arXiv:1205.1232v4 [hep-ph] 18 Jun 2012

Application of the Principle of Maximum Conformality to the Top Quark Forward-Backward Asymmetry at the Tevatron

Stanley J. Brodsky^{1∗} and Xing-Gang Wu^{1,2†} 1 SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, CA 94025, USA 2 Department of Physics, Chongqing University, Chongqing 401331, P.R. China (Dated: June 19, 2012)

The renormalization scale uncertainty can be eliminated by the Principle of Maximum Conformality (PMC) in a systematic scheme-independent way. Applying the PMC for the tt̄-pair hadroproduction at the NNLO level, we have found that the total cross-sections σ_t¯_t at both the Tevatron and LHC remain almost unchanged when taking very disparate initial scales μ^{init}_R equal to mt, 10 mt, 20 mt and √ s, which is consistent with renormalization group invariance. As an important new application, we apply PMC scale setting to study the top quark forward-backward asymmetry. We observe that the more convergent perturbative series after PMC scale setting leads to a more accurate top quark forward-backward asymmetry. The resulting PMC prediction on the asymmetry is also free from the initial renormalization scale-dependence. Because the NLO PMC scale has a dip behavior for the (qq̄)-channel at small subprocess collision energies, the importance of this channel to the asymmetry is increased. We observe that the asymmetries A^{tt̄}_{F B} and A^{pp̄}_{F B} at the Tevatron will be increased by 42% in comparison to the previous estimates obtained by using conventional scale setting; i.e. we obtain A^{tt̄,PMC}_{F B} ≃ 12.5% and A^{pp̄,PMC}_{F B} ≃ 8.28%. Moreover, we obtain A^{tt̄,PMC}

F B (M_t¯_t > 450 GeV) ≃ 35.0%. These predictions have a 1σ-deviation from the present CDF and D0 measurements; the large discrepancies of the top quark forward-backward asymmetry between the Standard Model estimate and the CDF and D0 data are thus greatly reduced.

PACS numbers: 12.38.Aw, 14.65.Ha, 11.15.Bt, 11.10.Gh Keywords: PMC, Renormalization Scale, top quark Forward-Backward Asymmetry

I. INTRODUCTION

The top quark is the heaviest known elementary particle, and it plays a fundamental role in testing the Standard Model (SM) and the extensions of the SM. Its production and decay channels are important probes of new physics, and because of its large coupling to the Higgs, the top quark production processes provide a sensitive probe of electroweak symmetry breaking. The total cross-section for the top quark pair production has been calculated up to NNLO within the MS-scheme in Refs. [1–20]. The SM estimates, especially those obtained by using the Principle of Maximum Conformality (PMC) [17, 18], agree well with the experimental result which has been measured with a precision Δσ_t¯_t/σ_t¯_t ∼ ±7% at the Tevatron [21, 22] and ∼ ±10% at the LHC [23, 24].

The top quark forward-backward asymmetry which originates from charge asymmetry physics [25, 26] has also been studied at the Tevatron and LHC. Two options for the asymmetry have been used for experimental analysis; i.e. the tt̄-rest frame asymmetry

A^{tt̄}_{F B} = σ(y^{tt̄}_t > 0) − σ(y^{tt̄}_t < 0) σ(y^{tt̄}_t > 0) + σ(y^{tt̄}_t < 0) (1)

∗ email:sjbth@slac.stanford.edu † email:wuxg@cqu.edu.cn

and the pp̄-laboratory frame asymmetry A^{pp̄}_{F B} = σ(y^{pp̄}_t > 0) − σ(y^{pp̄}_t < 0) σ(y^{pp̄}_t > 0) + σ(y^{pp̄}_t < 0)

, (2)

where y^{tt̄}_t is the top quark rapidity in the tt̄-rest frame and y^{pp̄}_t is the top quark rapidity in the pp̄-laboratory frame (or the pp̄ center-of-mass frame). The CDF and D0 collaborations have found comparable values in the tt̄-rest frame: A^{tt̄,CDF}_{F B} = (15.8 ± 7.5)% [27] and A^{tt̄,D0}_{F B} = (19.6 ± 6.5)% [28], where the uncertainties are derived from a combination of statistical and systematic errors. The asymmetry in the pp̄-laboratory frame measured by CDF is A^{pp̄,CDF}

F B = (15.0 ± 5.5)% [27]. The CDF collaboration has also measured the dependence of A^{tt̄}_{F B} with respect to the tt̄-invariant mass M_t¯_t: the asymmetry increases with M_t¯_t, and A^{tt̄}_{F B} (M_t¯_t > 450 GeV) = (47.5 ± 11.4)% [27].

