arXiv:1305.0130v2 [hep-ex] 2 May 2013

Electroweak and Top Results from ATLAS

Marilyn Marx^∗ School of Physics and Astronomy, University of Manchester, Oxford Road, M13 9PL Manchester, UK (On behalf of the ATLAS Collaboration)

An overview of recent measurements of electroweak and top quark physics is given. In particular, total and differential diboson cross sections, limits on anomalous triple gauge couplings as well as top quark production cross sections and properties, such as charge asymmetry, top quark polarization and W tb vertex measurements, are presented. Proton-proton collision data produced at the LHC at √ s = 7 TeV and √ s = 8 TeV collected with the ATLAS detector are used.

I. INTRODUCTION

Diboson and top quark production measurements at the Large Hadron Collider (LHC) allow to test the electroweak sector of the Standard Model (SM) to high precision. Diboson production is a significant and irreducible background to Higgs production and it is sensitive to the production and decay of new particles predicted in models with extended Higgs sectors, extra vector bosons, extra dimensions or models such as Supersymmetry and Technicolor. Furthermore, diboson production allows to probe, in a model-independent way and at unprobed energies, triple gauge boson couplings which are a fundamental prediction of the non-Abelian SU(2)×U(1) gauge structure of electroweak theory. The top quark, produced in abundance at the LHC, is the heaviest fundamental SM particle and has a large coupling to the Higgs boson. Due to its extremely short lifetime, the top quark decays before it hadronizes and allows one to probe many interesting properties related to its production and decay.

The measurements presented here use proton-proton collision data produced at the LHC at centre of mass energies of √ s = 7 TeV and √ s = 8 TeV in 2011 and 2012, respectively, and collected with the ATLAS detector [1]. The integrated luminosities used for the various analyses are maximally 5 fb^{−1} and 20 fb^{−1} for 7 TeV and 8 TeV data, respectively, or subsets thereof.

II. ELECTROWEAK RESULTS

A. Diboson cross sections

W γ and Zγ production cross sections are measured at 7 TeV as a function of the photon transverse energy E^γ_T [2]. Final states with leptonic decays of the massive gauge bosons are used. Both inclusive and exclusive cross section measurements are performed, where the latter requires a jet veto for all jets with E_T > 30 GeV. The data are unfolded to correct the measured values for detector effects such as limited acceptance, finite resolution

∗ marx@cern.ch

and imperfect efficiency. The differential cross section results are shown in figure 1. Good agreement is seen with multi-leg leading order (LO) generators Alpgen [3] and Sherpa [4] for the inclusive and exclusive descriptions. The next-to-leading order (NLO) MCFM [5] inclusive prediction underestimates the data as multiple quark and gluon emission is not accounted for in the implementation. Normalised unfolded differential cross sections are also given as a function of jet multiplicity as well as diboson transverse invariant mass m^{W γ}_T or invariant mass m^{Zγ} in the W γ or Zγ case, respectively. The latter two distributions are used to set limits on technicolor models.

The W^+W^− total production cross section is measured using ℓ^+νℓ^−ν final states using the full 7 TeV dataset [6]. A jet veto is applied to suppress background contributions and represents the main systematic uncertainty in this measurement. The total W^+W^− cross section is measured to be

σ^{tot}_{W W} = 51.9 ± 2.0 (stat) ± 3.9 (syst) ± 2.0 (lumi) pb (1)

which is compatible with a SM prediction of σ^{NLO}_{W W} = 44.7^{+2.1}_{−1.9} pb. Normalised unfolded differential cross sections are measured as a function of the leading lepton transverse momentum p_T spectrum.

The W^±Z production cross section is measured at 7 TeV [7] and 8 TeV [8] using final states with three charged leptons and large missing transverse momentum. The total production cross section results are

σ^{tot}_{W Z} = 19.0^{+1.4}_{−1.3} (stat) ± 0.9 (syst) ± 0.4 (lumi) pb (2)

σ^{tot}_{W Z} = 20.3^{+0.8}_{−0.7} (stat)^{+1.2}_{−1.1} (syst)^{+0.7}_{−0.6} (lumi) pb (3)

for 7 TeV and 8 TeV, respectively, and are in good agreement with SM predictions of σ^{NLO}_{W Z} = 17.6^{+1.1}_{−1.0} pb and σ^{NLO}_{W Z} = 20.3 ± 0.8 pb, respectively. For 7 TeV data, normalised unfolded differential cross sections are measured as a function of the Z boson p^Z_T, shown in figure 2(a), and as a function of the diboson invariant mass m_{W Z} . The non-unfolded m_{W Z} distribution in 8 TeV data is shown in figure 2(b).

