CONF-96/239-E

DOUBLE BOSON PRODUCTION AT DØ

T. YASUDA Department of Physics, Northeastern University, Boston, MA 02115, U.S.A.

(for the DØ collaboration)

The results from the direct measurements of the trilinear gauge boson couplings are reported using the data taken with the DØ detector at Fermilab. The limits on the anomalous coupling parameters were obtained at the 95% CL from three processes, W W/W Z production with the subsequent W boson decay to an electron and a neutrino and the second W or Z boson decay to two jets and W γ and Zγ productions with the subsequent W and Z boson decays to electron and muon channels.

1 Introduction

The gauge boson self-interactions are a direct consequence of the non-Abelian SU (2) × U (1) gauge symmetry of the Standard Model (SM). The trilinear couplings appear as three gauge boson vertices and can be measured by studying the gauge boson pair production processes. The measurement of the coupling parameters is one of a few remaining crucial tests of the SM. Deviations of the couplings from the SM values signal new physics.

The W W V (V = γ or Z) vetrtices are described by a general effective Lagrangian^1 with two overall couplings (g_{W W γ} = −e and g_{W W Z} = −e·cotθ_W ) and six dimensionless coupling parameters g^V_1 , κ_V and λ_V , where V = γ or Z, after imposing C, P and CP invariance. g^γ_1 is restricted to unity by electromagnetic gauge invariance. The general Lagrangian is reduced to the SM Lagrangian by setting g^γ_1 = g^Z_1 , κ_V = 1(Δκ_V ≡ κ_V − 1 = 0) and λ_V = 0. The cross section with the non-SM coupling parameters grows with ŝ. In order to avoid unitarity violation, the coupling parameters are modified as form factors with a scale Λ; λ_V (ŝ) =^{λV}_{(1+ŝ/Λ2)2} and Δκ_V (ŝ) =^{ΔκV}_{(1+ŝ/Λ2)2} .

The ZγV (V = γ or Z) vertices are described by a general vertex function^2 with eight dimensionless coupling parameters h^V_i (i = 1, 4 ; V = γ or Z). In the SM, all of h^V_i ’s are zero. The form factors for these vertices, which are required to constrain the cross sections within the unitarity limit, are h^V_i (ŝ) =^{hVi0}_{(1+ŝ/Λ2)n} , where n = 3 for i = 1, 3 and n = 4 for i = 2, 4.

In this report, measurements of trilinear gauge boson coupling parameters are presented based on the data taken with the DØ detector during the Tevatron collider runs 1A (1992 - 1993) and 1B (1994 - 1995) at Fermilab. Limits on the anomalous coupling parameters were obtained at a 95% CL from three processes, W W/W Z production with the subsequent W boson decay to an electron and a neutrino and the second W or Z boson decay to two jets and W γ and Zγ productions with the subsequent W and Z decays to electron and muon channels.

2 W W/W Z production

The WW/WZ candidates were obtained by searching for events containing an isolated electron with high E_T (E_T > 25 GeV), large missing transverse energy /E_T ( /E_T > 25 GeV) and two high E_T jets from ∼ 14 pb�^1 of data taken during 1992 - 1993 Tevatron collider run (Run 1A). The transverse mass of the electron and neutrino system was required to be consistent with a W boson decay (M_T > 40 GeV/c^2). The invariant mass of two jet system was required to be 50 < m_{jj} < 110 GeV/c^2, as expected for a W or Z boson decay. The number of events that satisfied all of the requirements was 84. The gauge bosons produced from anomalous self-interactions tend to have high p_T . Two jets from such a high p_T W or Z boson may not be well-separated in space. In order to maximize the detection efficiency of W and Z bosons with high p_T , a small jet cone size of ΔR = 0.3 was used in this analysis. The detection efficiency of W and Z boson in two jet decay mode was estimated as a function of p_T of W (Z) boson p^{W (Z)}_T using ISAJET^3 and PYTHIA^4 event generators and a GEANT^5 based detector simulation program. The detection efficiency stayed constant at approximately 60% up to p_T = 350 GeV/c. There were two major sources of background for this process, QCD multijet events with a jet misidentified as an electron and W boson production associated with two jets. Total number of background events was estimated to be 75.5 ± 13.3. The SM predicted 3.2 ± 0.6 events for the above requirements and thus no significant deviation from the SM prediction was seen. A maximum likelihood fit to the p^W_T spectrum, calculated from the E_T of electron and missing E_T , was performed to set limits on the anomalous couplings. Assuming the W W Z couplings and the W W γ couplings are equal and using Λ = 1.5 TeV, the following limits at a 95% confidence level were obtained:

−0.9 < Δκ < 1.1(λ = 0) ; −0.6 < λ < 0.7(Δκ = 0)

3 Combined fit from Run 1A W W γ/Z couplings measurements

The limits on W W γ couplings were reported previously from a fit to the photon E_T spectrum in W γ production using the Run 1A data^6. The limits on W W γ and W W Z couplings were also reported previously from an upper limit on the W W production cross section and decay in dilepton channels^7. Since these two previous results and the above W W/W Z analysis measured the same couplings, a combined fit to all three data sets was performed, yielding a significantly improved limits from the individual analyses;

−0.71 < Δκ < −0.89(λ = 0) ; −0.44 < λ < 0.44(Δκ = 0),

where it was assumed that the W W Z couplings and the W W γ couplings were equal. The contour is shown in Fig. 1.

