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External Lines
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Lecture 3, diff. cross-section in CMS: E - 1
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P, Ps s=(E; +E,)?
lowest order diagram M ~ e ~a
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For unpolarized beam need to average over all possible initial helicity combinations.
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spin averaged matrix element
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Computation was done for limit E>>m; note, several helicity combinations vanished!
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Differential Cross Section

The cross section is obtained by averaging over the initial states and summing over
all final states.
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Total cross section obtained by intregrating over 6 and ¢ using

f(l + c0s%0)dQ = 21‘[](1 + c0s?%0)

‘ total cross section for (et e — u " no):

Lowest order computation
provides good description of data

Very impressive result:
from first principle computation
we have reached a 1% precise result!
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Helicity and Chirality

'(61 ) helicity operator: h = 3p [Hh]=0
04
Y = (G 0) _ (02 ) Helicity is a conserved quantity!
0 o <, . .
(o8 ) Helicity is not a LI quantity!
( o, (p is not a LI)

[H,y?]1#0

_ : 0 I
chirality operator: y>=iy?y y*y*= ( ) Chirality is not a conserved quantity!

I 0
/’ Chirality is however LI!
in Dirac representation

only forE>>m: y>~ E‘%

m=) | H chirality eigenstates = LH helicity eigenstates
RH chirality eigenstates = RH helicity eigenstates

For massive particles (not ultra relativisitc): helicity states are combination of chirality states!

Z




Only certain combinations of chirality eigenstates take part in elm IA (property of vertex coupling)

u, y*u; upy*u, Right handed particles with right handed particles
' Left handed particles with left handed particles

v, YR Y, VR Y*Ug Right handed antiparticles with right handed antiparticles
' Left handed anti particles with left handed antiparticles

u, yvg vpyty, Right handed particles with left handed antiparticles
WY v, 7; Y ug Left handed particles with right handed particles

Consider E>>m (ultra relativistic limit), chirality eigenstates = helicity eigenstates

-|--|-_ E i -'E - -.-.-
"I'rL= T E!{px Er) W= Vinay © i{px=EC)
P —p Iy
W.=u,.,, E,Il[pr Et) ) ) I"I"l.= Viyoy € i{px=-Et)
5§85

Left handed antiparticles = right handed particles
Right handed antiparticles = left handed particles

Coupling strength for left handed and right handed particles is the same in elm. IA!



> We do already have e +et-> u +put

» Calculate cross-section for related process exploiting
symmetries and Mandelstam variables

e +u —-»> e +u e e

and e +et->e + et

\

» Test of first order QED computations in e*e collisions at TASSO
> Luminosity measurements exploiting e~ + et - e™ + e™

» Discovery of t lepton in e*e” collisions



Time and Space Structure of Feynman Diagrams

P
Pa -
general 4 prong diagram
(several first order QED diagrams have this structure)
Pg Pp
a) Time like “s” channel process choose CMS system

real photon: q?=E?-p%=0

Pa \\/\/\/\/l/ P s =07=(pp*Pg)” = (Ex*Eg)” = (p4+P5)?2 (Mytmg)>> 0

p
Pg ° g*>>0 virtual photon
T
b) Space like “t” channel process
Pa \ /’ Pc t =q2=(pc'pA)2 = (Ec'EA)2 - (p_(;) — p_A))z

choose A at rest and m,=m_.: E.>mc
t=E22Em,+m,2-p.2 = m? — 2E.m, + m,2<0

pB/ pD

%<0 virtual photon




Mandelstam variables

b) “u” channel process
Pa \ o U =02=(pp-p,)2 < 0 Mandelstam variables:
S= (pA+pB)2 = (pc+pD)2
g%<0 virtual photon t = (pcPa)? = (Pp-Pe)?
Pg u= (pD_pA)z = (pc'pg)z
”’/,;7 Ppb
t

