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Sections

ctions of QED

=1/137 so small?
own at higher energies?
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ss Sections

redictions of QED

is a_ =1/137 so small?
eakdown at higher energies?

depend on center of mass — many different accelerators
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Measurement of Cross Sections

e'e > X
(e e — X)
~ test predictions of QED

Why is a__=1/137 so small?
Breakdown at higher energies?

Reactions depend on center of mass — many different accelerators

Synchrotron Radiation Law:: E4
P oc -
R

+ |large accelerators required for high energies
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Shape

: Years of Electron Positron : : :
Accelerator Location . and Experiments Hotable Discoveries
operation circumference energy energy
Frascati, taly; Orsay, . o_oq ’

Adh = 19611964 | Circular, 3 meters 250 Me | 250 MeV Touschek effect (1963); first & & interactions recorded (1964)

rance
?”_"c_e)m"'sm”md Stanford, California 19621967 | Two-ring, 12 m 300 MeV 300 Mel & e interactions
ee

- - IMF, M ibirsk, Soviet - -

VEP-1 (877} o PO T 19641968 | Two-ring,270m  |130 MeV 130 MeV € e scattering; QED radiative effects confirmed

nion

IMP, M ibirsk, Soviet - -

\EPP-2 U,' PO T 19651974 | Circular, 115 m 700 MeV | 700 Mel | OLYA, CID & muttinadron procduction (1966), e*e™—q (1966), e*e”—yy (1971)

nion
SPEAR SLAC 1972-1990(7) Mark 1, Mark Il, Marlk Il Discovery of Charmonium states
VEPP-2M ¢ BINP, Movosibirsk 19742000 | Circular, 17.88 m 700 MeY | 700 MeV |MD, SND, CMD-2 & e*e” cross sections, radiative decays of p, w, and ¢ mesons
DORIS DESY 19741983 | Circular, 300m SGeV  |5GeV ARGUS Crystal Ball DASP, PLUTO Oscillation in neutral B mesons
PETRA DESY 1978-1986 | Circular, 2 km 20 GeV |20 GeV | JADE, MARK-J, PLUTO, TASSO Discovery of the gluon in three jet events

. . . CUSB, CHESS, CLEQ, CLED-2, CLED-2.5, . . - )
CESR Caornell University 19792002 | Circular, 768m 6GeY |6 GeV CLEO.3 First ohservation of B decay, charmless and "racdiative penguin” B decays
PEP SLAC 1980-1850(7) Mark Il
Addition t
sLe SLAC 1g88-1908(7)| oo e 45Cey 45GeV | SLD, Mark First inear collider
SLAC Linac
Only 3 light (m=m weakly interacting neutrinos exist, implying only three generations of quarks and
LEP CERN 19892000  |Circular, 27 km 104 GeV 104 GeV | Aleph, Delphi, Opal, L3 | pt" ght (m = mz/2) ¥ g Implying enly three g o
eptons

BEPC China 1989-2004 | Circular, 240m 22GeV |22GeV |Beiing Spectrometer (| and II) @2
WEPP-4M & BIMP, Movosibirsk 1994 Circular, 366m 60GeV B0GeY |KEDREE Precise measurement of Y-meson masses
PEP-I SLAC 19982008 | Circular, 2.2 km 9GeV |31 GeY |BaBar Discovery of CP violation in B meson system
KEKB HEK 19992009 | Circular, 3 km 80GeY 35GeY |Bele Discovery of CP violation in B meson system
DADME Frascati, kaly 1999- Circular, 98m 0.7 GeV |0.7 GeV |KLOE@ Crab-waist collisions (2007)
CESR-c Cornell University 20022008 | Circular, 763m 6 GeV |6 GeV CHESS, CLES-c
WEPP-2000 &7 BIMP, Movosibirsk 2008- Circular, 24 4m 10GeV [1.0GeY SND,CMD-3 & Round beams (2007)

BEPC I

China

2008-

Circular, 240m

37 GeV

3.7 GeY

Beijing Spectrometer
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ascati/Orsay, 1961-64)
0 MeV Positrons
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AdA Accelerator

* First e* e collider ever
* AdA = Anello di Accumulazione (Frascati, 1961-64)
e Energy: 250 MeV Electrons x 250 MeV Positrons

Motivation:
* Bruno Touschek: excite the dielectric vacuum to create
vector mesons (e.g. rho meson predicted to be light!)

