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Introductionl

Why very high precision tests of the Standard
Model?

e We all believe that the SM is not the final answer

e Nevertheless it describes the data with an impres-
slve accuracy

e Aim: see the breakdown of the SM or exclude
alternatives by very high precision measurements

o (typically) two possibilities:
— New physics at Born level, but very heavy
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— New physics appears in loops
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= typically suppressed by loop factor ;-
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Ten years ago...

Fit to all electroweak precision data gave

M, =1TeV -

_ My =300GeV |
I Tevatron()li — My =60GeV -
‘ I : L L L ‘ L :\ :\ | | | ‘ ‘ ‘
0 100 150 200 250
M (GeV)

...where the TEVATRON discovered the top two
years later
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Today...
e.g. prediction that the Higgs is close
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10 years from now...

e.g. prediction of SUSY parameters from GigaZ
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e.g. “measurement’ of techni-p mass from W-pair
production
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Main reactions used for precision tests:

ece” — ff, (4f) at /s = my (2myy) (GigaZ)
— LEP/SLD physics with much better precision

—test of theories with loop corrections to W.Z
propagator and gauge boson-fermion vertices

e e e — ff at high energy

— general test of contact interactions
—search for 7’
— search for extra space dimensions
ece” — WW, WWru...
—high precision test of gauge boson self-
interactions

— window to strong electroweak symmetry break-
ing if no light Higgs exists
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The GigaZ scenariol

Physics goals

e A sin? @é £f = 0.000013 from left-right asymmetry;,

No competition on that number

o AmW =0 Me\/,
LHC goal: 15 MeV

e plus some more
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Experimental requirements:

o L ~5-10%em %! at /5 ~ my (107 Zs)

e need electron and positron polarization to mea-
sure polarization (mainly) from data
No problems with beam-beam effects on polariza-
tion expected

e still need excellent polarimeters for relative mea-
surements

e A\y/s = 1MeV relative to my close to Z-peak and

Ay/s/\/s < 5-107° for extrapolation from my
to 2myy
under study if this is possible

e control of beamstrahlung on the few % level

e AL/L = 107% if also T(Z — ¢T¢7) shall be

improved
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Theoretical progress:

° a(my)

_l_

—need o(eTe” — qq) to 1% up to T region

— basically achieved already in p region in Novosi-
birsk

—however contradiction between eTe™ and 7
data

— BESS-II improved R in 2 — 5 GeV region from
20% to 7% accuracy, further progress possible

—can expect also precise results from radiative
return experiments at DAOPNE, CESR and b-

factories in near future

e predictions for myy and sin? Héf 1

—myy now complete at 2-loop plus m¢ dependent
3-loop corrections

— residual uncertainty O(2 MeV)

—sin? eéff not yet at full 2-loop
— estimated uncertainty A sin? Hé £f = 0.00008

—need sin’ Qé ff b same level as myy

(many more calculations needed)
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eTe™ — ff at high energy

Most general approach: contact interactions

e propagator for very large masses:

2
1 g
e contact term A2 ©8 162

(e.g. p decay A = \/47\/§/GM ~ 1.2TeV,
A 30 Ge\/)

e TDR studies gave limits on A around 50 TeV for
e"e” — upu~ andete” — bb

In gauge theories

e LHC has similar reach, but for complementary
couplings

e recent studies give ~  20% better limits for

eTe” weTe ande e — e e
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Models with 7’

T'wo approaches

a) model dependent

e fix a model

= everything apart from the Z’ mass is fixed

" can measure a mass or set a limit using all events

e results:
LHC
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L.C and LHC similar

Electroweak Precision Tests and Alternative Theories 11

Klaus Monig



b) model independent

e L.C sensitive to normalized couplings

S
aﬁ"v:alf 2
mZ/_S
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mZ/_S

e for leptons can obtain model independent lim-
its/measurements on normalized couplings

e all hadronic observables depend on product of
leptonic couplings (Z’-production) and hadronic
couplings (Z'-decay)

= can measure hadronic couplings only if leptonic
couplings deviate significantly from zero
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LC measurement for m(Z’) = 6 TeV in the

Y-model
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Ideal case: LHC measures mass and LC measures
coupling
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Extra space dimensionsl

