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t we know of about cosmic rays
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What we can learn from y-ray

amma ray flux composition (0.1-1000 GeV)

perposition of resolved point and diffuse sources, and of background diffuse emission
actic/extragalactic origin

E & ang. res, E range and threshold, Stability of PSF over FoV
n. of telescopes, waveform Large FoV, Duty Cycle
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1ysics of Shower

INTERACTION WITH MATTER OF
CHARGED PARTICLE - BETHE-BLOCK

ELECTRON ENERGY LOSS
 Radiative Loss

PHOTON ENERGY LOSS
ELECTROMAGNETIC SHOWER MODEL
HADRONIC SHOWER MODEL

D. della Volpe -

Zakopane 2019




tromagnetic Interaction of (charged) Particles with Matte

lonization losses

v Ragl |a,t|on . . L The incoming particle loses energy interacting
ne particle’s velocity is larger than the velocity of light in the with atoms. which are excited or ionized

the resulting EM shockwave manifests itself as.

L A L LLL L L T L CEEY R
n radiation Interaction with the atomic nucleus.
» particle crosses the boundary between two medig, there The particle is deflected (scattered) causing multiple
1bility of the order of 1% to produced and X ray photon. of the particle in the material.
g During this scattering a Bremsstrahlung photon can
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raction with matter - Bethe Block Formula

Iclude also quantum mechanics and relativity we arrive at a more complete formula

validity 0.5 < 8 <500 m >m,

_ <dE> _ Kz%éi Fln <2m6725202Tmax> _ g2 5(57)]

dx AB?Z |2 IZ 2
MeV - em?
Z." Charged of incident particlee K = 47TNA7“zm602 — 0.307 eV - cm
M. Mass of incident particle g 93
T _ 2mec? B2y N4 =6.022-10

A Charge number of the medium maxr 14-2vme /m—l— (me /m) 2 62
A: atomi - e =

Atomic mass of the medium Z’yme/m << 1 47‘(’6777,662
1o: Mean excitation energy of the medium MmMe — 511 keV

T =2mc’By’

max

S

Density correction
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gy Loss in a Plot
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arstanding the Bethe-Bloch

50.0 frrmp=——rrrrroy o l e
_200F \ YdE/dx «p2 1=322eV ionizing particles (MIP): |By = 3-4
o™
HE Radiative effects _
no 10.01- become important dE/dx falls|~ B-2;|kinematic factor
> 5o Approx Trax [precise dependence: ~ B9
= dE/dx w1thout 5 _ L
3 —11108 x | \ Minimurm e dE/dx rises|~ In(BY)?; |re|at1v1st|c ris
E sk iox?re;r\ ionization }_,_,_;j_ ________ [rel. extension of transversal E-field]
§ 4 L

' e /q | Toyt = 0.5 MeV Saturation at large (By) due to
WL B« p-5/3 Complete dE /dx density effect (correction 6)|
E ! [polarization of mediGm]
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MIP looses ~ 13 MeV/cm
[density of copper: 8.94 g/cm?]




arstanding the Bethe-Bloch
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MIP looses ~ 13 MeV/cm
[density of copper: 8.94 g/cm?]
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erstanding the Bethe-Bloch

2-dependence:

smember:

dx
Apl=/F_|_dt=/F_L—T
v

. slower particles feel electric force of
omic electron for longer time ...

ativistic rise for By > 4:
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le to Lorentz transform; Ey = yE,. Thus interaction cross section increases ...
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low energy

: shell corrections

high energy : density corrections
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e-Block for Electrons

{IEY g2 L [L (Tt Ay R 69 CU)

il il el _ )
d Ap2 2" 21 2 2 7

T = — 1 Kinetic energy of the electron divided by msc?

72/8 = (217 + 1) In(2)

F(r)=1- 8+ for electrons

(T+1)2
32 14 10 4 .
F(r) =2In(2) - = |23
() =2I(2)- 5 |28+ 5 + 12 e for positrons

» Bethe-Block formula needs modification for electrons as incident anc
target electron (outer shells) have same mass
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gy loss for electrons

200

onnaer

-Block formula needs modification for electrons as
nt and target electron (outer shells) have same mass.

ttering of identical indistinguishable particles

energy greater than 10-30 MeV (py ~ 20) the radiative
dominate

sstrahlung / Synchroton radiation

) process (Fermi 1924, Weizsacker-Williams 1938)

actron is hit by plane electromagnetic wave (for large v)
1 B and both 1 v;

nta are scattered by electrons and appear as real
tons in Coulomb field of nucleus
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tromagnetic Showers

