hep-ph/9711305 12 Nov 1997

DESY 97–218 hep-ph/9711305 November 1997

The Z Boson Resonance

and Radiative Corrections1

Tord Riemann

Deutsches Elektronen-Synchrotron DESY, Institut für Hochenergiephysik IfH Zeuthen, Platanenallee 6, D-15738 Zeuthen, Germany

Abstract

The Z line shape is measured at LEP with an accuracy at the per mille level.

Usually it is described in the Standard Model of electroweak interactions with account of quantum corrections. Alternatively, one may attempt different modelindependent approaches in order to extract quantities like mass and width of the

Z boson. If a fit deviates from that in the standard approach, this may give hints

for New Physics contributions. I describe two model-independent approaches and compare their applications to LEP data with the Standard Model approach.

1Invited lecture given at the XXI School of Theoretical Physics of the University of Silesia, Katowice, on “Recent Progress in Theory and Phenomenology of Fundamental Interactions”, 19–24 September 1997, Ustrón, Poland

1 Introduction

From 1989 till 1995 about 18 millions of Z bosons have been produced at LEP1 and about 200 000 at SLC. Due to this, and due to the lack of direct hints for the existence of a Higgs boson, the Z boson and its interactions became for several years the central theme of tests of the Standard Model [1, 2, 3, 4, 5], recently accompanied by the discovery of the t quark at the Tevatron [6, 7].

The predictions of the Standard Model depend on the particle masses, fermion mixings [8], and one coupling constant. A central role plays also the weak mixing angle which relates (i) the Z boson field and the photon to the symmetry fields, (ii) the two coupling constants of the electroweak theory, (iii) the Z and W mass ratio, (iv) the vector and axial vector couplings of the Z to fermions.

The corresponding electroweak Standard Model relations, modulo radiative corrections, are :

Z = cos θ_w W^0 − sin θ_w B (1) γ = sin θ_w W^0 + cos θ_w B (2) g sin θ_w ≡ e = √ 4πα_{em}, (3) a_{lept} = −0.5 (4) v_{lept} = −0.5 ( 1 − 4 sin^2 θ_w ) (5) G_μ/ √ 2 = g^2/(8M^2_W ) (6) M_Z ≡ M_W / cos θ_w (7)

From (3), (6), and (7) one derives:

M_Z > M_W = √ πα_{em} G_μ √ 2 1 sin θ_w

> 37.281 GeV (8)

as an absolute (though model-dependent) lower limit for the gauge boson masses. From Born unitarity considerations it was expected that the Fermi theory should loose validity above a mass scale of about O(100) GeV. In 1973, the first observation of neutrino-induced weak neutral current events was reported by the Gargamelle collaboration operating at CERN. One event was observed for the reaction ν̄_μe^− → ν̄_μe^− from 360000 ν̄_μ and 375000 ν_μ scatterings with 3% background [9]. Since σ ∼ s = 2 E_ν m_{target} at low energies, the process νN → νN is about several thousand times (∼ m_p/m_e) more frequent. In fact, about one third of νN scattering is NC mediated and was also observed by that time [10]. From the ν̄_μe cross-section, the authors derived with 90% CL: 0.1 < sin^2 θ_w < 0.6. This corresponds to:

M_Z ∼ 75 · · · 125 GeV (9)

staying well in the limits mentioned above.

In 1983, at the pp̄ collider SPS (CERN) both the Z [11, 12] and the W bosons [13, 14] were discovered and their masses could be determined at that time with an accuracy of several GeV; in 1986:

M_Z = 92.6 ± 1.7 GeV (10)

At the end of 1989 LEP1 and SLC started operation and dominated the precision experiments for tests of the electroweak Standard Model for a decade. This may be exemplified by quoting the following improvements of precision from August 1989 [15] till October 1997 [16]:

1989 → 1997 (11) M_Z = 91.120 ± 0.160 GeV → 91.186 7 ± 0.002 0 GeV sin^2 θ^{eff}_w = 0.233 00 ± 0.002 30 → 0.231 52 ± 0.000 23 (12) m^{pred}_t = 130 ± 50 GeV → m^{meas}_t = 175.6 ± 5.5 GeV (13) M^{pred}_H > few GeV → ≥ 77 GeV (14) α_s(M_Z) = 0.110 ± 0.010 → 0.119 ± 0.003 (15)

The few remarks on the past may remind you that Z physics in times before the advent of LEP were exciting, and may also indicate that the operation of LEP1 gave a striking experimental support for the simplest realistic version of a renormalizable theory of weak interactions. Maybe it is worth mentioning that in the early Seventies the Standard Model was considered by many of us to be an extremely complicated, very artificially looking model. Soon later, when hundreds of alternatives were constructed, minds changed and now many of us wonder that such a simple construct like the Standard Model survives one precision test after the other. But this needs not go on – future is unpredictable. The only thing we know for sure: Future will be exciting.

