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Presented are results from LEP and SLC accelerators concerning pre-
cision tests of the electroweak interactions. Discussed are line shape mea-
surements, asymmetries at the Z° pole, measurements of the W mass and
results of the global fit to the electroweak data. The results on the Standard
Model Higgs are presented as well.

PACS numbers:

1. Introduction

The year 2000 was the last year of the operation for the Large Elec-
tron Positon collider (LEP) at European Organization for Nuclear Research
(CERN). SLC, linear electron—positon collider at Stanford Linear Accel-
erator Center (SLAC) was operating with adequate both luminosity and
electron beam polarization in the years 1992-1998. The data from the
experiments working at these accelerators still are analyzed and discussed
within the physics community. Today level of understanding of these data
is very high so it is a good time to summarize the results obtained with
both machines. In this article we will concentrate on the precision test of
the electroweak interactions.

2. Strategy of the test

In the Standard Model (SM) electroweak interactions of leptons, quarks
and Higgs boson(s) are described by exchange of the intermediate bosons:
v, W* and Z° [1]. The foreseen by theory W and Z° bosons were ex-
perimentally discovered and their masses measured by the UA1 and UA2

* Presented at the XXVIII Mazurian Lakes School of Physics, Krzyze, Poland,
August 31-September 7, 2003.
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experiments performed on SppS collider at CERN in early eighties [2]. To-
gether with earlier CERN discovery of the neutral currents [3| this was the
experimental confirmation of the SM electroweak interactions. The next step
towards more precise tests of the electroweak interactions was a construction
of ete™ collider with /s equal to the Z° mass. This would allow to form
the Z° bozon, which would subsequently decay into fermion-antifermion
pair (see Fig. 1).
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Fig. 1. Formation and decay of the Z° resonance.

Such machines have been designed and build at CERN and SLAC. For
electroweak tests longitudinal polarization of initial beams is the advantage,
so for the SLAC linear collider the polarization of the electron beam was
foreseen from the beginning. For LEP as for circular machine the question
of the longitudinal polarization was much more delicate, but on the other

hand, by increasing a number of RF cavities it was possible for LEP to
increase /s well above the threshold of W W~ production (see Fig. 2).
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Fig. 2. Production of WTW ~ pair.

LEP was commissioned in 1989. Till 1994 it operated as LEP I at /s =
92 GeV. From 1995 machine energy was gradually increased, first to 131 GeV
then to 161 GeV and higher energies (LEP II phase). Maximum energy at
which LEP ever operated was 208 GeV in the year 2000. SLC operated with
adequate luminosity and beam polarization in the years 1992-1998 and only
at Z9 peak. For the whole period of the machines operation the strategy
was the following:

e Study the Z° and (when possible) W W~ production and decay.
e Examine internal consistency of the Standard Model.

e Look for Higgs particle(s), supersymmetric particles, ....
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To obtain any prediction within the Standard Model one has to define
the input parameters of the model. One of the possible choices is presented
below.

e o — electromagnetic fine coupling constant,
e Gy — Fermi constant which describes strength of the charged currents,
e My — Z° mass, measured in LEP with high accuracy,

e as(¢> = MZ) — strong coupling constants (for the reactions with
quarks).

The above three (four) input parameters are sufficient to describe any
electroweak process on the tree level. However, for the accuracy of the exper-
iments performed at LEP and SLC the tree level is not enough and one has
to take into account the radiative corrections to the tree level diagrams. This
brings into the game more parameters (through a virtual loops appearing in
the corrections).

e my fermion masses (in practice m; — top quark mass),

e mp Higgs mass.

3. Radiative corrections

Pure QED corrections of the type shown in Fig. 3 factorize, i.e. can be
expressed as a correction factor. The electroweak correction can be split into
two parts. The first one is presented in Fig. 4. This is so called Vacuum
Polarization Correction and this type of the correction does not depend on
the flavor of the final state. Situation is different when final state fermions
couple directly to the virtual loop (see Fig. 5).
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Fig.3. Example of the pure QED correction.

For this type of the correction (Vertex Correction) results depend on the
flavor of the final state. Altogether this approach leads to the so called
Improved Born Approzimation. For the process ete™ — Z0 — ff the
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e no
Fig.4. Vacuum polarization correction.
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Fig. 5. Vertex correction.

amplitude has the same form as Born amplitude, except the axial and vector
coupling constant are replaced by the effective, flavor dependent ones.

