workshop In particle physics

fundamental interactions &
electromagnetic showers

Paolo Desiati

desiati@wipac.wisc.edu

Wisconsin lceCube Particle Astrophysics Center (WIPAC)
& Department of Astronomy

University of Wisconsin - Madison




lectures outline
WOrKSNop IN particle physics

[ 1. fundamental interactions & EM showers




outline
WOrKsSNop In particle physics

particle physics and cosmic rays
electron-photon scattering
bremsstrahlung

electron-positron pair production

[simple derivation (virtual photon method)
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¢ dedicated collider laboratories

e controlled environment

¢ study particle interactions in great detall

e | HC @ c.m. energy of 7 TeV & 14 TeV
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particle physics
COSMIC rays
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Gaisser, Stanev, Tilav: arXiv:1303.3565
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COSMIC rays
a natural laporatory
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history of cosmic ray physics
oenetrating cosmic radiation

Theodor Wulf (1868-1946) Domenico Pacini (1878-1934)

=)o\

1910: radiation at the bottom and the 1910-11: radiation over and below sea 1911-12: balloon measurements up to
top of Eiffel Tower. Lower decrease surface. Decrease underwater. 5,300 meters. Radiation increased
than expected Seasonal variations. 4 times.
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history of cosmic ray physics
the nature of cosmic part

| A
Robert Millikan Arthur Compton Bruno Rossi Pierre Auger Louis Leprince-Ringuet
(1868-1953) (1892-1962) (1905-1993) (1899-1993) (1901-2000)
1927: Clay reports latitude variations of
1932: strong debate between Millikan 1930: Bruno Rossi predicts east- cosmic ray flux (from Amsterdam to
and Compton on whether cosmic rays west asymmetry effect should Indonesia).
are composed of high energy photons cosmic particles be charged
(Millikan’s view) or charged particles — 1933: Auger and Leprince-Ringuet measure
(Compton’s view). cosmic ray variations from Le Havre to
Buenos Aires and find a minimum at the
Photons (gamma rays) would be equator. Cosmic particles are predominantly
produced in interstellar space by charged.

hydrogen fusion into heavier nuclei.
1934: Auger and Leprince-Ringuet measure

an excess of particles from West. Cosmic
particles are predominantly positively
charged

R — e ———

However, the name cosmic rays introduced
by Millikan, will remain.

R — T



A
charge of cosmic rays

cast-west affect

® geomagnetic field effect

http://hep.bu.edu/~superk/ew-effect.html Primary
Cosmic
. . Ray v
| | F=Z7evxB
® higher cosmic ray flux from west Geomagnetic Field
indicate particles are predominantly Bgy = 25 — 65 uT © @
positive ® ®

Forbidden
Trajectory

o= pPL
zZeb
4 )
N 3.3 x 10* E(GeV) -
8 7 B(G)

N J
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http://hep.bu.edu/~superk/ew-effect.html

extensive air showers
oenetrating cosmic radiation

e atmospheric air showers of particles are extended

» while measuring “east-west” effect Rossi noticed
coincident far apart signals

» independently Auger (1937) concluded that primary CR
interact in upper atmosphere initiating cascade of
secondary interactions that reaches ground

e Bhabha & Heitler (1937) explained development of soft
CR showers as sequence of y rays and e et pairs

® cvidence of hard penetrating component of hadronic CR
showers that can be detected underground

11

proton-induced
shower of 10'° eV




ELECTROMAGNETIC SHOWERS




electromagnetic showers

Py partides involved Number of charged particles Fo

» e*andy

® |nteractions involved

» bremsstrahlung

Matthews (2005)

» pair production

» /onization losses

Depth X (g/cm?)

