hep-ph/9508390 29 Aug 1995

DESY 91–111 PHE 91-10 August 1991

S-Matrix Approach to the Z Line Shape

A. Leike^�, T. Riemann^�

Institut für Hochenergiephysik, Platanenallee 6 O-1615 Zeuthen, Germany and J. Rose^�

III. Physikalisches Institut A der Rheinisch-Westfälischen Hochschule, Sommerfeldstr. 26, W-5100 Aachen, Germany

August 8, 1991

Abstract

We analyze the Z line shape assuming the existence of an analytic, unitary S-matrix. As an example, from hadron production at LEP we determine M_Z = 91.134 � 0.020 � 0.020(LEP) GeV, Γ_Z = 2.506�0.018 GeV. This is in accordance with earlier results after performing a shift of the Z mass value of about^1_2 Γ^2_Z /M_Z = 34 MeV. The cross section and related observables may be described by a small number of additional degrees of freedom without relying on a specific field-theoretic model.

∗ Partly supported by the German Bundesministerium für Wissenschaft und Technologie

In the early days of hadron physics, the contours of a satisfying dynamic theory were far from obvious. The analysis of resonance scattering had to be performed with a minimum of theoretical assumptions. Basics of the S-matrix theory which was developed in this context and its application to the description of resonances may be found e.g. in [1, 2, 3].

The present understanding of the gauge theory of electroweak interactions [4] allows for detailed and precise theoretical predictions of electroweak scattering including the precise measurements of Z boson interactions at LEP100. Nevertheless, it is of some interest to perform also model-independent fits to the Z line shape [5, 6]. In this respect, we consider the S-matrix theory to be the most consequent approach. An introduction to the necessary formalism and its application is the subject of the present article.

The annihilation of electrons and positrons into lepton pairs or hadrons at LEP100,

e^+e^− −→ (γ, Z) −→ f^+f^−(γ), (1)

is used to determine mass M_Z and width Γ_Z of the Z boson. These observable quantities correspond uniquely to the location of a pole of the S-matrix describing (1) in the complex energy plane: M(s) = R_γ s + R_Z s − s_Z + F (s). (2)

The poles of M have complex residua R_Z and R_γ, the latter corresponding to the photon, and F (s) is an analytic function without poles. Further,

s_Z = M^2_Z − iM_ZΓ_Z . (3)

The analysis of the Z line shape will be based here on the cross section σ(s) = 4∑ i=1 σ^i(s) = 1 4 4∑ i=1 s|M^i(s)|^2, (4)

where the sum must be performed over four helicity amplitudes with different residua R^i_Z and functions F^i(s)^1.

Although we will not perform a field theoretic interpretation here, for the reader’s convenience the Born predictions of R_γ and R_Z in terms of vector and axial vector couplings are shown:

R^B_γ = √ 4π 3 c_f (1 + α_s π )Q_eQ_f α(s), (5)

R^{0,B}_Z = R_Z (e^−_L e^+_R → f^−_L f^+_R ) = c(v_e + a_e)(v_f + a_f ), R^{1,B}_Z = R_Z(e^−_L e^+_R → f^−_R f^+_L ) = c(v_e + a_e)(v_f − a_f ), R^{2,B}_Z = R_Z(e^−_Re^+_L → f^−_R f^+_L ) = c(v_e − a_e)(v_f − a_f ), R^{3,B}_Z = R_Z(e^−_Re^+_L → f^−_L f^+_R ) = c(v_e − a_e)(v_f + a_f ). (6)

1An application of the S-matrix formalism to e^+e�-annihilation has been proposed also in [7]. It is not pointed out there that one has to rely on helicity amplitudes and a simple-minded application of the formulae discussed there would fail.

In the standard theory, c = √ 4π 3 c_f (1 + α_s π ) G_μ √ 2 M^2_Z 2π , a_f = ± 1 2 , v_f = a_f (1 − 4|Q_f | sin^2 ϑ_W ), (7)

where c_f is a possible color factor in case of hadron production. The corresponding functions F^i(s) vanish in Born approximation, F^{i,B}(s) = 0. In general, the F^i(s) contain non-resonating radiative corrections. More details on the realization of ansatz (2) in the standard theory may be found in [7].

