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guantum electrodynamics
color confinement: from parton to particles
hadronization

collider experiments feeding cosmic ray physics

[inclusive particle flux in the atmosphere




HADRONIC SHOWERS




shape from astrophysics

primary COSMIC rays (source & propagation)
spectrum and composition and particle physics

(indirect detection)

LALLLLL I L R L L B L L B s
; - : - : : :  |— Proton_total

‘\_;‘, ., ..... I He_total

Ny v o] o R . |— C_total
 EEZR g o) SAQE

—
i

O_total

— Fe_total
Z=53 group
Z=80 group

—
o
w

» 4
>
o
- o
’ .
/
K
P
DI o b s s s s s s
7 N
-

—¥— Pamela Proton

—¥- Pamela He

—e— Creamll Proton

—®- Creamll He : _ : _ _

....... ecramic f L L
Creamll O

—e— Creamll Mg

T
=
Ll

|
|

E*® x dN/E [GeV'° m2sr s
o

—
o
BRERRLY

——— "-

%ﬁ%llll‘

Creamll Si

—o— Creamll Fe

Gaisser, Staney, Tilav
IIIIIIIi I L LLL (R I arXIV13033565

I

| 1A L L L L | Illlllli | IIIIIlIi | IIIIIIi
1 i
10° 10* 10° 10° 10” 10® 10° 10" 10"
5 Primary Energy, E [GeV]




shape from astrophysics

primary COSMIC rays (source & propagation)
spectrum and composition and particle physics

(indirect detection)
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CcOSMIC rays spectrum
direct observations
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CcOSMIC rays spectrum
Ndirect ooservations

= N Phys. Rev. D 88 (2013) 042004
(%)
Y B : s ! o ol o8
7 - a ls‘ !
o == o ..l:ﬁ o* * + I
E ) 'i'. °c e l.
: B { 0 § %.;o o}# et
> T
3 IR
= 1 0% |4 ] «‘! ?
B RN & 1Y |
g — « lceTop 73, SIBYLL 2.1, H4a composition assumption + *
<l i KASCADE-Grande, SIBYLL 2.1
O | = KASCADE, SIBYLL 2.1
% GAMMA 2008 [
'\X ~ o Tunka-133
N, Tibet I1l, SIBYLL 2.1
l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I
6 6.5 7 7.5 8 8.5 9
Iog1 0(E/GeV)
KASKADE-Grande 7

- J




COSMIC rays
oombarding =arth from space
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extensive air showers
oenetrating cosmic radiation oroton-induced

shower of 101° eV

® atmospheric air showers of particles are extended
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atmospheric depth (g/cmz)

extensive air s

—N/] and hadron

NOWers
C Showers

(RE, Pierog, Heck, ARNPS 201 1)
~  E
E F
3, -
Z210°
]
=
2
>}
€102
]
2
10
1 E hadrons
arl
10 g
20
10 E
3
10 L L L L L1l 1l I
1
core distance (km)
0
B — 20
200
— 10
1 %8
1 =
400 @
—~ 7%
=
C
Y °
600 € :
. x5) 1
RER e
L | 1 (x100) \ 13
800 || | ) )
| | hadrons / ;
| (x '100) ._...'— 1
1000 1 I’El | |1| | o l.ll P
0 1 2 3 4 x10"

particle number

Gamma shower

topologically complicated
cannot be described from first principles
large uncertainties on interaction cross sections

and hadronization

Hadronic shower

10



extensive alr showers
—\/ and hadronic showers

topologically complicated

cannot be described from first principles

(RE, Pierog, Heck, ARNPS 201 1) . . . . .
i large uncertainties on interaction cross sections
g0 and hadronization
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Incident particles come

extensive air showers in different masses
naturally and artiicially generated energy with complicated spectra

largely uncertain at high energy
Equivalent c.m. energy \Epp (GeV)
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Incident particles come

extensive alr showers n different masses

0D Cross section
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Cross section (mb)
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with complicated spectra

largely uncertain at high energy
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Incident particles come

extensive alr showers n different masses

p+p— pn)+pn)

15

—\/ and hadronic sNowers with complicated spectra

largely uncertain at high energy
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extensive alr showers
—\/ and hadronic showers

p+p— p(n)+pn)
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Incident particles come
In different masses
with complicated spectra

largely uncertain at high energy

leading baryons: 40-50% of energy

pions: the most abundant particles

kaons: strange particles

baryon/anti-baryon pairs
heavy guard production

leptons

other mesons and baryons



Quantum Chromo-Dynamics
very quick ovenview .. via 4 Nobel Prizes

e “for his pioneering studies of electron
scattering in atomic nuclei and for his
consequent discoveries concerning
the structure of nucleons”

10°-
10
107}
dN
dcos 6 02
Scale 1 > Hofstadter's electron scattering
arbitrary - data dropped below that expected
10" . for a point nucleus, indicating
-e structure of the nucleus.
L T

| l J
-1.0 -0.5 0.0 0.5 1.0
cos 6

e atomic nuclel have a finite size
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ROBERT HOFSTADTER

i The Nobel Prize in Physics 1961
‘ Robert Hofstadter, Rudolf Mdssbauer

Robert Hofstadter -
Biographical

Robert Hofstadter, Professor of Physics at
Stanford University, was born in New York, N.Y.,
of parents Louis Hofstadter and Henrietta
Koenigsberg, on February 5, 1915.

