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The First Weak Neutral Current (1973)

Heavy Liquid Bubble Chamber
Gargamelle CERN (1973)
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Standard Model Predictions

e Feynman graphs

e Propagators

e Vertices:

coupling constant g: strength;
operator I': transformation properties
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’'Small’ Unification

e Three gauge couplings, but only |
two independent ones: ot Amwv< —ley”
e = gsin Oy = g’ cos Oy f
Partial unification of electroweak f
forces. 7 o < _ZSiiEIHW’YM (gl — gh®)
e Higgs mechanism:

: M
sin® Oy = po (1 — Mvg) f

Relation between couplings and
gauge boson masses. f

e Space-time structure of vertices given by electroweak multiplets:
gl = vPo (T —2Qssin®Ow) 5 g4 = /poT

For Higgs doublets, ,/po = 1. Since sin® Oy = 0.232 ~ 1/4: g}, < ¢!,
for leptons, but not for quarks.
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Non-Abelian Gauge Theories

In a non-abelian gauge theory, gauge bosons couple to themselves. This fixes
the coupling constants, without involving matter particles:

W+ W+

¥ /vv\w< —iel', Z AvAvAv< —ie cot Owl'z

e This automatically fixes all cou-
plings to matter particles.

e Couplings are determined by the
position in electroweak multiplets.

e Couplings are universal, indepen-
dent of the generation.
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Running Couplings

Higher order corrections for gauge
boson propagators introduce a Q?-
dependence of the coupling con-
stants.

Example for QED:
N Y

J: _Q_’_é_'_]qz_—ﬂ
N /b\ PONIZN

) a(p?)
o -

This can be understood in terms
of vacuum polarisation screening the
electric charge at large distance.
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Fine Structure Constant

Methods to measure a(u? ~ 0):
e Josephson effect

e Rydberg constant and de Broglie
wave length of the neutron

e Quantum Hall effect

e Anomalous magnetic moment of
the electron:

ge — 2
A, —
2
(81 (87
= 0.5 () — 0.328478965 (
7T TT

(a'-137.0360)x10" Kinoshita ‘96

L 1
CODATA 1986 —— -.105 = 0.061
h/M, g 0.113£0052
acl —h— -230 £0.077
q-Hall ¥ 0.037 +0.027
a, -001 £ 0.005

L E ]

-0.40 -0.10 0.20

2 o 3
) + 1.181241456 ()

v

o\ 4
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Anomalous Magnetic Moment: Penning Trap
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Penning Trap

[

CAP ELECTRODE

ELECTRIC-FIELD
LINES

NICKEL
RING

lCAF‘ ELECTRODE

VLT

MAGNETIC-FIELD LINES

The electromagnetic configuration of a Penning trap consists of an axial mag-
netic field, which confines the electrons radially. A quadrupole filed creates a
dip of the potential in axial direction. A nickel ring electrode slightly deforms the
field such that a coupling between orbital energy and axial oscillation exists.
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Penning Trap

The force on an electron in such a field is:
_, S S, Vo r?  y? S
F = —eVV OxXB) ; V=—|22——— : B~ (0,08,
e + e (fv ) o f? (z 5 5 (0, )
Consequently, with the cyclotron frequency w. = eB/m, the equations of

motion are:

. eV L. eV ) 7

Tr = 2,mdza:—l—wcy ;Y = 2md2w Wel 5 =z =
In the axial z direction, the movement is a harmonic
oscillation with frequency w, = eVy/md?. It is de-
coupled from the movement in & and y, here it can
be decomposed in a rapid cyclotron movement, with
slightly modified frequency w’, and a slow magnetron
drift with frequency w;

/_1 2 2\1/2) . /_1 (2 2\1/2

we = (wc—|— (w. — 2wy)) ) P W = (wc (wo — 2wy)) )
For electrons with w. = 150GHz, typical conditions are w/ = 30GHz and
w! = 3kHz. The interaction with the electron spin modifies these frequencies.
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Penning Trap
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Electrical equivalent of an empty and filled penning trap.
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Multiple electron signals in a Penning Trap

CHANGES IN
CYCLOTRON-ORBIT SIZE
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CHANGES IN SPIN ORIENTATION

Frequency shift as a function of time.
The minimal shifts correspond to the
two orientations of the electron spin,
with respect to the magnetic axis.

Signal as a function of time, starting
with seven electrons in the trap, which
are lost one by one.