[(gve(s) = gac(shs)] x [v"(gv(s) = gar(s)7°)] (1)

where gy f(s),gar(s) are flavor dependent, effective vector and axial vector
coupling constants and +*, v,, are standard Dirac matrices.

It is worth to stress that the values of the electroweak corrections depend
in a quadratic form on the top quark mass and logarithmically on the Higgs
boson mass. For most of the processes two loop level is achieved today. At
CERN to obtain numerical values of the corrections two program libraries
are used: TOPAZ0 and ZFITTER |[4]

4. Z9 line shape

The formula that describes the observed cross-section at Z% peak has the
form:

o(s) = /5(3’)H(s’,s)ds’, (2)

where H(s',s) is so called radiative function and &(s) is the electroweak
cross-section, given by formula:

r.ry

(s - 22) + (5%

5(8) ___peak

=055 s+ (@ -1+, (3)
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where the terms: (Z — ) and 7 describe vZ interference and production of

the final state by intermediate -y, respectively. The Ji;ak
Sbeak _ 0 1 _ 12r I Iy 1 ()
orF o7 1+ dqED M% F% 1+3Q?047

where Mz, I'z, and I'y denote, respectively, ZY boson mass, its total and
partial width for decay into ff channel. (5QED is the QED correction to I,

and Q) is the final state fermion charge. U? 7 is the maximum cross section

value for given channel (denoted also o}, for hadronic final states).
The expression for the forward—-backward asymmetry parameter App has
the form

Ny — Np
Arp Ne T Ny (5)
where forward direction is identical with that of the incoming electron beam,
N and Ny are the numbers of fermions produced forward and backward,
respectively.

One can fit the experimental data with properly identified final states
(f = q,e,pu,7) with the formula (3). This allows to determine main Z°
parameters and examine lepton universality. It is important to note, that
fitting the experimental data with the formula (3) its last two terms are not
let free but instead are calculated from the Standard Model. Therefore the
extracted from the experimental data values of My, I'z, I'y as well as other
fit parameters might carry some model dependence and should be called
pseudo-observables rather then observables.

Four experiments working at LEP (ALEPH, DELPHI, 1.3, OPAL-ADLO
for short) collected about 18 M events at Z" peak. This is much more
than 600 k events acquired by SLAC Linear Detector, so for line shape
measurements LEP results are decisive. The ADLO results for Z° mass
(My), width (I'z), peak hadronic cross-section (o, ), ratio of the hadronic
to the leptonic! Z° width (RO) and leptonic forward-backward asymmetry

at Z° peak (AFB) are given in Table L.

4.1. Number of light neutrino families

To determine the number of light neutrino families from line shape mea-
surements one has to write the expression for the total Z% width:

-Finv FI/ FZ
I'y =1 3+ Dy = — R} -3,
7z had + 947 + Liny <FV>X<F;> <Fl> |

! Calculated after confirmation of the leptonic universality.
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TABLE I
Line shape ADLO results
pseudo-observable value
My 91.1875 4+ 0.0021 GeV
Iz 2.4952 4 0.0023 GeV
op.q 41.540 + 0.037 nb
R 20.767 4+ 0.025
A%L 0.0171 4 0.0010

where [}, is the invisible decay width, I, is the decay width per neutrino
family and use of the ratios should reduce systematic error. Assuming that

the number of light neutrino families N, = I}, /I, one has:
I, 127 RY
Nox (2] = (5L ) -RY -3, (6)
I SM Thad Mz

where the ratio (I,/I7)sm might be calculated from the Standard Model.
ADLO experimental result is

N, = 2.9841 4 0.0083. (7)

In the other method hadronic cross-section are predicted for two, three and
four (massless) neutrino species with SM couplings. The results are com-
pared with experimental data in Fig. 6. The best agreement with data is
for N, = 3.

c I N DELPHI

T IR I . T
88 89 90 91 92 93 94 95

Energy, GeV

Fig. 6. Hadronic cross-section as a function of ete™ energy. Data (black points)
are from DELPHI experiment.
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5. Z° decays to heavy quarks (charm and beauty)

