct energy, direction, impact, first interaction depth by
comparing real raw images and models

» This comparison is done at the pixel and p.e. levell
» The main ingredient is the charge distribution In each pixel

» Pixels are assumed to be iIndependent

EllEErctipul of the fit

- Best guess for the 6 shower coefficients: direction (2), mpact (2), depth of first interaction,
energy

- Uncertainties
- Final log-likelihood value

« Compatiblility between recorded events and pure gamma-ray hypothesis Is assessed
from Goodness-of-fit:

]
Pixel expectation value

> [ LGilpa)] - [ L) s,

Pixel log-likelihood (o — Pxeli

_

V2 x NDoF Normalization
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MODEL RECONSTRUCTION

* Discrimination between gamma-ray and hadron induced showers relies on several
facts:

- Hadron induced showers are irregular = image usually show clusters

- Hadronic part of the shower produce low intensity Cherenkov light which is spread over
the camera = « hadronic rain »

- Primary charged particle can produce Cherenkov light
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MODEL RECONSTRUCTION

e From this, we can build discrimination variables

 Shower Goodness (5G)

»  Goodness-of-fit, using pixels above 0.0 p.e. grouped together with three rows of neighbors

e Background Goodness (BG)

»  Goodness-of-fit, using all the other pixels

* As already done before, we can define
another parameter using images from
several telescopes:

Mean Scaled Shower Goodness
(MSSG)

1200

#events

1000

800

600

400

200

—eo— PKS 2155-304 (ON-OFF)

—~¥— Background (OFF)

Monte Carlo (y) - NSB 40 MHz

Illllllllllllllllllll]

N
o
N
iy

8
Shower Goodness
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RECONSTRUCTION

* Where we are now
- Two methods for reconstructing event parameters
- These methods can be used also as discrimination tools
* Before reconstruction, we need to chose a number of initial selections such as
- Minimum charge (p.e.) In the camera
- Maximum nominal distance (deg.)
- Minimum number of telescopes required
- Maximum Shower Goodness
- Primary depth range

- Max 62 (0 is the angle between the expected position of the source and the reconstructed
position) — post-reconstruction criteria

e Fach set of cuts will lead to
- Different performance!

- Different list of reconstructed events!
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RECONSTRUCTION

* Examples:

Name Min. Charge Max. Nom. HTels | SGax to 02
(p.e.) Distance (deg.) (Xo) | (deg?)
Standard 60 2 2 0.6 | [—1,4] | 0.01
Faint Source 120 2 2 0.4 | [—1,4] | 0.005
Loose Cuts 40 2 2 0.9 N/A | 0.0125
* Min. Charge has a direct influence on energy threshold
* Faint source: for low flux, hard spectrum . dNI/dE

»  Good angular resolution, so smaller cut on 62

 Loose Cuts:for high flux, soft spectrum
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RECONSTRUCTION

* Performance of reconstruction is assessed through

- Its ability to reconstruct shower parameters with accuracy

- Its ability to reject hadron background

* Performance of the detector is commonly quantified by effective area,
Etrue VS Erec relation 1.e. migration matrix, which also contains values for energy
resolution and bias = Instrument Response Functions (IRF)

» Depend on zenith angle, offset angle, observation conditions, reconstruction strategy...

At zenith

[ T TTTTI

B N 3

Effective Area [m?]

- o] Trigger
, : [-*-] Model Std.
‘'¢+/ |21 Model Faint
e | B 1o [ W I Yo - Y E——
T Hillas 60
i Hillas 200
L Lol Lol

[ |I|||I|

Ewn~300 GeV

—
o
o
-
o

1 10 E [Te\}?2

Resolution

0.3

0.2

0.05

II|||II[||III||II[I|III|

]
3
@

0.3

0.2

IIIIIIIIIIIlIIIIIIIIIII

A

QA

'{';. .\A
O[3 oo

S & t f 3’ ::“}:

w02 e e

oy
e
D {

0.3l
107

T T

Model Std
[~ Hillas 60
[--a--] Hillas 200

IIII|

lIIIIIIl

| IIIIIIII | | I I |

10"

1

10 E [TeV]
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RECONSTRUCTION

* Performance of reconstruction is assessed through
- Its ability to reconstruct shower parameters with accuracy

- Its ability to reject hadron background

* Performance of the detector is commonly quantified by effective area,
Etrue VS Erec relation 1.e. migration matrix, which also contains values for energy

resolution and bias = Instrument Response Functions (IRF)

» Depend on zenith angle, offset angle, observation conditions, reconstruction strategy...