Heitler model

13



fundamental processes
N guantum electrodynamics

ety —e +y

COMPTON SCATTERING

y+y—e +e

ELECTRON-POSITRON
CREATION
(ANNIHILATION)

e +e—e—+ e

ELECTRON-POSITRON
SCATTERING
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1930: Paul Dirac postulates the existence of positron
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Cross Section
and differential cross section

— TARGET
— ™  YUNIT AREA

® cffective area providing the probability of some scattering event or the likelihood
of interaction between particles

L dNbeam

flux of incident particl — —2g0c 1
ux of incident particles P Al Im ™ “sec™ "]
. . dNint
e nhumber of interactions/sec s P Nparget O
. Ny
® number of scattering centers Ntarget — Ptarget 7 Area o
: : dn do
e the number of interactions/sec/sr yrol D Nparget -0
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Cross Section
and differential cross section

r sinB

do b |db

® 0N a sphere —

dQ  sind | db

® ... Rutherford scattering experiment (discovery of the atomic nucleus)

o b_<212262) COtQ @_0-_ Zl ZQ@Z : 1
meo I 2 dQ) \16meg E sin4g

\_ Rutherford cross section )
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Cross Section

dx
_’I I<_
N scatter centres

/ per unit volume

mean free pathn

® interaction probability

dW = nodx
number density / I \ target
of scattering centers CroSS thickness
section

® mean free path (interaction length)

/ W(E xdx—

-
particle trajectory

N A Ptarget

n = ptargetj — <mtarget>

Pt arget <mt arget >

Aing[g/em?] = == =

n o O
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orentz covariance
and Mandelstam varnapnles

® | orentz covariance is a property of spacetime following from special relativity.
Physics quantities do not change with reference system

® a physical quantity is Lorentz covariant if it transforms under Lorentz transformations

» in spacetime displacement is represented by 4-vector  X* = (ct, z, y, 2)

» velocity by 4-vect U+ dx’ dr dy dz

veloci -vector — — C, ; )

y by dr O \"ar ar dt
E

» momentum by 4-vector P = moU" = (_7pm7pyapz)
C

» 4-momentum IS conserved

18



orentz covariance
and Mandelstam varnapnles

® | orentz transformation preserve space-time interval

ds® = XM XVn,, = dt* — da® — dy* — dz°

, dt ds?
® proper time dT7° = — = 5
y C
E? 5
® rest mass (invariant mass) m(Q)CQ = P'P VUW — pi — pi — P;

2
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Mandelstam variables

9 9
® numerical quantities encoding particles energy, momentum and 2 4
angles in scattering processes in a Lorentz invariant formalism
resonance
R R
® S-process s = (P!'+ P}")* = (P} + P}")? Sy
invariant mass R o]
pl\/ps
® t-process t = (P'— P{")* = (Py — P')? .
transferred 4-momentum 0 /I\Q
scattering

2 2 R >
o u-process  u= (P —Py)" = (Py — Py ./
transferred 4-momentum u /I/
R )

20



Mandelstam variables

® numerical quantities encoding particles energy, momentum and
angles in scattering processes in a Lorentz invariant formalism

1
® cnergy @ center of mass E; = 2—\/5[5 + (m1c?)? — (mac?)?]
| v
® scattering angle @ center of mass cost) =14 e
2FE2  — (mc?)?
® center of mass — lab E, = —" ( )
mc?

21
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resonance

scattering

X,



ye — ye scattering
onotoelectric effect

e E, <« mec? on electrons bound in atoms

» photons eject electrons from atoms and is absorbed
» photoelectric effect (Einstein 1905): ., = Egmding + Ef’inetic

» photons behave as particles

22 N\




ye — ye scattering
[nomson scattering

e E, « mec? on loosely bound or free electrons

» Thomson (elastic) scattering

» electron accelerated by E plane wave radiating energy (classical/quantistic solution)

do
70 = 7“2 sin’0 polarized wave
do , 1+ cos*6 5 .o (14 cos*6 IR
—— =T = QT randomly polarized wave
df) © 2 ¢ 2

8T o —25 2 _ & (=5 i) classic electron radius
oT = 5T ™ 6.65 x 10™“° cm Fe = 2 " = dneg me?

& Compton electron wavelength

23




ye — ye scattering
Compton scattering

e E, = mec? on free electrons

® nelastic scattering: photon transfer energy to electron

» Compton scattering (quantistic)

h
(1 — cosf) frczmhc
Me C :

A=\ =

® photons always loose energy

1923: Arthur Compton measured the change in
wavelength of scattered light off electrons

—
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ye — ye scattering
Compton scattering

e E, = mec? on free electrons

® nelastic scattering: photon transfer energy to electron

» Klein-Nishina Formula

P(Ev, 9) _ Ef”al/Egnitml
do 242 2
g =T P(E,,0)

P(E,,0) + — 1+ cos* 6

DO | —

P(E77(9) 1

14+ 2 (1 — cosb)

MeC2

P(E,,0) =

25



ye — ye scattering
Klein-Nishina formula

® visible light (Thomson scattering)
» elastic scattering

» dipolar angular distribution

e X-rays, y-rays (Compton scattering)
» inelastic scattering
» forward angular distribution

» QED reduction effects

26
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e-palr production
clectromagnetic shower
o E, » 2m.C?
® clectron-positron pair production

» threshold process

- )
s = (center of mass energy)2 > (2me)2

2E1FE>(1 — cosf12) > 4m?