In the process ete”™ — Z% — ¢g, after hadronization, two (or more)
jets are observed in the final state. For electroweak tests however important
is a flavor of the quarks coming directly from Z° decay. Flavor Tagging
procedure allows to establish this flavor for heavy (b and ¢) quarks. In this
procedure initial jets direction is established from thrust axis. Heavy flavors
are tagged by presence of high momentum (p) or transverse momentum (pr)
leptons and/or presence of secondary vertices. Hadron containing b (or c)
quark on average travels 3 mm before a decay. The position of secondary
vertexes is measured with accuracy of 300 um. As masses of b and ¢ quarks
are about 5 and 1.5 GeV, respectively, the analysis of effective mass at
secondary vertex, together with information on eventual lepton p (or pr)
allows to distinguish between b and ¢ quarks.

Different methods use different tags combinations to establish flavor of
the initial (heavy) quark. For tagged sample one has to know purity of
the selected sample and selection efficiency. This requires very good Monte-
Carlo programs. Purities up to 96% with efficiency up to 26% are achieved.

Flavor tagging procedure allows to measure R, = [}/I4aq and R, =
I'./Taq pseudo-observables. Most recent [5] experimental values:

Ry =0.21638 £ 0.00066, R, = 0.1720 £ 0.0030 (8)

are in a good agreement with SM predictions.

6. Asymmetry at Z° pole

ZY couplings to right-handed and left-handed fermions are different. This
means that in the process ete™ — Z% — ff even for unpolarized e beams
7Y is polarized along the beam direction [6]. This polarization will influence
angular distributions of the final state particles. Therefore for LEP data one
can define the following observables:

A _ OFRTOBR —OFL —0OBL _OR — 0L
pol — - )
OFR+O0BR+OFL+O0BL Otot
A __ OFRTOFRL —0OBR —0OBL _ OF — OB
FB — - )
Otot Otot
AFB _ OFR+OBL —OFL — 0OBR 9
pol — ) ( )
Otot

where index R (L) means right (left) handed fermions in final state and
F (B), as before, denotes forward (backward) direction.
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For the case of polarized electron beam (SLC) one can also define:

1 op—o0;
Aip = ——
LR <P>O_l+0_r7
1 (or) —0oF;) — (0B1 — OB,
ALRFB:—( ’ x) ~ (o8, ’), (10)

<P> Otot

where r (1) means right (left) handed electron beam polarization and (P)
means beam polarization?.

At the ZY pole these observables are related in the following way to
the Ay — asymmetry parameter for fermion f (superscript 0 denotes value
exactly at the pole):

3
Ao’f — 7Af7 AFB’Ozf — 711467

pol pol
A% = 240
FB — ;%% fo
0, 0, 3
ALI{ = A, ALI{FB = ZA% (11)

The Ay is related to the ratio of effective, flavor dependent coupling
constants:

Ap =2 gvs/9as

5 (12)

1+ <gv /94 f)
on the other hand, when couplings conform to the SM structure, their ratio
fulfills the following relation:

Wi :1+4\Qf]sin29gﬁ, (13)
gaAf

where sin? Gg ¢ 1s the effective, flavor dependent sinus squared of the mixing
angle, related to the Weinberg sin? fy,. Studies of asymmetry parameters
provide then very sensitive measurement of the sin? 9{: , particularly good
for leptons.

Particularly cute measurement is that of the A, at SLC. Study of the
hadronic cross sections for left and right handed electron beam polarization
allows to determine precisely (Egs. (10), (11)) purely leptonic observable A,.

2 As none of the detectors covers 47, detailed studies of the angular distributions are
required to determine ¢'s in Egs. (9), (10).
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Also very precise measurements, this time of the AOF’g and the AOF’E, were done
at LEP. From these measurements and Eqgs. (11) one gets A, = 0.898+0.021
which is in good agreement with SLC direct (with A{ppp) determination of
the Ay = 0.925 £ 0.020. Combined result for this two measurements is:

Ap =0.903 £ 0.013,

whereas value predicted by SM reads 0.935.

The LEP and SLC measurements of the A are consistent. But the
combined A; value seems to disagree with SM prediction. This is presented
in Fig. 7.

& . == G
— Preliminary
SM =] ]
( il
0.9 B
68% CL
0.8
bands ~ 1o
07 T T T
0.13 0.14 0.15 0.16 0.17
A

Fig. 7. Asymmetry parameter for b quark A, versus leptonic asymmetry parameter
A; [6].