NB: at low energies, trigger efficiency decreases and
reconstructed energy Is overestimated

In(RecEnergy/TeV)

Trigger Eff.

|IIII|IIII|IIII|IIII|IIIIIIII

= > ' " Resolution2D_Zen18

. E > Entries 25600

A 3 Mean x 1.2
Meany  1.288 1

More triggers » RMS x 1.924

on this side! : . RMS y 1.939

1 1 1 Il 1 | l 1 1 1 1 I 1 | 1 1 l 1 1 | — l 1 1 1 Il I 1 1
B 2 - 0 1 2 3 2 0
= = In(TrueEnergy/TeV)
ru
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FROM RECONSTRUCTION TO ANALYSIS

* T[he reconstruction step gives us a list of gamma-=like events (« Signal »), including

- Real gamma from the source under study

- Real gamma from background Signal T Gamma MC

[ |Proton MC

—
N
| I | 1

- Real electrons

—
[\
L] I LI )

- Mis-identified hadrons

—
o
IIII

* We now want to focus as much as
possible on source gamma events to extract
source properties:

Percentage
T

- Spectrum JF
- Light curve oF
- Morphology LA T SO e

Discriminating Variable

* 50, we need to estimate the background as precisely as possible. ..

»  Goal of the analysis
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ANALYS

* T[he detection of a source usually requires multiple

S

GRS

* These runs are usually taken in different observation condritions

- Zenith angle
- Offset angle

- Presence of hardware problems

* The goal of the analysis is to combine these
runs and precisely estimate the background

* Some background estimation techniques
require to know the acceptance of the
detector = heavy use of simulations

» Probability that an event of a given energy
and type triggers the system, Is reconstructed,

and is selected according to the considered
event class

* [t's not the case for the « Multiple=OFF » or «

- — 0°<0,<20°
—20° < 0, < 30°
—30°< 0, < 40°

40° < ¢, < 45°
—— 45° < ¢, < 55°
— 55°< 0,

—

o
o

Relative Rate

o
o

0.4

0.2

0 2 4 6 8
(Offset angle) v? (deg”)

reflected background » technique
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BACKGROUND ESTIMATION

* Say we want to Investigate a particular position in the sky

‘“““\\\“““““““"|||||||"""|ll'""""""""”"””
\\\“\
\\\\\\

1y,
\\\\“ i,
. . e Uy,
Array's effective Y "y,

g . \) {/

W ,
field-of-view o ",
S ,
S ,
S “u,
& 2

Test Position
(is there a source here?)

Offset angle

observation
position
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BACKGROUND ESTIMATION

Array's effective
field-of-view

Wy,
iy My,
W

* Problem: there may be other sources in the same FOV! = exclusion regions

o
o

* [he ON Region is centered on the expected position of the source

ON Region
] Exclusion region e Ao
E posIhon Exclusion rggion
% Exclusion region s
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BACKGROUND ESTIMATION

* Acceptance is radially symmetric, so we consider a circle around the observation
position

T,

LT I

L iy,
L I

: \
Array's effective o
field-of-view \\\\\\\\\“

ON Region

observation
position

Exclusion rggion

///I

7,

////IIII iy ,
{/

ExcliSion region

L g
..-_-_-_l’
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BACKGROUND ESTIMATION

* Background is taken in OFF Regions which are centered on that ring

* There can be several OFF Regions = « Multiple OFF »

Array's effective o
field-of-view "
R

observation
position

OFF Region
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BACKGROUND ESTIMATION

* A real example for two different runs

Off regions (1)

-59°30°

Exgmded regio

o

;

.y
x,

Vo
i e
N

rd
-~

—

Bes ;
-Region of interest o Off regions (2)

o >

7 by
=,
A 7 b
|: II_.—’_-__. (.-"_'“L )
4 N T

14M"5™ 14"00™

* When a high number of runs is necessary, the whole process needs to be
automated. ..

* A database with exclusion regions Is updated regularly
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SIGNIFICANCE

* We define:
- NonN the number of events in the region of interest (ROI)

- Norr the number of events in control regions (OFF regions) with only background events

-« the ratio of the expected number of background events in the ROI over the actual
number of background events accumulated in OFF regions

» @ can be understood as the ratio of exposures between the ON region and the OFF regions
- The excess is given by NoN = o¢ NoFF

- Significance is obtained from Li & Ma (1983):
S=+v—-2In\

with v [ (Now+Nog Nox [ (Nowt Nog Noft
B 1 —+ Non 1 + Noff

» Ais the likelihood-ratio between two hypotheses:
- Non events result from Signal + a Background