Hofstadter attended elementary and high
schools in New York City, and was graduated in
1935 from the College of the City of New York
e With the B.S. degree, magna cum laude.




Quantum Chromo-Dynamics
very quick ovenview .. via 4 Nobel Prizes

MURRAY GELL-MAN

e “for his contributions and discoveries D) e | 1982
concerning the classification of

elementary particles and their .. .
interactions” The Nobel Prize in Physics
1969

¢ introduced the quark - constituent of
hadrons - independently from George

/weig

¢ o =
o e

baryons Mesons

18



Quantum Chromo-Dynamics
very quick overview ... via 4 Nobel Frizes

FRIEDMAN, KENDALL & TAYLOR

The Nobel Prize in Physics 1990

* “for their pioneering investigations Jerome I. Fiedman, Henry W, Kendal, Richard . Taylor
concerning deep inelastic scattering of
electrons on protons and bound
neutrons, which have been of essential
importance for the development of the
quark model in particle physics”

The Nobel Prize in Physics
1990

Jerome I. Friedman Henry W. Kendall

Prize <hare* 1/ Prize <hare* 1/

Richard E. Taylor

1 parton
1 distribution functions

19




Quantum Chromo-Dynamics
very quick overview ... via 4 Nobel Frizes

e “for the discovery of asymptotic
freedom in the theory of the strong
interaction”

e color charge of quarks & confinement

PJ P

20

GROSS, POLITZER & WILCZEK

The Nobel Prize in Physics 2004
David J. Gross, H. David Politzer, Frank Wilczek

The Nobel Prize in Physics
2004

David . Gross H. David Politzer Frank Wilczek



hadronization

from partons to particles

(:\NTS :| CMS Experiment at LHC, CERN

"\, | Data recorded: Thu Aug 26 06:11:00 2010 EDT
Run/Event: 143960 / 15130265
< Lumi section: 14

{ Orbit/Crossing: 3614980 / 281

m\s CMS Experiment at LHC, CERN

\ Data recorded: SatAug 28 23:03:34 2010 EDT
N { i| Run/Event: 144089 / 671718071
> \ Lumi section: 574

21
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hadronization

from partons to particles

effects of
confinement and

asymptotic freedom
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Fig. 1. An e'e Annihilation
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hadronization
from partons to particles

high-Q
parton B e scattering
shower . :7’ B ‘c:‘ff‘,."’ ..4‘0‘,:.'7-(.’:}. first principles
QCD SR\ (A Y,
q pPT
A

q
high-Q hadronization
scattering low-Q physics
n

hadronic interaction cross section
multiplicity of secondary particles

must be obtained from collider experiments
24



orentz covariance
‘apidity & pseudo-rapidity

® | orentz transformations are a hyperbolic rotation of space-time

d — tanh~1 (1 L (Bl
rapidity ¢ = tanh <E> cb—21n<E_|m
| n y=-In (E +PH)
® in accelerator physics — =
pny 5 F—p,
® at ultra-relativistic limit (m ~ O) n=0
. 1 p| + P )
- UZ—IH( - [ n=0.88
pseudo-rapidity 5 = pr e
0=45°
! 0 ' 2.44
= — — 6=10>—""T1~
25 = In <tan 2) ono_,nzoo




Diameter: 22m
Weight: 7000t

2 Detector characteristics
Muon Detectors Electromagnetic Calorimeters | Width: ~ 44m
\ =
<

\
Va \
% \\

X Ol \\

\\\

\ \

\\

hadronization
NIgN energy particle Interactions

central region
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ragmentation regio - sl

forward
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low pr

PT

. Ilsoftll

v
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hadronization

NIgN energy particle Interactions

@LHC Tr = 2pz/v/s < 0.1

‘< le'e o.'. . ) (mostly) “hard”

-

hard (central region)

¢ high particle number density

® |[ow energy density

¢ heavy particles decay in this region
e observed by collider experiments

27

dN/dn
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10— 7731000
9F Is=14 TeV 3900
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7E p+p — all 3700
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= Ly L3 | R 3
%0 5 0 5 10 15
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\

soft (forward region)

e |[ow particle number density
* high energy density

¢ product of valence quark interactions

¢ crucial in cosmic ray physics

dE,/dn [GeV]



hadronization
NIgN energy particle Interactions

hard (central region) soft (forward region)

¢ high particle number density e |[ow particle number density

¢ |[OowW energy density ® high energy density

e heavy particles decay in this region e product of valence quark interactions
¢ opbserved by collider experiments e crucial in cosmic ray physics

N\ J .