The total ZZ production cross section measurements are performed for 7 TeV [9] and 8 TeV [10] data. The results are

σ^{tot}_{ZZ} = 6.7 ± 0.7 (stat)^{+0.4}_{−0.3} (syst) ± 0.3 (lumi) pb (4)

(a)

(b) FIG. 1. Inclusive and exclusive differential cross section measurements as a function of photon transverse energy for (a) W (→ ℓ^±ν)γ and (b) Z(→ ℓ^+ℓ^−)γ production [2].

σ^{tot}_{ZZ} = 7.1^{+0.5}_{−0.4} (stat) ± 0.3 (syst) ± 0.2 (lumi) pb (5)

for 7 TeV and 8 TeV in agreement with SM predictions of σ^{NLO}_{ZZ} = 5.89^{+0.22}_{−0.18} pb and σ^{NLO}_{ZZ} = 7.2^{+0.3}_{−0.2} pb, respectively. For the 7 TeV measurement, ℓ^+ℓ^−ℓ^+ℓ^− and ℓ^+ℓ^−νν channels are used, the former can have off-shell bosons. Normalised unfolded differential cross sections are measured as a function of the leading Z boson p_T, the difference in azimuthal angle between the two leptons from the leading Z boson decay Δϕ(ℓℓ) and the diboson invariant mass m^{ZZ} or transverse invariant mass m^{ZZ}_T for the ZZ → ℓ^+ℓ^−ℓ^+ℓ^− and ZZ → ℓ^+ℓ^−νν channels, respectively. For the 8 TeV result, only the ℓ^+ℓ^−ℓ^+ℓ^− channel with on-shells bosons is considered. The mass distribution of the leading and subleading Z boson candidates is shown in figure 3.

As higher statistics datasets are recorded, it is possible to measure semileptonic diboson decays. The combined W W/W Z → ℓνjj production cross section is measured using the full 7 TeV dataset [11]. This is a challenging measurement particularly at the LHC as the backgrounds grow much faster than the signal compared to the Tevatron. This means that the signal is dominated by large W/Z+ jets backgrounds. The cross section is extracted with a binned maximum likelihood fit to the dijet mass distribution m_{jj} shown in figure 4. The observed signal significance is 3.3σ. The measured cross section is

σ^{tot}_{W W +W Z} = 72 ± 9 (stat) ± 15 (syst) ± 13 (MC stat) pb (6) which is in agreement with the SM prediction of σ^{NLO}_{W W +W Z} = 63.4 ± 2.6 pb.

B. Anomalous triple gauge coupling limits

The model-independent effective Lagrangian for charged and neutral anomalous triple gauge boson couplings (aTGC) can be expressed as

L_{W W V} = ig_{W W V} [ g^V_1 (W^†_{μν} W^μV^ν − W_{μν} W^{†μ}V^ν ) + κ^V W^†_μW_ν V^{μν} + λ^V m^2_W W^†_{ρμ}W^μ_ν V^{νρ} ] (7) L_{ZZV} = − e M^2_Z [ f^V_4 (∂_μV^{μβ} )Z_α(∂^αZ_β ) + f^V_5 (∂^σ V_{σμ})Z̃^{μβ} Z_β ) ] (8) L_{ZγV} = −ie [ h^V_3 F̃^{μν} Z_μ

(□ + m^2_V ) m^2_Z

V_ν + h^V_4 F̃^{μν} Z^α

(□ + m^2_V ) m^4_Z ∂_α∂_μV_ν ] (9)

where V = Z, γ and V_{μν} = ∂_μV_ν −∂_ν V_μ. The W W V vertices are allowed in the SM whereas the ZZV and ZγV vertices are not. In the SM, g^V_1 and κ^V are equal to one whereas all other couplings vanish. The presence of aTGCs gives a change in the production rate and is visible in the distributions of different kinematic variables. Sensitivity is gained by using shape distributions to set one and two dimensional limits on the aTGC parameters. For W γ/Zγ production the exclusive E^γ_T distribution is used to set limits whereas for W W the leading lepton p_T, for W Z the Z boson p_T and for ZZ the leading Z boson p_T distributions are used. The 95% C.L. observed limits from the various channels are summarised in tables I – III. No deviations from the SM are observed.