- Non events result from background only (null hypothesis)
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SIGNIFICANCE

* For pure Poisson fluctuations for both ON and OFF events, S follows a normal
distribution of average O and width |

* [EXxcess events show up as a tall on top of this distribution

* Another control plot: 62 distribution

2/ ndf 266.8 /189 6? Multiple Off
103 = Constant 647.2 + 4.2 _
- A Mean - 0.01424 £0.0046% 4500 1.3 live hours (1.2 acc. corrected)
Sigma 0.9482 + 0.0037
I 40003 ON=10621 OFF=753 (x=11.97)
2 1500l 10558.17, 06=221.4 §/B=167.8 (Single OFF: 0=118.8)
107 134.07 +- 1.31 y/mn
: 3000
I 2500
1500 = :
| ‘ 1000 ] : Background amount is so
! ‘ ’ ” |” ’ ’ | 500 small that we can't see it!

. g | | , , . | .
0 5 10 15 20 25 30 35 40 % 0.02 0.04 0.06 0.08 0.1
Standard Deviations & (deg?)
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SIGNIFICANCE

* For pure Poisson fluctuations for both ON and OFF events, S follows a normal
distribution of average O and width |

* [Excess events show up as a tall on top of this distribution

* Another control plot: 62 distribution

140 3.0 live hours (2.8 acc. corrected)
ON=408 OFF=1859 (x=11.39)
120 244.8 v, 6=15.1 S/B=1.5 (Single OFF: c=11.1)

1.34 +- 0.11 y/mn
100

80

E . 62 cut
GO
40 :— -
:-+++‘|:i?-++ + ] - gn 1 "Il H IIIII +
20 __ n
oLl ; | [ | |
0 0.02 0.04 0.06 0.08
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SENSITIVITY

* For a given analysis chain and a given set of cuts, it Is possible to estimate the
sensitivity of the array

« Sensitivity: minimum flux which can be detected with Ne significance during T

hours of observations. Other criteria may be added: |0 detected gamma-rays per
ShictieAsmS/B = 1/20. ..

o Example for‘ pO|n‘t_|||<e Sour‘ces: T L lllllI T T lIIlII T T llllll T T llllll :
10 10 —eo— CTAO Northern Array 1S
— =S
— —a— CTAO Southern Array -
» — I g
(\'IE — —— “““.: = g
O
© Lo P >
o 100 E \ S =

@ — U =
2 - - A = %
2 - —a— v, o0 8
> > (Y "\ :;.;:‘3\6\ 3
= B —C— 5 o ™ 12
2 v % 2t >
S 107 E == ~ e T SR
>< : - ’ls' '-l'||-“‘ N == r=_=1 :g
2 — * "S —— = =1 — e
= - e —.— 1
> - ———— —— =
o o —a— -
LLI 10_13 I 'l' — . . 3
E I. * . .rr~'\\j‘ - & E %
e ’ - :;-’E'E,g; ‘&,‘ : <

— Differential flux sensitivity (50 h) e —

— | | IIIIIII | | L1 1111 1 1 IIllIll 1 1 IIIIIII 1 ]

102 10" 1 10 10°

Reconstructed Gamma-ray Energy ER (TeV)
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WHAT'S NEXT?

* From now on, we will focus on a simple case: point source, with negligible background
» This can happen for e.g. a flaring AGN or a GRB!
* We will also consider that the source is detected with a significant signal
»  Usually a detection is claimed when S > 5 O
* We are usually interested in
- The energy spectrum of the source

- Its light curve

» Ingredients for LIV studies!

* We'll now briefly see how to get the spectrum
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SPECTRUM

* A commonly used technique for spectrum extraction is the so-called « forward folding »
technique

* [t requires a good knowledge of Instruments Response Functions (IRFs): migration matrix (Etrue
Vs Erec), energy resolution &, effective area &

» IRFs are different for each reconstruction method and depend on selection cuts!

»  IRFs vary with observation conditions!

SO ICPs:

Assume a spectral shape @ (power law, broken power law, etc.)

Compute in each bin of energy the expected number of gamma events:

Erec,2 o0
ny = / AE, . / By R(Ereer Bupue|6, 0, €) X A(Egruel3, 0. €) X ©(Eyrye|)
Erec,l 0

with & the zenith angle, W the off-axis angle, & the optical efficiency

A log-likelihood is built from the number of ON and OFF events, taking into account a proper live
time normalization f

ny, NoFF

2., . Non
N~ -+ ‘,-37?}1 e—(n.y+/3nh) e

Non'! Norr!