Current accuracy: o, = 0.004ppm
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Running «

Fantastic accuracy is lost on the S pwe W Y's
low walk from «a(¢® ~ 0) =~ - |
9 ] Burkhardt, Pietrzyk 2005
1/137 to a(M2) ~ 1/128:
6
u_ .
~ virtual ~ _
3
- pairs I i
V= ete , utp, T ua,dd, - — F Rhad !
. . 3 | ® Bacci et al,
Loss is due to hadronic vac- B Comean
uum polarization, calculation must MRk
CRYSTAL BALL
be replaced by measurements of % - MD-1VERP
ete~ — hadrons (and a bit of cur- ol 2
rent algebra). ] o CMD20s
@ KLOE 2005
: Iq.g%l 15% \ 5.9% J 6% I 1.4%
. I I : : : rel. err. cont.
a '(M2) = 128.940 % 0.48 1/ TN ST W o
0 1 2 3 = 5 6 7 8 10
s in GeV
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Discovery of the Z Boson

Gargamelle 1973

UA1 1973

VALUE (GeV ) EVTS DOCUMENT ID TECN COMMENT

91.74 +0.28 + 0.93 156 ¢ ALITTI 928  UA2 EcmPP= 630 GeV
90.9+0.3+0.2 188 10 ABE 89C  CDF EgmPP= 1.8 TeV
91.14+0.12 480 ' ABRAMS 89B  MRK2 Ecm®°= 89 — 93 GeV
93.1+1.0+3.0 24 12 ALBAJAR 89 UAT E;mPP= 546,630 GeV

9 Enters fit through W/Z mass ratio given in the W Particle Listings. The ALITTI 1992B systematic error (+0.93) has two contributions: one (+0.92)
cancels in my/mz and one (£0.12) is noncancelling. These were added in quadrature.

10 First error of ABE 1989 is combination of statistical and systematic contributions; second is mass scale uncertainty.
11 ABRAMS 1989B uncertainty includes 35 MeV due to the absolute energy measurement.

12 ALBAJAR 1989 result is from a total sample of 33 Z = e* e~ events.

PDG J. Phys. G 33 (2006) 1
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CERN Large Elecron Positron Collider LEP

e ete~ collider, 27
km circumference

e 8 interaction points,
4 equipped with de-
tectors: Aleph, Del-
phi, L3, Opal

e Maximum Center-
of-mass energy
Vs > 200 GeV

e Running from 1989
to 2000
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Precise Mass Measurement by Resonance

d2
dt?

dx
—kx — bd, + Fycoswt = m——
Solution:
(1) = Fysin (wt — ¢)

ym?(w? — w?)? + b*w?

with w? = k/m.

total energy E/h
coupling constant
width = 7!
mass

S o x> €
1T 117

x?2 s cross section

maxT

|
F sinot Driving force
Frequency w

Oscillator

Eigenfrequency o,= f/m

X max SIN( t+) )I Mass m

-

sin ¢ « angular asymmetry
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Z Boson Mass Measurement
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Electron Positron Annihilation to Fermion Pairs

e f e f

Photon exchange only (k* > m?), unpolarized electrons:

_ 1 t? + u?
M, = _62(¢u7ywu)]c2(¢e’)’u¢e) ; (M, |* = 2¢’ s2
Mandelstam variables:
t = —2p*(1 — cos ) ; u = —2p*(1 + cos 0) ; s = —4p°

with the scattering angle 0 between the incoming e~ and the outgoing u—.
Differential and total cross section:

dogQED 1 pp a’
= M,2=—(1+cos?0
d) .. 647m2s pil d 43( )
47 o
OQED —
3s
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Electron Positron Annihilation to Fermion Pairs

X
X

e f e f

The Z exchange graph must be added at the amplitude level:
IM|? = M, 4+ Mzg|* = M, |* + [Mg]* + [M/]

Universality means gy, = gy and g§ = g¥. Again for s > m?:
—V2GpM3 ) _
Mz = s — M2 = {gﬁ(wﬂR’y Yur) + 9L (VY ¢uL)]
Z

{g;{('IZGR’YqueR) _|_ QZ(QZGL’YVQPBL)}
with the helicity couplings:

dr =9gv — ga : gr =9gv +4ga
such that the left- and righthanded spinor components are explicit.
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Electron Positron Annihilation to Fermion Pairs

X
X

e f e f

Electrons and positrons polarized, polarization of final state measured:

do 2

Q0
— At -, — 2 e|2
— (e; e, — — — (1 4+ cos0)°|1 + rg*
dQ( LR 'U’LH’R) 43( + ) + ngL|
do B 6" .
(eref — MpHy) = 4, (1 —cos 0)°|1 + rglig7 |’

plus two more for ezef. Attention: The final state fermions are polarized even
if the incoming beams are not!

The pole term 7, ratio of the Z propagator to the ~ propagator:

V2GrM32 (5)
r —=
S—M%—F’I,MZ:[‘Z e?

Only the real part (=) and |r|? contribute to the cross section.
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Electron Positron Annihilation to Fermion Pairs

X
X

e f e f

For the unpolarized case, we must average for cross sections:

dO' a2 2
0 — " [Ao(l + cos“ 0) + A; cos 0}

The coefficients are (for g;' = g¢ = gi):

Ay = 14 2R(r)gy + 7> (97 + 9%)°

Ay = 4R(r)g} + 8|r|%g}. 9%
The QED result Ag = 1, A; = 0is recovered far below the Z resonance, since
r~0ats < M.