Instead referring to field theory, we parametrize the cross section (4) as follows: σ(s) = ∑ A σ_A(s), A = Z, γ, F, γZ, ZF, F γ, (8) with the contributions:

σ_Z(s) = sr_Z |s − s_Z|^2 , r_Z =^1_4 ∑ |R^i_Z|^2, σ_γ(s) = r_γ s , r_γ = |R_γ|^2,

σ_F (s) = sr_F (s), r_F (s) =^1_4 ∑ |F^i(s)|^2, σ_{γZ}(s) = 2Re C^∗_γ C_Z s − s_Z , C_γ = R_γ, C_Z =^1_4 ∑ R^i_Z,

σ_{ZF} (s) = 2Re sC_{ZF} (s) s − s_Z , C_{ZF} (s) =^1_4 ∑ R^i_ZF^{i∗}(s), σ_{F γ}(s) = 2Re [ C^∗_γ C_F (s) ] , C_F (s) =^1_4 ∑ F^i(s).

(9)

After making denominators real one remains with the following formula for the line shape: σ(s) = R + (s − M^2_Z)I |s − s_Z|^2 + r_γ s + r_0 + (s − M^2_Z)r_1 + . . . (10)

Besides M_Z, Γ_Z , the real constants R, I, r_0 and r_1 are introduced:

R = M^2_Z [r_Z + 2(Γ_Z /M_Z ) (ℑmC_R + M_Z Γ_Zℜe(C^′_R))] , I = r_Z + 2ℜeC_R, C_R(s) = C^∗_γ C_Z + s_Z C_{ZF} (s),

r_0 = M^2_Z [r_F − M_ZΓ_Z ℑm(r^′_F )] + ℜeC_r − M_ZΓ_Z ℑmC^′_r, r_1 = r_F + M^2_Z [ℜe(r^′_F ) − (Γ_Z/M_Z )ℑm(r^′_F )] + ℜeC^′_r, C_r(s) = C^∗_γ C_F (s) + C_{ZF} (s). (11)

The energy-dependent functions C_{ZF} , C_F , r_F , and their (primed) derivatives with respect to s have to be taken at s = s_Z. As may be seen, the cross section may be described by only six real parameters as long as one takes into account only the first two terms in the expansion of the functions F^i(s) around s = s_Z and at most terms of the order (s − M^2_Z )^n, n = 0, 1 in the cross section parametrization.

Next we have to discuss a conceptual problem due to QED bremsstrahlung. Initial state radiation of photons leads to a deviation of the effective energy variable s^′ in (4) from s with s^′ < s. At least events with soft photon emission unavoidably become part of the measured cross section. Taking them into account means summing up an infinitely dense chain of single poles leading to a new singularity structure (including a cut in the complex plane) compared to the original ansatz (4). Indeed, the well-known formulae for initial state radiation in reaction (1) (see e.g. [5, 8] and refs. therein) contain in one way or the other the complex logarithm

L(s_Z) = ln 1 − Δ − s_Z /s 1 − s_Z/s , (12)

where 0 < Δ < 1 stands for some cut on the allowed photon energies. A function like (12) with its highly singular behaviour at s = s_Z cannot be absorbed into the function F (s) as introduced in (2).

The QED bremsstrahlung must be treated as follows. Initial state radiation has to be taken into account as exactly as possible, e.g. using a convolution formula [5],

σ_T (s) = ∫ ds^′σ(s^′)ρ_{ini}(1 − s^′/s). (13)

Final state radiation can be either calculated similarly or formally simply neglected. It doesn’t influence the singularity structure of the cross section and leads to some modifications of parameters other than s_Z in (2)^2. The radiation connected with initial-final state interferences can be taken into account by an analogue formula to (13) with a slightly more complicated structure [8, 9]: σ_{int}(s) = ∫ ds^′σ(s, s^′)ρ_{int}(1 − s^′/s). (14)

The correct ansatz for the S-matrix based cross section is: σ(s, s^′) = 1 8 s^′ ∑ i [M_i(s)M^∗_i (s^′) + M^∗_i (s)M_i(s^′)] . (15)

We only mention that a representation like (9) may be obtained easily also for σ(s, s^′). If necessary, cross section (14) may be added to (13). Its numerical contribution is very small at LEP100 energies under usually applied cut conditions.