2 The Z line shape

The Z boson may be studied as a resonance at LEP from a measurement of the crosssection e^+e^− → (γ, Z) → f̄f(+nγ) (16) as a function of the beam energy. The determinations of mass M_Z and width Γ_Z are dominated by hadron production in a small region around the peak: | √ s − M_Z | < 3 GeV. The Z is not a pure Breit-Wigner resonance. We want to study a 2 → 2 process with intermediate Z, but have also virtual photon exchange. In addition, there are huge 2 → 3 contributions due to initial state radiation (ISR) of photons and due to final state radiation (FSR). Further, many virtual corrections are contributing as quantum corrections: vertex insertions, self energy insertions, box diagrams, and all their iterations.

3 Real photonic corrections

The QED corrections may be taken into account by the following convolution formula ([17, 18, 19] and references therein): σ(s) = ∫ ds^′ s σ_0(s^′) ρ ( s^′ s ) + ∫ ds^′ s σ^{int}_0 (s, s^′) ρ^{int} ( s^′ s ) (17)

• ρ(s^′/s) – the radiator describes initial and final state radiation, including leading higher order effects and soft photon exponentiation;

• σ_0(s^′) – the basic scattering cross-section, which is the object of investigation.

The ρ^{int}(s^′/s) takes into account the initial-final state interference effects which are comparatively small (a few per mille) near the Z resonance but are bigger off the resonance, and σ^{int}_0 (s, s^′) is a function similar to σ_0(s^′), but suppressed if ρ^{int}(s^′/s) is small.

The dominant part of the QED corrections is ISR: ρ(s^′/s) = β(1 − s^′/s)^{β−1}δ^{soft+virtual} + δ^{hard} (18) where

β = 2 α_{em} π (L − 1), L = ln(s/m^2_e) (19) δ^{soft+virtual} = 1 + α_{em} π [3 2 L + 2ζ(2) − 2 ] + O (α_{em} π )_2

(20) δ^{hard} = − α_{em} π (1 + s^′/s) (L − 1) + O (α_{em} π )_2

(21)

It is impossible to perform a reasonable model-independent fit to the Z resonance shape without a dedicated treatment of QED corrections. Their influence on the resonance shape near the peak (at LEP1 energies) will be discussed in the next section. Here I show that the so-called radiative tail is proportional to M_Z /Γ_Z ; at higher energies (e.g. at LEP2) this is substantial but may be influenced by experimental cuts.

If we apply no cuts on the photon kinematics (i.e. observe none of them), the O(α_{em}) corrections to the pure Z contribution to σ_{tot} are [20]: σ^Z_{tot} = 4 3 πα^2_{em} s |χ(s)|^2 { (v^2_e + a^2_e)(v^2_f + a^2_f ) [ 1 + α_{em} π (Q^2_eH^T_0 (s, m_Z)

+ Q^2_f H^T_2 (s, m_Z)) ] + 4v_ea_ev_f a_f [α_{em} π Q_eQ_f H^T_4 (s, m_Z) ]} (22)

with R_Z = m_Z/s, m_Z = M^2_Z − iM_ZΓ_Z and χ defined in (39). The numerically most important contribution is ISR:

H^T_0 (s, m_Z) = ( π^2 3 − 1 2 ) + ( ln s m^2_e − 1 ) ℜe [ 2R_Z + 1 2 − |R_Z |^2 + i · s M_ZΓ_Z

(1 − R^∗_Z)R_Z (1 + R^2_Z ) ln

R_Z − 1 R_Z ] (23)

The last term describes the radiative tail of the Z resonance. If ℜeR_Z < 1, i.e. if M_Z < s, it is: ℜe i · M_Z Γ_Z ln R_Z − 1 R_Z = O(π) · M_Z Γ_Z

(24)

Otherwise (i.e. R_Z > 1, at energies below the peak) this term stays small.

