. Physik des Z°-Bosons

Glashow-Salam-Weinberg-Theorie (GSW)

Gruppe | Kopplung | Felder | Generatoren | physikalische Teilchen
W 1 T 1
# : W =—W, +w ’
SU(2), g w2 T, } ‘2 ( S )
W2 T3 | 7.7,
U(1)y g B, Y ... 7. A,
Z 0 = I-"I-'TD - COS t?n.' — B 0. sin t?n.'

v = WY.sinby + BY - cosBy

3 unabhangige Parameter

oder

g, g, Ow

a, ;ﬂlfn.' 5 ﬂn.'

oder

G:F , Y, 6]11.'
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5.1 Entdeckung des Neutralen Stroms (NC)

Date: Oct 1973

A hadron event - a neutrino interacting with a nucleon and
emerging as a neutrino : first observation of "neutral currents"
in the Gargamelle heavy liquid bubble chamber.

Hermann Kolanoski, EEP SS06 - 4. Neutrino-Oszillationen 2



NC: leptonisches Ereignis

. 3 .

N

Date: 1973

-:f‘ ¥ A lepton event - a neutrino interacting with a
electron and emerging as a neutrino : first
observation of "neutral currents" in the
B Gargamelle heavy liquid bubble chamber. In
! the photograph, an unseen neutrino interacts
with an electron and emerges as a neutrino
instead of changing into a muon - what is

_ seen (horizontally) is the track of the
@ clectron. This lepton event offers proof of the
existence of neutral currents.

ki, EEP SS06 - 4.Neutrino-Oszillationen 3



Neutrino-Strahlen (Beispiel CNGS)

CERN NEUTRINOS TO GRAN SASSO
Underground structures at CERN

ated

SPS tunnel
ccess galleries
LHC/TIS tunnel

Service gallery
LEP/LHC tunnel

pcay tunnel

Hadron stop
and first muon detector 4

= Connection gallery
muons d B/LHC
meutrino

Second muon detector 2

neutrinos i
to Gran Sasso

-
P
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Direkte Erzeugung des Z°-Bosons

First candidate Z event at UA1, 1983.

NS s 7
]

£ freelly

0

EEP SS06 - 4. Neutrino-Oszillationen
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5.2 Resonante Erzeugung des Z°-Bosons in e*e-

-|— —_
e ¢ —hadrons

Cross-section (ph)

-
10 7 |

s g1.C
10 LEP I

LEP II E

1 1 1 11 I|III|
0 20 40 60 80 100 120 140 160 180 200 220

Centre-of-mass energy (GeV)



LEP/SLC-Ergebnisse

—1 km

I
Y

mz = 91.1875+ 0.0021 GeV
Iy 2.4952 4+ 0.0023 GeV

Pe
-2 nlept
sin” 0 g

1.0050 == 0.0010
0.23153 = 0.00016 .

Spin Rotation et Extr. Line
Solenoids o Spectrometer
a— ..' “l’ '.. ) Bkl O .4,?..:‘:; .-
Damping Ring er e~ Spin
o N, (MR Source Vertical &
Thermionic | )k Solenoid) | _
Source o, ———— “ \
> S g A — =~ Collider Final | p
Polarized " " B AN Arcs  Focus
e~ Source ot ) ] \\
N N Return Line Linac | Compton
Electron Spin _ Polarimeter
Direction — u
at e~ Extr. Line
Damping Ring Spectrometer
| |
| I
1km
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Schwacher Isospin und NC-Kopplungen

Family T T; Q
Ve ) ( v, ) ( v, ) " +1§; T
e I T — — .
VeR t VuR t ViR t 0 0 0 gv — 2 -lr 3 _1 Q Slﬂg Hﬁ-'
eR MR TR 0 0 -1 Q‘A — 2 .IrS
u ) ( c ) ( ¢ ) 1o +1/2  +2/3
d/, s ), b/, ~1/2 -1/3 1 by -t
. . . 0 o s on sin”fy & 1/4 sind die Vorhersagen
dp Sk br 0 0 —1/3
” I3 ey dA
Lt 0 +1/21 +1 | +1
e -1 | -1/2 0 —1
vt | 273 | +1/2] 4173 | +1
d,s, 6| —-1/3|-1/2| -2/3| -1
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79-Zerfalle bei LEP

N ALEPH o Rune1S768  EvesSans

2"~ a0 gemm.
, QY
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Cross-section (ph)