DOMINANT PROCESSES AT HIGH EN

ABSORBER X
TONS: PAIR PRODUCTION b
7 183\ 7 A o
= — (4ar?Z?In — ) = = e+/—/\"’"\fu
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r passage of one Xy electron has only dx A 73 0

Jth (37%) of its primary enerqy ...
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shower model
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T:XO Z 2M+tO'Nmax'X0
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cal Energy

= radiation length in [g/cm?]
~ A
) 183

4aN ,Z°r; In—5

ter passage of one X,
actron has lost all but
'e)th of its energy (63%)

= critical energy

9 )

E
—(E
x( ) dx

Brems Ion

for e and Z>13

580
EC — 7M€V

for p is neglibible

24
EC = 7 TeV

(m,/me)* =4-10*
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jitudinal Shower Shape - Energy dependence

Depth [Xo]
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Depth of shower maximum increases

| J |

[EGS4* calculation]

logarithmically with energy
tmax X In(Fo/E.)
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jitudinal Shower Shape - Z dependence

) GeV electrons
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gh-Z Material, particles multiplication continues

ier and decreased more slowly than in low-Z
arials

number of positrons strongly increases with the Z
1e absorber material
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sversal Shower Shape Molier
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as of Thumb’

Problem:
—— Calculate h hPb, F C
\ 180A g isiggge% tgvgt[)npuz 10 Ge\? (SlrectLrJon.
Jiation length: Xo 2 2 Pb : Z=82,A=207, p=11.34 g/cm®
. /=82, A= ,p=11. cm
Z cin Fe : Z=26, A=56, pi7.87 g/cgm3
Cu : Z=29, A=63, p=8.92 g/cm?
| 550 MeV
ical energy: Ee =
tion: Definition of Rossi used] Z
E 1.0 e induced shower
wer maximum: t = ln— — .
rax E. (0.5 v induced shower
Transverse size of EM show
by radiation length via Molie
yitudinal
rgy containment: L(95%) = tmax +0.08Z + 9.6 | X . 21 MeV
sverse e EC ‘
rgy containment: R(90%) =\Ru R Moliere Radius
R(95%) = 2Ry E.: Critical Energy [F
Xy : Radiation lengtf
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gy resolution

Energy Physics, calorimeters can be broadly classified in 2 types:

Homogeneous Calorimeters: Sampling Calorimeters:
The same medium (scintillating crystal, Slab of dense passive absorber (Lead ,
liquified gas , atmosphere(!)) act both iron , high-Z materials) are interleaved
as target (absorbing material and with active detectors (silicon,
detectors) scintillators, liquified gases)

cases the energy resolution can be parametrised as

e
F ol =bl=elC
E |VE| |E

Stochastic Term
Shower fluctuation (intrinsic)
Fluctuation in the detection

Constant Term
= |mperfections in calorimeter construction
= non-uniformities in signal collection;
= channel-to-channel calibration errors;
= fluctuations in longitudinal energy containment;
= fluctuations in energy lost in inert material,
before or within the detection volume.

p! pudl

Tad N | Noise Term

g‘——“\* "‘\ 1 Electronic noise

T 1 also effects like pile-up
el \ . :\\\\\ 1

b e
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ogeneous Calorimeter

mogeneous calorimeter the whole detector volume is filled by
density material which simultaneously serves as absorber as
as active medium ...

jenous calorimeters are exclusively used for electromagnetic
1eter, i.e. energy measurement of electrons and photons

GE: Optimal energy resolution

NTAGE: Very expensive

BGO, BaF2, CeF3, ...
L ead Glass

Signal

illation Light
enkov Light

ation Signal

Liquid nobel gases (Ar, Kr, Xe)
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CMS Calorimeter

LI I N (N T 1 [T T 1 1 I T

e
B Resolution in 3x3 crystals

T

1.4
12 |
- Of 2.8% 0.125
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o Y-V [
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CMS ECAL Test heam res

Ol v v b v v v bw v by w1
0 50 100 150 200
E (GeV)

Stochastic term (a) Lateral containment 2.

Photoelectron statistics 2.

Total stochastic term 3.

Noise term (b) Electronics noise 12

APD Leakage noise 9(

Pile-up noise 6(

Total noise term 1€

Constant term (¢)  Longitudinal non-uniformity 0.

Inter-calibration errors 0.