These measured top quark forward-backward asymmetries are much larger than the usual SM estimates. For example, the NLO QCD contributions to the asymmetric tt̄-production using conventional scale setting yield A^{tt̄}_{F B} ≃ 7% and A^{pp̄}_{F B} ≃ 5% (see e.g. [29]), which are about 2σ-deviation from the above measurements. For the case of M_t¯_t > 450 GeV, using the MCFM program [30], one obtains A^{tt̄}_{F B} (M_t¯_t > 450 GeV) ∼ 8.8% which is about 3.4σ-deviation from the data. These discrepancies have aroused great interest because of the possibility for probing new physics beyond the Standard Model.

A recent reevaluation of the electroweak correction raises the QCD asymmetries by at most 20%: i.e. A^{tt̄}_{F B} (A^{pp̄}_{F B} ) ∼ 9% (7%) [31, 32] and A^{tt̄}_{F B} (M_t¯_t > 450 GeV) ∼ 12.8% [32].

It has been argued that the missing higher-order corrections cannot be the reason for the significant discrepancy [33–36]. In fact, only a several percent increment has been observed in Ref.[33] using a next-to-next-to-leading-logarithmic (NNLL) calculation. It is for this reason that many new physics models beyond the SM have been suggested.

Since the SM estimate on the total cross-section agrees well with the experimental data, it is hard to understand the large deviation of the asymmetry. Before introducing any new physics, it is best to have a more precise estimation within the SM. It should be noted that all the present SM estimations are based on the conventional scale setting, where the renormalization scale μ_R is set to be the typical momentum transfer Q of the process; i.e. Q = m_t. One then estimates the scale-uncertainty by varying μ_R ∈ [m_t/2, 2m_t], which will lead to a O(10%) scale uncertainty to the asymmetry. Usually, it is argued that this scale uncertainty can be suppressed by including higher-order corrections in an order-by-order manner. The conventional scale setting procedure is clearly problematic since the resulting fixed-order pQCD prediction will depend on the choice of renormalization scheme. In fact, it gives the wrong result when applied to QED processes.

It should be recalled that there is no ambiguity in setting the renormalization scale in QED. In the standard Gell-Mann-Low scheme for QED, the renormalization scale is the virtuality of the virtual photon [37]. For example, the renormalization scale for the electronmuon elastic scattering through one-photon exchange can be set as the virtuality of the exchanged photon, i.e. μ^{GM−L} R = Q = √ −q^2. But it is wrong to use Q directly as the scale for any other renormalization scheme. Some displacement must be included in order to ensure schemeindependence. For example, under the MS scheme we have μ^{MS}_R = e^{−5/6}Q ≃ 0.43Q [38]^1. This result shows that the effective scale of the MS scheme should generally be about half of the true momentum transfer occurring in the interaction. The invariance under choice of renormalization scheme is a consequence of the transitivity property of the renormalization group [41, 42]. Of course, the question is more complicated in QCD due to its non-Abelian nature.

Recently, it has been suggested that one can systematically fix the renormalization scale at any fixed order by using the PMC [17, 18, 39, 40]. The PMC provides

1 The same scale displacement can be obtained by using the PMC [39, 40]. In fact, the PMC can also be applied to QED processes. One can obtain proper scale displacements among different renormalization schemes for higher perturbative orders in a systematic way.

the principle underlying the Brodsky-Lepage-Mackenzie method [43], and they are consistent with each other through the PMC-BLM correspondence principle [40]. The main idea is that, after proper procedures, all nonconformal {β_i}-terms in the perturbative expansion are summed into the running coupling so that the remaining terms in the perturbative series are identical to that of a conformal theory; i.e., the corresponding theory with {β_i} ≡ {0}. The underlying conformal symmetry is a useful principle for physics; e.g. the AdS/QCD theory [44], the conformal general relativity model [45] and the canonical quantum gravity theory [46].