(a) (b)

FIG. 2. (a) The unfolded p^Z_T distribution in 7 TeV data [7]. (b) The non-unfolded mW Z distribution in 8 TeV data [8].

Process Δg^Z_1 ΔκZ Δκγ λZ λγ W^±γ / / [−0.41, 0.46] / [−0.065, 0.061] W^+W^− [−0.039, 0.0052] [−0.039, 0.0052] = cot^2 θW (Δg^Z_1 − ΔκZ ) [−0.039, 0.0052] = λZ W^±Z [−0.057, 0.093] [−0.37, 0.57] / [−0.046, 0.047] /

TABLE I. Observed aTGC limits at the 95% C.L. without a form factor from W γ, W W and W Z production [2, 6, 7].

FIG. 3. The invariant mass distribution of the leading Z boson candidate as a function of the invariant mass of the subleading Z boson candidate [10].

Process f^γ_4 × 10^2 f^Z_4 × 10^2 f^γ_5 × 10^2 f^Z_5 × 10^2 ZZ [−1.5, 1.5] [−1.3, 1.3] [−1.6, 1.5] [−1.3, 1.3]

TABLE II. Observed aTGC limits at the 95% C.L. without a form factor from ZZ production [9].

Process h^γ_3 × 10^2 h^Z_3 × 10^2 h^γ_4 × 10^5 h^Z_4 × 10^5 Zγ [−1.5, 1.6] [−1.3, 1.4] [−9.4, 9.2] [−8.7, 8.7]

TABLE III. Observed aTGC limits at the 95% C.L. without a form factor from Zγ production [2].

FIG. 4. The background subtracted dijet invariant mass distribution in ℓνjj candidate events for the sum of electron and muon channels [11].

III. TOP RESULTS

A. Cross sections

At the LHC, single top quarks are produced through three main electroweak interactions, t-channel and schannel production as well as production in association with a W boson. An 8 TeV measurement of the single top production cross section is performed using the t-channel, which is the dominant process [12]. Events with semileptonic top quark decays are considered. The cross section is extracted using a neural network based discriminant in the two and three jet bins. The main background contributions are from W +jets, QCD multijet and other top quark production. The measured cross section is

σ_t = 95 ± 2 (stat) ± 18 (syst) pb (10)

which is in agreement with the approximate next-to-next-to-leading order (NNLO) prediction of σ^{NNLO}_t = 87.8^{+3.4}_{−1.9} pb [13, 14]. The measured and predicted cross sections can be seen as a function of √ s in figure 5(a).

The coupling strength of the W tb vertex, accessible in this production channel, is measured using the ratio of the measured to the predicted cross sections. Assuming |V_{tb}| ≫ |V_{ts}|, |V_{td}|, the limit on the CKM matrix element is V_{tb} = 1.04^{+0.10}_{−0.11} whereas assuming V_{tb} ≤ 1 gives a 95% C.L. lower limit of |V_{tb}| > 0.80.

Top quark pairs (tt̄) are mainly (∼ 80%) produced through gluon-gluon fusion at the LHC. The tt̄ inclusive production cross section is measured using 8 TeV data [15]. Events where one W boson decays leptonically and one hadronically are used. The analysis requires three or more jets with at least one b-tagged jet. A multivariate likelihood template fit is used to extract the cross section, which is shown as a function of √ s in figure 5(b). The 8 TeV measurement has a larger uncertainty compared to the 7 TeV measurements due to less aggressive Monte Carlo signal modelling uncertainties. The measured cross section is

σ_t¯_t = 241 ± 2 (stat) ± 31 (syst) ± 9 (lumi) pb (11)

compared to a predicted cross section at the approximate NNLO [14, 16, 17] of σ^{NNLO}_{tt̄} = 238^{+22}_{−24} pb.