Total constant term 0.




ogeneous Calorimeter

CMS Calorimeter

mogeneous calorimeter the whole detector volume is filled by
density material which simultaneously serves as absorber as
as active medium ...

jenous calorimeters are exclusively used for electromagnetic
1eter, i.e. energy measurement of electrons and photons

GE: Optimal energy resolution

NTAGE: Very expensive

Scintillator : PBWO34 [Lead Tungsten]
Photosensor : APDs [Avalanche Photodiodes]

Number of crystals: ~ 70000
Light output: 4.5 photons/MeV
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Constant term (¢)  Longitudinal non-uniformity 0.
Inter-calibration errors 0.
Total constant term 0.




ipling Calorimeters

ole: passive absorber

i l shower (cascade of secondarie:

ating layers of albbsorber and
material [sandwich calorimeter]

: incoming particle
ber materials: ‘ 0

NSity]

1 (Fe) L
2d (PD) f

anium (U) active layers
compensation ...]

» materials:

stic scintillator

con detectors

uid ionization chamber
S detectors
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ipling Calorimeters

ole:
Scintillators as active layer; Possible setu OX
ating layers of absorber and signal readout via photo multipliers
material [sandwich calorimeter] Absorber  Scintilator Scintillator

Light quide Scintillators as active
-9 9 layer; wave length shifter
to convert light

(blue light)
ber materials: :

NSity] Photo detector
1 (Fe)

2d (Pb)

aNium (U) (Charge amplifier

Absorber as -
_ electrodes lonization chambers

between absorber
plates

compensation ...]

HV Electrodes

» materials:

stic scintillator
con detectors

uid ionization chamber Active medium: LAr; absorber
embedded in liquid serve as electrods
S detectors

Analogue
~ signal

L — S
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pling Calorimeters

DVANTAGES:

- OPTIMISED By separating passive and active layers the different layer materials
can be optimally adapted to the corresponding requirements ...

* VERY COMPACT choosing high-density material for the absorbers one can built
very compact calorimeters ...

- CHEAPER Sampling calorimeters are simpler with more passive material (cheap)
a than homogeneous calorimeters ...

ISADVANTAGES:

 SAMPLING Only part of the deposited particle energy is actually detected in
the active layers; typically a few percent [for gas detectors even only ~10-5]

 REDUCED ENERGY RESOLUTION Due to this sampling-fluctuations
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AS LAr Accordion (Sampling, lonization)

A@xAn = 0.0245x 0.05
\

. ' . . \‘é \ Trigg&rTay
INng electromagnetic calorimeter e ““\}‘\ o
argon calorimetry intrinsically linear response, stable over time and tolerant to / :
vels of radiation. n=0

;cordion geometry provides high granularity and good hermeticity.
Nt photon resolution

1 photon measurement and good yp/z discrimination " .
ng the pseudo-rapidity range |»|<3.2. §‘§ 2%
=0
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ronic Interaction

onic interaction:

at high energies

3 Section: also diffractive contribution

Ttot — Tel + Tinel

For substantial energies
Oinel dominates:

Tel =~ 10 mb
Tinel X AQ/L‘ [geometrical cross section]

Ttot = Otot (PA) & oo (pP) - A

[otat slightly grows with |fs]

nteraction length:

1 A AV
f— f— — ~
Otot ~ 10 Opp AY* - Nap

Interaction length characterizes both,
longitudinal and transverse protile of
hadronic showers ...

~ 35 f‘:’r/cm2 . AI/3

Ids:
) — N(') eXp(_-'L'/)\int)

» In principle one should distinguish between collision
w ~ 1/01 and interaction length Aint ~ 1/Cine Where
ir considers inelastic processes only (absorption) ...

Nuclear
evaporation
Weakly dependance
O Eastic: with /s
p+Nucleus— p+Nucleus
Fission
Inelastic:

[for Js = 1 - 100 GeV]
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p + Nucleus —
7+ 7 + 7%+ ...+ Nucleus®

Nucleus* O Nucleus A +n,p, a, ...
O Nucleus B+ 5p,n,, ...
O Nuclear fission

Heavy Nucleus (e.g. U)

Incoming
hadron

J

Y4
lonization loss

lonization loss —

Intranuclear cascade

(Spallation 1022 g) Intranuclear cascad

llation 10-22

Inter- and (Spallation 107 )

intranuclear cascade N
Internuclear cascade

J




ronic Interaction

onic interaction:

at high energies

3 Section: also diffractive contribution

Ttot — Tel + Tinel

For substantial energies
Oincl dominates:

Tel =~ 10 mb
Tinel X ‘43/3 [geometrical cross section]

Ttot = Ttot (pA) ~ Oot (pp) ’ A2/3

[oot slightly grows with |/s]

nteraction length:
1

o—tot 't

A
Opp A% - Nap

~ AY3

Interaction length characterizes both,
longitudinal and transverse protile of
hadronic showers ...

A~ 35 g/em? - A'/?

Ids:
) — N(') eXp(_x/)\int)

» In principle one should distinguish between collision
w ~ 1/01 and interaction length Aint ~ 1/Cine Where
ir considers inelastic processes only (absorption) ...