The pole term r is almost real below the resonance (M7 — s > T'z), almost
purely imaginary near the resonance (M7 — s < I'z). Consequently, there
are only small contributions of the Z graph, ~ R(r), far below the resonance,
while on resonance the large terms ~ |r|? dominate.
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Electron Positron Annihilation to Fermion Pairs

e f e f

The total cross section is:

4 2
olete” - putp") = e Ay
3s
It differs from the QED result only by the factor Ay. The angular asymmetry:
O — OB
A =
"o OF + OB
OF = |y J0 COS ; op = | 4 J0 COS

measures the relative strength of the asymmetric term ~ cos @ relative to the
symmetric term ~ (1 + cos 0)?:

3A, ‘;’8’%(27“)29124 far below the resonance
FB — =~ 39%.9%
8A (% +g2)? on the resonance
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Useful Quantifies in Z Physics

m; Z-boson mass
15 Z-boson width
had ee->/->qq Cross section

Leptonic widths (expressed as
fraction of hadronic)

As above, with
“leptonic universality”

Leptonic forward-backward
asymmetries

As above, with
“leptonic universality”
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Z Boson Line Shape

CERN Report 89-08

— S e L L A I R ~ Ut I I
= 1 =
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Fundamental properties of the Z boson:

e Mass and width: Mz, I' z, from position and width of resonance peak, i.e. r.

e Couplings: gay, gv¢, f = e, u, 7,Qq, from partial widths and asymmetries,
o R = Thaa/Tu, Ag’cb and polarization.

Université de Geneve 2.23 Martin Pohl



Why not Invariant Mass of Decaying Z?

| | | L3
600 I i H+ w(y) I

e Target resolution: Resolution 2.50 +.04%

on/M ~ 2x107°

400 + .
e Best momentum

resolution:
o,/p >~ 2% 1077
@ 50GeV

¢ At a lepton collider,
initial state is bet-
ter controlled than
final state £

Events
I
1

200 - 7
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Measurement Strategy |

e Scan the resonance by adjusting the beam energy

e Count Z bosons "on peak” decaY' Year || Centre-of-mass | Integrated

ing into quarks: energy range | luminosity
[GGV] [pb_l]
e % Nhoa = N/ [0 3
» ” 1991 | 88.5-93.7 18.9 } 7/pb off peak
e Count Z bosons "on peak” decay- |g99 013 g
ing into leptons: 1993 | 89.4,91.2,93.0 | 40.0  |20/pb off peak
1994 91.2 64.5
R? X Nhad/Nll 1995 || 89.4, 91.3, 93.0 39.8 20/pb off peak

e Analyze angular distribution of decay products :
Afy o< (Np — Ng)/(Nr + Np)
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Measurements on the Z Boson Resonance
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Typical Experiment: OPAL

Electromagnetic
calorimeters

Hadron calorimeters
and return yoxe

1 Jet
chamber
s Verex
-1 ehamber
.

— Microvertex
detector

Z chambers
= \|‘ Solenoid and
X Presaimpleis pressure vessel
Forward Time of flight
detector . detector
Silicon tungsten
luminometer
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Atypical Experiment: L3

| Outer Cooling Circuit

Inner Cooling Circuit

T
=

Muon Detector
47

.....
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Fermion Pair Selection

ee, 3%

771, 3%

+ 21% vv
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Event Selection

ALEPH

E ch(GeV)

Figure 2.1: Experimental separation of the final states using only two variables, the sum of

the track momenta, £, and the track multiplicity, V., in the central detector of the ALEPH

experiment.,

Martin Pohl
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Event Selection

[ ALEPH |  DELPHI [ 13 | OPAL |
qq final state
acceptance §'/s > 0.01 s'fs > 0.01 s'/fs>001 | §/s>0.01
efficiency [%] 96.1 94.8 99.3 99.5
background [%] 07 0.5 0.3 0.3
e"e final staze
acceptance —0.9 < cosf < 0.7 |cos 8] < 0.72 lcosf| < 0.72 | |cosf| < 0.7
s > 4m? n < 10° 7 < 25° n < 10°
efficiency [%] 97.4 97.0 98.0 99.0
background [%] 10 1.1 1.1 0.3
ptp final state
acceptance |cos 8| < 0.9 |cos 8] < 0.94 lcosf| < 0.8 | |cosf| < 0.95
§' > 4m? n < 20° 7 < 90° mZ/s > 0.01
efficiency [%] 9.2 95.0 92.8 97.9
background [%] 02 1.2 1.5 1.0
777 final state
acceptance |cosf| < 0.9 0.035 < [cos?| < 0.94 | |cosf| < 0.92 | |cosf| < 0.9
§ > 4m? s > 4m? n < 10° mZ/s > 001
efficiency [%)] 92.1 72.0 70.9 86.2
background [%] 17 3.1 23 27
Number of Events
Z — qq Z — e
Year A D L O | LEP A D L O | LEP
1990/91 | 433 357 416 454 | 1660 53 36 39 58| 186
1992 |[ 633 697 678 733 | 2741 7 70 59 88| 294
1993 [ 630 682 646 649 | 2607 | 78 75 64 79| 296
1994 || 1640 1310 1359 1601 | 5910 || 202 137 127 191 | 657
1995 | 735 639 526 659 | 2579 90 66 54 81| 291
Total || 4071 3705 3625 4096 | 15497 || 500 384 343 497 | 1724
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Radiative Corrections