After PMC scale setting, the divergent renormalon series with n!-growth does not appear in the conformal series. This is consistent with the treatment done in Ref.[47]. Since renormalon terms are absent, one obtains a more convergent perturbative expansion series, and thus the full next-to-leading order (NLO), or even the leading-order (LO) calculation, is often enough to achieve the required accuracy. The PMC scale μ^{PMC}_R is unambiguous at any finite order. We emphasize that the PMC is consistent with the renormalization group property that a physical result is independent of the renormalization scheme and the choice of the initial renormalization scale μ^{init}_R . Any residual dependence on μ^{init}_R for a finite-order calculation is highly suppressed since the unknown higher-order {β_i}-terms will be absorbed into the PMC scales’ higher-order perturbative terms.

As an application, we have previously applied the PMC procedure to obtain NNLO predictions for the tt̄-pair hadroproduction cross-section at the Tevatron and LHC colliders [17, 18]. It is found that there is almost no dependence on the choice of initial renormalization scale; i.e. the total cross-section remains almost unchanged even when taking very disparate initial scales μ^{init}_R equal to m_t, 10 m_t, 20 m_t and √ s, thus greatly improving the precision of the QCD prediction. By using the PMC scales, a larger σ_t¯_t is obtained in comparison to the conventional scale setting, which agrees well with the present Tevatron and LHC data. It is thus interesting to see whether the use of PMC scales, especially those of the dominant asymmetric (qq̄)-channel at the Tevatron, can improve our understanding on the top quark forwardbackward symmetry; this is the purpose of the present paper.

The remaining parts of this paper are organized as follows: in Sec. II, we give the relevant formulae for the top quark forward-backward asymmetry. The new properties of the predictions after PMC scale setting are presented. In Sec. III, we present the numerical results and some discussions for the top quark forward-backward asymmetry at the Tevatron. Sec. IV provides a summary.

II. THE FORWARD-BACKWARD ASYMMETRY

Before discussing the top quark forward-backward asymmetry, we first review the total cross-sections for the top quark pair production at the Tevatron up to NNLO.

A comparison of the production cross-sections using conventional scale setting versus PMC scale setting will give us some useful information on how the PMC scale setting can improve our understanding of the top quark pair production: the relative importance of all the production channels, especially those which provide the asymmetries; the convergence of the perturbative series for each production channel; etc. This information will be helpful for constructing a more precise perturbative expansion for calculating the top quark forwardbackward asymmetry.

Conventional scale setting PMC scale setting LO NLO NNLO total LO NLO NNLO total (qq̄)-channel 4.890 0.963 0.483 6.336 4.748 1.727 -0.058 6.417 (gg)-channel 0.526 0.440 0.166 1.132 0.524 0.525 0.160 1.208 (gq)-channel 0.000 -0.0381 0.0049 -0.0332 0.000 -0.0381 0.0049 -0.0332 (gq̄)-channel 0.000 -0.0381 0.0049 -0.0332 0.000 -0.0381 0.0049 -0.0332 sum 5.416 0.985 0.659 7.402 5.272 2.176 0.112 7.559

TABLE I. Total cross-sections (in unit: pb) for the top quark pair production at the Tevatron with pp̄-collision energy √ S = 1.96 TeV. For conventional scale setting, we set the renormalization scale μR ≡ Q. For PMC scale setting, we set the initial renormalization scale μ^{init}_R = Q. Here we take Q = mt = 172.9 GeV and use the MSRT 2004-QED parton distributions [54] as the PDF.

Analytical expressions up to NNLO have been provided in the literature, e.g. Ref.[5–8]^2, and the explicit calculation technology for PMC scale setting can be found in Ref.[18], so we will not present them here. Numerical results for the top quark pair production at the Tevatron with pp̄-collision energy √ S = 1.96 TeV are presented in Table I. The Coulomb-type corrections will lead to sizable contributions in the threshold region [48, 49] which are enhanced by factors of π. Thus the terms which are proportional to (π/v) or (π/v)^2 (v = √ 1 − 4m^2_t /s is the top quark velocity in the partonic center-of-mass frame; s is the subprocess center-of-mass energy squared) at the NLO or NNLO level should be treated separately [50]. For this purpose, the results listed in the total-column is not a simple summation of the corresponding LO, NLO and NNLO results; the results are obtained by using the Sommerfeld rescattering formula to treat the Coulomb part. In doing the numerical calculation, we set m_t = 172.9 GeV [53] and the