O-Elastic:
p+Nucleus— p+Nucleus

Inelastic:
p + Nucleus —
st +a  +7%4
Nucleus* O Nuc

O Nuc
O Nuc

[for Js = 1 - 100 GeV]

Incoming
hadron

loniz

Intranc
(Spall

Inter- and
intranuclear cascade

Cross section (mb)

'ross section (mb)

C

14P031 Détecteurs et Accélérateurs - D. della Volpe

------- e (GEV o)

100t

10f: s

p(j_il)p threshold : 1 03 1 OO J
1 : L L Lol PR — T .
1 10 100 1000 10* 10°
T T ) T T HRARA MR T T T
w0t e 0 et 105 i10° 107 10° 10° 10%°

100

50

10}

p(P)p threshold !
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‘onic Showers

Development: Hadronic shower ./

-
-
-
’ -

=+ 7+ N+ ... ~90% is pion ' =
——:-"-"ﬁ""" ———

ndary Particles.... w —_—
‘go further inelastic collision until they fall N =

/ pion production threshold Mean number of = S
. secondaries ~ In E M

ential decays ..

ry. yield electromagnetic shower Typical Transverse ;

n fragment — y-decay, g-decay momentum: p;~ In £

on capture — fission

ation ... lonisation Energy of charged particles| 1980 MeV| 4

Electromagnetic Shower| 760 MeV ]
ryy start EM Shower

stantial Electromaanetic Fraction

Neutrons 520 MeV 1

o o Photons from nuclear de-excitation 310 MeV
fem ~ In(F) [significant variations]

NN

Non-detectable (nuclear binding, neutrinos)| 1430 MeV/

Total| 5000 MeV/
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‘onic vs Electromagnetic Shower

EM Showers
* e* = continuous stream of ionisation + bremsstrahlung

- y = can penetrate sizeable amount of material before losing energy

- all energy carried by incoming e or y goes into ionisation

Hadron showers much more complex process than Electromagnetic ones

The extra complication in hadrons showers arises from the role played by the strong
interaction.

+ Some ionisation (as for x) then nuclear interactions
* Development similar to EM shower but with a different scale (1 vs. X))
* Many component in the showers (particle, muons. hadrons....)

* Invisible energy = a fraction of energy is undetectable (huclear recoil, neutrons, e

Non compensatio

+ The Showers contains always an EM fraction f... % Non Linearity

(y,m%n% which fraction largely fluctuate

Red EM component
Blu charged hadron component

14P031 Détecteurs et Accélérateurs - D. della Volpe



‘onic Showers

le Model

verage 1/3 of particles in first generation are z?

productions by strong interacting particles is an irreversible process

st generation f... =1/3
\d generation f...=1/3 + 1/3%(1-1/3) =5/9
d generation f.,,=5/9 + 1/3%(1-5/9) = 19/27

the process stops when the available energy drops below pion production

reshold....

generation f... =I- (1-1/3)"

pends on the average multiplicity of mesons <m> produced per interaction

increases by one unit every time E increase by a factor <m>

A

<m>=o

— <m

>=5

e

>=5

O 75 /
/

fem incr

pases with

increasing hadron energy

(1——.1 \n

25 3(

—T
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Cosmic Ray |Gamma ray

P

G 1 ‘ 1 L L L 1 1
-2 -1 ] 1 2 -2 -1 a 1

Color coding gamima, e*/e-, p*/p-, hadrons.




‘onic Showers

This fraction increases with energy, since =’ produ
may also occur in subsequent shower generations.

simplistic model

her particle than pions are produced (factor 1/3 is wrong)

ultiplicity <m> is energy dependant

iryon number conservation neglected = fon

wer in proton induced showers than in pion induced ones.

P T L S (N (R
r Deposited by e <4 MeV,. =

-

-
-

60 i

SO/

t Deposited by e < 1 MeV e

SO R S S e ~
’,’*”’
I r el * 238y
\
A/ A Al i
30~ o Fe
L /’ x Sn |
o LaPb |
20— —
Deposited by e*>20MeV
- \A\*‘ —
L | 1 1 ! 1 1 |
10 30 50 70 90

-

Z ABSORBER

<fem> slightly Z dependant

0.7 - ey

0.6 -

— — Cu (k=0.82,E,=!
— Pb (k=082,Cq=1

® Pb- (NIMA316 1¢
A Cu-(NIMA399 (19

100
Pion energy (GeV)

Electromagnetic shower fraction

A more realistic Models gives

<fom> =1~ (E/Eg)(c-D)

- Ey = average energy needed to produce a x?

* (k-1) to take into account the average multiplicity
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‘onic Showers - Where does energy goes?