Note: at that time all new particles had been discovered in
hadronic interactions (ie. proton beams)!
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rho-meson

bare charge shielded
by vacuum polarisation
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AdA Accelerator

* First e* e collider ever
* AdA = Anello di Accumulazione (Frascati, 1961-64)
e Energy: 250 MeV Electrons x 250 MeV Positrons

Motivation:
 Bruno Touschek: excite the dielectric vacuum to create
vector mesons (e.g. rho meson predicted to be light!)

Note: at that time all new particles had been discovered in
hadronic interactions (ie. proton beams)!

“Revolutionary” concept as the rho-meson is electrically neutral
and was predicted to explain (as carrier) strong interactions

Remark: Indeed, Touschek was right. The strong force can be
tested in e* e collisions. But not in AdA (too low luminosity, too low energy)
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is time, synchrotron radiation

cavity
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own at this time, synchrotron radiation

— e* e (— conversion target)

cavity
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AdA Challenges |

» How to store electrons and positrons?

~ magneto-optical storage ring (— known at this time, synchroton radiation
facilities)

» How to produce positrons?
~ by photon conversions: y — e* e (— conversion target)

» How to produce the photons (E > 5-10 MeV)

+ Bremsstrahlung from high energetic electrons at target
e N — ye N using a linear electron accelerator (— also known)

cavity

Schoning/Rodejohann 14 Standard Model of Particle Physics SS 2013



AdA Challenges |

» How to store electrons and positrons?

~ magneto-optical storage ring (— known at this time, synchroton radiation
facilities)

» How to produce positrons?
~ by photon conversions: y — e* e (— conversion target)

» How to produce the photons (E > 5-10 MeV)

~ Bremsstrahlung from high energetic electrons at target
e N — ye N using a linear electron accelerator (— also known)

> How to fill the storage ring with electrons and positrons?7??
~ place the conversion target inside the storage ring e*

cavity
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AdA Concept

cavity

Electron Injection

Positron Injection cavity

e

Schoning/Rodejohann 17 Standard Model of Particle Physics SS 2013



AdA Challenges I

+ How to make electrons and positrons collide?

Note: AdA is a single storage ring: electrons and positrons see same optics
but in reverse direction

B.Touschek: It is guaranteed that an electron and a positron
necessarily meet in a single orbit because QED is CP (charge-

parity)

Schoning/Rodejohann 18 Standard Model of Particle Physics SS 2013






AdA Challenges Il

» How to make electrons and positrons collide?

Note: AdA Is a single storage ring: electrons and positrons see same optics
but in reverse direction

B.Touschek: It is guaranteed that an electron and a positron
necessarily meet in a single orbit because QED is CP (charge-

parity)
If a ring collider works, then CP(T) invariance of QED is confirmed!!!

Note: CP(T) invariance says that a positron can be regarded as an electron
traveling in reverse time direction.

Touschek was right, in a very short time AdA was commissioned and
electron-positron collisions were observed — much more than just a
technical (engineering) achievement!
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ositron collisions take place?

ity” Measurement (source factor)
R=Lo

ween rate of events and cross section of process

3
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Ring

eam Cross section

wn and have to be
measured — difficult

ence process(es):

d(j;a) - T? (“? G T %)2 i G)Z G)E)

ultrarelativistic approx. (Bhabha 1936)

{‘1‘2 u? o tZ
25 tu

do
df?