Figure 1: Combined contour limits on anomalous coupling parameters at the 95% CL, using Λ = 1.5 TeV: the inner curve is the result from combined fit to three data sets from Run 1A; the outer contour is the unitarity constraint.

4 W γ production

The W (ℓν)γ candidates were selected by searching for events containing an isolated lepton with high E_T , large missing transverse energy, /E_T , and an isolated photon from ∼ 75pb�^1 of data taken during 1994 - 1995 Tevatron collider run (Run 1B). For the electron channel, the events were required to have an electron with E_T > 25 GeV in the fiducial region of |η| < 1.1 or 1.5 < |η| < 2.5 and to have /E_T > 25 GeV. A requirement on the transverse mass

M_T > 40 GeV/c^2 was applied to insure the detection of a W boson. For the muon channel, the events were required to have a muon with p_T > 15 GeV/c in the fiducial region of |η| < 1.0 and to have /E_T > 15 GeV. The requirement for the photon was common to both the channels. The candidate event was required to have a photon with E_T > 10 GeV in the fiducial region of |η| < 1.1 or 1.5 < |η| < 2.5. In addition, the separation in η − ϕ space between a photon and a lepton (R_{ℓγ} ) had to be greater than 0.7. This requirement suppressed the contribution of the radiative W decay process, and minimized the probability for a photon cluster to merge with a nearby calorimeter cluster associated with an electron or a muon. An additional cut for photon in the electron channel, which required that there be no statistically significant tracking chamber hits in a narrow road pointing the EM cluster, was imposed in order to reduce background from pp̄ → eeX type events, such as Zγ → eeγ and tt̄ → eeX. The above selection criteria yielded 46 W (eν)γ and 58 W (μν)γ candidates.

The backgrounds were estimated from the Monte Carlo simulation and data. The estimated total backgrounds were 13.2 ± 2.3 for the electron channel and 23.0 ± 4.6 for the muon channel, respectively. The kinematic and geometrical acceptance was estimated as a function of coupling parameters using the Monte Carlo program of Baur and Zeppenfeld^8. The MRSD 0 parton distribution functions^9 were used. The p_T distribution of the W γ system was simulated using the observed spectrum of the W in the inclusive W (eν) sample. The W γ cross section times the leptonic branching ratio Br(W → ℓν) (for photons with E^γ_T > 10 GeV and R_{ℓγ} > 0.7) was obtained for the electron and muon channel separately using the acceptance for the SM couplings and the measured trigger and selection efficiencies: σ_{W γ} · Br(W → eν) = 11.2^{+2.7}�_{2.3}(stat) ± 0.6(syst) ± 0.6(lum) pb σ_{W γ} · Br(W → μν) = 13.6^{+3.4}�_{2.9}(stat) ± 2.1(syst) ± 0.7(lum) pb The results agree with the SM prediction of σ_{W γ} · Br(W → ℓν)^{SM} = 12.5 ± 1.0 pb within errors.

To set limits on the anomalous coupling parameters, a binned maximum likelihood fit was performed on the E_T spectrum of photon for each of the W (eν)γ and W (μν)γ samples. A dipole form factor with a scale Λ = 1.5 TeV was used in the Monte Carlo event generation. The 95% CL limits on the coupling parameters are

−1.4 < Δκ_γ < 1.4 (λ_γ = 0) ; −0.5 < λ_γ < 0.5 (Δκ_γ = 0) (e − channel) −1.95 < Δκ_γ < 1.95 (λ_γ = 0) ; −0.52 < λ_γ < 0.52 (Δκ_γ = 0) (μ − channel)

for ŝ = 0. A combined fit to all of the W γ data sets including the electron and muon data from Run 1A was performed, yielding the following limits on the anomalous couplings, as shown in Fig. 2:

−0.97 < Δκ_γ < 0.99 (λ_γ = 0) ; −0.33 < λ_γ < 0.31 (Δκ_γ = 0)

Figure 2 also shows the results from CDF collaboration^{10} and CLEO collaboration^{11}. The U (1) only couplings of the W boson to a photon, which lead to κ_γ = 0 (Δκ_γ = −1) and λ_γ = 0 are excluded at a 95% CL.

Figure 2: Contour limits on anomalous coupling parameters at the 95% CL: the inner curve is the result from combined fit to Run 1A and Run 1B W γ data sets; the outer contour is the result from CDF collaboration; the shaded areas are the allowed regions from b ! sγ measurement by CLEO collaboration.