-
=
i

-
=
e

10

.
10~

10

ZY-Resonanz

In \P‘rr rh<

e

f
>H" N ,.'\J-’\,<
f

V4

T IIIIIIII
ra

ICII-:.ICE! TRISTAN SL ("

LEPI

-|— —_
e ¢ —hadrons

- Ry,

LEP II

=

20 40 60 SII:I' 100

[} IIII|

120 140 160 180 200

Centre-of-mass energy (GeV)

0
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b

-10

Flavour-Tagging

Impact parameter significance

data a4
MC uds F % DELPHI
—— MC udsc 4 q
MC all i
: 1!,:
F a1
B ni
T
| L y
F \|\ ':.‘
+ L Ty,
f
b LL TRy &
£ L Ry,
o \ o
A e
-"!.jJ.: LH-L‘LL‘
gt ]
s
IJllJJI|llJ||I;JIIIlllllll'..]lllllllllll
8 6 4 2 0 2 4 6 8§ 10
S

Efficiency

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
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DELPHI _W%L
sz / 17/ f‘”F (¢
{1 P
DELPHI 1
26024 / 1730
e
i et
\\ '
hemk{phers \\ \
\
\\ 0,0
Zobb \'l
| =4 %é;—l* DELFHI \
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Anzahl der Neutrinoarten

—
=
=
(S—"
=
=
=

@]

20

30

10

v

L3
<

ALEPH
DELPHI .
L3 174\
OPAL i\

| ¢ average measurements, |/
error bars increased |

by factor 10 _
i | :-':: | b
/ |
Y
B ___——-"H/
8 88 90 92 o4

E_ [GeV]
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Partielle Breiten

Parameter

Average

[MeV]

Correlations

Without Lepton Universality

[had | I | . [z e @i
| 1745.8 £ 2.7 1.00
[ee 83.92 + 0.12 —0.29 1.00
| ™ 83.99 + 0.18 0.66  —0.20 1.00
| 84.08 + 0.22 0.54 —-0.17 (.39 1.00
I'z 3776 £1.3 045 -0.13 (.29 (.24 1.00
e 3005 £ 5.3 0.09 -0.02 (.06 0.05 -0.12 1.00
i 4974 £ 2.5 -0.67 078 -045 -040 -030 -0.06 1.00
With Lepton Universality
I'had Lie I e D
| 1744.4 =+ 2.0 1.00
[ 83.985 + 0.086 0.39 1.00
I'g 3773 £ 1.2 035 0.13 1.00
300.2 £ 5.2 0.06  0.03 -0.15 1.00
i 499.0 £ 1.5 -0.29 049 -0.10 -0.02 1.00

Hermann Kolanoski, EEP SS06 - 4. Neutrino-Oszillationen
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5.4 Lorentz-Struktur der Z°-Kopplung

cosO-Verteilung

25 1 dog,
7 NI dcosf
a(s)Qs|” (1 + cos? 6)
et
—8R {uf* (5)Qsx(s) [g\,regw(l + cos? ) + 2Ga.Gascos !ﬂ}

v-Z interference

+16(x(5)|* [(|Gve|* + |Gael*) (|Gvi|* + |Gat|*) (1 + cos® §)
+8R{GveGac"} R{GviGas" } cos O]

(ete” = ff) =

g}{

Grm? S

Fitly

— _ :
8m\/2 s — m% +isl'y/my

Hermann Kolanoski, EEP SS06 - 4. Neutrino-Oszillationen
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FB-Asymmetrien

= |
= 40|
b:
! 30
= DELPHI 93 — 95
® b
% 15 e'e” > ' (7)
o [\ 20
© +, Jas
L B !
E 4}* Peak +
©C o8 X, ?+_
* 4
+ A
0.6 - Nf +,ﬁ
i ___*_ +
4 = 04
+ + E
0.4 -4 P+2 4+ <
i : 0.2
0.2 |-
L2 =y 0 95 1 02
cos(0,.)
0.4

Hermann Kolanoski,

10 F

0
a
B [ —— by
ALEPH }
DELPHI
i L3
B OPAL i

i
Lu_.en':urements error bﬂIS- ".
mcreazed by factor 10)

—— 7 from fit _."'J
[ 2aee- QED corrected __."