LC (and LHC) is sensitive to effects from KK gravi-
ton excitations (G™)

e DR status: wvisible effects from
and for Mp < 8TeV (v/s =

800 GeV), similar to LHC

eg G*eﬁectsme e —>,LL o and‘e e” —>bb
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e recent development: how can one distinguish ex-
tra dimensions from e.g. 7’7

e key: G* has spin 2

e define moments < P, >= fdzldUP (2)
(P, = Legendre polynomials)

e s < 1 exchange: < P, >=01forn > 2
o s = 2 exchange: < P34 ># (

= unique identification of s = 2 up to 4 — 5TeV
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Additional possibility: transverse polarization

e with transverse beam polarization there exists an
azimuthal asymmetry depending on cosf — plot

e this asymmetry is symmetric in cosf for vector
or scalar particle exchange

e for tensor exchange (gravitons) it receives an
asymmetric component

= Graviton and 7’ exchange can be distinguished
up to M < 104/s

e extra dimensions can be excluded up to Mp <
10(22) TeV for 4/s = 0.5(1) TeV
(highest reach at next generation colliders)
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Azimuthal asymmetry as function of polar angle in

SM and with extra dimen
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Gauge Boson interactionsl

Why are gauge boson interactions interesting?

e gauge boson interactions are directly given by the
structure of the gauge group

e the longitudinal gauge bosons are connected to
mechanism of mass generation

e in a weakly interacting theory gauge boson selt-

interactions receive loop corrections of O(#) ~
3-1077
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e in a strongly interacting theory the longitudinal
components of the gauge bosons are expected to
have similar interactions as the pions in QCD (at

much higher energy)
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TDR status
Triple gauge couplings

e full experimental analysis of TGCs

o CP conserving couplings can be measured with
3 —15-10* precision in e*e™ at Vs = 500 GeV
~factor 2 better at /s = 800 GeV
much better than the 3 - 1073 expectation from
loop corrections

e C.P violating couplings are up to one order of
magnitude worse

e the T'GC precisions translate into a A > 10TeV
limit for the scale of strong electroweak symmetry
breaking, significantly above the A < 3TeV limit
from unitarity
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TGC limits in terms of « couplings (167r — (%))
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TGC limits on A are the highest ones anywhere

Electroweak Precision Tests and Alternative Theories 21 Klaus Monig



Quartic couplings

o WWW — WW and WW — ZZ has been studied

at /5 = 800 GeV

e this channel probes directly the Goldstone boson

dynamics (like w7 scattering in QCD)

e it is sensitive to A > 3 — 5TeV, slightly better

than LHC

e
3
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Z.7vv and WWvv combined
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News since the TDR:

Optimal observables study for triple gauge couplings
. + J—
ine'e

e study up to now only on parton level

e using optimal observables additional couplings
(e.g. imaginary parts) can be included without a
loss in precision

e precision on imaginary parts similar to real parts

e one combination (Im(g{lz + Kk pR)) can only be mea-
sured with transverse polarization
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Study of TGCs in vy — WW and ey — Wv

e cy reasonably complete at /sce = 500 GeV
e in vy use of ¢ angle (interference of helicity am-

plitudes) still missing
e the cross sections in these channels are much

larger
e however there are no large gauge cancellations
e in the end the sensitivity is comparable to etTe™
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Rescattering for vy — W W has been calculated

e c e — W is only sensitive to J=1 resonances

(p, w)
e vy — WW is sensitive to J=0 and J=2

e the cross sections have been calculated

ea study on the experimental sensitivities is

planned
J = 2 resonance with m = 2.5 TeV
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If anomalous triple gauge couplings are seen
somewhere information from all different chan-
nels (ete”™ — WW—, vy — WW—, ey —
Wv, pp — W+, WZ) are needed to understand the
mechanism behind it
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Conclusionsl

e clectroweak precision tests contribute signifi-
cantly to the physics at a LC:

— precision measurements on the 7 can test
model parameters inside or beyond the Stan-

dard Model

— 2-fermion production at high energy tests a
wide class of models beyond the SM

— W-pair production provides new precision ob-
servables on the same level as sin” (92 f£f O My

—if no light Higgs exists gauge boson production
offers a window to strong electroweak symmetry
breaking

e precision tests are an active field of research in the
linear collider community

e the combination of the direct studies of the prob-
able extensions of the SM (Higgs and SUSY)
with the potential of the precision tests makes
the Linear Collider a unique tool to understand
the physics of electroweak symmetry breaking
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