2 These NNLO results are derived using resummation [5–7], which

is supported by the observation that the production of a top quark pair with an additional jet is small [51, 52]. The nearly scale-independent PMC estimations in Refs. [17, 18] show that at least the relative importance of the {β_i}-terms at the NNLO have been well set. A full NNLO calculation for the (qq̄)-channel has been recently presented by using the conventional scale setting which also shows a very small perturbative uncertainty between the NNLO and NNLL calculation, i.e. ±2.7% [19].

factorization scale μ_f ≡ m_t. We set μ_R ≡ Q = m_t for conventional scale setting, and take the initial renormalization scale μ^{init}_R = Q = m_t to initialize PMC scale setting. For the PDFs, we adopt MSRT 2004-QED parton distributions [54] to be consistent with the choice of Ref.[32].

By comparing with the total cross-sections derived from the PMC scale setting and the conventional scale setting listed in Table I, we observe the following points:

• At the Tevatron, the top quark pair cross-section is dominated by the (qq̄)-channel which provides ∼ 85% contribution to the total cross-section. The (qq̄)-channel is asymmetric at the NLO level, so it will lead to sizable top quark forward-backward asymmetry at the Tevatron. In contrast, one finds that the dominant channel at the LHC is the symmetric (gg)-channel, c.f. Ref.[26], so the top quark forward-backward asymmetry from other channels will be greatly diluted at the LHC; this asymmetry becomes small which agrees with the CMS and ATLAS measurements [55, 56]. Accordingly, at present, we will concentrate on the top quark forward-backward asymmetry at the Tevatron.

• At the lowest order, the two channels qq̄ → tt̄ and gg → tt̄ do not discriminate the final top quark and top-antiquark, so their differential distributions are symmetric for the hadronic production process. At

FIG. 1. Dominant Feynman diagrams (cut diagrams) for the QCD forward-backward asymmetry at the NLO level. Two types of asymmetries are shown: the interference of the finalstate with the initial-state gluon bremsstrahlung and the interference of the box diagram with the Born diagram.

FIG. 2. Flavor-excitation Feynman diagrams (cut diagrams) for the QCD forward-backward asymmetry at the NLO level, which are small and negligible. Here either gluon-1 or gluon-2 can be attached at four places in the light quark or top quark lines, so there are totally 16 Feynman diagrams.

the NLO level, either the virtual or real gluon emission will cause sizable differences between the differential top quark and top-antiquark production, thus leading to an observable top quark forwardbackward asymmetry. At the Tevatron, the asymmetric channels are (qq̄)-, (gq)- and (gq̄)- channels accordingly. Table I shows the total crosssections of the (gq) and (gq̄) channels are quite small, less than 1% of that of (qq̄)-channel, so their contributions to the asymmetry can be safely neglected. Figure (1) shows the dominant Feynman diagrams for the QCD charge asymmetry at the NLO level and Fig.(2) shows the less important flavor-excitation Feynman diagrams for the QCD charge asymmetry at the NLO level.

• When using conventional scale setting, the NNLO cross-section for the (qq̄)-channel is about 50% of its NLO cross-section; i.e. |σ^{NNLO}_{tt̄,qq̄} /σ^{NLO}_{tt̄,qq̄} | ≃ 50%. Thus in order to derive a consistent asymmetry up to NNLO, one must consider the asymmetric contribution from the NNLO (qq̄)-channel, which may be sizable. In contrast, a much more convergent pQCD series expansion is obtained after PMC scale setting, since all non-conformal {β_i}-terms in the perturbative expansion are summed into the running coupling. For example for the asymmetric (qq̄)-channel, the value of |σ^{NNLO}_{tt̄,qq̄} /σ^{NLO}_{tt̄,qq̄} | is lowered to be only ∼ 3%. This shows that after PMC scale setting, the change to the asymmetry from the NNLO is greatly suppressed.

• Writing the numerator and the denominator of the two asymmetries A_{F B} defined by Eqs.(1,2) in powers of α_s, we obtain

A_{F B} = α^3_s N_1 + α^4_s N_2 + O(α^5_s ) α^2_s D_0 + α^3_s D_1 + α^4_s D_2 + O(α^5_s ) = α_s D_0 [ N_1 + α_s ( N_2 −

D_1N_1 D_0 ) + α^2_s ( D^2_1N_1 D^2_0 − D_1N_2 D_0 − D_2N_1 D_0 ) + · · · ] , (3)

where the D_i-terms stand for the total crosssections at certain α_s-order and the N_i-terms stand for the asymmetric cross-sections at certain α_sorder. The terms up to NLO (D_0, D_1, N_1) have been calculated, whereas only parts of D_2 and N_2 are currently known [1–16].