Unfolded differential tt̄ cross sections are measured relative to the inclusive tt̄ production cross section as a function of the invariant mass, the p_T and the rapidity of the tt̄ system, which is fully reconstructed using a kinematic likelihood fit method [19]. tt̄ production is an important background for new searches. Semileptonic events with one lepton in the final state are selected. These measurements, which are dominated by systematic uncertainties, are useful because they are sensitive to wide resonances and QCD radiation. Using the same production channel, the unfolded jet multiplicity is measured for different jet p_T thresholds ranging from 25 GeV to 80 GeV [20]. The distributions allow to constrain models of initial and final state radiation and to test perturbative QCD at the LHC. The jet multiplicities are shown in figure 6 for data and different simulations. Some generator simulations are disfavoured by the data as for example the MC@NLO prediction, which consistently estimates a lower number of jets.

B. Properties

1. Charge asymmetry

Top quark pair production is expected to be symmetric under charge conjugation at leading order in QCD. However, NLO corrections to the qq̄ → tt̄ process introduce small asymmetries in the rapidity y distributions of the top quarks. Since the Tevatron was a p-p̄ collider, this charge asymmetry was clearly visible as a forward-backward asymmetry as the t quark is preferentially emitted along the p direction and the t̄ quark preferentially along the p̄ direction. Both CDF [21] and D0 [22] reported observed shifts that are larger than the expected shifts. At the LHC the problem is slightly different since the initial state is symmetric. Experimentally, this translates into a more forward y distribution for the t quark than for the t̄ quark. This can be explained by the same fact as mentioned earlier that t quarks are on average emitted mostly along the q direction and that quarks, in the case of a proton, generally carry more momentum than antiquarks. Unless specific cuts are applied, the LHC is therefore more sensitive to the width of the y distributions than to the mean. The charge asymmetry in tt̄ events is defined as

A_C = 1 2 + N(Δ|y| > 0) − N(Δ|y| < 0) N(Δ|y| > 0) + N(Δ|y| < 0) (12)

where Δ|y| = |y_t| − |y¯_t| is the difference in absolute top and antitop quark rapidities. To compute this A_C fraction, the number of events with positive and negative Δ|y| values are measured and the charge of the quarks is deduced from the charge of the lepton produced in the t or t̄ quark decay. This has been measured in ATLAS in the single and dilepton channels. A combination of the two channels has been performed [23] and the charge asymmetry factor is measured to be

A_C = 0.029 ± 0.018 (stat) ± 0.014 (syst) (13)

which is compatible with the MC@NLO prediction of A_C = 0.006 ± 0.002 [24].

2. Top quark polarization

The short lifetime of the top quark allows one to measure its polarization directly from its decay products, which carry the full spin information that has not yet been degraded due to hadronization effects. The top quark polarization is measured for tt̄ events in the lepton plus jets channel [25]. The top quark pair is fully reconstructed using a likelihood method. The fraction of positively polarised top quarks can be written as

f_p = 1 2 + N(cos θ_l > 0) − N(cos θ_l < 0) N(cos θ_l > 0) + N(cos θ_l < 0)

. (14)

(a) (b)

FIG. 5. Measurements of (a) single top [12] and (b) tt̄ [15, 18] production cross sections as a function of centre of mass energy.

FIG. 6. Jet multiplicities for jet pT values greater than 40 GeV in the muon channel. The data points, in black with statistical uncertainties, are compared to different MC predictions. The blue shaded bands represent the combined statistical and systematic uncertainties [20].

where θ_l is the polar lepton angle in the parent top quark frame. A template fit to the reconstructed cos θ_l distribution in data, shown in figure 7, is used to extract this polarization fraction. The measured value is

f_p = 0.470 ± 0.009 (stat)^{+0.023}_{−0.032} (syst) (15)

which is in agreement with a SM expectation of unpolarised top quarks equivalent to f_p = 0.5.

FIG. 7. The reconstructed cos θ_l distribution showing the data and the best fit result as well as simulated distributions for zero, completely positive and negative polarizations in the electron plus jets channel [25].