Lead Iron
‘gy deposit and lonization by pions 19% 21%
position of the non-EM Ionization by protons 37% 53% Invisible
ponent of hadronic Total ionization 56% 74% 34%
. . lon.
vers in lead and iron. Nuclear binding energy loss 2% 16% ... /
Target recoil 2% 5% 0%
Total invisible energy 4% 21%

Kinetic energy evaporation neutrons 10% 5%

listed numbers of particles | Nymper of charged pions 0.77 1.4
der GeV of non-EM energy | Number of protons & P 8
Number of cascade neutrons 54 S
Number of evaporation neutrons 313 5
Total number of neutrons 369 10 lon. Pions
Neutrons/protons 10.5/1 1.3/1 e
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Ironic Showers

ronic shower development:
1ate similar to e.m. case]

3pth (in units of Ain): |

; X
B >\int
ergy in depth t:
E
E(t) = T\ & E<tmax) — Ethr
(n) [with Einr =~ 290 MeV]
E
Eipy = ———
th (n)tmex

Number of particles
lower by factor Ewn/Ec
. compared to e.m. shower ...

yower maximum:

<n>t max — E Intrinsic resolution:
- E worse by factor En/Ec
thr
111 (E/Ethr)
binax InChO
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But:

Only rough estimate as ...

energy sharing between shower particles
fluctuates strongly ...

part of the energy is not detectable (neutrinos,
binding energy); partial compensation possible
(n-capture & fission)

spatial distribution varies strongly; different
range of e.g. m* and 1° ...

electromagnetic fraction, i.e. fraction of energy
deposited by 1° > yy increases with energy ...

fom = fro ~ InE/(1 GeV)

Explanation: charged hadron contribute to electromagnetic
fraction via rp > 1°n; the opposite happens only rarely as
n© travel only 0.2 pm before its decay (‘one-way street') ...
At energies below 1 GeV hadrons loose their
energy via ionization only ...

Thus: need Monte Carlo (GEISHA, CAL((FLUKA)
to describe shower development correctly ...




ronic Showers

lC VS. electromagnetic
tion length:

A
Aige O A3

Xo

[Aint/Xo > 30 possible; see below]

Jdinal size: 6 ... 9 Aint

[95% containment]

arse size: one Aint

! ' ! ! .
30+ @
' &
)\int -~ A4/3
XO = 1 ]
=< 20} o i
~ e
10 o°*
- . 3
[EM: 15-20 X o :
0 L i 1 L y ]
[EM: 2 Rw; compact 10 30 50 70 90
Z

[95% containment]

lic calorimeter need more depth
ectromagnetic calorimeter ...

The hadronic shower profiles are governed by the

nuclear interaction length (Aint) [g/cm?2]
i.e. the average distance hadrons travel before inducing a nuclear interaction.

Tl UVl ULV LU UL Y UL g

(NVIAI LV VISV IR}

A LU A = A

100
] tc\\t'\
3 \. ;\41
¢
10 1 - .
E
L,
-
=) L]
4 .
o) %o
n
0 10 20 30 40 50 60 70
Material Z A p[g/em’]  Xo[g/em'
Hydrogen (gas) 1 1.01 0.0899 (g/) 63
Helium (gas) 2 4.00  0.1786 (g/) 94
Beryllium 4 9.01 1.848 65.19
Carbon 6 12.01 2.265 43
Nitrogen (gas) 7  14.01 1.25 (g/) 38
Oxygen (gas) 8  16.00 1.428 (9/1) 34
Aluminium 13 2698 2.7 24
Silicon 14 28.09 2.33 22
Iron 26  55.85 7.87 13.9
Copper 29  63.55 8.96 12.9
Tungsten 74 183.85 19.3 6.8
Lead 82 207.19 11.35 6.4
Uranium 92 238.03 18.95 6.0




Ironic Showers Longitudinal Profile

Longitudinal shower « Another important difference between EM and hadronic showers
development: Strong peak near A ... is the large variety of profiles for the latter.
followed by exponential decrease .... 270 GeV Pion Longitudinal
) Shower depth: 3000 —
RN tmax ~ 0.2In(E/GeV) + 0.7 F ) - b

S L95 = tmax + 2-5)\att
with Ay = (E/GeV )0

[
(]
fe]
(o]
1
\

A\

1000

ary units)

P Example: 300 GeV pion ...

o, tmax = 1.85;195=185+55=7.4
R [95% within 8Xint; 99% within 11 Ain]

production of energetic n%s ~ : [ d)

R in the second/third — i

? generation of the shower E{} 3 A ,ﬁ -

e 95% on development. 1000 (L B

average
Frenic messrect rom the induoed Mo radoactity L ol f . _,Zﬂk\l‘
| _ | | | | L 7 ) 0 20 40 60 80 0 20 A
1 2 3 4 5 6 7 8 9 10 Sampling layer
90% of hadronic shower particles are pions. * Nuclear reactions occurs releasing Neutror
» Neutral pions decay in 2 v, and protons. The energy for this to occur

L develop EM showers. does not generate any calorimeter signals.