As shown in Table I, using conventional scale setting, the relative importance of the denominator terms is [ α^2_s D_0 : α^3_s D_1 : α^4_s D_2 ≃ 1 : 18% : 12% ] , and the numerator terms for the asymmetric (qq̄)-channel satisfy [ α^3_s N_1 : α^4_s N_2 ∼ 1 : 50%

]_3 .

3 Since at present the NNLO numerator term N_2 is not available, as a first approximation, we treat these asymmetric terms to have the same relative importance as their total cross-sections; i.e. (α^3_s N_1)_{qq̄} : (α^4_s N_2)_{qq̄} ∼ (α^3_s D_1)_{qq̄} : (α^4_s D_2)_{qq̄} .

Thus, the N_1D_1/D_0 term and the N_2 term have the same importance. Because the NNLO N_2 term is not available at the present, one has to use the lowest-order O(α^2_s ) cross-section in the denominator and the O(α^3_s ) term in the numerator; i.e. dealing with only the so-called LO asymmetry [26, 29, 31, 32]: A_{F B} =^{N1}_{D0} α_s.

However, after PMC-scale setting, we have [ α^2_s D_0 : α^3_sD_1 : α^4_sD_2 ≃ 1 : 41% : 2% ] and the numerators for the asymmetric (qq̄)-channel becomes [ α^3_s N_1 : α^4_sN_2 ∼ 1 : 3% ] . It shows that, after PMC scale setting, the NNLO corrections for both the total cross-sections and the asymmetric part are lowered by about one order of magnitude. Therefore, the NNLO-terms N_2 and D_2 can be safely neglected in the calculation, and we can obtain the

FIG. 3. Representative cut diagrams contributing to the QCD-QED interference term O(α^2_s α). The wave lines stand for the photon.

asymmetry at the so-called NNLO level:

A_{F B} = α_s D_0 [ N_1 − α_s ( D_1N_1 D_0 ) + α^2_s ( D^2_1N_1 D^2_0 )] . Furthermore, it is natural to assume that those higher-order terms N_i and D_i with i > 2 after PMC scale setting will also give negligible contribution^4; the above asymmetry can thus be resummed to a more convenient form:

A_{F B} = α^3_s N_1 α^2_s D_0 + α^3_s D_1

. (4)

• As argued by Refs. [26, 31, 32], the electromagnetic and weak interaction will provide an extra ∼ 20% increment for the asymmetry. This shows that the electromagnetic contribution provides a non-negligible fraction of the QCD-based antisymmetric cross-section with the same overall sign. The asymmetry to be calculated thus changes to

A_{F B} = α^3_sN_1 + α^2_sαÑ_1 + α^2Ñ_0 α^2_s D_0 + α^3_s D_1

. (5)

Representative diagrams contributing to the QCD- QED interference term Ñ_1 at the order O(α^2_s α) are shown in Fig.(3). The weak contributions to the asymmetry are obtained by changing the photon propagator to be a Z^0-propagator. The pure electroweak antisymmetric O(α^2) term Ñ_0 arises from |M_{qq̄→γ→t}¯_t + M_{qq̄→Z}0_{→t}¯_t|^2 [32].

Based on the above considerations, the top quark forward-backward asymmetry after PMC scale setting can be written as A^{tt̄,PMC} F B = 1 σ^{tot,PMC}

H_1 H_2 →tt̄X (μ PMC R ) [ σ^{(qq̄)}_{asy} ( μ^{PMC}_R ; y^{tt̄}_t > 0 )

−σ^{(qq̄)}_{asy} ( μ^{PMC}_R ; y^{tt̄}_t < 0 )] (6)

4 There may still be large higher-order corrections not associated with renormalization. The n_f -dependent but renormalization scale independent terms should not be absorbed into the coupling constant. An important example in QED case is the electronloop light-by-light contribution to the sixth-order muon anomalous moment which is of order (α/π)^3 ln(m_μ/m_e) [57].