The analytic structure of this QED contribution, as well as that of the others, is completely different from any Born-like expression. This will be of importance if one tries to describe measured cross-sections by simple parameterizations: The QED corrections have to be treated explicitly.

4 Model (I): A model-independent ansatz

QED corrections are treated by the convolution formula introduced in section 3. For a careful discussion of their influence on height and location of the Z peak see [21].

The following ansatz for σ_0(s) is a good choice without explicit reference to the Standard Model [22, 23, 24, 25]:

σ_0(s) = 4 3 πα^2_{em} [ r^γ s + s · R + (s − M^2_Z ) · J |s − M^2_Z + isΓ_Z/M_Z |^2 ] (25)

The line shape is described by five parameters:

• r^γ ∼ α^2_{em}(M^2_Z ) – may be assumed to be known • M_Z, Γ_Z • R – measure of the Z peak height

• J – measure of the γZ interference A simpler, also reasonable ansatz would be a pure Breit-Wigner function:

σ^{(Z)}_0 (s) ∼

M^2_Z · R |s − M^2_Z + iM_Z Γ_Z|^2

(26)

The effects of the QED corrections are huge; among others, a shift of the peak position arises: √ s_{max} − M_Z = δ_{QED} = π 8 β ( 1 + δ^{soft+virtual} ) Γ_Z + small corr’s. (27) ≈ 90 MeV From the replacements M^2_Z R → M^2_Zs, M_Z Γ_Z → (s/M_Z )Γ_Z additional shifts arise: √ s_{max} − M_Z = δ_{QED} ⊕ 1 4 Γ^2_Z M_Z ⊖ 1 2 Γ^2_Z M_Z ∼ (90 + 17 − 34) MeV (28)

Finally, adding the effect of the γZ interference J: √ s_{max} − M_Z = δ_{QED} ⊕ 1 4 Γ^2_Z M_Z ( 1 + J R ) ⊖ 1 2 Γ^2_Z M_Z (29) ∼ [ 90 + 17 × ( 1 + J R ) − 34 ] MeV Neglecting this interference (setting J=0) leads to an erroneous systematic shift of the Z mass of 17 MeV⊗(J/R). If one wants to take into account the J, a model for its prediction is needed. In the Standard Model ([26], table 7): J = 0.22, R = 2.96 for hadron production. Thus, J/R ⊗ 17 MeV ≈ 1.2 MeV.

4.1 Z line shape fit (I)

With the model-independent ansatz, the following nearly uncorrelated observables may be determined from the Z peak data [27, 28]:

M_Z = 91.186 7 ± 0.002 0 GeV (δ = 0.0025 %) (30) Γ_Z = 2.494 8 ± 0.002 5 GeV (δ = 1.3 %) (31) σ^{had}_0 = 41.486 ± 0.053 nb (δ = 1.9 %) (32)

R_l = σ^{had}_0 σ^{lept}_0 = 20.775 ± 0.027 (δ = 1.5 %) (33)

A^{lept}_{F B,0} = 0.017 1 ± 0.001 0 (34)

Here, M_Z, Γ_Z , σ^{had}_0 are from σ^{had}(s), while R_l and A_{F B} from σ^{lep}(s): with σ^{had(lep)}_0 as hadronic (leptonic) peak cross-section, and A^{lept}_{F B,0} as forward-backward asymmetry at the peak. These parameters are considered to be primary parameters in contrast to derived ones, e.g. the effective leptonic weak neutral current couplings of leptons or the effective weak mixing angle [27, 28]:

v_l = −0.037 93 ± 0.000 58 (35) a_l = −0.501 03 ± 0.000 31 (36)

sin^2 θ^{eff}_w ≡ 1 4 ( 1 − v_l a_l ) = 0.231 52 ± 0.000 23 (37)

5 Model (II): Virtual corrections in the Standard Model

All virtual corrections may be written in some theory, e.g. the Standard Model, for massless particle production in the following way (see e.g. [29, 30, 31] and references therein): M_{net} ∼ α_{em} s { α_{em}(s) α_{em} |Q_eQ_f | γ_β ⊗ γ_β + χ(s)ϱ_{ef} [ L_β ⊗ L_β − 4s^2_w|Q_e|κ_eγ_β ⊗ L_β − 4s^2_w|Q_f |κ_bL_β ⊗ γ_β + 16s^4_w|Q_eQ_f |κ_{eb}γ_β ⊗ γ_β ]} (38)