3. W boson polarization

Top quark pair events can probe the W tb vertex which is defined by the V − A structure of electroweak interactions. This decay vertex determines the helicity states of the produced W boson, which can be in three different helicity states. The F_0, F_L and F_R helicity fractions measure the fraction of longitudinally polarised, left-handed or right-handed helicity states, respectively. The NNLO QCD predictions [26] for these helicity fractions are

F_0 = 0.687 ± 0.005 (16) F_L = 0.311 ± 0.005 (17) F_R = 0.0017 ± 0.0001. (18)

Experimentally, these helicity fractions can be measured through template fits of the cos θ^∗ distribution, where θ^∗ is the angle between the lepton from the W boson decay and the reversed b quark direction in the rest frame of the W boson. ATLAS and CMS data produced at 7 TeV have been used to derive combined measurements of the W boson helicity fractions [27, 28]. The results are

F_0 = 0.626 ± 0.034 (stat) ± 0.049 (syst) (19) F_L = 0.359 ± 0.021 (stat) ± 0.028 (syst) (20) F_R = 0.015 ± 0.034 (stat + syst) (21) where F_R is derived from the F_0 and F_L measurements by assuming that F_0 + F_L + F_R = 1.

This measurement can also be used to set limits on anomalous W tb couplings using an effective Lagrangian approach. The form of the Lagrangian for the W tb vertex is [29]

L_{W tb} = g √ 2 b̄ [ γ^μ(V_LP_L + V_RP_R) + iσ^{μνqν} m_W (g_LP_L + g_RP_R) ] tW^−_μ + h.c. (22)

where V_L = V_{tb} ≈ 1 and V_R = 0 while g_L and g_R, the anomalous coupling parameters on which the limits will be set, vanish at tree level in the SM. Assuming that the imaginary parts of all couplings are zero, the 68% and 95% C.L. limits are set on the real part of g_L and g_R, Re(g_L) and Re(g_R), and the two dimensional representation of these limits can be seen in figure 8. The region around Re(g_R) is not excluded by the data used in this analysis but it is disfavoured by single top cross section measurements.

FIG. 8. Allowed 68% and 95% C.L. regions of the anomalous W tb coupling parameters assuming VL = 1 and VR = 0 [27, 29, 30].

4. Search for CP violation

A further test of the W tb vertex is possible through a search for CP violation using the single top t-channel, where the top quarks are expected to be highly polarised, with lepton plus jets final states [31, 32]. A forwardbackward asymmetry factor, A_{FB}, with respect to the normal to the plane defined by the W boson momentum and the top quark polarization direction is measured to be A_{FB} = 0.31 ± 0.065 (stat)^{+0.029}_{−0.031} (syst) (23)

which is consistent with CP invariance for which A_{FB} = 0 is expected. The result is used to set the first experimental limits on the imaginary part of the anomalous coupling parameter g_R. The 68% and 95% C.L. limits on Im(g_R) are shown in figure 9 as a function of the top quark polarization. If a top quark polarization of 0.9, which is the theoretical prediction, is assumed, the observed limits on Im(g_R) at the 95% C.L. are [−0.20, 0.30] in agreement with the SM.

FIG. 9. Constraints on Im(gR) as a function of the top quark polarization [31, 32].

IV. SUMMARY

Recent electroweak and top measurements, based on 7 TeV and 8 TeV data collected with the ATLAS detector in 2011 and 2012 respectively, have been presented. Fiducial and total diboson production cross sections have been measured and are mostly dominated by systematic uncertainties. Limits on aTGC parameters have been set in many channels and surpass the precision of the Tevatron results. The first normalised unfolded differential diboson cross sections have been measured and are statistically dominated. Single top and tt̄ production cross sections have been measured using 8 TeV data and differential tt̄ cross sections have been measured using 7 TeV data, all of which are systematically dominated. Precision measurements of different properties related to the production and decay of the top quark have been presented. No significant deviations from SM predictions have been found in any of these measurements, many of which still need to be repeated with the full 8 TeV datatset. The presented measurements are crucial milestones for the understanding of Higgs boson production and searches for new physics.