» QCD can be calculated only in perturbative [imit (0QCD or hard QCD) when strong
coupling constant is small (at high pr)

» NO calculable theory in diffractive non-perturbative (soft QCD) limit (at low pr)

» Gribov-Regge theory (pomeron color-singlet exchange) successfully applied

28



particle detection
N colliders

Experimental acceptance

Hadronic CMS Hadronic

Forward (HF S Forward (HF)
(3.0<n| <5.(§) : (3.0 <|n| <5.0)

ZDC CASTOR

- e ZDC
(Inl > 8.9) TOTEM T2 TOTEM T2 (Inl > 8.9
(5-2<n| < 6.6) (5-2<n| <6.6)
TOTEM T1 TOT"E M T1 Ralf Ulrich, KIT/CMS
- ALICE
e + -
. - ATLAS !
I hadron PID
. - - . I maugr?';ystem
-8 -6 -4 -2 0 2 4 6 8 i | — I : t . .
CMS+TOTEM — vl Pseudorapudltye
I ECAL
2 amlllliless = B n=—In (tan 5)
LHCb -
4 6 4 2 0 2 4 6 8 Igor Katkov, KIT/CMS
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hadronization
two string model
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» the lbasic structure of a non diffractive pp
interaction is made of two strings (colored
partons). Flat rapidity dn/dy distributions.

» leading particle effects

» Feynman scaling: dn/dy independent of
energy. (approximately valid in forward
fragmentation region)

» distributions independent of energy

"~ @) ©=FE/Epin



N's/GeV)*°Ed’c/dp® [mb GeV3c?]

Data/NLO

hadronization
expermental evidence of scalng
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hadronization

1 I | xu L ‘ o "l .
expermental evidence of scaling § 10, LHCIAmm1 Photon Like
2 : Tree Arml-Data -
o - R l
103: -, -
g **j;#_
» cosmic rays indicate approximate scaling 107 "tt -
10° :F T :
' ' ' e (s=TT V (n>10.94) :
» if scaling is pgrfect measurelmlents at IQW energy ool o o —+
would be sufficient for predictions at high energy R 1 3
0 01 02 03 04 05 0.6 0.7 0.8 09 1
PL
. . . . . XF — 22—
» in deep Inelastic scattering at high momentum VS
partons are free and collision with one parton is not Clee
affected by others: scaling! 2 ol . b
% ::‘35 ‘\\\ EE
» scaling in fractional momentum x is violated for low B 0 prasraeximein N, .
. . . %‘ I CMS 7 TeV (2.96 pb“_)1 ~, ’
values of x. Patrons are not free: scaling violation! LRl
e S P
» p = (uud) + (ggQg sea) e T
2 0.5_— \———S*/ i
» 1(;4 1(;'3 1(;2 1(I)‘
32 pPr
XT = 24—



hadronic interaction models

ornadging particle pnysics to cosmic ray interactions

33

High energy models:

DPMJET I11.5 and lll (Ranft /
Roesler, RE & Ranft)

neXus 2.0 and 3.0 (Drescher,
Hladik, Ostapchenko, Pierog &
Werner)

QGSJET 98 and 01 (Kalmykov &
Ostapchenko)

SIBYLL 1.7 and 2.1 (Engel / RE,
Fletcher, Gaisser, Lipari &
Stanev)

* Gribov-Regge type models, minijets
* Parametrizations of data

Low/intermediate energy models:

GHEISHA (Fesefeldt)

Hillas' splitting algorithm (Hillas)

FLUKA (Fasso, Ferrari, Ranft &
Sala)

UrQMD (Bass, Bleicher et al.)