We use short notations: L_β = γ_β(1 + γ_5), A_β ⊗ B_β = [v̄_eA_βu_e] · [ū_bB_βv_b], and

χ = χ(s) = G_μ √ 2 M^2_Z 8πα_{em} s s − M^2_Z + iM_ZΓ_Z (s)

, Γ_Z (s) = s M^2_Z

Γ_Z (39)

The effective Born cross-section now is uniquely determined once the net matrix element M_{net} is known:

σ_0(s) = N^f_c √ 1 − 4m^2_f /s 4πα^2_{em} 3s × (40)

{( 1 + 2m^2_f s )[ |Q_eQ_f |^2 |α_{em}(s)|^2 α^2_{em} + 2|Q_eQ_f |ℜe ( χ α^∗_{em}(s) α_{em} ϱ_{ef} v_{ef} )

+ |χϱ_{ef} |^2(1 + |v_e|^2 + |v_f |^2 + |v_{ef} |^2) ] − 6m^2_f s |χϱ_{ef} |^2(1 + |v_e|^2) }

with v_i = 1 − 4s^2_w|Q_i|κ_i, i = e, f (41) v_{ef} = 1 − 4s^2_w|Q_e|κ_e − 4s^2_w|Q_f |κ_f + 16s^4_w|Q_eQ_f |κ_{ef} (42) Further, N^f_c = 1, 3 is the colour factor and QCD corrections also have to be taken into account.

The virtual corrections with higher order parts are (see for details [29, 31, 32] and references therein): ϱ_{ef} = (1 + τ_f )^2 1 − Δρ − Δϱ^{1loop,α}_{ef} + Δρ̄^α + 2Δρ̄_f − Δρ^{2loop,ααs} + Δρ̄^{αα}s

(43)

κ_f = [ 1 + ( Δκ^{1loop,α} f − c^2_w s^2_w

(Δρ̄^α + X̄) + Δρ̄_f ) (44)

+ ( Δκ^{2loop,ααs} − c^2_w s^2_w

Δρ̄^{αα}s )]1 + c^{2w} s^2_w

(Δρ + X) 1 + τ_f κ_{ef} = [ 1 + ( Δκ^{1loop,α} ef − 2 c^2_w s^2_w

(Δρ̄^α + X̄) + 2Δρ̄_f ) (45)

+ 2 ( Δκ^{2loop,ααs} f − c^2_w s^2_w

Δρ̄^{αα}s )] ( 1 + c^{2w} s^2_w

(Δρ + X)

)_2

(1 + τ_f )^2 The corrections Δρ̄_f and τ_f contribute only to b quark pair production.

The one loop form factors are, due to the ZZ and W W box contributions, dependent on the scattering angle ϑ: ρ^{1loop,α} ef (s, cos ϑ) = 1 + Δρ^{non−box}_{ef} (s) + ρ^{box}_{ef} (s, cos ϑ) (46) + δ_{fb} [ δρ^t_{eb}(s) + δρ^{box,t}_{W W} (s, cos ϑ) ]

κ^{1loop,α} e (s, cos ϑ) = κ(e, f) + δ_{fb} [ δκ^t_e(s) − δρ^{box,t}WW (s, cos ϑ) ] (47) κ^{1loop,α} f (s, cos ϑ) = κ(f, e) − δ_{fb} [ δρ^t_{eb}(s) + δρ^{box,t}WW (s, cos ϑ) ] (48) with κ(e, f) = 1 + Δκ^{non−box}(e, f; s) + κ^{box}_e (s, cos ϑ) (49) and finally κ^{1loop,α} ef (s, cos ϑ) = 1 + Δκ^{non−box}_{ef} (s) + κ^{box}_{ef} (s, cos ϑ) (50) − δ_{fb} [ δρ^t_{eb}(s) + δρ^{box,t}WW (s, cos ϑ) ]

The form factors with super index t are for b quark pair production only. If the total cross-section is written in terms of four form factors with a dependence on only s, it is implicitly assumed that the dependence of the weak box terms on cos ϑ is negligible. This is a very good approximation near the Z resonance but not at much higher energies.