—np

P(Non, Norr|ny,np) =

where n, and n are the expected numbers of gamma and background events in the energy bin.

The log-likelihood Is then maximized
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SPECTRUM

* [he results of the maximization are:

- The best fit parameters a

- The expected number of events in each
bin

- The covariance matrix — used to derive
flux uncertainty in each bin

- The final value for log-likelihood —
~ goodness-of-fit

* Flux points are obtained from the model
using best fit parameters and residuals
obtained In each energy bin

* Main advantage of the forward-folding
technique: Non and Norr used directly,
no need for flux point calculations

I I lIIIIIII IIIIIIIII | IlIIIIII | IIIII||] I IlIIIIIl lIIIlllTl IIIIlIIlI

** SpectrumCurvedPowerlLaw **

@ (1 TeV) « (3.2950401 1 2.653¢-01} 107 cm? 5" Tev"'
@ {1.01 TeV) = {3.211e401 £ 2.591e-01) 1077 cm? 5! TeV'
Norm = 321145 4- 0.259123 10° m?.s" TeV"' [1e-15,1e415]
Index = 2.29386 +- 0.0139413 [0.1,10)

Bets = 0.195467 +- 0.00958677 [-50,50]
Decorrelation energy = 0.933 TeV
1>1.000 TeV) « (2.1650400 + 2.375-02).10""" em? 5

: : : : : : >1.011 TeV) = (2.129400 + 2.350e-02).10"" cm? 57!
A R A TP TR O HT Fg(=1.000 TeV) = {4.7082400 + 7.923e-02).10" ' TeV cm™? 57!

Fe(=1.011 TeV) = (4.6712400 1 7.904e-02).10"" TeV cm™ 57
Uikedihood : -38.1
Equivalent x? = 76.1/74 ndf, P=0.41

.........................................................................................................................................................

S T A

SeetscssettcnspescncencnnredeenroncrnnesefecsrcencansechescescsssssefesascscssccsspocesscscassedecsssscccddNgeamecccoseccrtrcectnnefoccenrrencanipecarcnses

_illéllli | I E]IIEIIII | I iII:II
1

True energy (TeV)

" —_ — "'5'4— + +"T‘EIT'-|-'§ || q“‘»

Reconstructed energy (TeV)
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PART [V

LIV ANALYSIS



WHAT WEWANT TO TES

* Some theoretical approaches predict a modified dispersion relation for photons In

el

MODIFIED DISPERSION RELATION

}

PURELY KINEMATICAL TEST THEORY Ep: Planck scale ~ 1012 GeV
WHERE

1+ ikn (;—P)n

n=1

E2 2p2c2 X

So, photons of different energies could travel at different speeds in vacuum

Two photons emitted at the same time at redshift z would arrive with a delay

En _ En z nn
At,,zsin+1 bl f (1+Z,) s
2 EQG 0 H(Z ) z=0.1 z=
where the integral deals with Universe expansion AE=100Gev| 035 | fe
* This effect is very small but cumulate on large distances NE—1Tey | 35 | 40s
AE= 1TV L 3x107¢s | 5x105s

» Example values for Eqg = Ep

* When no significant lag is measured, a limit is set on Eqc
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HOW

* 50, we want to measure a time lag between photons of different energies

Need for sources that are

Source Observed by Distance Variability time scale
e Ristant AGN flare IACT Zmax ~ 0.6 O(1 min)
: : Satellites Zmax ~ 9 0O(0.1 s)
- Variable or transient
Satellites & IACTs dmax ~ 50 kpc O(1 ms)
- Energetic
. Source Random ? Intrinsic effects Emission mechanisms
e (Candidates:
Yes Hints poorly understood
3 Gamma_ Ray BUFST.S (G RBS) Yes Yes poorly understood

- Flaring Active Galactic Nuclel (AGN's) PSH No Can be separated ~Ok
- Pulsars (PSRs)

* T[hese sources all have advantages and drawbacks
* [he « Variable or transient » criteria is essential
» The more variability we have, the more sensitive we'll be
» A galactic millisec. PSR can give more stringent limits than a distant flaring AGN...