TARGET (RE, Gaisser,
Protheroe & Stanev)

HADRIN/NUCRIN (Han3gen &
Ranft)

SOPHIA (Mucke, RE, Rachen,
Protheroe, Stanev)

Ralph Engel



dE/dn [GeV]

hadronic interaction models

O N 15
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hadronic interaction models
freating the forward region

» forward region the most relevant in cosmic rays

» models tuned to accelerator measurements and extrapolated

forward central forward

CMS@7TeV pp
pT® =\s/2 exp(-n) I CDF@1.8TeV jp
UA5@200GeV |
UA5@900GeV -
NA22@250GeV/c

-
o
S

Tyl
> .
w L
©. .0
S—_10§
T F
Q-I—

©

-
o

N
RRRLL

-
o

T III]III

|
CASTOR, T2

[T TTTTI

- 0
Pseudorapidity n




dN/dn

hadronic interaction models
tuning to accelerator data

central forwara
proton-antiproton @CERN-SPS g ST E_=630GeV — DPMJETILSS
Z Simulations with P238 (Harr et al.) trigger
-~ QGSJETO1
4 CTRVT T 9 1
A Harretal
3
2
1
central forward
_' E_ =900 GeV —— DPMJETILS5 0 ; ; p ' \? 10
I Simulations with UAS trigger
----- QGSJETO1
SIBYLL 2.1
A UAS

. ) pseudo-rapidity distribution of charged particles

4
1
b
8
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(p)) (GeV/c)

hadronic interaction models

tuning to accelerator data

proton-antiproton @CERN-SPS & Tevatron

0.8

mean charged particle multiplicity

0.7

0.2 =

04

.
5 2
.
’
03 -’
N -
5
L

[ —— DPMJETIL55

QGSJETO01

A UAI/UAS

p-p collisions, NSD
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é — DPMJET 25
; == QGSJET 01
175 F . siwvers
150 F
125 F
100 £
75 E
50 E
25 F
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mean transverse momentum



hadronic interaction models

tuning to accelerator data

p-air production cross section
& model predictions

secondary charged particle
multiplicity predictions

38

Gp-alr

(mb)
g

50
500
450
400
350
300

250

— o Mielke et al.
o Yodh et al.

¢ Baltrusaitis et al.
— * Honda et al.
& Aglietta et al.

(Heck, 2003)
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E_, (eV)

—— DPMJET IL55

----- QGSJET01
--------- SIBYLL 2.1
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hadronic interaction models
freating the forward region

» LHC is providing good high energy data in wide range of pseudo-rapidity

. although with important gaps ... still

pre LHC post LHC
= 250 > = 250 ¢
E 225 F PHP Tota /| E 225 | P*P
© 200 = — El()}%?Engllg 0 /./'/ / © 500 ;_ —  EPOS LHC Total
175 | SGSJEToi s 175 £ - QGSJETI-04
- //' 4 . : E * TOTEM
150 SIBYLL 2.1 P Helastic 150 |
125 | g 125 |
100 E 100 |
75 ; 75 E Inelastic
50 | L. 50 = :
25 — X Elasth 25 ElaSth
0 SR . L1l 31 IERE 41 I 11|5 ol 0 - - hfim 31 L 41 ol R
10 10 10 \/ 10° 10~ 10° 10 \/ 10°
39 $(GeV) T pierog, ISVHECRI 2014 s (GeV)
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primary cosmic rays

Nteractions In the atmosphere ) »

I
O

X,U — / pair(h/)dh/ X
h

X ~ X, cos@*

® |sothermal atmosphere
(7-50 km @poles - 17-50 km @equator)

—h/ho

p(h) >~ pp € po~2.03x107%g cm™? ho ~ 6.4 km

X(h) ~ IO()h() €_h/h0 ~ h()p(h)
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primary cosmic rays
Nteractions In the atmosphere

Xv X
5
X=0
—h/h 9
X(h) ~ p()h() € 0 ~ h()p(h)
! h=0
® hadronic interactions Ay = P “izir
TLN(TN
Tt — Mi + v, (V) K+ — [ Vu(ﬂu) (64 %)

pE — e+ ve(Te) + (7)), K* — 7% + 70 21 %)
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primary Cosmic rays
Nteractions In the atmosphere

Pair
)\N — air
N
Nint.p ~90gem™?
)\int,Fe ~ 5gCIIl_2
A’I:’I’Lt,ﬂ' ~ 120 g Cm_2
Nint. k ~ 12 gcm_2
_J
Xv / pair(h,)dh,
h
42

Xv
e*
X =
A
6
v
h =
US standard atmosphere
] 0 8
40 3 3.8x 1073 2.4 x 10* 386 0.076
30 1.8 1.8 x 1072 5.1 x 103 176 0.17
20 55.8 8.8 x 102 1.0 x 103 80 0.36
15 123 0.19 478 54 0.54
10 269 0.42 223 37 0.79
5 550 0.74 126 28 1.05
3 715 0.91 102 25 117
15 862 1.06 88 23 1.26
0.5 974 117 79 22 133
0 1,032 1.23 76 21 1.36




primary cosmic rays
Nteractions In the atmosphere X, X

4+ ||
D
|| ———>p

e hadronic interactions )\, = P LiE I
pio.zq/w"
® meson decay — i mc” he (T
d; FE;X cos* “ = CT; o(T)
. . . 1 1 , €;
e competition between interaction & decay — ~ — which depends on —-
d; i E;
€0 = 3.5 x 101°GeV exo = 210GeV epo = 9.2 x 10"GeV
e+ = 115GeV erctr = 850GeV ep+ = 4.3 x 10°GeV