N J

® two-vertex process (nucleus electric field)

® virtual photon emitted by atomic nucleus

27
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e-palr production
clectromagnetic shower
o E, » 2m.C?
® clectron-positron pair production

» threshold process

- )
s = (center of mass energy)2 > (2me)2

2E1FE>(1 — cosf12) > 4m?

- J

® two-vertex process (nucleus electric field)

® virtual photon emitted by atomic nucleus

28
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bremsstrahlung
clectromagnetic shower

® breaking radiation

e EM radiation emitted by deceleration of
charge in a Coulomb field

® e-ion scattering

® radiation by charge accelerated in
nucleus electric field

® astrophysical contribution to X-ray & y-ray
continuum spectra

29




e-palr production & bremsstrahlung
virtual photons

e R e+ — e+

J . J

® similarity between the fields of a rapidly moving charged particle and that of a
pulse of radiation

® bremsstrahlung emission & pair production as scattering of virtual photons in
Coulomb field by the incident particle

30



method of virtual photons & ——-——— -
spectrum of virtual pnotons b imoact parameter
X X /e ®
S S
P. ®
>z P = (b,0,—vt') = (b, 0, —vt)

frame of e* frame of nucleus

frame of nucleus | frame of e*
7 7 qb 0 quyt 5
) - 7“73’ > '3

B' =0 = qbBry
Y <O’ P T <wt>213/2’0>

qby 0. _ qut
(6% + (vyt)2]3/27 7 [b? + (vyt)?]3/2
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method of virtual photons
spectrum of virtual photons

® clectromagnetic pulse propagating along the z-axis

dl C
. o (w, b) = oy B, (w)|? energy / unit area (b) / unit frequency interval (w)
W T

T frame of e*
E

E

qby 0. _ qut
(6% + (vyt)2]3/27 7 [b? + (vyt)?]3/2

= qbB~y
b <O’ P T <wt>213/2’0>

32




method of virtual photons
spectrum of virtual photons

0.0

0~ 0.001 0.01 0.1 1 10

® clectromagnetic pulse propagating along the z-axis om i
dal & 2 | | .
. o (w, b) = oy E.(w)|” energy/ unit area (b) / unit frequency interval (w)
", T

-5 = s =2 (G2) () (2)

dI 11/ q2\ [wb\® ., [wh \
S = —— (L) (X)) g2
|2 = <662> (vv> : (w>

2
q 1 vy
. ¥ 2B b2 =3




method of virtual photons
spectrum of virtual photons

° Z_i(wa b) ~ ﬂijﬁQ b12
® ntegrate over impact parameters = enerqgy / unit frequency interval (w)
e [Tges e ()
® number spectrum of virtual photons j—i(w)dw = hwN (hw)d(hw)
N(hw) = h21w ;Zi (@)

34



method of virtual photons
spectrum of virtual photons

. 2 2 1 max
® number spectrum of virtual photons N (hw) ~ 1 — | In v
732 \ he € birin
207% [ 1 b
=20 () w32 <€7> n(bmm>

® cnergy of virtual photon €y = hw

35




method of virtual p
spectrum of virtual p

® bremsstrahlung and pair production as scattering of virtual photons

Notons

NOLONS

- = ~
5
v e
z

L Y+ — et +e” |

s ~
— i
e
6+
o
*
Z

ety —e+y

® virtual photons in nuclear Coulomb field are scattered by the incident particle

® at low frequencies (w < ﬂ) the Thomson cross section / virtual photon

b

do

I

de.,dQ "~ 2

do

2
Ie

N 2 92
— R LT,

de.,
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method of virtual photons
spectrum of virtual photons

° b

37

. for nucleus in an atom (screening)

full screening approximation

A
Riom & 183 Z~1/3

MeC

Drmin AxAp < h
. for fully ionized nucleus €vb
max y TN 1

bmam S Ratom

atom of Thomas-Fermi

h2

Mee?