Total cross/section or any Ll invariant diff. cross-section can only depend on scalar
products of 4-momenta p,, Pg, P Pp-

pip;  — 10scalars: paPa, PAPe PaAPc PaPD
PsPs, PsPcr PePp:
PcPcr PcPps
PpPp
p2=E2-p;2=m?2 — four constraints

energy + momentum conservation: (p,+pg = pc+pp) — four constraints

# 2 independent scalars describe the process, usually 2 of Mandelstam variables are chosen




Lorentz Invariant Representation of X-Section

1 —_—
<Mg>*= 2 2 Mg |2

e .
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P
_1( IM(RL> RL)|2%+ |M(LR— LR)|?+M(RL— LR)|? +|M(LR— RL)|?) ’
4
4 4
= ez (2(1+cosB)? + 2(1-cosB)?) [@in CMS, E >> m] et P2 ut
<M, >2 is LI, would be good to express it in form of LI quantities!
In CMS: p1 (E,O,0,E)
= (E,0,0,-E) (piipj 2=m2+ mjz +2pp,
p3 = (E,E sinB, O, E cosB) ~ £2pp,
p, = (E, -E sinB, O, -E cosH) E>>m

PsA W
e+ — 2~ 2 _l
5] p.p, = 2E2~ %2 (p,+p,) S

t*+u?

<M >2 =2¢e*

e =
(7 —
Py ﬂ P> p,p5 = E(1+cosB) ~ Vz(p -p,)? =
4 u"'

4

Nlp—\NIr—\

12




e e

e nt
P1 0,
P _ Py

et m
s=(p*p,)? - (p1"p3’222= t”
t=(py-p))? — (pP2-py )2 = 5’
u= (p4'p1)2 - (p4"p1 =u

24 212
t’+u’ 5 _ o a5 tuU
<Mg>? = 2e*— <Mg>? = 2e*—;
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In CMS: p, =(E0,0,E); p,=(EO0,0,-E); p;=(EEsinG,0,

E cosB); p,=(E, -EsinB, 0, -E cos8)

[‘x s =4E2
£ 0,4 e t = (p;-py)? ~ -2p3p; = -2E%(1-cosB)
- _ U= (p4-Pp1)? ~ -2p,4p; = -2E2(1+c0s6)
e 0 V1
<7, 4+(1+c0s0)?
P1 n-9 P2 <Mg>* = 2e4s s = 2ef ;1(—:0650;)2)
p4 u_ 10!
g |
do 1 c : ‘
= Pt em,>2 5 | |
dQ 64 T’s p, Mf' gw’ ] l
e 1+4(1+c056)2 g | ]
8m’s (1—cosB)? oot L ~i-- P N O -T"
et 1+%(1+cose)2 |
- 81.[25 4 sin 49/2 \..-.T-_;,.- S S— =R 20 ._..._T_. ".. £
\f\\\s i 1_,-- :
sideremark: almost Rutherford, for Rutherford = sl lutholrforr
| | |

need non-relativisitc computation
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0sb
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e~ e~ M,

e” et
+ —_
e e et ot
[IM|?= | M,|? + interference + | M, |2
same as fore e*—> u ut same as fore e*—> e e*

do et t2 + u? 2u? s2 4+ y?
dQ  8m2s 52 t2 t2
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Leading Order Contributions to Representative QED Processes

Feynman Diagrams 1R 26
Foreard Backward Forward Interference Backward
Meller scattering
o 25t g4t
eTe e +
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5 e'e” cross sections
v 10%g

- | 1D 12

do |

d()
10k
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cosf

exploited for luminosity measurement

Bhabha scattering: t+s channel
e e e” e

R
AN

t-channel less sensitiv to contributions from

-Z exchange, even at larger energies.

QED computation have precision of 10
Exploit forward region for luminosity measurements

s-channel only

e nt e~ nt
VA
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Luminosity Determination at ete” Machines

Interaction rate: N,=o,xL
Number of observed events: N,= [o,xLdt=0, [ Ldt

® @ ‘&

0,,: Interaction cross-section J \

L: luminosity, depends on machine parameters [cm?/s]

L..=JLdt [barn?]

inann1nz

41T o, cry

n,, n,: particles per bunch
ng : number of buches
f . revolution frequency
o,, 0, : beam size at IA point

determination of delivered integrated
luminosity from machine parameters not
precise enough (+ 5-10%)

Instead a known reference process with known x-section is used to determine the integrated
luminosity

L — NT@Z

int
o-ref 18




Luminosity Determination at ete” Machines

Reference process for ete- machines: small angle Bhabha scattering,
precisely known, very high rate, very little background