43 strange charm



Eo/nucleon

hadronic showers 0 )
—eltler model _

T 0
® nucleons (Eo) ignites showers producing 11’s AN \\\\

» i° = vy (fast electromagnetic process)

n=3

Matthews (2005)

» T = u* + vy (slow weak process) OR initiate new
cascades until Ec

Pair
)\N B n air
NO

® assume one muon produced for each hadron

EO o A EO @ ln(nch)
N — ~ 1 — ~ 0.85 — 0.92
H <E7T) 0 <1 PGV) “ In(nsot)

C

44



Eo/nucleon

hadronic showers 0 )
superposiion mocel | .
e atomic nucleus of mass A and energy Eo = A O
nucleons of energy Ec/A v =
A EO : —
Nr“ :A<AE5> = Al N'“ ____________________________________ n=3

Matthews (2005)

N,(>E,)~AX

14.5GeV [ Ey \"™" AE,
E,cos \ AE,

Pair
)\N B n air
NO

® mass-dependent quantities

[X AN rf1n(Eo /A)j \ett the effective interaction length for pions

max

[EO ~ 0.85(N, + 25NM)]
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muon number

hadronic showers
eNErgy & MAass composition

Ralf Engel
10 °F
F —— DPMJET 2.55
-x=x-  peXus 2
----- QGSJET 01
--------- SIBYLL 2.1 Fe 10'%evy
10°F ‘@
Taawe® p
Fe 10°eV
10F =
P
1 lllllll 1 1 lllllll 1 1 lllllll | 1
5 6 7
10 10 10
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electron number




hadronic showers
energy & mass composition

1.5

Iog10(K7O) «Np

0.5

-0.5

IceCube-lceTop observation

T | L | T I T T

80

60

40

20

] ] | | | ] ] ] | I ] | ] | | ] o

0.5 1 1.5
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hadronic vs. electromagnetic showers

(=)
= | i
— : sz
9 7 (HeCk, 2004) —— DPMJET 2.55
% X - QGSJET01
.% 6 - 1 SIBYLL 2.1
= - . .
;_ s b p Y Y -induced
Q -
b B 19
= 4+ F E,=10"eV
= [ vertical
ot C
() 3
h =
Q —
-— [
E 2 F
: -
= C
1 |F
E, L 1'4.‘; 1 1 I 1 1 1 I l§ ] 1 I 1 1 1 I 1 1 | l ] Iil. — —

200 400 600 800 1000 1200 1400 160 1800 p
atmospheric depth (g/cm”)
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EM
Xmaa:

XA

max

~ Aine In (Ep/€c)

~ )\eff 1H(E()/A)



Number of charged particles (x1 09)

hadronic vs. electromagnetic showers

1200010000 8000 6000

Height a.s.l. (m)
4000 2000

N I L] ] I T T I T L I
- — proton, E=1 0°ev

e Auger shower
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Slant depth (glcmz)

Number of charged particles (x109)
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hadronic showers
eNErgy & MAass composition

Engel, Pierog & Heck, ARNPS 2011

S 900 [ —— EPOS19 hoton
S - ------ QGSJET 01
N [ e QGSJET II-3
P L SIBYLL 2.1
NE 800 — ""," EM
v I g X & A\ine In (Eg/€.)
700 |-
‘ XA~ Aesrln(Ey/A)
B % Yakutsk 2010 max g eff O
600 ; e Auger 2010
" HiRes 2004
. x TUNKA 2002
¢ Yakutsk 2001
s00 b * HiRes-MIA 2000
. o Fly’s Eye 1993
P lIII 1 1 llIIIII 1 1 lllllll
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constraint on

elongation rate theorem

elongation rate of

hadron-induced showers

e clongation rate (change of Xmax Vs. energy)

De _ <dea£U> Dy — (3)150?3 _ In(10) D,
dlnFE
e photon-induced shower
(X Y& N In(Eop /€.) D]y = In(10) A\jpt =~ 84 g/cm?
e hadron-induced shower (elongation theorem)
! ~ dln{n(E)) )

Dig" = D}, (1 - Bn — By) B,

Lindsey & Watson PRL 46, 459, 1981 By = —
51 )\frad din & J




hadronic showers
cascade eguations

. dN
e particle flux ®(£.X) = ———

e cvolution with column depth (for protons)

00, (B,x) _  Pp(E, X) 0SS
0X )\int,p(E)

>° 1 - dn - - .
& (EX) PP (B B dE roduction
_l_/E )‘int,p(E) ! dE ( ) P

* reminds you anything familiar ?