5 Zγ production

The Zγ candidates were selected by searching for events containing two isolated electrons with high transverse energy E_T and an isolated photon from

∼ 89 pb�^1 of data taken during 1994 - 1995 Tevatron collider run. Two electrons with E_T > 25 GeV were required. The requirements for photon selection were similar to the W γ analysis. It was required that the transverse energy of photon be greater than 10 GeV and that the separation between a photon and a lepton (R_{ℓγ} ) be greater than 0.7. Two analysis methods were used, motivated by a few events with a high E_T photon that were unexpected by the SM. Standard selection required (i) at least one electron candidate has an associated track, (ii) the second electron may or may not have an associated track, and (iii) the photon candidate must not have an associated track. On the other hand, Tight selection required that (i) at least one electron candidate has an associated track as in Standard selection, (ii) the second electron candidate must have at least a significant number of hits in a narrow road pointing the energy cluster in the calorimeter and (iii) the photon candidate must not have a statistically significant number of hits associated with it. The above selection yielded 21 (Standard) and 14 (Tight) Z(ee)γ candidates.

The backgrounds were estimated from the Monte Carlo simulation and data. The estimated total background events were 4.0 ± 1.2 for the Standard selection and 1.6 ± 0.5 for the Tight selection. The kinematic and geometrical acceptance as a function of coupling parameters were estimated using the Monte Carlo program of Baur and Berger^2. The MRSD 0 parton distribution functions were used. The trigger and electron selection efficiencies were derived from data. The SM predicts 16.7 ± 1.7 (Standard) and 12.0 ± 1.2 (Tight) events.

To set the limits on the anomalous coupling parameters, the observed E_T spectrum of the photon was fitted using an unbinned maximum likelihood method. The results from two analyses were consistent with each other. The following 95% CL limits on the CP-conserving ZZγ and Zγγ couplings with the form factor scale Λ = 500 GeV (under the assumption that all couplings except one have the SM values, i.e. zeros) were obtained:

−1.8 < h^Z_{30} < 1.8 ; −0.38 < h^Z_{40} < 0.38 −1.8 < h^γ_{30} < 1.9 ; −0.38 < h^γ_{40} < 0.38.

Limits on the CP-violating couplings h^V_{i0} (i = 1, 2 ; V = γ or Z) were numerically the same as those for CP-conserving couplings.

6 Conclusions

A search for anomalous W W and W Z production was carried out using the electron plus jets decay modes on ∼ 14 pb�^1 of data. The measured p_T spectrum of W boson was consistent with the SM prediction and the estimated backgrounds. Limits on the anomalous couplings were obtained by a maximum likelihood fit to the p_T spectrum of W boson. The limits on the anomalous couplings were improved when a combined fit to three Run 1A data sets of gauge boson pair production processes was performed.

Measurements of p_T spectrum of photon in the W γ production followed by leptonic W boson decay with ∼ 75 pb�^1 of data resulted in new limits on the anomalous W W γ couplings. After combining with the previously published Run 1A results, further improved limits were obtained.

A measurement of p_T spectrum of photon in the Zγ production followed by Z boson decay to ee channel with ∼ 89 pb�^1 of data also resulted in slightly improved limits on the anomalous ZZγ and Zγγ couplings compared to the previous measurement^{12}.

The final Run 1 limits on the anomalous couplings will be obtained when all of the possible analyses using 90 − 100 pb�^1 of data from Run 1A and Run 1B are completed and combined fits performed.

References

1. K. Hagiwara, R.D. Peccei, D. Zeppenfeld and K. Hikasa, Nucl. Phys. B 282, 253 (1987) 2. U. Baur and E.L. Berger, Phys. Rev. D 41, 1476 (1990). 3. F. Paige and S. Protopopescu, BNL Report No. BNL-38034, 1986 (unpublished), release V6.49.

4. T. Sjöstrand, Computer Physics Commun. bf 82, 74 (1994). 5. F. Carminati et al “GEANT Users Guide,” CERN Program Library, 1991 (unpublished).

6. S. Abachi et al, Phys. Rev. Lett. 75, 1034 (1995). 7. S. Abachi et al, Phys. Rev. Lett. 75, 1023 (1995). 8. U. Baur and D. Zeppenfeld, Nucl. Phys. B 308, 127 (1988). 9. A.D. Martin, R.G. Roberts and W.J. Sterling, Phys. Rev. D 47, 867 (1993).

10. D. Benjamin, “W γ and Zγ Production at the Tevatron,” in 10th Topical Workshop on Proton-Antiproton Collider Physics, edited by R. Raja and J. Yoh, AIP Press (1996) p. 370.

11. S.M. Playfer, “Rare b Decays and Anomalous Couplings,” in International Symposium on Vector Boson Interactions, edited by U. Baur, S. Errede, T. Müller, AIP Press (1996) p. 124.

12. S. Abachi et al, Phys. Rev. Lett. 75, 1028 (1995).