Further, we need expressions for M_W , Γ_Z, α_{em} and a reasonable treatment of QCD corrections and explicit expressions for the structures shown above. The W boson mass is: M_W = M_Z 1 − 1 − 4πα_{em} √ 2G_μM^2_Z[1 − Δr]

(51)

with 1 1 − Δr = 1 (1 − Δα_{em}) ( 1 + c^2_w s^2_w

(Δρ + X) ) − Δr_{rem}

(52)

and Δr_{rem} = Δr^{1loop,α} + Δr^{2loop,ααs} + c^2_w s^2_w ( Δρ̄^α + Δρ̄^{αα}s + X̄ ) − Δα_{em} (53)

For the Z width [33, 34, 35, 36], α_{em} [37, 38], as well as QCD corrections [39], and all the other expressions left out here I have to refer to literature quoted above and to references therein.

5.1 Z line shape fit (II)

I quoted all the above formulae in order to demonstrate explicitly how involved a Standard Model fit ansatz is. The input quantities are: α_{em}, G_μ (for M_W ), M_Z , m_f , M_H , α_s. Some of them are precisely known (e.g. G_μ), others are subject of determination at LEP (e.g. M_Z), others are completely unknown (M_H ). The t quark mass may be determined from weak loop corrections at LEP or directly from t quark production at Fermilab.

Quantities like the Z width or the weak mixing angle are not a subject of fits since they are considered to be secondary quantities. In this respect, there is a basic difference to the approach of the foregoing section.

The most recent Standard Model fit is [27, 28]. The t quark mass from Fermilab is:

m_t = 175.6 ± 5.5 GeV (54)

The global fit to all data yields:

M_Z = 91.186 7 ± 0.002 0 GeV (55) m_t = 173.1 ± 5.4 GeV (56) M_H = 115^{+116}_{−66} GeV (57) α_s(M_Z ) = 0.120 ± 0.003 (58)

In a next step, one may calculate the other quantities like the Z width and relate to values from model-independent fits. Whatever one does, there is no unique hint to New Physics. For a detailed discussion of this see [16].

6 Model (III): The S-matrix approach

In view of the extremely high precision in the measurement of mass and width of the Z boson one may question the ansatz used. A potential bias in the Standard Model (if it is not correct) would not show up in the experimental errors. For this reason, one is interested in a model-independent Z peak description with a minimum of assumptions. We saw in sections 3 and 4 that we must take into account real photonic corrections; but we saw also that this is possible with the use of an effective Born cross-section to be folded with a function depending on the kinematics, M_Z , and Γ_Z.

When the Z boson is treated as a resonance, the S-matrix approach^2 may be used for its description.

This was proposed in the context of LEP physics in [24], where the perturbation expansion in the Standard Model was studied. In [25] it was proposed to use this approach for a direct fit to LEP data and the first S-matrix fit was performed therein. The first fit by a LEP collaboration was due to L3 [42, 43]. The treatment of asymmetries near the peak was discussed in [25]. For the role of QED corrections to asymmetries see [44].

A recent survey on the definition of Z mass and width and their treatment in fermion pair production is [45]. Here, I give a short introduction to the technical essentials.

Consider four independent helicity amplitudes in the case of massless fermions f: M^{fi}(s) = R^f_γ s + R_Z^fi s − s_Z + ∞∑ n=0 F^fi_n m^2_Z (s − s_Z m_Z )n , i = 1, . . . , 4. (59) The position of the Z pole in the complex s plane is given by s_Z:

s_Z = m^2_Z − im_Z Γ_Z. (60)

The R^f_γ and R_Z^fi are complex residua of the photon and the Z boson, respectively. One may approximate (59) by setting F^fi_n → 0. There are four residua R_Z^fi for e^−_L e^+_R → f^−_L f^+_R , e^−_L e^+_R → f^−_R f^+_L , e^−_Re^+_L → f^−_R f^+_L , e^−_Re^+_L → f^−_L f^+_R . The amplitudes M^{fi}(s) give rise to four cross-sections σ_i:

σ^0_T (s) = + σ_0 + σ_1 + σ_2 + σ_3, σ^0_{lr-pol}(s) = σ^0_{F B}(s) = + σ_0 − σ_1 + σ_2 − σ_3, σ^0_{FB-lr}(s) = σ^0_{pol}(s) = − σ_0 + σ_1 + σ_2 − σ_3, σ^0_{lr}(s) = σ^0_{FB-pol}(s) = − σ_0 − σ_1 + σ_2 + σ_3.

(61)

2For an introduction to S-matrix theory, see [40, 41].