E+

v R

Y/Z v/Z

D
.
-l

D
—
1]

e f e f
e’ f e’ f
Y AVAVAVAVAVAVA AVAVAVAVAVAVA Y
Y/Z vIZ
e f e f
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Radiative Corrections Modify Lineshape

E ! I T I T I 2 U.* L} I 1 1 L} I 1 1 L] I 1 L} I
0 ALEPH

= ! RS G| =2 A foomyfie DELPHI

= 40 [+ /3 ‘-‘ -1 e [ e QED corrected

® - X average measurements

= ALEPH [ 3 X < } aversg e
0 DELPHI

L3
30 | OPAL i

. ¢ measurements (error bars
increased by factor 10)
10 | — o from fit 1

e QED corrected -

: _______________ - I M 1 .
P (Y T DI T . i TR R | _0.4 i | i i i 1 : g 2y | . . . 1
86 88 90 92 94 88 90 92 94
E._ [GeV] E_ [GeV]

Results from 15 million Z bosons!
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Details of the Total Cross Section Measurements

308 F

14.75

“had L**™4
T

10.2 _ / 306 -

_ 14.5
10.1 |

7| 304

® ALEPH
B DELPHI
AL3

| xopAL

|0 1990-1992 data

'  161993-1995 data 1l

i | typical syst. exp.
I { | luminosity error I
301 theoretical errors: I

I QED

I 14.25
10 I

30.2 -

99

[ luminosity
. 1

I
1 " 1 " 1 " | | " 1 " 1 " 1 "
89.44 89.46 894 91.2 91.25 91.3 9295 92975 93 93.025

E_, [GeV] E_, [GeV] E_, [GeV]
peak-2 peak peak+2

Good agreement among experiments, and with electroweak theory
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Angular Distribution at Low Energies

e?
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8 Q '
8 S 08— .
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Z z | 2
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0.0 1t 0.0 { i } —|_A]_ COS 0]
3A 3
10 MARK J — | | 1
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Angular Distribution Close to the Resonance
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Measurement Strategy Il

e Count Z bosons "on peak” decaying into quarks:
Thad X (Nhad — Noack) /€L
e Correct opqqto oy
e Count Z bosons "on peak” decaying into leptons (for each flavor):
Ry o< Npaa/Ny
e Correct R, to R}
e Analyze angular distribution of decay products :
Al o< (Np — Ng)/(Nr + Np)

o Correct A%, to A%,
o Fitop . R} and A, to get Mz and ',

e Combine results from the experiments, taking into account correlations
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Result Without Lepton Universality