LEP results concerning A, (and A.) can be expressed in terms of

sin? Gﬁft. This is shown in Fig. 8 together with results from other pseudo-
observables. The two most precise results are coming from the SLC measure-
ment of the left right asymmetry and the LEP measurement of the forward
backward asymmetry for b quarks. These results are almost 30 apart. Sim-
ilar discrepancy has been observed before but the LEP data presented here
have been re-analyzed for this year summer conferences [6]. Remaining four
results from Fig. 8 agree equally well with both measurements in question.
No hint for any source of a systematic error is known. In such situation as-
sumption that discrepancy is due to statistical fluctuation is justified. At the
end of this section one should note, that even with much smaller statistics,
SLC errors quoted here are similar to those from LEP. This is the advantage
of the available electron beam polarization.
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Final
Afh" —e—1 0.23099 + 0.00053
A(SLD) —A— 0.23098 + 0.00026
AP —— 0.23159 + 0.00041
<Qp> ———*———  0.2324 £0.0012
Preliminary
Afh‘b —v— 0.23217 +0.00031
A ——+——  0.23206 + 0.00084
Average 0.23148 + 0.00017
102 X’fd.0.f:10.2/5
>
0]
1
T
1S 102 B Ao = 0.02761 + 0.00036

EE m,= 91.1875 + 0.0021 GeV
B m=174.3+5.1 GeV

T T
0.23 0.232 0.234

. lept
sin®6: = (1 - gy/g,)/4

Fig.8. sin? Gé?t determined from measurements of different pseudo-observables:
AL — leptonic forward backward asymmetry, A; (SLD) — left right asymmetry
measured at SLC, Aj(P;) — relative difference in production of right and left
handed 7 leptons, (Qm) — forward backward charge asymmetry, A?éb, A?t’)c —
forward backward asymmetry for b and ¢ quarks measured at LEP. The figure
(and notation) is from Ref. [§].

7. Direct W mass and width measurements

CDF and DO experiments at TEVATRON, pp collider at Fermilab, have
measured the W boson mass to be [7]:

My = 80.454 £ 0.059 GeV . (14)

The first direct W mass measurement at LEP was based on analysis of
the cross-section behavior at the threshold (161 GeV) for the reaction from
Fig. 2. The result:

My, = 80.40 + 0.22 GeV (15)

carry relatively big (mainly statistical) error. Much more precise are re-
sults coming from the analysis of two following decay channels for the same
reaction but at higher LEP energies:

WW — qqlv, WW — q4qq. (16)

In the analysis of above final states there are important corrections to the
final result coming from Bose—Einstein correlations and color reconnection
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problem. Taking correction into account, the most recent LEP result [9]
reads:

My = 80.412 +0.042 GeV, Iy = 2.150 £ 0.091 GeV . (17)

This means very good agreement between hadron and electron colliders.
Combined result for LEP and TEVATRON is [9]:

My = 80.426 +0.034 GeV, Iy =2.139+0.069 GeV . (18)

Experiment NuTeV [10] at Fermilab measures directly sinus of the Wein-
berg angle Oy, from the ratio of the numbers of the neutral and charged
current interactions induced by the v and v beams

M2
sin® Oy = 1 — FV;’ = 0.2277 4+ 0.0016 . (19)
Z

Using the well established value My from LEP and the measured sin? 6y
one gets:

My = 80.136 4 0.084 GeV . (20)

This indirect measurement differs more then 3¢ from direct, combined re-
sult (18).

The results for W mass measurements are presented in Fig. 9. NuTeV
results is in clear disagreement with other measurements. Other two indirect
measurements are based on fits of the radiative corrections to LEP data at
the Z° peak. Most precise result is achieved when in the fitting procedure
mass of the top quark m; is fixed to the value known from TEVATRON
measurements [11]. This result is even more precise then direct My mea-
surements.