Using (2) - (4) for a fit to data, one is free of any model-dependent assumption, or some choice of gauge, or a truncation of perturbation theory as must be usually taken into account (see e.g. [5] and the recent discussion in [7, 10, 11]). The actual configuration of cuts applied to the data is as unimportant as are details of the final state. In case of a differential cross section, the S-matrix would depend on additional variables.

In order to demonstrate that the S-matrix approach may have some practical relevance, we use a simple code [12] for the calculation of the QED corrections (13) including soft photon exponentiation. We perform four fits with a rising number of degrees of freedom to published

2If one wants to interpret the residua Rfl and RZ, and F (s) in terms of a field theory, one should of course make an explicit calculation of final state radiation.

data at seven different beam energies E, s = 4E^2, taken from an analysis of the hadronic line shape (Table 2 of [13]). Without loss of generality, one can assume that the behaviour of the running coupling constant of the photon α(s) is known at LEP100 energies [14]: α ( s = (91.2GeV)^2 ) = α_0(1.0660 − i0.0189). (16)

For comparison, we give also the field theoretic Born estimates for hadron production: R^{B,h}_γ = r^{1/2} √ 4π 3 c_f (1 + α_s π )α(s), r^{B,h}_Z = c^2(v^2_e + a^2_e)[3(v^2_d + a^2_d) + 2(v^2_u + a^2_u)] ∼ 6.32 10^{−4}, C^{B,h}_Z = c r^{1/2} Q_ev_e[3Q_dv_d + 2Q_uv_u] ∼ 7.77 10^{−4},

r = 3Q^2_d + 2Q^2_u, C^{B,h}_{ZF} = C^{B,h}_F = r^{B,h}_F = 0. (17) Further,

R^{B,h} = M^2_Z r^{B,h}_Z = 5.45 GeV^2, I^{B,h} = r^{B,h}_Z + 2(ℜeC^∗_γ )C_Z = 7.05 × 10^{−3}, r^{B,h}_0 = 0.0 GeV^{−2}, r^{B,h}_1 = 0.0 GeV^{−4}. (18)

These numerical estimates are obtained with the weak parameters quoted in [13]. In our first fit with four free parameters we fix all quantities which are zero in the Born approximation. Then we allow for additional parameters (r_0, r_1) to be fitted. The numerical results are shown in Table 1. The small number of available data points is certainly disadvantageous for the fit results. Nevertheless, the table gives some impression on the potential value of the approach. The gain of accuracy for a smaller number of floating parameters is a measure of the degree of biasing the fits with certain assumptions usually done in a specific ansatz. From our starting point it is evident what would be a completely unbiased fit - taking into account all higher powers of (s − M^2_Z ) in the cross section ansatz and of (s − s_Z) in the Taylor expansions of the F^i(s).

As is known from earlier fits, the determination of the residuum and of the non-resonating terms is not too stringent if one analyzes only the line shape. While our accuracy for the Z width is comparable to other determinations, we have a larger error for the mass. This is due to a strong correlation between M_Z and the parameters I, r_1 in (10), which are not fixed here from the beginning. If one would assume them to be known from other sources, the mass determination would be better. Similarly, the Z width is correlated with R, r_0. The smaller error of R compared to that of I leads to the relatively small error of Γ_Z compared to that of M_Z.