Clorrelations

mg Tz of, R RS R A A A
vidol = 169/176 ALEPH
mz [GeV] 91.1801 £ 00031 || 1.000
Tz [GeV] 24050 = 0.0043 [ 0,038 1.000
of o lab]  AL.558 £ 0.057 || —-0.091—0.383 1.000
R 20.690 £ 0.075 0.102 0.004 0.134 1.000
R 20.801 £ 0.056 (|—0.003 0.012 0.167 0.083 1.000
R 20.708 &£ 0.062 (|—0.003 0.004 0.152 0.0067 0.093 1.000
A 0.0184 + 0.0034 | 0047 0.000 0.003 0388 0.000 0.000 1.000
AR 0.0172 £ 0.0024 | 0072 0.002 0.002 0019 0.013 0.000—0.008 1.000
Apr 0.0170 + 0.0028 | 0.061 0.002 0.002 0017 0.000 0.011 - 0.007 0.016 1.000
vV idel = 177/168 DELPHI
mz [GeV] 911864 £ 0.0028 | 1000
Tz [GeV] 24876 £ 0.0041 | 0.047 1.000
gl [nb]  4L578 = 0.069 [—0070—0.270 L.000
R® 20.88 £ 0.12 0.063 0.000 0.120 1.000
R 20.650 £ 0.0T6 (| —0.003 —0.007 0.191 0.054 1.000
R 20.84 £+ 0.13 0.001—0.001 ©0.113 0033 0.051 1.000
_-i§; D017 £ 00049 [ 0057 0.001—0.006 —0.206 0.000—0.001 1,000
Ayt 0.0165 £ 0.0025 | 0064 0.006—0.002 0.025 0.008 0.000—0.016 1.000
ALY 0.0241 £ 0.0037 | 0.043 0.003—0.002 0015 0.000 0.012-0.015 0.0014 L.000
v fdof = 158/16 L3
mg [Gev] 911807 £ 0.0030 [ 1.000
[z [GeV]  2.5025 £ 0.0041 || 0.065 1.000
ol [nb] 41535 £ 0.054 0,000 —0.343  1L.000
R 20.815 £ 0.089 0.108 —0.007 0.075 1000
R 20.861 £+ 0.097 0.001 0.002 0.07TT 0.030 1.000
R§ 20.79 £ 0.13 0.002 0.005 0.053 0024 0.020 1.000
A 0.0107 £ 0.0058 |—0.045 0.055—0.006 —0.146 —0.001 —0.003 1.000
Agd 0.0188 & 0.0033 | 0052 0.004 0005 0.017 0.005 0.000 0011 1.000
Apy 0.0260 £ 0.0047 | 0034 0.004 0003 0012 0.000 0.007—0.008 0.006 1.000
vifdef = 133/194 OPAL
mgz [GeV] 911858 £ 0.0030 | 1000
[z [GeV] 24048 = 00041 [ 0040 1000
ot [ab] 41501 + 0.055 0.031 —0.352  1.000
R 20.901 £ 0.084 0.108 0.011 0.155 1000
Rﬁ 20.811 £ 0.05H8 0.001 0020 ©0.222 0093 1.000
R 20.832 £ 0.001 0.001 0013 0.137 0039 0051 1.000
AR 0.0089 & 0.0045 | -0.053 —0.005 0.011 -0.222 —0.001 0.005 1.000
A 0.0150 £ 0.0023 | 0.077—0.002 0.011 0.031 0.018 0.004—0.012 1.000
AT 0.0145 £ 0.0030 | 0.059 —0.003 0.003 0.015 0010 0.007 —0.010 0.013 1.000
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Result With Lepton Universality

Correlations
my Py o R} Apg
x?/dof = 172/180 ALEPH
my [GeV] 91.1893 + 0.0031 | 1.000
[';[GeV] 2.4959 + 0.0043 | 0.038 1.000
of ([nb]  41.559 + 0.057 | —0.092 —0.383 1.000
RY 20.729 + 0.039 0.033 0.011 0.246 1.000
A 0.0173 £ 0.0016 | 0.071 0.002 0.001—0.076 1.000
x?/dof = 183/172 DELPHI
my [GeV] 91.1863 + 0.0028 | 1.000
[';[GeV] 2.4876 + 0.0041 | 0.046 1.000
of ([nb]  41.578 + 0.069 | —0.070 —0.270 1.000
RY 20.730 + 0.060 0.028 —0.006 0.242 1.000
A% 0.0187 + 0.0019 | 0.095 0.006—0.005 0.000 1.000
~ x?/dof = 163/170 L3 |
“my [GeV] 91.1894 + 0.0030 | 1.000
['z[GeV] 25025 + 0.0041 | 0.068 1.000
o [nb]  41.536 £ 0.055 0.014 —0.348 1.000
RY 20.809 + 0.060 0.067 0.020 0.111 1.000
Avs 0.0192 + 0.0024 | 0.041 0.020 0.005—0.024 1.000
x?/dof = 158/198 OPAL
my [GeV] 91.1853 + 0.0029 | 1.000
[';[GeV] 2.4947 + 0.0041 | 0.051 1.000
ol ([nb]  41.502 + 0.055 0.030 —0.352 1.000
RY 20.822 + 0.044 0.043 0.024 0.290 1.000
F 0.0145 + 0.0017 | 0.075 —0.005 0.013 —0.017 1.000
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Result From Combined Experiments

Without lepton universality Correlations
x?/dof = 32.6/27 m; Tz oha Ry RY R Aps Apd Agg
mz [GeV] 91.18764+ 0.0021 1.000
I'z [GeV] 2.4952 £+ 0.0023 | —0.024 1.000
Opsq [mb]  41.541 £ 0.037 || —0.044 —0.297 1.000
It 20.804 = 0.050 0.078 —0.011 0.105 1.000
Rﬂ 20.785 = 0.033 0.000 0.008 0.131 0.069 1.000
RE 20.764 £ 0.045 0.002 0.006 0.092 0.046 0.069 1.000
Ag’g 0.0145 = 0.0025 || —0.014 0.007 0.001 —-0.371 0.001 0.003 1.000
A%B“’ 0.0169 = 0.0013 0.046 0.002 0.003 0.020 0.012 0.001-0.024 1.000
AIE]JBT 0.0188 = 0.0017 0.035 0.001 0.002 0.013—-0.003 0.009 —0.020 0.046 1.000
With lepton universality Correlations
x%/dof = 36.5/31 mzg Iz oy, RS Ags
myz [GeV] 91.1875+ 0.0021 1.000
[z [GeV] 2.4952 + 0.0023 | —0.023 1.000
Op.q [mb]  41.540 £ 0.037 —0.045 —0.297 1.000
R} 20.767 = 0.025 0.033 0.004 0.183 1.000
Ag:é 0.0171 &= 0.0010 0.055 0.003 0.006 —0.056 1.000