W-Boson Mass [GeV]

pp-colliders —fe— 80.454 +0.059
Average - 80.426 + 0.034
X/DoF: 0.3/ 1
NuTeV = —a— 80.136 + 0.084
LEP1/SLD - 80.373 + 0.033
LEP1/SLD/m, e 80.380 + 0.023
8‘0 80\2 86.4 86.6
m,, [GeV]

Fig.9. W mass from direct and indirect measurements [8].
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8. Standard Model Higgs search

The cross section for the Higgs particle production and its branching
ratios for decays into different channels are predicted in the SM as a func-
tion of the Higgs (unknown) mass. Graph describing the main production
channel (Higgs Strahlung) is presented in Fig. 10. Cross-section for this SM
process as a function of ete™ energy is shown in Fig. 11 for fixed values of

mg [11].
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Fig.11. Cross-section for Higgs Strahlung and for other SM processes for fixed
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Fig. 10. Higgs Strahlung.
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Possible decay channels for ZH system are listed below:

In all this channels b quarks are present. For the Higgs particle with mass

H bb and Z — qq,

-
H — bb and Z —vi,
H — bb and Z—1l,
H — 77 and Z —bb.
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mp = 115 GeV branching ratio BR(H — bb) = 75% which altogether means
that b-tagging plays essential role in the Higgs search.

At LEP I Higgs searches in fully hadronic channels have been excluded
by background (see Fig. 11). Searches in the other channels have not been
successful. At LEP II the main source of background in Higgs search were
7979 W+HW~, and qq (with four or even five jets) final states. Information
concerning events topology and b-tagging, based on the SM Monte Carlo,
has been used for tagging the Higgs events. Results for assumed Higgs mass
mpg = 115 GeV and two different sets of the cuts (loose and tight) are
presented in Fig. 12. The histograms present expected distributions of the
reconstructed Higgs mass coming from ZH final state (dark histogram) and

from background processes (shadow one). Experimental data collected at
Vs = 200-208 GeV are presented by black dots.

30
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- [ 5=200-210 GeV =z L b =m0210Gev
< [ &

- BT o

H-, “, 6

- + LEP Inose = + LEP tight

S @ E

- L - 5 L

= [ [ background = © F [] background

15 £ [ hZ Signal 4 :_ Bl bZ Signal
(m,=115 GeV) F (m, =115 GeV)

10 at 09 ciey F a

[ a-19 1 [
[ =118 15% 1
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Reconstructed Mass m, I(.'c\'r"('zl

= 109 GV
-1 4

b 1357 121
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Reconstructed Mass my, I(.'c\"f"('zl

Fig. 12. Reconstructed Higgs mass for selected events (see text).

From Fig. 12 it is impossible to judge if the data sample contains the

Z H signal and the background or the background only. Therefore for i-th

tagged event variable @); was introduced. If Lg.p denotes probability that

data contains both ZH signal and background and Lg probability that data

contains only background then Q; is equal to the ratio of these probabilities:
Lsin

Q= In

Q; is estimated from the topology combined with mass information. Ex-
pected Q; distributions are determined by means of the Monte Carlo calcu-
lations. The global likelihood (for all tagged events) is defined as:

—21n(Q) = —2ZIn<Qi> +C,

(21)
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where constant C'is such that signal + background and background hypoth-
esis are equally likely for —21n(Q) = 0. Most recent ADLO results [12] are
presented in Fig. 13. The dashed curve describes expectation for background
only hypothesis. Shadowed bands correspond to ¢ and 2¢ limits of this
hypothesis. Dot-dashed curve describes expectation for ZH signal + back-
ground hypothesis. The experimental data, collected at /s = 200-208 GeV,
are presented by solid line. No evidence for Higgs is seen. Conclusion from
further statistical analysis is that Higgs mass

my < 114.4 GeV (22)

is excluded at 95% confidence level.

50—
S :
o 40 - LEP
- r ]
Ya 3
20 =
10 [ =
o F -
10 - =

:70]15:“«1 1
_20; Expectedfnrhukgmund 1

F - Expected for signal plus background ]
.30 :.\.‘.\.‘.mumumumu\uf

106 108 110 112 114 116 118 120

mH(GeVIc )

Fig. 13. Distributions of the —21n(Q) as a function of Higgs mass.