The measured Z mass value differs from earlier determinations by a non-negligible shift. This is an immediate consequence of the S-matrix approach. The parametrization of the Breit- Wigner resonance formula for the Z peak as being inspired by perturbation theory assumes usually (but not necessarily [15, 16]) an s-dependent width function Γ̄_Z(s) [5, 13, 17, 18, 19, 20].

nb. of parameters 4 5 5 6

M_Z 91.134±.020 91.130±.020 91.120±.032 91.128±.046 Γ_Z 2.506±.018 2.484±.040 2.490±.034 2.484±.041

R, GeV^2 5.49±0.08 5.38±0.21 5.41±0.17 5.38±0.21 I × 10^3 8.9±2.4 9.5±2.5 12.1±6.3 10.1±11.3

r_0 × 10^7, GeV^{−2} – 3.5±5.9 – 3.0±13.1 r_1 × 10^{10}, GeV^{−4} – – –5.6±10.5 –1.3±23.

Table 1: Results of S-matrix based fits to the hadronic line shape as measured at LEP100. An uncertainty of 20 MeV in the energy scale of LEP must yet be added to the error of M_Z.

In our notations, this would correspond to the following ansatz:

M^i(s) = R_γ s + R̄i_Z s − s̄_Z (s) + F̄^i(s),

s̄_Z(s) = M̄^2_Z − iM̄_ZΓ̄_Z (s). (19)

The difference between M_Z , Γ_Z, R^i_Z and M̄_Z, Γ̄_Z , R̄^i_Z is described by a transformation proposed earlier in another context [21]:

M̄_Z = M_Z √ 1 + Γ^2_Z/M^2_Z ≈ M_Z + 1 2 Γ^2_Z /M_Z = M_Z + 34MeV,

Γ̄_Z = Γ_Z √ 1 + Γ^2_Z /M^2_Z ≈ Γ_Z + 1 2 Γ^3_Z /M^2_Z = Γ_Z + 1MeV,

R̄_Z = R_Z(1 + iΓ_Z/M_Z ). (20)

This transformation is exact as long as there are no thresholds (opening new decay channels) or rapidly changing radiative corrections in the vicinity of the Z peak position. Then,

Γ̄_Z (s) = s M̄ 2_Z

Γ̄_Z . (21)

If (21) would be exact, it would follow F̄ (s) = F (s). A dependence of mass and width determinations on the theoretical ansatz for a line shape description has been observed earlier, see e.g. [2]. There, formulae (20) may also be applied in order to relate different approaches to the hadron resonances under discussion. We further mention that the ratio of width and mass is invariant: Γ̄_Z M̄_Z =

Γ_Z M_Z . (22)

Although we think that the natural application of the S-matrix approach to Z boson physics is the line shape analysis, we indicate also how other observables than σ_T (s) may be treated. For a calculation of e.g. the initial state bremsstrahlung contribution to the left-right asymmetry A_{LR}, the convolution for the numerator σ_{LR}(s) must be performed with a modified ansatz: A_{LR} = σ_{LR}(s) σ_T (s) , σ_{LR}(s) = ∫ ds^′ [σ_0 + σ_1 − σ_2 − σ_3] (s^′)ρ_{ini}(1 − s^′/s). (23)

The helicity cross sections σ_i are introduced in (4). Similarly, the final state polarisation A_{pol} may be obtained: A_{pol} = σ_{pol}(s) σ_T (s) , σ_{pol}(s) = ∫ ds^′ [σ_0 − σ_1 − σ_2 + σ_3] (s^′)ρ_{ini}(1 − s^′/s). (24)

The forward-backward asymmetry A_{F B} deserves additional comments. Due to the different angular integrations, the weight functions (flux factors) R_{ini}(z) etc. of the forward-backward difference cross section σ_{F B}(s) differ from those for σ_T (s). Nevertheless, a convolution may be derived [8, 9, 22]:

A_{F B} = σ_{F B}(s) σ_T (s) , σ_{F B}(s) = ∫ ds^′ [σ_0 − σ_1 + σ_2 − σ_3] (s^′)R_{ini}(1 − s^′/s). (25)

Strictly speaking, the σ_i for the forward-backward asymmetry are different from those for the total cross section. They agree in Born approximation. Further, we know from one-loop calculations in the standard theory which changes are to be expected after the introduction of e.g. weak form factors as proposed in [23].