Measurement of M, to 23 ppm!
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Uncertainties

= | | ¥ | |
o - 0
IEI s e o g . *
= 40 , \ i
= E J-s % 1
D'ﬂ ﬁfiﬁl F i { Unusual level of accuracy,
_ L3 f i\ | need to control systematics:
30 OPAL / \ i

e Higher order corrections
deform resonance curve:

20 | theory

‘ e Luminosity shifts curve up
and down: experiments

. » measurements (error bars
increased by factor 10) /

10 | — o from fit
J{e— QED corrected .-

e Energy calibration shifts
curve left and right: accel-

—_— " ] erator
P T TR P AU . s - R T N |
86 88 90 92 94
E_ [GeV]‘
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Luminosity

Instantaneous luminosity from collider properties:

N_.N_vH
L="7 ¢ ~ 2 x 103cm—2s~!
AT O L0y
e Bunch population N, ~ N_ ~ 3 x 102

e Crossing frequency v = 11kHz
e Beam-beam enhancement factor: H; ~ 2

e Horizontal and vertical beam sizes: o, ~ 100um, o, >~ 10pm

Instantaneous luminosity not required (and not accurately known) for a count-
ing experiment, what we need is integrated luminosity 1 £ dt. Inferred from
counting reactions of a reference process: | L dt = (N — INy) /(o€)

e Large cross section — high IV, small statistical error o /L o< 1//N
e Calculable to high accuracy — accurate o

e Low background IV, well known efficiency e — small systematic error
e Choice at LEP: small angle Bhabha scattering
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Small Angle Bhabha Scattering

e Dominated by t-channel photon exchange at small angles: QED
e Theoretical uncertainty from uncalculated higher orders ©(0.1%)

e Experimental uncertainty (acceptance, efficiency) O(0.1%), mostly uncor-
related among experiments
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Luminosity Measurement at LEP

Luminosity monitors

«Small-angle calorimeters,

possibly with tracker in front

e1.4-1.8°<0<3.1-3.3°

«Mechanical precision/position

measurement crucial

«Select events, count events,

control efficiency and
background

Events / 0,01

Hadron Calorimeter

Endcaps HC1

Hadron Calorimeter Barrel |
L3

HC3 HC2

SLUM
\ i
o=l —
L &
.} S I|:
“Nonitor’ |

Luminosity

¢ data 1993

Oe'e s e’e(y)

Events / 0.9 degree

| Luminosity

N ¢ data 1993

: Oete = e'e(p

160 180 200

Ad [degree]
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Measurement of Beam Energy

e Inferred from magnetic field measurement:

<Ey>= | . Bd
b _27‘_ orbit

e Flux loop (Ampere’s law) and NMR probes: relative precision 3 x 10~
e On order of magnitude more accurate by resonant depolarization:

E [MeV]
44717 44718 44719
1k N
— —_— [ ++ %‘* B
S S [ +
[ ] : 0k 4
jE -1 By ol "‘II"
- -
~10% L |
Solokov-Ternov 048 0482 0.484
effect v-101

e Final precision AE,/E, = 2 x 10™°
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Attention: Energy Varies Around the Ring

> 40
S

i . |
=

0

-20

-40

AEqy [MeV] 19.1

DELPHI -3
I I I I |

I—T_l_l'_l_r—'[_r_'r_l' I I 17T 1 i I T 1 I 1
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Attention: Energy Varies with Phase of the Moon

Earth Rotation

A | Like the Sea, the Earth crust has
' “tides” about 20cm high. These de-

form the accelerator by a few mm,
compared to the 27km circinference.

Moon At constant frequency, this changes
ecliptic- - the energy. Strong focussing amplifies
the effect. Effect of 10 MeV, corrected

daily.
100 . .,
# ..m . . ...
AE/E
0 | ... N

(ppm) u "

100 - ™ ye

B 11 November 1992 4

0:00 4:00 §:00 12:00 16:00 20:00 24:00 4:00
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Attention: Energy Varies with Water Level in Lake Geneva

1993 1994 1995

AC (mm)

13

0.5

=

S
La

1
3724 : | I
[
|
|

Lake Level (m)
Ly
3

|

|

|

|

] ] l

371.8 | | |
|

|

|

371.6

0 200 400 600 800 1000

Days

Water pressure from neigh-
boring Lake Geneva also de-
form the accelerator by a few
mm, compared to the 27km
circinference. At constant fre-
quency, this changes the en-
ergy. Strong focussing ampli-
fies the effect. Effect of 10
MeV, corrected weekly.
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Attention: Energy varies with TGV schedule