/6‘
\ main detector

\ Luminosity monitors

| 8, <0<86,., e.g. forward calorimeters

+ —

N(e e
I‘int= ( )
0-ref

Typical ranges for angles: 15" < 0 < 35°

(other standard candle Z— pup)
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LEP: Large Electron Positron Collider, CERN, E.,, = 90 GeV

|
- |
L] HCAL Barrel |
] |
] |
= |
A ' 4
SLUM HCAL Endcaps
HC1
i \I | HC3 | He2
_____ p——— s A ) i
- / I
j/ : (A X N |
LCAL |—|' : // /
\ J\ Active Le/ad Rings —> k
SLUM: Silicon luminosity detector |

LCAL: Luminosity calorimeter collision center 20



Bhabha Scattering Event in LEP LCAL
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Experimental Test of QED: Tasso Experiment

PETRA: Positron-electron collider
(DESY, Hamburg), E., up to 35 GeV

...........

-------
.~
-

: T —— Started data taking in 1976, finished
;'; B e o iy bl data taking in 1986

Tasso: Two Arm Spectrometer Solenoid

= b o e, S [Tasso experiment is famous for discovery
| of the gluon]

An aerial view showing the PETRA ring and the
current HERA Collider

=
Rl

The PETRA The TASSO

Collider Detector 22




How to test for possible deviations in e*e” —e'e

e | W theory prediction (dominated by t-channel)
;'_:';:'.;.t v‘ "; 4 o data pOintS

Perfect agreement! - how to quantify perfect?

Possible deviations from QED:
» Finite extension of lepton
= ] » modified photon propagator

| cos 0\.

Description and parametrization of deviation by form factor: F(g?) =1+ qzq

1 L 1 ‘
— ﬁ —
> ? T q2—A . 2

In this choice of form factor parameterization F(g2) describes an add. massive photon which

modify the propagator. Parameter A, would correspond to the photon mass of add. photon.

23




g-e%P o QED

IF(S)IZ)

do et t2 + u? 2u? s2 + u?
= ( SRR + S IFOFG) + —

A fit to the Tasso data results in: A, > 435 GeV, A_>590 GeV @ 95% CL

In the space picture form factor correspond to modified Coulomb potential:

1 _
——>—(1+e %) =extended charge

r o or
For A > 500 GeV

Srrrrr e T EE S T T T

g e*e—mgte” TASSO + 1 . .

C ! . Point-like electron:
125:- ]

; N <0.197 fm/500 = 0.5 108 m
100 i o

: L i o™t PELEY

- o
175+ A o

. b ]
G RN A R S Y AR e

10 20 30 L0 S0

Vs [Gev] 24



E T T ] I 1 I | 1 ] 1 1 1 I I ] 1 1 T
E ete” - u'u” =
B v Jade :
- O Mark J N
Total cross section ... . Aitmta _
o T ST e
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= I ]
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muon substructure < 1018 m s [GeV?Y




Total cross-section in very good agreement, however angular distribution deviates from
QED predictions — effect of electroweak interference

Mark Il Expt., M.E.Levi et al., i
~~ 80 Phys Rev Lett 51 (1983) 1941
i T T T
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at\/s = 30 GeV!



Discovery of the Tau Lepton — 1975

< -

-

M. L. Perl, leader of
Mark-1 experiment
at SLAC

Nobel prize 1995

SPEAR: Standford-positron-electron-accelerator ring

Ecv Up to 8 GeV

Mark-l experiment



Evidence for Anomalous Lepton Production in e*-¢~ Annihilation*

M. L. Perl, G. S. Abrams, A. M. Boyarski, M. Breidenbach, D. D. Briggs, F. Bulos, W. Chinowsky,
J. T. Dakin,f G. J. Feldman, C. E. Friedberg, D. Fryberger, G. Goldhaber, G. Hanson,
F. B. Heile, B. Jean-Marie, J. A. Kadyk, R. R. Larsen, A. M. Litke, D. Luke,{
B. A, Lulu, V. Liith, D. Lyon, C. C. Morehouse, J. M. Paterson,
F. M, Pierre,§ T. P. Pun, P, A, Rapidis, B. Richter,
B. Sadoulet, R. F. Schwitters, W. Tanenbaum,
G. H. Trilling, F. Vannucci,] J. S. Whitaker,
: F. C. Winkelmann, and J. E., Wiss
Lawrence Bevkeley Labovatory and Depavtment of Physics, University of California, Berkeley, California 94720,
and Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
(Received 18 August 1975)