RH ~ ABohr —



method of virtual p
spectrum of virtual p

® bremsstrahlung and pair production as scattering of virtual photons

® integrate over energy range of virtual photons

do

Notons

NOLONS

N 2 2
— R el

de~

® full screening approximation

do

— 04227“2

de~
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e-palr production & bremsstrahlung
clectromagnetic showers

1
BREMSSTRAHLUNG [b ~ ST 1837-1/3 boir =~ 0.0135}
\ n
rd 1 2 1 1 )
_ o
— E)=4Z%ar? =1+ (1—-0v)* =21 —0v)| — + =(1 —
R R | R R ()
_ B
ctr —etr  |°TE )
PAIR PRODUCTION
rd 2 1 1 )
o)
o e (u, E,) = 4Z°ar? { [u2 + (1 —w)? + §u(1 — u) T §u(1 — u)}
E,+
u =
L E’Y J

high energy limit
39 full screening



e-palr production & bremsstrahlung

radiation lengtn

BREMSSTRAHLUNG

40

dl.
dX

dl,
aX

radiation length:

distance where the energy of an electron is
reduced to E/e

N A do
d e E.
brems A / R de’Y (677 )
NA /1 do Ee
= —F, dvv — =
brems A 0 dv ( ) )\rad



e-palr production & bremsstrahlung
radiation lengtn

radiation length:

BREMSSTRAHLUNG

distance where the energy of an electron is
reduced to E/e

dE. N4 b do E.
— —F, dvv — =
ety —ety ) dX brems A /O o dv ( ) )\rad
1 Ny |

1
Ly /L In18371/3
Noo A arg |In 18

41



radiation length

42

1 Na, .o »
— =247 In18327~1/3 -
Arad A 0470 i N 18_

| L _Na y

T A AZ(Z + 1Dar? In1832~ /3
1 N 4

Arad - 74&7“2 {Z2[Lrafd o f _I_ ZL, ad}

Table 27.2: Tsai’s Ly,q and L’
in an element using Eq. (27.24).

rads 10T use in calculating the radiation length

Element Z Lyog L 4
H 1 5.31 6.144
He 2 4.79 5.621
Li 3 4.74 5.805

Be 4 4.71 5.924
Others >4 In(184.15Z71/3) In(1194Z%3)

PDG



e-palr production & bremsstrahlung
splitting function

BREMSSTRAHLUNG

_da

p(v) = o

rgp(v):— :1— (§—2b> (1—2)+ (1 —wv)

43

1
/ dvvp(v) =140
0

radiation length:

distance where the energy of an electron is

reduced to E/e

N,
@ Ao
brems < A d>

probability per unit
of Arag that an e* of
energy ke emits a
photon of energy
Ey = vEe



e-palr production & bremsstrahlung
oNnoton mean free path

PAIR PRODUCTION photon mean free path:

9/7 of the radiation length

44



e-palr production & bremsstrahlung
oNnoton mean free path

PAIR PRODUCTION photon mean free path:

9/7 of the radiation length

dE, N4 Y do, . E,
Y+ — et + e | d—X _E’Y/O duu@(u) — )\paz”r’

45



e-palr production & bremsstrahlung

oNnoton mean free path

PAIR PRODUCTION

photon mean free path:
9/7 of the radiation length

do NA
— _>\fr'a
w(U) du (U) epair ( A d>
5 probability per unit
(1 — a2 “ - 2 of Arad that a y of
w(u) (1 u) * (3 2b> (1 u)u Tu energy Ey produces

46

a pair with e*/e of
b energy
3 Ee — UEy



electromagnetic showers

BREMSSTRAHLUNG

1 Na

)\frad A

AT~ 37 g /cm?

rad —

o :1—@—219) (1—v)+(1—v)2_

= 4472012 In1832~1/3 probability per unit of Arag that an e* of
energy Ee emits a photon of energy

Ey — VEe

PAIR PRODUCTION

WM< b(u) = (1 —u)? <§—2b

47

> (1 —uw)u + u?

probability per unit of Arag that a y of energy
Ey produces a pair with e*/e” of energy

Ee — UEV



THANK YOU

workshop in particle physics

development of
electromagnetic showers
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