« This is the invisible-energy phenomenon
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Ironic Showers Profile

hower profile
F 10 GeV/c pions in iron

10GeVic Tt~ in Fe

12 8 4 0 4 Bcm
Lateral shower position [cm]

-eral Profile for 300 GeV 7x-

jet material 238U]
asured at depth 4 Aint ]

re zO and y in core

argetic neutrons and charged pions form a wider core
armal neutron generates broad tail

Transverse Shower profile

Typical transverse momenta of secondaries: {(pn= 350 MeV/c

| ateral extend at shower maximum: Roso; =Ains

Electromagnetic component leads to a relatively well-defined core R = Ry

Exponential decay after shower maximum

* 237y

o fissjon
” 239Np

Intensity (arbitrary units)

Lateral position y (cm)
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Measurement from induced
radioactivity:

Mo (fission): neutron induc
[energetic neutron component]

2371J: mainly produced via 28
[electromagnetic component]

239Np: from 239U decay ...
[thermal neutrons]

Ordinate indicates decay rate
of different radioactive nuclide




wysics of Air Shower

ATMOSPHERE HYDROSTATIC N B \
APPROXIMATION " @ et
N 82
SHOWER FLUCTUATIONS 0,451;
4
MUONS CONTENT /{'
SUPERPOSITION MODEL S
/D ro
CHERENKOV RADIATION S5
FLORESCENCE A
[\
¢
!
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Atmosphere iIs a calorimeter

cosmic rays imping on the atmosphere they
t and produce shower exactly like into a
1eter

rertical shower, it is a calorimeter of about 26 Xo
on length) and 15 4 (interaction length)

calorimeter has 27 Xo. and 11 4!

phere is a strongly inhomogeneous material. Its
/, and then Xo, varies with altitude, atmospheric
ons (pressure, temperature).

nsity of air diminishes six orders of magnitude ] N 70 AN
he altitude goes from sea level (~ 1.0 kg/cm2, Xo / i N~
/s

n) up to 100 km, and another six orders in the 1 v\w‘\
,'éiu" \S :
;“' ! 'a;“\\"«,‘?w\
(] 4

~

of 100 km to 300 km. qi ','
L/
|

nodels exist and have been used/developed by \\( ,‘ 'ﬂfﬁ A

deriment (HESS,VERITAS, AGASA, Pierre } »Nm\ A
'@\f\fﬁ:"l~'( (N2

HiRes). D& AR\

‘:I /] DAL A
LA NNS/4
), / /Jln iy il \‘\“/!/;' »\\

i
.
«;,} “
ik .
i - 'J.‘l

J
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er model of Gamma-Shower

10del showed so far for EM shower is still 0.125 —
le’ for air shower.

30 GeV electron

sphere can be approximate as a chemical 0.100 — incident on iron
)nt with Z~7 = Ec=85 MeV. - i

S 0.075 -
s more or less ok (7.4 Xo) BUT S B

= i
340 is almost twice the measured value! @ 0.050 [—
restimate gamma/electron ratio Ne< 2/3 Nmax- < i Photons

- x 1/6.8

yrrection fact is used Ne= Nmav/’g Where g =10 0.025 —

theless the model reproduces Electrons

i - L1 | I R B | L1 1 |
maximum size of the shower is proportional E, 0-000 0 5 10 15
depth of maximum increases logarithmically with t = depth in radiation lengths
‘gy, at a rate of 85 g/cm2 per decade of primary
ay.

)R UHECR SOME OTHER EFFECT NEEDS TO BE TAKEN INTO ACCOUNT
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u-Pomeranchuk Migdal Effect

7 5, 0. 183
5 (4047“52 lnﬁ) Pair production
A/J\?;Xo

—~— -

P

h energies Landau Pomeranchuk Migdal effect:
m mechanical interference between amplitudes

fferent scattering centers;

t scale formation length - length over which highly

stic electron and photon split apart.