E
on~(E,t) —_
Wat T —00 n’Y(E7 t) )\Tad E’Y

L dv E
+ . 7 QO(fU) Ne ;,t n7<E,t> _ K’I“,(yl)(S) E—(s—|—1) e)xl(s)t

52
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hadronic showers
cascade eguations

e cvolution with column depth (for protons)

0®,(E,X) _(I)p(EvX> 0SS

ox )‘int,p (E )

>° 1 - dn ~ - .
o (EX) PP (BB dE roduction
+/E Nt (B) 7 i P P

e ansatz  ®(E, X)=A(X)E O+Y

¢ factorized equation

I e —(rHD) 7
—(v+1) aAP(X) __ —(y+1) AP(X) . E dnp—>p
E = —F 1 d

53




hadronic showers
cascade eguations

¢ factorized equation

i o / =\ (D) i

—(y+1) 0Ap(X) _ = (y+1) Ap(X) B E dnp—p =

E X E X 1 dE
int,p E

e assume scaling Por g, ) =

1 dny—)
E drpaB

Zpp - Spectrum-weighted moment
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hadronic showers
cascade eguations

® cquation

0Ap(X) _ Ap(X)
_ 1 -7
3X Aint’p [ pp]

e solution (inclusive flux can be numerically calculated)

A Aint,p  attenuation
pp

_ —X/App p—(v+1) =
(I)p(E7 X> AO € 10 1 - pr |eﬂgth

® in reality the hadronic cascade equations contains many loss and coupled
production channels and the Z-factors need to be determined using collider
data or calculated multiplicity spectra

55



had ronic Showers Anatoli Fedynitch, ISVHECRI 2014

MCEQ cascade equations integrator

CEiSCad S @q UaﬂOm S https://qithub.com/afedynitch/MCEQ

® in reality the hadronic cascade equations contains many loss and coupled
production channels and the Z-factors need to be determined using collider
data or calculated multiplicity spectra

d®,(FE,X)
dx
— \h () loss due to interaction
LOSSES i
_ )\(I)h(?’EX))() loss due to decays
dec,h ’
+ 8% (b(E)(I)h(E, X)) continuous energy loss
production due to interactions
+ ; S(— h, E) of other particles
GAINS

4 Z SD(h — h,E) production due to decays of
[

other particles
56



https://github.com/afedynitch/MCEq

hadronic showers
couplings In cascade equations

® assuming p, n and pion system only

® pion inclusive flux

production
loss
dP ) d ) ) )
T —— T T 4+ Z7r7r—7T 1+ pr b 4 an—n
dX )\int,p >\dec,7r )\int,w Az’nt,p )\int,n
feeds U,V nucleon-pion coupling
cascade
- - d d
e muon inclusive flux Au _ p_ | gdecay P

P _ e
aX >\dec,,u H )\dec,w

' ' I d(I)V eca (I)ﬂ'
¢ neutrino Inclusive flux ~ = ZL,}/T

e competition between decay and interaction
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hadronic showers
Nclusive neutrnno flux

® [ow energy (No pion interaction term)

b, (F) x P x BF7CE

® high energy (no pion decay term)

D, (E) x &, x E~er+l)

® interpolation

58

(cm? s sr GeV) !

®, (B/GeV)*

Anatoli Fedynitch

Muon neutrino flux

10"
102 —
107 |
— K-,
-4 .
10" ===~ 7=y, noint.
F === K-v,, noint.
- = Sum
10-5 o 1 1 lllllll1 1 111111112 1 1 11111113 I 111111114 L L llllllIS
10 10 10 10 10 10

E, [GeV]



hadronic showers
Nclusive neutrnno flux

e neutrino flux

¢, (F) = — " + "
1—Znn \1+ By, Fcost*/e, 1+ Bg, FEcosf*/ek

Muon neutrino flux

10" ¢
> el T~
$ 10
P S U S
("2}
("2}
€
S 107
[-:i,\ TV,
> i
2 K—v,
< 4 .
®H 10" F--- 75y, noint.
é.\f A K—v,, noint.
- —— sum | |
-5 1 1 lllllll 1 L1 llllll 1 Ll llllll L L lllllll L L lllllll Anato“ FedynltCh
107 55 1 2 3 3 5
10 10 10 10 10 10
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dN,,/dE

inclusive spectrum
convolution with primary cosmic ray spectrum

Anatoli Fedynitch

: S — 103
— E,=17TeV !
B, =15TeV 0 E-27 CR spectrum
—— E,=119TeV 0t
—— E,=321TeV | 107 17
—— E,=86.0TeV | . 107
E,=2307TeV | == 107 {

dN

inclusive muon!
spectrum

1 - Lo | | \ '
- I 4 10.15 | ‘ \
10-17 NPT N NP | N I T aaaal PP 17 , : 2 2
10° 10° 10° 10° 10 10’ 1002 10° 10 10° 10° 107
E.'f.'h [GeV] E.'.;r'; [GeV]

p E;
nuclei mary spectrum U production yield
composition b Y SP e.g. from MC calculations
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iNnclusive lepton spectra
Nteractions In the atmosphere