* Several techniques have been developed to measure energy-dependent time delays
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BASIC TECHNIQUES

* The main ingredients of LIV analyses are:

200}

0.2-1 MeV
7.8125 ms bin

|

- light curves in different energy bands, or

- alist of photons (gamma-like) with arrival times,

%0 1-2 MeV
;”;(F:Shstructed true energies, etc. together with EL,.,.JHAJ‘JW‘WWL, Mmmhj
15 2-3 MeV
» As seen previously, each type of analysis, cuts, etc. M
will lead to different IRFs and different lists of
photons SE 3-5MeV Ié
« A simple technique: r"m.—.ﬁnmrJerrIaJ‘ﬂ Il'wﬂu"ﬁnnﬂm. At

5-7MeV
- kit the peaks in the light curves in different JHFH
ST 1 PR S IS L N PR P
energy bands

Counts/Time Bin

O\

PO P T N I T P

7-10 MeV
- Compare the fitted pOS|t|ohs of the p§a|<s to S Ry ]P”m" T
get At and the corresponding uncertainty 6F -
: 10-17 MeV :
- From the spectral index and energy ranges, get m Lo o Do oot Ll il 3
the value of AE 22:49:16.5 22:49:17.0 22:49:17.5

UT

* Other methods were used based on signal Boggs et al. 2004 - GRB 021206 - RHESS|
processing techniques: CCF, wavelets. .. 7.8 ms binning
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A MORE ADVANCED TECHNIQUE

* Likelihood technique proposed by Martinez & Errando (2008)

* The pdf iIs computed from the time and energy distributions and takes IRFs into
account (effective area, energy resolution)

P(E; t;|m,) = N/ D(E;, Es) A(Es) F(t; — 1, ES) dEs
0
 The likelihood is then obtained from the events with

c=]]PE.tinm)

« Maximizing the likelihood gives the best estimate for parameter ¢

* Main advantages:
- Good sensitivity

- Easy to combine multiple sources
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A MORE ADVANCED TECHNIQUE

e Emple with PRS2 |1 55-304 2006 flare:

- Parameterization of the light curve at low energies

- Parameterization of the spectrum

- Likelihood maximization and obtained best estimates

—~ 25 = .
d ~ Number of passing events = 2462
% _ Minimum at To=-9.517.1s/TeV
N 20
15 . ;
: - .5.5 s/TeV-
10 ; * X
5 -
i | | | ‘ | | | ‘ | | | | ‘ | | | ‘ | | |
% 40 20 0 20 40 60
7, (s TeV)

-2 Aln(L)

25
- Number of passing events = 2462
_ Minimum at T =17%3.5s TeV? ’
20—
15 B x X
: I.7 s/TeV2
10— - x
5 |
i | | | ‘ | | | ‘ | | | | | | ‘ | | | ‘ | | |
% 40 20 0 20 40 60

T, (s TeV?)

dN/dt

dN/dE

307\\\\\\\\\\\\\\\\\\\\

25

151

10

‘\\\\‘\\\\‘\\\\7
PKS 2155-304 Data -
0.25-0.28 TeV

y2/dof = 48.8/38

\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\7
500 1000 1500 2000 2500 3000 3500 4000

Time (s)

10%c

PKS 2155-304 Data
I =3.46 + 0.04
y2/dof = 16.7/23 .

2x10™
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IMPORTANT CONSIDERATIONS

e Key points of analyses are
- Performance assessment
- Statistical and systematic error assessment
* Both of these are usually done using dedicated toy-MC simulations
- Simulate hundreds of light curves with same properties as real data
- Reconstruct the lag for all of them and study its distribution — statistical error estimate

* Systematic uncertainties have also to be careful assessed.

Change in estimated Change in estimated
‘_’\ 7\ T | T T ‘ T T T ‘ T T T T T /\7 2
l%_; - PKS 2155-304 Template Tl (s/TeV) Tq (s/TeV )
" Linear Model - :
2100 5 (;=0)=10.9 5 Tev" 7] Selection cuts <5
-
g sol - Background contribution <1
% i Acceptance factors <1
S I
o . :
= Energy resolution <1
50/ . Energy calibration <2
- % Spectral index <1
100 -
L Calibration systematics <5 <1
1 1| | N N ‘ 1 11 | ‘ N N ‘ N N | 11 |
100  -50 0 50 100 Fs(t) parameterization ~ ~3
Injectedt, (s TeV™)
Total <10.3 <6.6
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FINAL REMARKS



FINAL REMARKS

* Hardware, reconstruction, analysis Is a huge topic to cover

* With only 4 hours available, a lot had to be ignored

Physics of the showers (we'll cover that a bit with the tutorial)

New generation instruments (sorry CTA, SIPMs, etc. )

New techniques in reconstruction and analysis (neural networks, etc.)
Acceptance determination

Other background rejection techniques

Details on LIV analyses = will be covered during the 3rd training school!

* Lecture notes will cover that a just a little bit more, including references, and a glossary
of most important terms
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e MADE ]!

THANKS!