17.11.1995 LEP Polarization Team
T T

|
|

. = ]
\ Lausanne : - P 8 % ,‘ iw. ﬁ\(
P6 - 0 H— = ™
LEP Versoix ’,// 5 J ""_"’.‘f""'/ P, v

and

rails DC railway 1500V
AC railway 15000V

River

- -
T
R
v
Meyrin
Zimeysa

. RAIL i

2N

Earth current

SPS

g ﬁ“"‘w . e Y
N U e
KA T (
// ]“ ")
P S _ LEP beam pipe j
o . . |
AN o / 28.11.1995 | i |
Q ‘,""‘i
. L. ) £/ J'f'um ,,,,,, ﬁ,,,,fﬁm’;‘_}_ﬂw"\f-
TGV induces parasitic currents in LEP = F =% ooy o
magnets. Because of their hysteresis, = . . 1' | u., ;
they remember the train passage. e N Y

LEP NMR
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Immediate Result: Number of Light Neutrino Species

12 0 %
Ry, = ( 7TR‘) — R} — (3+4,)

I‘imr vy
- % (52)
Ly Lo/ sm

0 ')
Thad™Mz LY
T mass correction -0.23%
"g 2v
"g I
L3
. OPAL N, = 2.9840 =+ 0.0082
20
: { average measurements,
error bars increased
by factor 10
10
0 1 L " " L 1 " L " 1 N " L 1 " N " L
86 88 90 92 94
E., [GeV]
Université de Geneve 2.50 Martin Pohl



Immediate Result: Leptonic Universality

0.022 —
""" 68% CL |
0.018 .
—_— b e
G{ "
Ao
0.014- m, s
o i i
ee 4
....... !.Llr!i
g
0.01 ———— —— -
20.6 20.7 20.8 20.9
0_
Hl—rhad/r |
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Asymmetry Parameters and Couplings

A — 9t — 9re _ 29vigar 5 gvi/ gas
f = 73 2 2 2 T 2
9is T 9Gre  9vi T Gas + (gvt/gar)
. Or — 0B 0,f §
Arp = e = Apgg = 4AeAf
. 01, — OR | 0 .
Aun = oL + or (|Pel) = A = Ae
_ (orp—oB)L—(or —0oB)r 1 0 _ §
Avrrs = (o7 + 08)1, + (0F + 0B)r (|Pel) 2 Atrrn = 4“4f
P, = (04 —0.)/(0s+0.) > Pr=f(AA)

e All fermions for which charge can be measured: A,
e Beam polarization: Ag, electrons only

e Final state polarization: P(0), T leptons only
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Tau Polarization Through Weak Decay

T T

025

= 1200 - OPAL il
3z 2 Data I
: +’/dof= 393/ 42
m" L
1000 - '
_ _ -t A
T T 800 |- Tﬁ
e ~ i e
600 |
= Spin 0 Spin 0 — I
i _ 400 |-
‘\-’T I T '\"T
200 -
e

e VV-A charged weak current violates parity maximally

e Left-handiness of neutrino implies a boost for the pion in the tau direction
for positive helicity and a depletion othewise

e Decay spectrum fitted by combination of both helicities, amplitude ratio
gives degree of polarizazion

%
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Tau Polarization Results

-0.1

-0.2

-0.3

-04 =

1
p—t T

Measured P_vs cosﬂt_

LA L B B B B B N B S B S B S B B

L4 L3

ALEPH + ]
DELPHI+ :

OPAL +

no universality

-------- universality
e Lo o by e by by s by b b by L
08 -06 04 -02 0 02 04 06 08 1
cos6_.
P-(cosb,.-) = —

Experiment | A, A,

ALEPH 0.1451 £ 0.0052 - 0.0029 | 0.1504 £ 0.0068 -+ 0.0008
DELPHI 0.1359 £ 0.0079 £ 0.0055 | 0.1382 £ 0.0116 + 0.0005
L3 0.1476 £ 0.0088 £ 0.0062 | 0.1678 £ 0.0127 - 0.0030
OPAL 0.1456 £ 0.0076 £ 0.0057 | 0.1454 £ 0.0108 + 0.0036
LEP 0.1439 £ 0.0035 £ 0.0026 | 0.1498 £+ 0.0048 - 0.0009

Combination

A:'
A(f

0.1439 £ 0.0043

0.1498 = 0.0049

A-(1+cos?0._-)+2A.cos0_-

(1 4+ cos?0.-) + gA}B cos 0. -
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Initial State Polarization

Spin Rotation
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Beam Polarimeter

532 nm
Frequency Doubled
YAG Laser
Mirror
Box
s Circular Polariser
Y
Focusing
and
SLD < /—Steering Lens
- o Mirror Box
i (preserves circular
Lasar Baain 4 polarisation)
Analyser and Dump/ ' Compton
“ " \ . Back Scattered e~
Detector

Bend Magnet

Polarised Gamma__7

Counter

Quartz Fiber
Calorimeter

®
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Initial State Polarization Results