ence (generally) destructive — reduced cross

for a given, very high photon energy
risible for E(1-x)>ELrm
.7 Xo TeV/cm

conversion probability

interaction probability dN/dx

=

Geomagnetic pre-Showerin

1 T e T e o T T
i - B B
- T '/' = - UEES ; SN
= ls F ™ L T e -
0.8 St A \’\.\'\_\“.\\
| / /' /‘ o, —_— iz -\ \. \. ™.
O 4 4 \
0.6 [ Ll ff 27w L \_\\‘.\ & -
Liiys Sie XN vy
I-/'-/'/ - - ~ ‘\\.\.-
04 ol <y o
'/,//,// ‘.'\.- X
10 S
ol N
02 - 7.7 ” R
iy E=10"eV R
= N
0 o L N PP IPRPROTS: PPN | PRPRPIG IPVORIII L o7
0 50 100 150 200 250 300 350
Interaction probability (strong field)
0.00035 T T . T - -
" A 5e+19eV ——
A § 1e+20eV -----
00003 - » v ¢ 3.168+20 8V - |
T \ 1e+21 &V -———
000025 [ /% [\
0.0002 [/ i ] L
0.00015 |/ L \
0.0001 ! 91% ::‘ 100% _:"' L\a 100% ’»\‘
™ { ‘\ ! “\ N,
se-05F \ /\ /[
0 I | bt 1 ¢ T
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0 2000 4000 6000 8000 10000 12000

altitude a.s.l. Tkml

zenith
80°
70°
60°
50°
40°
30°
20°
10°

A UHE gamma ray crossing

lines can produce, ex pair v
synchrotron-radiate in the n
producing additional high-e
rays.

A different cascade develog
effect is similar to adding s
lengths above the atmosph




- gommo (lpm)

. gommoa (no Ipm)

. prolen

) 400 600 800 1000 1200 1400 1600 1800
slant depth (g.cm™)

e Signature

N/10°

250

200

150

100

50

0 250 500 750 1000 1250 1500 1750 2000
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L primary no preshower, I
" ... ho LPM —
- photons ]
B 7 A LA -
s < -
. % no preshower, ]
[ ) 0
- “ LPM .
B % s 1
._ JI e - e ~ _-:
L 55 N
B preshower, < o
1 ~hy ~ Ll
2t N
- LPM R "
= . o g
B . L, ':::_ -
i / . o B NN ]
B l.l'.‘hl--’ i‘l—lv 'I:rl i O] | I Ll 1 1 I Il A B ;

X (g/ent)

o, 300 T
= - Fly’s Eye data,
Z 150 |-
- primary photons

200 |

150

100 |-

50 |

o- ' L '

=

200
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er model of Hadron-Shower

7 L
Iready showed that we can model the hadronic shower 675 O Poo 4
arly to what done for EM where we use interaction esf =
n Aras we use Xo for EM _ 625 OQ@Q’Q
z : o @
hadronization’ produce pions. They loose energy until g °f 99399"9
‘each their Ec and decay in muons, SO N, = N; . § 575 OQog9
: R84
> 55} Q. Oa
the end we will measure y/e* and p. e | s
5.2530?@* +
5 show by Matthew that reasonable assumptions are 5 ’
)= 85 MeV ; Eq()= 20 GeV; Ar=120g/cmz; g=10; 78]
- ET - 4'5é 22 24 Lzl.a' 283 3 52 L3L.4A 3
B{Nmao + EINy = gE; Ne+ —S N, 085 GeV(N, +23.5 N,) log10(Energy TeV)
gt

r position model

leus of mass A and energy Eo acts like A independent N, = Fy/Ec = AE, /FE,
leons with energy En = Eo/A —

XA O A In(Ey/A) Ni=A A— = A"°N,

D. della Volpe - Zakopane 2019
Matthew, Astroparticle Physics 22 (2005) 387



t we would like to measure

rgy
sction
\arate Gamma/hadron

)\arate Different Nuclei

t can we measure [estimate]
‘ged Particle

harged

nax

Jon content

iower Lateral Density Profile LDF (transverse profile)
ons

1erenkov Light

Jlorescent Light

Light filling the

Light filling

atmospheric slant depth [g cm?]

the disk

I:‘;'
i '
fl

/’fo { %

-20'0 -100 0 10 20 m
_ 5
V\ /

Light annulus

1000}

shower size [arb

O0 0204060

200

400¢

600|

800+ -
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ver shapes has information But....