® inclusive lepton spectrum in the atmosphere

Ar Agi
E;) = Ep) x | -
¢l( l) ng( l) {1—|—B7TZCOSQEZ/€7T 1—|—BKZCOS(9EZ/€K }
$N(E) = B~ hadronization & cascading
® spectrum-weighted Z-moments A = Zni X BRi X Zy i=m K
. . . 1 (1 dong+(a)
® for inclusive ™ production Inmt = — 7 de ~~1.7
o Jo dx
2
(Feynman scaling) r=—1 2
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spectrum-weighted moments

® cnergy-independent form

1 d
Nk—h
_ Y
Zkh—/ L1 AB y dTLAB
0 L1.AB

® cnergy-dependent with generic cosmic ray primary spectrum

dE’
E AP N (E,0) opa(E) dE

Zkh(E) _ /OO d(I)N(E/,H) O'kA(E/) dnk_m(El,E)

M. Thunman et al., Astropart. Phys. 5, 309 (1996)
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detecting neutrinos
Neutnno INteractions with matter

® neutrino interacts with quark constituents of nucleons
e they exchange Z° (neutral) or W* (charged) bosons
» charged current interaction

» neutral current interaction

> indirect detection of neutrinos

63

o

nucleon

constituents

Ve £, Vz\

\]

hadronic
shower )




lceCube Coll., PRL 110, 151105 (2013)

== Super-K v,

atmospheric neutrinos
NIgN energy and neavy guarks

m Fréjusv,

o Frejus v,

AMANDA v

O unfoldin?
3 forward folding

S . IceCube v,
; ‘&.;..“H o unf0|dm$ .
%’N forward folding

E2 @, [GeV cm2s™1sr]

» neutrino telescopes searching for high energy
astrophysical neutrinos (point to origin of CR)

. . D g Pr
» atmospheric neutrinos a significant ot

irreducible background at high energy where
heavy quark processes are involved

vV
e

I I IIIIIIII I lllllll| | IIIIIIII | IIIIIIII I llllllll LILBLAAL

| 1 1 | I 1 ! | | I 1 | | 1 l 1 1 1

1 2 3

1
S

» production of hyperons and particles with g

charm affected by increasing uncertainties A ZNi X BR;y, X Zj,
w 1 — ZNN

Znn:(E) = / ” qp O E) An(E) dnge (B, E)

Ax E on(E) An(E')  dE
+ - N /
1+ By, cos0 E, /e, 1+ Bg,cosOFE,/ex

Acharm v 4
1+ Bcharm v COS 0 Ev/echarm

meson’s characteristic energy

Particle (@):|#® K* K] Charm
€a (GeV): [115 850 205 ~ 3 x 10

J

)

Paolo Desiati



cosmic ray induced leptons
Nteractions In the atmosphere

uw’ +u” and v,, + v, flux from pions and kaons

0.8

0.6

Fraction

04

0.2 -

00
10

~

e kKinematics: differences between 11 & K

* ¢ neutrinos from (5%) K* — #%e=v, (7,)
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and (41%) K} - nm+e+v,

@, (E/GeV)>° (cm? s sr GeV)

@, (E/GeV)*° (cm? s sr GeV)!
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Rate [Hz]

event rate in lceCube
growing expernment
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atmospheric neutrinos

NIgN energy and heawvy

» large uncertainties in cosmic ray composition

(nucleon spectrum) at high energy

» K* not same isospin group & K evolution

equations coupled

|—I
o
S

quarks

10° |

dN/dE (E/GeV)?*® (m? s sr GeV)™!