Here, the σ^0_T – the total cross-section, σ^0_{F B} – numerator of the forward-backward asymmetry, σ^0_{pol} – that of the final state polarization etc. All these cross-sections may be parameterized by the following master formula (A = T, F B, . . .):

σ^0_A(s) = 4 3 πα^2_{em} [ r^{γf}_A s + sr^f_A + (s − m^2_Z )j^f_A (s − m^2_Z )^2 + m^2_ZΓ^2_Z ] + . . . (62)

The parameters are related to the residua of the pole terms. The r^{γf}_A is the photon exchange term and assumed to be known. It vanishes for all asymmetric cross-sections. The Z exchange residuum r^f_A and the γZ-interference j^f_A are, together with Z mass and width, subject of a fit.

Without QED corrections, asymmetries are:

A^0_A(s) = σ^0_A(s) σ^0_T (s)

= A^A_0 + A^A_1 ( s m^2_Z − 1 ) + . . . , A ≠ T (63) They take the above extremely simple approximate form around the Z resonance. At LEP1, the higher order terms in the Taylor expansion may be neglected since (s/m^2_Z − 1)^2 < 2 × 10^{−4}. The coefficients have a quite simple form:

A^A_0 = r^f_A r^f_T , A^A_1 = [ j^f_A r^f_A − j^f_T r^f_T ] A^A_0 (64)

The variation of asymmetries with s near the peak is due to the γZ interference (A_1). QED corrections modify the coefficient A_1, but in a model-independent form. It is important to note that they may not be neglected in a fit due to resonance tail effects similarly as was discussed above for the cross-section.

Another comment is necessary concerning the definition of mass and width of the Z boson. The so-called pole definition with a constant width (60) as a natural consequence of the S-matrix ansatz leads to different numerical values compared to the usual Standard Model approach (39) [46, 47, 48]. A very precise approximation is:

m_Z = [1 + (Γ_Z /M_Z )^2]^{− 12} M_Z ≈ M_Z − 1 2 Γ^2_Z /M_Z = M_Z − 34 MeV (65)

Similar observations were made in 1968 for hadron resonances [49].

6.1 Z line shape fit (III)

The interest of the community in an S-matrix based fit to the LEP data has several origins. One is the wish for a model-independent description of the resonance. Closely related is the question on the number of independent parameters needed to describe the peak: four (per channel) suffice to describe a cross-section: M_Z, Γ_Z , r_T , j_T , provided we assume QED interactions to be understood. Among these parameters, Z mass and width are universal for all channels. Any asymmetry introduces two additional degrees of freedom (per channel): r_A, j_A.

There are practical aspects of all this. If the number of different energy points needed for a scan of the Z peak is asked for, the answer is at least five (four plus one) for cross-sections, at least three (two plus one) for asymmetries. Further, the γZ interferences j_A form separate degrees of freedom. The j_T and M_Z are highly correlated. This became more important recently when the highest statistics were taken, and also with the data collected at energies farer away from the peak. There the interference becomes more influential.

Recent experimental studies are summarized in [26]. The data of table 1 are obtained from the Z line shape scans at LEP which were performed mainly in 1993 and 1995 (from table 7 of [26]^3). The biggest error correlations are shown in table 2 (from table 8 of [26]). Including into the analysis cross-sections measured at TRISTAN energies does not improve substantially e.g. the resolution of M_Z and j_T [26].

Parameter S-matrix fit SM Prediction m_Z [GeV] 91.153 4±0.003 3 – Γ_Z [GeV] 2.492 4±0.002 6 2.493 2 r^{had}_T 2.962 3±0.006 7 2.960 3 j^{had}_T 0.15±0.15 0.22 r^{lept}_T 0.142 39±0.000 34 0.142 53 j^{lept}_T 0.009±0.012 0.004 r^{lept}_{F B} 0.003 04±0.000 18 0.002 66 j^{lept}_{F B} 0.789±0.013 0.799

Table 1: Results from a combined LEP1 line shape fit

Correlation Value M_Z –j^{had}_T –0.77 M_Z –j^{lept}_T –0.47 Γ_Z –r^{had}_T 0.80 Γ_Z –r^{lept}_T 0.62 r^{had}_T –r^{lept}_T 0.78 j^{had}_T –j^{lept}_T 0.49

Table 2: Biggest correlations in the S-matrix fit

7 Summary

We have presented three different approaches to a numerical analysis of the Z boson line shape – a Breit-Wigner ansatz, the Standard Model of electroweak interactions,

3Note that the table shows values of the complex pole mass mZ. The Standard Model fits use the on shell mass MZ; the relation of both is given in (65).

and the S-matrix approach; QED corrections must be applied. They all agree basically in the determination of the Z mass. The S-matrix approach treats the γZ interference as an independent quantity, which enlarges the error for M_Z. Two different mass definitions are used but may be related with a high accuracy. In the Standard Model, Γ_Z is a derived quantity; the other two approaches allow direct fits. The approaches agree numerically for the Z width.