P = Agg from fit
===== QED corrected

* average measurements

EM

' ' ' 1
88 90 92 94
E_[GeV]
cm
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do/dcos 0 |nb]

=
L%

FB-Asymmetrien

I L3 O 1990-92
'e+e_%e_r:_(“ﬂ = 1993
1 arcoc136° A 1994
1995
=)
RS
©os
- t- chmmel 0=
0 __ .-"~___inre1'ference _
1.05F
. '
{]CJ:’\_—I I T T N TN T N N NN SN T N
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0.5
{-:"':
0
0.05
o
2
D
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= F o=
Llee —ee(Y

L 44“%«:8 < 136°

.. interference
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= 1993
A 1994
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t-channel ..
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-0.3

0.4 L

t-Polarisation

~ Ag(1 4 cos®0) +2.A. cos

Pr(cosf) =
r(cosf) (1 + cos?0) + 2A5.A, cos
N L B B L L A
ALEPH+ ]
DELPHI+ _

L3 +_

no universality
———————— universality

,_.
]
]
=
[
o]
T
o]
[ )
]
[
-2
[
I
fD'_
=L
f:'_
m_
R
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Mirror
Box

Laser Beam - b,
Analyser and Dump/
“Compton IP”

Analysing

Bend Magnet

Polarised Gamma_ 7

Counter

LR-Asymmetrien (SLC)

532 nm
Frequency Doubled
YAG Laser
N d:/
— %
Circular Polariser

Focusing

P and
#  Steering Lens

Mirror Box
~— (preserves circular
polarisation)

Compton

< Back Scattered e~
e Cherenkov

Detector

,'/”

N\
‘,

— Quartz Fiber
Calorimeter

events

2000 - SLD e'e’—»e"e’97-98 |
1500 o |
= <+ left polarised e beam
1000 _ + right polarised e beam ;
- ¢ ’.’
500 faa B _”/
E . b = .__.__._ -— =2
0 E| | 11| | L1l | 11| | 11| | 11| | 111 | 11| | 111 | 1
c 0 + - |
600 - SLD Z" - u” 97-98 /
3 4
"x?f:f‘-ﬂlz___u_ __.)_ _‘JJ____-J':,___.-:-:\_.—-'I" ’...-./.’$,..
+ *'\*‘ # ; ] .__ *_+_*_ _*+,* *

0E|||||||||||||||||||||||||||||||||||

- sLD Z°t*1 97-98
400

d
EJZ('T:'S; 'PE‘;AEu Af) = fz(s)ﬂx(mspe;AE'!Af)
= fu(s) [(1 = Pede) (1 + 7°) + (A — Pe).Ag23]
Parameter Average Correlations ®
Ae A, A
e 0.1516+0.0021 || 1.000
A, 0.142+0.015 | 0.038 1.000
A, 0.136+0.015 | 0.033 0.007 1.000
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- ¢ ; s, J:F_'_JT_'_,..T" *//#_.,?
: e et
200 |
0:|||||||||||||||||||||||||||||||||||
08 -04 0 0.4 038
cos o
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polarized positrons

e polarized positrons: production and measurement of polarization
before the main linac, i.e. at low energies

A: production of polarized photons B: production of polarized positrons
by means of the helical undulator by polarized photons

olarization transfer
in e+ e- pair creation

e+ Degree of Lengitudinal Polarizati

N

| C: measure the polarization degree
e Rl at different energies

Positron Polarization profile created
by the undulator photons

Hermann Kolanoski, EEP SS06 - 4. Neutrino-Oszillationen 19



gy, 2. Messungen

‘0032 I I ! ! 1 [ T T T |
| |m=178.0+4.3 GeV
m, = 114...1000 GeV -
-0.035 —
_ |
U} -
-0.038 1 (I
- Al
—I'T _
----- e'e
......... l-':.“_ ]
=T T o7
0.041 oo 98%CL
-0.503 -0.502 -0.501 -0.5
9l
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Parameter Average Correlations
G gar  Gve
Jay = gy || +0.5007640.00076 1.00
gae —0.5012340.00026 || —0.48 1.00
gve —0.03783+0.00041 || —0.03 —=0.06 1.00
Parameter Average Correlations
JLv gue  Gre
Ly +0.5007640.00076 1.00
L —0.2695340.00024 || —0.29 1.00
gre +0.2317040.00025 0.22 0.43 1.00
20




gy, g5 Messungen vor und nach LEP

Hermann Kolanoski, EEP SS06 - 4. Neutrino-Oszillationen
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Sensitivitit der Asymmetrien auf sin?6,