CR nucleon spectrum

Ahn et al.,

GST 3-gen
GST 4-gen
H3a ]
poly-gonato |
TIG

ICRC 2013 —

101 R N R N R N R N R N R N R N R s
102 10®° 10* 10° 10° 10" 10® 10° 10"
nucleon [GeV]
» associated production p + Ar— A+ K*
o _muons 1 _muon neutrinos . Lo Electron neutrinos
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heavy quark production in the atmosphere
cham and prompt component

® D mesons and A*c baryons (with charm quark) decay “promptly”

d1(Er) = on(EL) ¥ {

Fraction

68

A7Tl

1+ BricosO Ej /e,

_I_

Ak

1+ BgjcosO E/ek

™ T ™ i L C
RQPM
0.8 |- A
T —V T
0.6 | . -
\/\,\/
0.4 | g N T
K—v
0.2 e ]
charm —v - — e
0 L N R S I L =
10° 10" 102 10° 104 10°

Acharm [

i 1+ Bcha/rml cos ¢ El/echa/rm

}

p ~ 10" ¥ sec

Tr+ R 10~ 3 sec

epo = 9.2 x 10°GeV

ep+ = 4.3 x 10"GeV



detecting neutrinos
detection of charged leptons

10% ¢

Energy losses [GeV/(g/cm?)]
o

5 : :
10 E"";".j';';';';';_"'Br'erﬁsstrah’l'un'g ........... R s Sl S S A

1078 ot

energy losses of muons in ice

Pa'f:produzct'on: Koehne et aI 2013
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detecting neutrinos

detection of charged leptons

Etyp =~ TeV
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Figure 27.7: Vertical muon intensity vs depth (1 km.w.e. = 105 g cm~2of standard
rock). The experimental data are from: {: the compilations of Crouch [67], [O:
Baksan [72], o: LVD [73], e: MACRO [74], W: Frejus [75], and A: SNO [76].
The shaded area at large depths represents neutrino-induced muons of energy above
2 GeV. The upper line is for horizontal neutrino-induced muons, the lower one
for vertically upward muons. Darker shading shows the muon flux measured by
the SuperKamiokande experiment. The inset shows the vertical intensity curve for
water and ice published in Refs. [68-71].



primary cosmic rays
Underground detection

® Muons are penetrating but they lose

® at greater depths experiments observe

®v,(7,) + N — u* + X (CC interaction)

v and v CC cross section [pb]

energy within 10-20 km

neutrino-induced muons

== v CC xsec (HERAPDF1.5)
== v CC xsec (HERAPDF1.5)
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detecting neutrinos in transparent media
Cherenkov Effect

® clectromagnetic radiation emitted when a charged
particle passes through a dielectric medium at a
speed greater than the phase velocity of light in
that medium (v > ¢/Nmedium)

e atoms near the particle become polarized and emit
coherent radiation when returning to equilibrium

dN? _277_04 . 1
drd\ )2 32n?
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. —ct/n—
credit: J. van Santen  « y—



detecting neutrinos in transparent media

Cherenkov tEffect

dN? B 2T
drd\ )2
dN ,
— 271 sin? 0

dx
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Index of refraction n
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detection technigue
Cherenkov radiation

photon scattering
in the transparent medium

time delay
vs. direct light

“on time” —— > delayed

u tracks >100m @ E>100 GeV

Cherenkov light from
a muon track

e, ©
e P ° AU e e .+ time delay
O sl ¢ vs.direct light

. “on time” ——— delayed

e* :electromagnetic shower
t+ : hadronic shower

NC X L A /o B " Cherenkov light from

a cascade

credit: C. Kopper
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EEAREEE el e time delay
el bl e vs. direct light

detection principle - cascade

“on tim_e’{’ > delayed

Cherenkov light from
a cascade

~ 1 5% deposited energy resolution Claudio Kopper - WIPAC
~ 10° angular resolution
(at energies =z 100TeV)

Paolo Desiati
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Cherenkov light from
a cascade
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~ 10° angular resolution
(at energies =z 100TeV)

Paolo Desiati



detection principle - track

factor of = 2 energy resolution
< 1° angular resolution

Paolo Desiati

time delay
vs. direct light

“on time” > delayed

Cherenkov light from
a muon track

Claudio Kopper - WIPAC




detection principle - track

factor of = 2 energy resolution
< 1° angular resolution

Paolo Desiati

time delay
vs. direct light

“on time” > delayed

Cherenkov light from
a muon track

Claudio Kopper - WIPAC




neutrino detection

event topologies

track cascade hybrid
: Neutral Current /Electron :
CC Muon Neutrino : CC Tau Neutrino
Neutrino
. z § i kﬁ
r g P 1 ¥
iy ‘ SR ‘ “ g ?P
vy + N = p+X Ve + N —e +X vr+ N -7+ X
VX + N % I/X__X
track (data) cascade (data) “double-bang” and other signatures
(simulation)
factor of = 2 energy resolution =~ +15% deposited energy resolution
< 1° angular resolution =~ 10° angular resolution (not observed yet)

(at energies = 100 TeV) C. Kopper




THANK YOU

for any question do not

hesitate to contact me
desiati@wipac.wisc.edu

Lectures & Exercises will
be uploaded to the School portal
(under Workshops)


mailto:desiati@wipac.wisc.edu
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