Source 1992 | 1993 |1994-95 [ 1996 | 1997-98
Ny 5,226 27,225 52,179 29,016 183,335 | 92 - 0.100 = 0.044 = 0.004
Nr 4998 | 22167 | 41465 | 22,857 | 148259
93 —=—|0.1656 = 0.0071 = 0.0028
Arp = N, — Ng 1 94-95 cu 0.1512 = 0.0042 = 0.0011
96 —=— [0.1593 = 0.0057 = 0.0010
97-98 - 0.1491 = 0.0024 = 0.0010
Alr = 0.1514 4 0.0022
Average = 0.1514 = 0.0019 = 0.0011
%2 /DOF=7.4/4 Prob.=11.4%

0.10 0.12 0.14 0.16

0
ALR
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Polarized Forward-Backward Asymmetry

- - Iii
2000 SLD e'e’—e’e 97-98 |
1500 _
left polarised e beam

1000 ° right polarised e beam

events

L
// .I‘J..
500 <, el

e o e ® o+ ¥

500 SLD Z'—uy 97-98 Eg;vr\;asr.d backward asymmetry for polarized

2 400 ..\' , T (0‘ F—O B) L — (0‘ F—O B) R 1
3 S PR I ALrFB =
200 - (cr+0oB)L+ (0Fr + 0B)R< Pe >
U._;.l ] \ i | g ‘./. " .
SLDZ' T 97-98 mgasured with 22254 gleotron pairs, 16844 muon
avo E s <" pairs and 16084 tau pairs.
- N
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> ! P 3
» 200_
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Leptonic Asymmetry Results

Measurements
ol 3 Parameter A%’é AV Afpin P,
App = ZAeAl A. [ 0.139+0.012 | 0.151620.0021 | 0.1498:0.0049
] A, 0.16240.019 | 0.1424+0.015 —
0,b A, 0.18040.023 | 0.1364+0.015 | 0.143940.0043
4 . : )
; Combinations (x2= 3.6/5)
ALR — Ae Parameter Average Correlations
3 A. A, A,
0 — = 151440.001 1.
Alprp = 7 As A, 0.1514+0.0019 00
A, 0.145640.0091 || —0.10 1.00
A, 0.144940.0040 || —0.02 0.01 1.00
P zf(AC Az

Leptonic universality
A; = 0.1501 £ 0.0016
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Leptonic Couplings from Asymmetries

9it — Gre _ 20vigar gve/ gas
Ar = = 2~ 2 7~ =2 2
9ts T 9rs  9vi T Oas 1 + (gvt/gas)
Parameter Average Correlations
GAv GAe IAu gAr gve Gvu  9vr
JAv = vy +0.5003+0.0012 1.00
JAe —0.50111£0.00035 || —0.75 1.00
JAu —0.5012040.00054 0.39 -0.13 1.00
gAr —0.50204+0.00064 037 —0.12 0.35 1.00
gve —0.03816£0.00047 || —0.10 0.01 —-0.01 -—-0.03 1.00
Ivu —0.0367+0.0023 0.02 0.00 —0.30 0.01 —0.10 1.00
gvr —0.0366=0.0010 0.02 -0.01 0.01 —-0.07 —-0.02 0.01 1.00

Universal weak neutral current couplings confirmed in the leptonic sector, at
the permille level.
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Heavy Quark Couplings from Asymmetries

e Heavy quark analysis not covered here, rather complex

e Signatures: displaced vertices, energetic leptons from decay, fat jets

e Charge sign inferred from lepton or jet charge

e Resulis:

Af =

2 2
9is — 9re _

2gvigar 9 gvi/ gas

9is + 93s a 93¢ + Gas 1+ (gve/gas)?

Parameter Average Correlations
Jav gae gab Gac gve gvb  Gve

gay = gvy || +0.50075+0.00077 1.00

gae —0.50125£0.00026 || —0.49 1.00

Jab —0.514440.0051 0.01 —-0.02 1.00

JAc +0.50344+0.0053 || —0.02 —0.02  0.00 1.00

gve —0.03753£0.00037 || —0.04 —0.04 0.41 -0.05 1.00

Ivhb —0.322040.0077 0.01 0.05 —0.97 0.04 —0.42 1.00

gve +0.18734+0.0070 |f —0.01 —-0.02 0.15 -0.35 0.10 —-0.17 1.00

-0.3 1

.232 =

-0.34 -

68.3 95.5 99.5 % CL

-0.36

054 -052 05  -0.48

9ab
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Leptonic Couplings from Asymmetries

After LEP
Y Before LEP -0.032 -
T | [ Im=178.0 = 4.3 GeV
1987 ~.m,=114..1000 GeV -
-0.035 - N
- |
U) —
-0.038 ; ik
e Aa
—1 |
e'e
'y 1
T T A
DO
-0.503 -0.502 -0.501 -0.5
9al
Progress from qualitative to quantitative physics...
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