We have found events of the form e* +¢ —~¢* + ¥ + missing energy, in which no other
charged particles or photons are detected. Most of these events are detected at or above
a center-of-mass energy of 4 GeV. The missing-energy and missing~momentum spectra
require that at least two additional particles be produced in each event. We have no con-
ventional explanation for these events.

form of the detector, or particles very difficult to de-
tect such as neutrons, K,° mesons, or neutrinos.
Most of these events are observed at center-of-

et+e”—e*+ u¥+ 2 2 undetected particles| (1)

for which we have no conventional explanation. mass energies at, or above, 4 GeV. These events

The undetected particles are charged particles were found using the Stanford Linear Accelerator

or photons which escape the 2.67 sr solid angle Center—Lawrence Berkeley Laboratory (SLAC-
physics process: Signature in experiment:

_ et e e’ vl " + > 2 undetected particles

N AN

ete—->1tT

H Uy Ve in e+e- collisions we know the initial 4 momenta,

e L CC thus we can check for missing energy in the final state




Mark-1 experiment
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. + T :
signature: et e > e " | "+ > 2 undetected particles

Background process:
> ete—e*e and e e-ptpu

with one leg in the final state mis/identified
as electron/muon respectively;

cut on 6,,>20" reduced this background significantly

> ete - ptpete

Very rare decay, cross check: look for same sign e’y
and e*u* combinations

» hadron mis-id background (h: hadron)
ete— wrhX ete—-hteX etee—>h"hX
4.7 + 1.5 background candidates from these sources

24 signal candidates — clear signal, not compatible
with background fluctuations

E"ccap!

TABLE I. Distribution of 513 two-prong events, ob-
tained at E_, =4.8 GeV, which meet the criteria | By
>0.65 GeV/c, Iyl >0.65 GeV/c, and 8> 20°. Events
are classified according to the number N, of photons
detected, the total charge, and the nature of the parti-
cles. All particles not identified as e or g are called
& for hadron,

N, L] 1 >1 0 1 >3

Particles Total charge =0 Total charge =22
- 40 3111 55 00 1 o
| e—fi 24 8 B 0 ] 3
18 15 [} LYy T T
e~k 20 21 32 2 3 3
w=h 17 14 b} § 4 o 5]
h-h 14 10 a0 10 4 G




I L T L S |

* (b)

10 1 +10

M2 (Gev?)
(8]
I

MZ (Gev )2
+
o

| 50 RRG ELAE 6 L R

L ]
[ ]
(E I L R DA PR ENON e 7 EER

{ T o S -3l SN (i E= Do B0 B o |

Q +5 +10
M2 (Gev?)

i

0 5 )
M2, (Gev?)

M. : missing energy

M.: invariant mass of (e, )

No resonance observed, thus at least 2
missing particles in final state

30 T | T

—36
Ogy, observed (10 cm?)

0 % | |

2 -

Total Energy (GeV)

threshold behaviour indicates mass of tau

particle 2m_~ 4 GeV

6



Cross Section (nb)

In(L/Lmax)

(a)

Later measurement at BESS (1994):

m, = 1776.96

+0.184-0.20
—0.19-0.16

MeV
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As for e+e- = pu+u- 15t order QED prediction

of total cross-section for e*e” — t*t in wonderful agreement
(differential cross-section suffers from interference

with Z exchange diagram)

02
~ 1.50 1 2 o ! B N ' 1
0is - i
o .25
w | B
. 1.00
- e
A 2
oosl ©®
% 0.75
- i 4
s ‘ . b 3
" o Bw W osp B e
0 2 ;
0.0 1000.0 2000.0 3000.0 5 4000.0
e—— sleeVd T . s [GeV]
Nt > 200 GeV

— another point like (elementary) particle
33



Summary

» Two add. variables (beside all masses and 4 momenta of initial particles)
are required to describe scatter process A+B — C +D.
E.g. use 2 out of 3 (LI) Mandelstam variables

» Symmetry arguments can be used to relate cross-section of different scatter process
(technical: swap of Mandelstam variables in cross-section formular)

» First order QED correction describe well the total cross section in data
(for ete" — e'e, ete” — p'y, ete - ')
This is mainly related to the strong supression of higher order diagrams a ~1/137

» Differential cross-section is affected by interference with Z exchange diagram
(can be computed as well)

Next time :continue test of QED in e*e” scattering

» hadronic resonances in e*e” scattering

» higher order corrections and renormalization (running coupling constants)
34