We see an essential difference of the S-matrix ansatz to the Standard Model. The latter assumes fixed relations among many of the parameters. They rely thus on stronger theoretical assumptions.

From the strong experimental correlations in the S-matrix fit together with the excellent agreement of the central values of fitted parameters in all fit scenarios one may conclude that the different scenarios are highly compatible with each other.

Acknowledgements

I would like to thank the organizers of the School, Karol Kolodziej and Marek Zralek, for the invitation to present a lecture and for the generous hospitality.

References

[1] S. L. Glashow, Nucl. Phys. 22 (1961) 579.

[2] S. Weinberg, Phys. Rev. Lett. 19 (1967) 1264.

[3] A. Salam, “Weak and Electromagnetic Interactions”, in N. Svartholm (ed.), Elementary Particle Theory, Proceedings of the Nobel Symposium held 1968 at Lerum, Sweden, (Almqvist and Wiksell, Stockholm, 1968), pp. 367-377.

[4] S. L. Glashow, J. Iliopoulos, and L. Maiani, Phys. Rev. D2 (1970) 1285.

[5] C. Bouchiat, J. Iliopoulos, and P. Meyer, Phys. Lett. 38B (1972) 519.

[6] CDF Collaboration, F. Abe et. al., Phys. Rev. Lett. 74 (1995) 2626–2631.

[7] D0 Collaboration, S. Abachi et. al., Phys. Rev. Lett. 74 (1995) 2632–2637.

[8] H. Fritzsch, “The kinematics and dynamics of flavor mixing”, contribution to these proceedings, hep-ph/9710409.

[9] F. J. Hasert et. al., Phys. Lett. 46B (1973) 121–124.

[10] F. J. Hasert et. al., Phys. Lett. B46 (1973) 138.

[11] UA1 Collaboration, G. Arnison et. al., Phys. Lett. 126B (1983) 398–410.

[12] UA2 Collaboration, P. Bagnaia et. al., Phys. Lett. 129B (1983) 130–140.

[13] UA1 Collaboration, G. Arnison et. al., Phys. Lett. B122 (1983) 103–116.

[14] UA2 Collaboration, M. Banner et. al., Phys. Lett. 122B (1983) 476–485.

[15] G. Altarelli, “Theory of precision electroweak experiments”, in Proc. of the 14^{th} Int. Symp. on Lepton and Photon Interactions, 7-12 Aug 1989, Stanford (M. Riordan, ed.), pp. 286–304, World Scientific, Teaneck, N.J., 1990.

[16] G. Altarelli, “The status of the standard model”, preprint CERN-TH. 97-278 (1997), rapporteur’s talk at LP97, Hamburg, hep-ph/9710434.

[17] D. Bardin, M. Bilenky, A. Chizhov, A. Sazonov, Y. Sedykh, T. Riemann, and M. Sachwitz, Phys. Lett. B229 (1989) 405.

[18] D. Bardin, M. Bilenky, A. Sazonov, Y. Sedykh, T. Riemann, and M. Sachwitz, Phys. Lett. B255 (1991) 290–296.

[19] D. Bardin, G. Passarino, and W. Hollik (eds.), “Reports of the working group on precision calculations for the Z resonance”, report CERN 95–03 (1995).

[20] D. Y. Bardin, M. S. Bilenky, O. M. Fedorenko, and T. Riemann, “The electromagnetic O(α^3) contributions to e^+e^− annihilation into fermions in the electroweak theory. Total cross-section σ_T and integrated asymmetry A_{F B}”, Dubna preprint JINR E2-88-324 (1988).

[21] W. Beenakker, F. A. Berends, and S. C. van der Marck, Z. Phys. C46 (1990) 687–692.