A study of the usefulness of these formulae should be performed with a more sophisticated code than ZPOLE in order to describe more realistic cut situations. A modified version of ZFITTER [14] for this purpose is in preparation. A larger number of experimental data points would also be highly desirable due to the large number of degrees of freedom of the line shape.

To summarize, we formulate an alternative approach to the Z line shape assuming the existence of an analytic, unitary S-matrix and the validity of QED.

We demonstrate that the approach allows reasonable fit results for mass and width of the Z boson. The Z mass obtained this way differs by a well-understood shift of -34 MeV from earlier measurements. The other line shape parameters determined by the fit can also be interpreted e.g. in the standard theory.

A dedicated application of the S-matrix approach to polarized scattering and to Z^′ physics would also be interesting.

Acknowledgements

We would like to thank D. Bardin, A. Böhm, W. Hollik, W. Lohmann, R. Stuart, B. Ward for interesting and stimulating discussions and W. Lohmann additionally for support.

References

[1] R. J. Eden, P. V. Landshoff, D. I. Olive, J. C. Polkinghorne, The Analytic S-Matrix, Cambridge University Press (1966).

[2] G. J. Gounaris, J. J. Sakurai, Phys. Rev. Letters 21 (1968) 244.

[3] L. D. Landau, E. M. Lifschitz, Theoretische Physik, Vol. IV, Akademie-Verlag Berlin(Ost) (1971/72).

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

S. Weinberg, Phys. Rev. Letters 19 (1967) 1264;

A. Salam, in: Elementary Particle Theory, ed. N. Swartholm, Almqvist and Wiksell (1968), p. 367.

[5] G. Altarelli et al. (eds.), Z Physics at LEP 1, CERN Report CERN 89-08 (1989). [6] A. Borrelli, L. Maiani, M. Consoli, R. Sisto, Nucl. Phys. 333 (1990) 357. [7] R. G. Stuart, Phys. Letters B262 (1991) 113;

R. G. Stuart, prepr. CERN-TH. 6134/91 (1991). [8] D. Bardin et al., Nucl. Phys. B351 (1991) 1. [9] D. Bardin et al., Phys. Letters B229 (1989) 405. [10] A. Sirlin, prepr. NYU-TR-91/05/20 (1991).

[11] G. Lopez Castro, J. L. Lucio M., J. Pestieau, prepr. FTUAM/91-08 (1991). [12] A. Leike, T. Riemann, Fortran code ZPOLE v.1.3 (August 1991), unpublished. [13] L3 Collaboration, B. Adeva et al., L3 Preprint 28 (February 15, 1991), to appear in Z.

Physik C.

[14] D. Bardin et al., description of the Fortran package ZFITTER v.3.05, Zeuthen prepr.

PHE 90-18 (1991), appearing.

[15] M. Consoli, A. Sirlin, in Physics at LEP, Vol. 1, eds. J. Ellis et al., CERN Report CERN 86-02 (1986), p. 63.

[16] S. Willenbrock, G. Valencia, Phys. Letters B259 (1991) 373.

[17] F. A. Berends, G. Burgers, W. Hollik, W. L. van Neerven, Phys. Letters B203 (1988) 177.

[18] OPAL Collaboration, G. Alexander et al., prepr. CERN-PPE-91-67 (1991), subm. to Z.

Physik C.

[19] ALEPH Collaboration, D. Decamp et al., prepr. CERN-PPE-91-105 (1991), subm. to Z.

Physik C.

[20] DELPHI Collaboration, P. Abreu et al., Phys. Letters B260 (1991) 240.

[21] D. Bardin, A. Leike, T. Riemann, M. Sachwitz, Phys. Letters B206 (1988) 539. [22] W. Beenakker, F. A. Berends, W. L. van Neerven, in: J. H. Kühn (Ed.), Int. Workshop on Radiative Corrections for e^+e^− Collisions, Schloß Ringberg, Tegernsee, April 3-7, 1989, p. 3 (Springer-Verlag Berlin 1989).

[23] D. Bardin et al., Z. Physik C44 (1989) 493.