(ete™ = vy) =

annihilation process (Compton-like)

ocesses are forward peaked! t-pole t= —ssin?(0/2)
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ring
N syt 2u°
+ +

5° t’ st

annihilation scattering interference

s-pole from photon propagator

g diagram t-pole from photon propagator
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—( y d. t-pole from electron propagator

honing/Rodejohann 25 Standard Model of Particle Physics SS 2013



t=q y d. t-pole from electron propagator

u-pole from crossed diagram
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Sketch of Luminosity
Measurement

rate R,

v/ e \N\ rate R,
e’ e

v/ e*

luminosity detector
Measurement: rates R, and R, (in counts/s)

Use:R=Lo — L=R/o

Detector Detector

o :f do dO acceptance calculation is
Detector Detector ] Q) an experimental task!
(o) IS the observed cross section # total cross cross section

Detector
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uminosity

R,=a,l,+ bl,1,=1,(a,+bl,) BG

BG lumi >
I

2
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The Big e*e” Accelerators

» SPEAR (Stanford Positron Electron Accelerator Ring) at SLAC
(1974-1990), s'?=3-8 GeV, Discovery of the Charm Quark

+» PETRA (Positron Electron Tandem Ringanlage) at DESY (1978-1986),
s'2=38 GeV, Discovery of Gluon-Jets

*» TRISTAN at KEK, Japan (1986-1989) s'2=50-64 GeV
(discovery of the “desert”)

» Large Electron-Positron Collider, Geneva (1988-2000):
s2=90 GeV (LEP I, Z-factory), s'2=200 GeV (LEP II, WW factory)

» Stanford Linear Accelerator at SLAC, Stanford (1991-1998)
s'2=90 GeV (SLC, Z-factory)
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at SLAC

celerator Ring (1974-1990),
the J/Psi

e

Discovery of the Charm Quark P(2S)>J/Wn"n de’ e ntw
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Cross—section (cm?)

N
Nixe N
N
AN
- N
SN
107% <1 pb /4: N N
; — JUE
olpoint) = =3¢ N
£
1078
I i | T
1 10 10° 10°

Vo=CM energy (GeV)
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predicted by
QCD!!!
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l'l_i_l'l_t_l'lill_l'll_].'"lll_l

gtewpte” TASS0

4 110 GeV
e 220 Gey
% 3.0 GeV
¢ 383 Gav
¢ L3.6 GeY

do 3dS) [nb/stercd]

41 3 13 llul_

I FRTL

P IS THE T S TR TN ST RN ISY UAY 2N NN TN N O O

=0f ~Q4 Qa 4 o8
cos @
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ion C.S.

:Z mfNO

wW=tr'+s*+2ts

(only two independent)

» —2/38°—5 +s53 A’
X 7 = —
S 3s
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JADE

]rrtllltll||||I11'I‘IIII!l|l||l

4o’ 85nb
3s S

D /nb

o (ee—pp) = ete —» utu

1.00

|
ll--l-lillI.l.lil...l.j.llilll!llll

400 800 1200 1600 2000 240
s/GeV:

PETRA accelerator (DESY)
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W=134 GeVY

[ —
L

—
=

(1/c) (do/d(cos8))

TASSO (1984)

—————
0.2 0.4 3.6
lcos 0f
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L Tl RS ~ ‘desert”
\

Exp. Holl "Tsukubg'

(TOPAZ )
] \\
| B - Factery Ring \'- 1030 _
TRIGTAN ¥ :
Accumulotiont | Y
]0—32 |
| :
g
[ AMY) -
| é
8 —
|
L N
25 6GeY T
e LINAC |
R\ _
< \\ \ \
200 Mev High Curr ——Qh | n
e LINAC .
H E" - source .\._L\W\ \

i ! i T T
1 10 10? 16°

¥5=CM energy (GeV)

C 100 2C0 300m
S emm—
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Feynman 1 - 1 -
; —= G (p,) —= 0(p,)
diagram VP g e
ievuﬁ"(p;p;q) “ -iev,6“(p,*q-p,)
_;g Hv
1 ql+IE 1

ﬁu(pﬂ —ﬁu(pz)

s (leptons, quarks, ...)
ce of coupling (“running”)

cture of coupling
or effect — new physics
ossing symmetries (— gauge invariance)
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Cross—section (cm?)
2
i~