[22] A. Borrelli, M. Consoli, L. Maiani, and R. Sisto, Nucl. Phys. B333 (1990) 357.

[23] F. Jegerlehner, Prog. Part. Nucl. Phys. 27 (1991) 1–76.

[24] R. G. Stuart, Phys. Lett. B262 (1991) 113–119.

[25] A. Leike, T. Riemann, and J. Rose, Phys. Lett. B273 (1991) 513–518.

[26] The S-Matrix Subgroup of the LEP Electroweak Working Group, R. Clare et. al., “An investigation of the interference between photon and Z-boson exchange”, CERN Internal Note LEPEWWG/LS/97-02 (Sept 1997).

[27] D. R. Ward, “Tests of the Standard Model W mass and WWZ couplings”, plenary talk at the Int. Europhysics Conf. on High Energy Physics, 19-26 Aug 1997, Jerusalem, transparencies available from http://www.hep97.ac.il/pl15.htm.

[28] LEP Electroweak Working Group and SLD Heavy Flavor Group, R. Clare et. al., “A combination of preliminary electroweak measurements and constraints on the Standard Model”, CERN Internal Note LEPEWWG/97-02 (Aug 1997).

[29] D. Y. Bardin, M. S. Bilenky, G. Mitselmakher, T. Riemann, and M. Sachwitz, Z.

Phys. C44 (1989) 493.

[30] D. Bardin et. al., “ZFITTER v. 4.5: An analytical program for fermion pair production in e^+e^− annihilation”, CERN preprint CERN-TH. 6443/92 (1992),

hep-ph/9412201.

[31] D. Bardin et. al., “Electroweak working group report”, in Reports of the Working Group on Precision Calculations for the Z Resonance, CERN 95–03 (1995) (D. Bardin, W. Hollik, and G. Passarino, eds.), pp. 7–162, hep-ph/9709229.

[32] D. Bardin et. al., in preparation.

[33] A. Akhundov, D. Bardin, and T. Riemann, Nucl. Phys. B276 (1986) 1. [34] F. Jegerlehner, Z. Phys. C32 (1986) 425. E: ibid., C38 (1988) 51. [35] W. Beenakker and W. Hollik, Z. Phys. C40 (1988) 141. [36] J. Bernabéu, A. Pich, and A. Santamaria, Phys. Lett. 200B (1988) 569. [37] S. Eidelman and F. Jegerlehner, Z. Phys. C67 (1995) 585–602. [38] F. Jegerlehner, Nucl. Phys. Proc. Suppl. 51C (1996) 131–141. [39] K. Chetyrkin, J. Kühn, and A. Kwiatkowski, “QCD corrections to the e^+e^− crosssection and the Z boson decay rate”, in Reports of the Working Group on Precision Calculations for the Z Resonance, CERN 95–03 (1995) (D. Bardin, W. Hollik, and G. Passarino, eds.), pp. 175–263, hep-ph/9503396.

[40] R. J. Eden, P. V. Landshoff, D. I. Olive, and J. C. Polkinghorn, “The Analytic S-Matrix” (Cambridge University Press, Cambridge, 1966).

[41] A. Böhm, “Quantum Mechanics – Foundations and Applications” (Springer, New York, 1994).

[42] L3 Collaboration, O. Adriani et. al., Phys. Rept. 236 (1993) 1–146. [43] L3 Collaboration, O. Adriani et. al., Phys. Lett. B306 (1993) 187. [44] T. Riemann, Phys. Lett. B293 (1992) 451–456.

[45] T. Riemann, “The Z boson resonance parameters”, preprint DESY 97-001 (1997), to appear in the Proc. of the 21^{st} Int. Colloquium on Group Theoretical Methods in Physics, Goslar, Germany, 15-20 July 1996, hep-ph/9709208.

[46] D. Y. Bardin, A. Leike, T. Riemann, and M. Sachwitz, Phys. Lett. B206 (1988) 539–542.

[47] F. A. Berends, G. Burgers, W. Hollik, and W. L. van Neerven, Phys. Lett. 203B (1988) 177.

[48] E. N. Argyres, W. Beenakker, G. J. van Oldenborgh, A. Denner, S. Dittmaier, J. Hoogland, R. Kleiss, C. G. Papadopoulos, and G. Passarino, Phys. Lett. B358 (1995) 339–346.

[49] G. J. Gounaris and J. J. Sakurai, Phys. Rev. Lett. 21 (1968) 244.