10°

103

height above s.. [km]
20 15 12 10 8 5 4 3 2
L) L] L] L) L L} L) L} L} L) L}
5 muons
- RTTLLL llll.llllllllllllllllllllll.....

ey
'......'lln
2

——= proton
sEsRRREE AN iron
10eV.

| 1 1 1 1 1 1 1

100 200 300 400 500 600 700 800A 900 1000
atmospheric depth [g/cmZ]

particle density (m-2)

LALLLL BEBLEALLLL B

Yoy
------
.......

oy,
. ‘e
..........

rensrey,
fee
AL LITTTL P

— Electrons
Muons

o0y
o

‘"
L "
"""""
"""""
“,

“,,
______
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ey, 75,
‘"
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core distance




[ Shower with an Ne = <Ne> ]
| |

‘e are fluctuations

x 102
8000

proton 1 PeV

Electrons 7000 |-

6000

=Muons 5000 -

4000 |-

Number of electrons Ne

3000

2000 |-

‘ 1000 :—
200 400 600 8 1000 1200 1400 1600 1800 2000 - Y/, ‘
| Slant Depth [g/cmzl oL T AR T

400 500 600 700 800 900 100

Observation level [glcm2]

[ Showel’ W|th an Xmax - <Xmax>
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i@ Parametrisation

ISSER-HILLAS
O " " O Xmax — XO Xmax - X
: — X0 A
_ . A ¢d
) NmaX Xmax - XO c

-r; Nmaxa Xmaxa XO) A)GH — Nmax(]- + €)§ e (e€)

EISEN
0.31 o 3 o — 0.31 Ep
= ——e¢ t 1——1In(s — N(t) =
)=y P 5 1n(s) (t) N
3t B - Ep :
1o, Y~ p  sisthe shower age
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Xmax -

Xo

A

3

X-X

Xoax — X0

/ N(X)au dX = Npax WE ETV T (¢ + 1
0

E0 Tmax  Alt(km) Ne(t
30 GeV 216 12 5(
1 TeV 345 8 12(
| PeV 600 4.4 9x1
1019 eV 936 1.2 74 x




Simulation & Data

| I 1 1 I 0 NS 1 1 1 | S I E IR | I | I 1 L L _
o HiRes-MIA b
o HiRes (2005) P »

& Yakutsk 2001 7] .
% Fly’s Eye ol

» Yakutsk 1993 1 .
® Auger (2013) _
® A

i “—"T‘-: ‘/@t °
= )[\ Fe —:
0 } @’} fr# é 7
s — EPOS LHC = QGSJETII-04
& —+ EPOS 1.99 -=- QGSJETII-03 i
L I | 1 | L1 111 l 1 1 | P11 11 | | 1 1 11 1 11 | il
017 1018 1019 1020

Energy (eV)
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Xmax estimation relies on MC simulatic

Many model exists, but their tuning is
complex

Accelerator data helps, but we need t
extrapolate to much higher energies v
other process enter the games.

Models still gives different result, but ¢
present they give correct behaviour, a
existing data are consistent




- Lateral Distribution function

Nch 3 s—2 l" s—4.5
7, = > ilGw | — 1+ —
21 ro ro

— k- (m¥r/r0) for r < 800 m

= (ﬁ)ﬁ fr — /T8 forr > 800 m

1.75 x 10 Ny, r
o0 (577)
r 80 m

forr = 3-140m

) =2.25 - Ngpr 2% for r = 140-1000 m.
= 144 . =075 | (ﬂ)ms | 51 GeV ( 3 )m 14..°Y7)
(1+r/320m)>> \ 10° Ey+50GeV \ Ey +2GeV

r

pu(r) r“cxp(——).

ro
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NISHIMURA-KAMATA—GREISEN (NK

HAVERAH PARK

GREISEN - MUON COMPONEN




- Lateral Distribution function

§—2 s—4.5 d
N r r r
) = 5+ 10 (—) ' (1+—) -1+ (—) GRE
2mrg ro ro ro

— k- (m¥r/r0) for r < 800 m

= ()" kr= OO for r > 800m

HAVERAH PARK

1.75 x 10 Ny, r : |
exp (— : ) for r = 3-140m
F 80 m

2.25 . Noyr 28 for r = 140-1000 m.

(0.14..°77)
|

14.4 . r—0.75 (N,, )‘”-‘ 51 GeV ( 3 )

T (1+r/320m)>° \105)  Eu+50GeV \ Ey +2GeV GREISEN - MUON COMPONEN

-
pulr)xr™ cxp(——).

ro
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- Lateral Distribution function

N i, s—4.5 y

ch r r r

) = 2-C3~(—) -(1+—) -<1+ﬁ—) AKE
271 ro ro 1o

= k = (7/70) for r < 800 m i} ]
AVERAH FARK
= ()" kr= OO for r > 800m

1.75 x 10 Ny, r : |
exp (— : ) for r = 3-140m
F 80 m

2.25 . Noyr 28 for r = 140-1000 m.

(0.14..°77)
|

14.4 . r—0.75 (N,, )‘”-‘ 51 GeV ( 3 )

T (1+r/320m)>° \105)  Eu+50GeV \ Ey +2GeV GREISEN - MUON COMPONEN

-
pulr)xr™ cxp(——).
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