L

3 > st * Orsa
sl L Jktr e . (Ijras:atl' 0 CELLO
t 1 1 # Novosihirsk % JADE 107% {<-1pb .
= x SLAC-LBL + MARK J o{point) = %
o DASP v PLUTO | . 80 .4 ~
sl Hi xoeo 4 TASSO onset of ‘
3 ‘. *; ,% w1 quark thresholds
. ﬁﬁ |Mw }7 k #% % + * # T i r |
4 ﬁ { i 4 | al i .“ 4"/{ ++ +ﬂ: 1 4_!_ 1 10 102 10°

I

Vo=CM energy (GeV)

——
=
-
-+
A
_‘_—
_'_
]
—

#' ut+d+s+tc+b

2
04 \u-l—d-i-s No color

Q (GeV)

Fig. 11.3 Ratio R of (11.6) as a function of the total "¢ center-of-mass energy. (The sharp peaks correspond to the production of narrov
17 resonances just below or near the flavor thresholds.)
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0.662MeV
{Cs .’3?.}

1Z25MeV

~—
-
g
B
o
P
1 H]
afrad
AL
—
P
£
o
hy
=
—
-t
0=
-]
—
D
O

20 40 60 80 100 120 140 160 180

v [degrees]
Figure 10.7 Experimental results for Compton scattering. The curves correspond
to the Klein—Nishina formula (10.41) for photon energies w = 0.662 MeV and o =

1.25 MeV. The experimental data are from Hofstadter (1849) and Bernstein (1956)
(after Evans 1958).
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2

: _8m _ 8m
g cross section O, =—— =
3r 3

e

oA,
21

used to determine o
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cattering cross section O, = Sn _ 8n Gk 2
i S | 2o

not dependent on energy! Used to determine

eral cross section:

M
do - _ 0(2 —S —u
g ——(ye =2>ye )= + —
p qo\ve dve )=oo
two terms
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pha is not a constant!

dressed charge!

Bare vertex Radiative correction

. coupling for different (high) energies
r new physics effects at mass scale A
do do(QED)
dQ = dQ

-

2
A
43 Standard Model of Particle Physics SS 2013
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Lorentz-Structure of
Electromagnetic Interaction

From Maxwell Equations:
O, 0" AM(X) = eJM(X) in QED: 0, j,, = 0 (conservation of currents)

electromagnetic interaction described by vector currents!
Also true at high energies?

Vector Current: scalar coupling:
Jr=0y'w A= Py

Axial-vector Current: pseudoscalar coupling:
Ji= 0y A=Yy

+ |ead In general to different angular distributions!
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2 Collider

biggest electron-positron
collider with up to 200 GeV
centre of mass

4 experiments:
ALEPH, DELPHI, L3, OPAL

LEP1: “Z-factory”

BN | Epo- “WW factory’
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International Linear Collider
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d'q
(2
1 —gM?

' {;;;"ﬁ{m uulpr) -

Sy =ieé® 5*(ps — p1 — @) 8*(ps + ¢ — p2) (27)°

)n) scattering

1 ,

5 a(p,) v a(p,)
ieyua"'(pa-p;q) ik SRRy -ie¥,8(p,*q-P,)

1 q2+iE 1 ( )
nalleg v uPi) v 1P

Elektron virtuelles Photon Proton

perturbation theory: leading order graph (Born)
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Gamma Matrices |

Gamma matrices y* are chosen such that y° is hermitian while y* (k=1,2,3) are
anti-hermitian

(V)" =7 =1,
(v)" =-(v'), (¥9*=-1(k=1,2,3)
We define y° as the hermitian matrix: y°> = i y%y' y2 y3, (v)? =1,

The 4x4 gamma matrices can be represented by (representation where y° is diagonal):

yk = 0 Qk yO gﬁ: (l 0 ysz (O 1 gggisseer:/’z\t[?olns
g o 0 —1 1 0 exist)

With the 2x2 Pauli matrices:

1 _ (01 0 —i s (10
g = s 0 = .
1 O i 0 0 —1

2

Gamma matrices anti-commute: y' y*++vy*y' =0 fori#k
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O 1 O
0O 0 —1
0O 0 O
1 0 O
0
1 (in other representations
0 d is diagonal )
0
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