2 2
i — 9re

20vigas

.‘?%f + ff%{f B -';"%'f + .‘?if

1 L T T =
N
0.5 [ AN Ay
[ A¢
0 -
-0.5
-1k I P B sl E e e e e SR
0 0.2 0.4 0.6 0.8 1
. 2.f
sin eeﬁ
av 215 — 467 sin® By
74 215 L sin® By 1/4 sind die Vorhersagen

€ | Is | 9 |94
v | o | 412] 41 |41
e | -1 |-12] o |-t
w,e,t| 2/3 | 4172 +1/3 | 41
d,s.b|—1/3 | ~1/2| —2/3 | -1

ALEPH g 0.2322 + 0.0008 £ 0.0011
©0-94) T
DELPHI I o 0.2345 + 0.0030 £ 0.0027
(90_91) E. .............
L3 _L__ 0.2327 + 0.0012 + 0.0013
91-95)  [+F
OPAL ‘ 0.2321 =+ 0.0017 = 0.0029
(90-91)
LEP ™ 0.2324+0.0012
0.225 0.23 0.235 0.24
sin’0"?"!
eff
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Strahlungskorrekturen: Prazisionstests

W

.f
S M2
/ SV
" ! AYAYAYA .""-—r \\I.II-F' & |"-"| I‘I,I'u' i |"'| Ilﬂl_ ANt "}.l. 'I-". LA AN

RV YRV \ / WAV VS WY ATV VY
VZIW S~ 1ZIW TZIW "N 12w

i Wz

H

H . T N

o i ]

- e []

& & W &
_.nl".l'lﬁl'n.-'llﬁllLlllﬂllu'llnll\.'lllEl Iil‘*I'\.:'Il-ll'\."lﬁ.".l"n"n'llﬁ"\.l"ﬁl_ _“.I'Inl'u'l I-\I'-.-'InI'L'Irll'u'II-‘l'l\.'IlnI'u'F‘Il.l'_E.'FIL.'II-‘l'l.'II““V““"u""‘"\.“ﬁ".llr"u'_

; ~7 'n , ;
zZw S zZw ZIW Z/W
W
e+ e+ b
"a'lﬁl'u'lﬂl'-.-'lﬂl'v"n'»"ﬁ"\-'
- f_-llz
e e
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Lgy =

l a ~ [
Lg[q‘yqlwulcaclgf €3,G“ g“

1 bcad
- '-ﬂ Lrﬂ e
95 2

]a agq a 1-nhca a_b _c b oc d_e
E v9udv9y 9s WYy Yy Yy Iu9+9u9~ t

1
¢ 2 i Q [}
Iy W W, MW W, EE)-VZ“E)-VZ“

~M26" 6 - 10,8%0,6° - ——M3%° - gu
The Standard Model :
. .. igew [avZQ(WIwWS - wiwp) z‘ir_w;a.vw; Wa Wi+ 2 (W Wi - wiauwi) ]
IS a non't”Vlal —igsw [OvARWEWS = WI W) = AL (W10 W, — WL o Wil ) + A (WS o W, — W, o W, )]
structure W|th a feW %gz\«v,jwpw;»vv ; %gzwl;wvw‘;wv Foled (20w zdwy — Z0zdwiwy ) + o2sd (AW AV WL — AuAWiWy)
h - +otswew [ARZSWIWS —Wiw) - 24,20 Wi Wl | - ga [HP + HO % + 2Ho T o |
constants showing up ;7 e e e e e §
: | g90an [+ @0 14076712 + 40270 6 +anTe T 6 + 20602 H7] — MWW H - S0
N many p acCes: %ig [w'ij,oa“(p b 3,6%) - W, ($%0, 0" ¢'8u¢”1] | %g[w‘;r_Hau@ b 3uH) — W, (Ha " q,'a“m]

Many opportunities ., ,oiee ponm o

1 1 1 .
SM2Z0ZE — —auAvduAY — S3uHAH — SmiH? 3,4 3y
w
zMZ 2M 2m?
+—H+—[H +¢ 4: +26 )| + =
4