9. Global fit

Comparison with Standard Model at best fitting point [5] of Mz, a(Mz),
as, my and my is presented in Fig. 14. The x? of the fit is equal to 25.4 for
15 degree of freedom which correspond to 4% fit probability, which is low.
The largest contributions to the y? are coming from:

e sin? Ay from NuTeV experiment,

° AOF’]Z measurement at LEP I,

e Apr measurement at SLC.
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NuTeV result on sin? Oy (vN) is 30 from SM prediction. If one removes
this results from fit the x? and the fit probability change significantly (proba-
bility rises to 28%). At the same time the values of the fitted SM parameters
do not change much. Influence of the NuTeV result on the parameters (and
their consistency) is small.

Winter 2003

Measurement Pull  (O™a-QTygmeas

3-2-10123

m,[GeV] 91.1875+0.0021  0.02
r,[Gev]  2.4952+0.0023 -0.36
ol [nb]  41.540£0037  1.67

R, 207670025  1.01
A 0.01714 + 0.00095 0.79
A(P) 0.1465+0.0032  -0.42
Ry 0.21644 £ 0.00065 0.99
R, 0.1718+0.0031  -0.15
ADP 0.0995 + 0.0017  -2.43
AY* 0.0713+0.0036 -0.78
A, 0.922+0.020 -0.64
A 0.670£0.026  0.07

A(SLD) 0.1513 +0.0021  1.67
sin?gP(Q,,) 0.2324+0.0012  0.82

m,[GeV] 80.426+0034 117

M [GeV] 21390069  0.67
m, [GeV] 174.3+5.1 0.05
sin®g,(VN)  0.2277+0.0016  2.94 —

-3-2-10123
Fig. 14. Results of the global fit [8].

The discrepancy between Argr and AOF’]g has been discussed in Section 6,
where value of the sin? 9};?1; was determined. Statistical fluctuation was one
of the possible explanations. Therefore in the global fit one can replace
with the sin? Gl?t the six pseudo-observables which determine its value (see
Fig. 8). In this case the global fit probability improves to 13% (x? =

15/10 d.o.f.). Global fit without the sin? 6@y (vN) and with the average
sin? Gl?t renders x? = 6.4/9 d.o.f. which correspond to 70% fit probability.
This seems to be reasonable for the Standard Model, but we have to have
in mind that the sin? fy (v N) problem remains.

The fit to electroweak data with all but my parameters fixed allows to
constrain Higgs boson mass within Standard Model. The results of such
fit are presented in Fig. 15 for different assumptions concerning model.
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Plotted is Ax? (i.e. excess over minimal x? value) as a function of the Higgs
boson mass mpy. Rectangular shadowed area shows the region excluded by
experiment, as given by result (22). The solid curve corresponds to the

A}(lz)d value? same as the one given in Fig. 14. Dark band reflects theory
uncertainty. The other two curves (without NuTeV result and for different
value of the Agd) do not differ much for non-excluded Higgs mass values.

From the solid curve one gets the following fit result:

my = 96J_rgg GeV

myg < 219 GeV at 95% CF. (23)
6
Aa(hsa)d:
. —0.027610.00036
i - 0.02747£0.00012
4 ““““ Without NuTeV .
<
2 |
Excluded Preliminaryi
0 \
20 100 400

m, [GeV]
Fig. 15. Fit results for SM Higgs mass [8].

10. Conclusions

This article is by all means not exhaustive. Many subjects like Super-
symmetry, Grand Unification, Multidoublet Higgs Models, Minimal Super-
symmetric Standard Model and some others have been left behind. But the
most important precision (i.e. above the tree level) predictions of the Stan-
dard Model have been compared with the experimental results from LEP
and SLC. It is clear from that comparison that Standard Model looks fine.
SM is well established (effective) theory. There is no urgent need for New
Physics, but there are still some unresolved questions. Like where (if at

3 Aﬁ‘?d (s) is a part of the running coupling constants «(s) dependence on s and can be
determined from a low energy ete™ scattering [13].
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all) is the Higgs boson(s)? Clearly disagreement of the NuTeV result with
other experiments needs clarification. Further measurements of My, my,
(mpg?) will make tests more stringent and perhaps will show the road to
New Physics. Tools which physicist have in hands now are powerful; TEVA-
TRON, b-factories and neutrino experiments to name most important. In
the near future (2007) the Large Hadron Collider will start to operate at
CERN. Next Linear Collider, the powerful machine colliding ete™ beams
will be probably approved soon.

This work was supported by the Polish State Committee for Scientific
Research (KBN) grant 2P03B 069 23.
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