[1] ATLAS Collaboration, JINST 3, S08003 (2008). [2] ATLAS Collaboration, (2013), arXiv:1302.1283 [hep-ex]. [3] M. L. Mangano, F. Piccinini, A. Polosa, M. Moretti, and R. Pittau, JHEP 07, 001 (2003), arXiv:hep-ph/0206293.

[4] T. Gleisberg, S. Höche, F. Krauss, M. Schönherr, S. Schumann, et al., JHEP 0902, 007 (2009), arXiv:0811.4622 [hep-ph].

[5] J. M. Campbell, R. K. Ellis, and C. Williams, JHEP 1107, 018 (2011), arXiv:1105.0020 [hep-ph].

[6] ATLAS Collaboration, (2012), arXiv:1210.2979 [hep-ex]. [7] ATLAS Collaboration, Eur.Phys.J. C72, 2173 (2012), arXiv:1208.1390 [hep-ex].

[8] ATLAS Collaboration, ATLAS-CONF-2013-021 (2013)

https://cds.cern.ch/record/1525557.

[9] ATLAS Collaboration, JHEP 1303, 128 (2013), arXiv:1211.6096 [hep-ex].

[10] ATLAS Collaboration, ATLAS-CONF-2013-020 (2013)

https://cds.cern.ch/record/1525555.

[11] ATLAS Collaboration, ATLAS-CONF-2012-157 (2012)

https://cds.cern.ch/record/1493586.

[12] ATLAS Collaboration, ATLAS-CONF-2012-132 (2012)

https://cds.cern.ch/record/1478371.

[13] N. Kidonakis, Phys.Rev. D83, 091503 (2011), arXiv:1103.2792 [hep-ph].

[14] N. Kidonakis, (2012), arXiv:1210.7813 [hep-ph]. [15] ATLAS Collaboration, ATLAS-CONF-2012-149 (2012)

https://cds.cern.ch/record/1493488.

[16] N. Kidonakis, Phys.Rev. D82, 114030 (2010), arXiv:1009.4935 [hep-ph].

[17] M. Aliev, H. Lacker, U. Langenfeld, S. Moch, P. Uwer, et al., Comput.Phys.Commun. 182, 1034 (2011), arXiv:1007.1327 [hep-ph].

[18] ATLAS Public Results – Physics Summary Plots. [19] ATLAS Collaboration, Eur.Phys.J. C73, 2261 (2013), arXiv:1207.5644 [hep-ex].

[20] ATLAS Collaboration, ATLAS-CONF-2012-155 (2012)

https://cds.cern.ch/record/1493494.

[21] CDF Collaboration, Phys.Rev. D83, 112003 (2011), arXiv:1101.0034 [hep-ex].

[22] D0 Collaboration, Phys.Rev. D84, 112005 (2011), arXiv:1107.4995 [hep-ex].

[23] ATLAS Collaboration, ATLAS-CONF-2012-057 (2012)

https://cds.cern.ch/record/1453785.

[24] S. Frixione and B. R. Webber, JHEP 0206, 029 (2002), arXiv:hep-ph/0204244 [hep-ph].

[25] ATLAS Collaboration, ATLAS-CONF-2012-133 (2012)

https://cds.cern.ch/record/1478373.

[26] A. Czarnecki, J. G. Körner, and J. H. Piclum, Phys. Rev. D 81, 111503 (2010).

[27] ATLAS and CMS Collaborations, ATLAS-CONF-2013- 033 (2013) https://cds.cern.ch/record/1527531.

[28] ATLAS Collaboration, JHEP 1206, 088 (2012), arXiv:1205.2484 [hep-ex].

[29] J. Aguilar-Saavedra, J. Carvalho, N. F. Castro, F. Veloso, and A. Onofre, Eur.Phys.J. C50, 519 (2007), arXiv:hep-ph/0605190 [hep-ph].

[30] J. Aguilar-Saavedra, Nucl.Phys. B812, 181 (2009), arXiv:0811.3842 [hep-ph].

[31] J. Aguilar-Saavedra and J. Bernabeu, Nucl.Phys. B840, 349 (2010), arXiv:1005.5382 [hep-ph].

[32] ATLAS Collaboration, ATLAS-CONF-2013-032 (2013)

https://cds.cern.ch/record/1527128.