Ah

2
-+ ) . - _ 1 =2c ~ _
+-9g—Z (H3 " — ¢ D“H]—lg leiwpcp — W bT) +igswMAL(W —W“d.)"']—Lg—WZa[cb'aucb
2 cw Cw Cw
_ + _ _ il [, _ 1 1
to check ! —$70ub ™) +igswAu(dToub T — 6 b ) — —? Wi Wy [H2 4 (6% 2+ 2670 - o2 —2020H2 + (¢°
4 4 cw
. Andeee=r 1 285 0 . @ 0= ——1-2\2\' L Dy g = = ok
+2(2s5, =107 b ] - 59 :z“q) (Wie™ +W, ") - sig -~ ZOH(WI o™ — W b )+ 39 swAudT(WId™ + W 6™)
- l‘ - = -+ 3 5 —_ + ., =
In perturbation theory 3w awrovie” -wien -t oo - nziaweer - o' daumuee” - o mhie - vyar?
W

a” these param6ters —al(yd + mB)ud — dM(yo + mA)ad +igswAul—(etyHel 1+—:u MyHul) - —[d yHal)

ig

tend to get connected *

< o .- 4, c . 8 , <
2 {[v"v“n +y2)vh) + (BMyH(asE -1 —y7)eM) + tﬂ?"r“f;s.", —1=yPud) + @y - Ssl - w]d;‘]}

—w [[-v'\y“(l Fy®)e®) 4 (@dyH ys]c,\mab‘]] F—W [[c‘\y“[l Fy®)vd) 4 afel y* g «,51u:‘1]
- 2‘\/_ 1 ] \[_ [ 1 A 1
and influenced by the ... = . e
- [FoT (20 —vD)eM) + o (@ + ¥V ]]_EM [Hiered) + 0% y®eM)]
mass Scale they 121,:1\/_d: [-mia}eacr = v*)af) + mita}ea 1+ v*)af)] —M:Jﬁql [miatet 0+ vPuf) - mi@ied 0 - v%)uf]

are considered at e

o A . A

ig m - g m - [ - : 3. — : _

- M“‘H[ Aud) - ; NLdH{d dj‘}+—; —“q:“(uf‘y“’u?]——2"—d¢°[d;‘y-d’};+x+[al—qu*+x (a2 —m2)x
Vl |Vl

o2 Mz 0 0 FyeOy o s } ) ) o Ol
X% (o X0 4 Y22Y + igewW, (3uX°X ™ — 3R ¥XO) + igswW, (3, VX ™ — 3, X ¥) + igew W, (3,X X% — 3, X°X ™)
o2

W

_ __ _ - R . S 1 e R
FigswW (8,X7Y a,YX") 4 tg.:wzﬁ[a,.x*x* B XTXT) 4igs A (3, XTXT — 3, XTXT) EgM[x’fx H+ X X H

1 1 —2c2
+—5XOxOH] + 2—“‘ig:\r1[x‘x°¢+ - X x% 1+
Civ Coy

igMIXOX "¢ T = XOX T 7] + igMsw [XOX ¢ T — XOX T ¢ ]

Cw

1 . 0 o
+EigM[X'X+¢)"—X x 4%

From Diagrammatica by M. Veltman (typo’s=my problem)
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m, [GeV]

210

190

170

150

130

Einschrankungen flir die Higgs-Masse

1 1 6 I I

168 % CL o .

] 5_ had |

- — 0.02758+0.00035

i } ----- 0.02749+0.00012 .

1miM 4 - *+ incl. low Q* data .

= o] |

__mm! E %‘2 3_ |

_ S R 2 7

ﬂnﬁﬁ%ﬂ’ 14 -
| Excluded e |

o 3 %30 100 500
10 10 10
my, [GeV] my, [GeV]
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Ubereinstimmung mit dem SM

Measurement Fitt 10™= g"smees

o 1 2 3

m, [GeV] 91.1875+0.0021 91.1874
r,[GeV]  2.4952+0.0023  2.4959
Opog [Nb]  41.540+£0.037  41.478

R 20.767 +£0.025  20.742
A 0.01714 +0.00095 0.01643
A(P,) 0.1465+0.0032  0.1480
R, 0.21629 + 0.00066 0.21579
R, 0.1721+£0.0030  0.1723

v 0.0992+0.0016  0.1038
AL’ 0.0707 £0.0035  0.0742
A, 0.923 + 0.020 0.935
A, 0.670 +0.027 0.668
A(SLD) 0.1513+0.0021  0.1480
sin“0.r(Q,) 0.2324+0.0012  0.2314

m,, [GeV] 80.410 + 0.032 80.377
Iy [GeV] 2.123 + 0.067 2.092
m, [GeV] 172.7 £ 2.9 173.3

Hermann Kolanoski, EEP SS06 - 4. Neutrino-Oszillationen