FIG. 4. PMC scales for the dominant asymmetry (qq̄)-channel versus the sub-process collision energy √ s for the top quark pair production up to 1.96 TeV, where we have set the initial renormalization scale μ^{init}_r = mt = 172.9 GeV.

and A^{pp̄,PMC} F B = 1 σ^{tot,PMC}

H_1 H_2 →tt̄X (μ PMC R ) [ σ^{(qq̄)}_{asy} ( μ^{PMC}_R ; y^{pp̄}_t > 0 )

−σ^{(qq̄)}_{asy} ( μ^{PMC}_R ; y^{pp̄}_t < 0 )] ,(7)

where σ^{tot}_{H1 H2 →tt̄X} is total hadronic cross-section up to

NLO. The symbol σ^{(qq̄)}asy stands for the asymmetric crosssection of the (qq̄)-channel which includes the above mentioned O(α^3_s ), O(α^2_s α) and O(α^2) terms. Here μ^{PMC}_R stands for the PMC scale. In the denominator for the total cross-section up to NLO, for each production channel, we need to introduce two LO PMC scales which are for the Coulomb part and non-Coulomb part accordingly, and one NLO PMC scale for the non-Coulomb part^5. In the numerator, we only need the NLO PMC scale μ^{PMC,NLO}

R for the (qq̄)-channel, since it is the only asymmetric component. Detailed processes for deriving these PMC scales can be found in Ref.[18], which are obtained by using the cross-sections calculated within the MSscheme. We present the behaviors of the PMC scales for the dominant asymmetric (qq̄)-channel in Fig.(4). Note that if the cross-sections are calculated within any other renormalization scheme, some proper scaledisplacements to the present PMC scales will be automatically set by PMC scale setting so as to ensure the scheme-independence of the final estimation.

It is interesting to observe that there is a dip for the NLO scale μ^{PMC,NLO}

R of the (qq̄)-channel when √ s ≃ [ √ 2 exp(5/6)]m_t ∼ 563 GeV, which is caused by the cor-

5 Since the channels (ij) = {(qq̄), (gg), (gq), (gq̄)} are distinct and non-interfering, their PMC scales should be set separately [18].

FIG. 5. PMC coefficients of the dominant asymmetric (qq̄)- channel versus the subprocess collision energy √ s, which determine the dip behavior of the NLO PMC scale μ^{PMC,NLO}_R . μ^{init}_R = mt = 172.9 GeV.

relation among the PMC coefficients for NLO and NNLO terms. More specifically, it is found that

μ^{PMC,NLO}

R = exp ( B̃_{2qq̄} Ã_{1qq̄} ) μ^{PMC,LO}

R = exp ( B̃_{2qq̄} Ã_{1qq̄} ) exp ( 3B_{1qq̄} 2A_{0qq̄} + O(α_s) ) μ^{init}_R , (8)

where the coefficients are defined through the standard PMC scale setting [17, 18]; i.e.

[m^2_t σ̂_{qq̄} ]_{non−Coulomb} = A_{0qq̄} a^2_s (μ^{init}_R ) + [A_{1qq̄} + B_{1qq̄} n_f ] a^3_s(μ^{init}_R ) + [ A_{2qq̄} + B_{2qq̄} n_f + C_{2qq̄} n^2_f ] a^4_s(μ^{init}_R )

= A_{0qq̄} a^2_s (μ^{PMC,LO}

R ) + [ Ã_{1qq̄} ] a^3_s(μ^{PMC,LO}

R ) + [ Ã_{2qq̄} + B̃_{2qq̄} n_f ] a^4_s(μ^{PMC,LO} R ) = A_{0qq̄} a^2_s (μ^{PMC,LO}

R ) + [ Ã_{1qq̄} ] a^3_s(μ^{PMC,NLO}

R ) + [ ~Ã_{2qq̄} ] a^4_s(μ^{PMC,NLO}

R ). (9)

Here σ̂_{qq̄} stands for the partonic cross-section. As shown in Fig.(5), the value of B̃_{2qq̄} is always negative and Ã_{1qq̄} has a minimum value at small √ s. As a result, there will be a dip for the NLO PMC scale μ^{PMC,NLO}_R as shown in Fig.(4). Quantitatively, the NLO PMC scale μ^{PMC,NLO}_R for the (qq̄)-channel is considerably smaller than m_t in the small √ s-region (corresponding to small momentum fraction of the incident partons which are favored by the parton luminosity L_{qq̄} [18]). The NLO cross-section of the (qq̄)-channel will thus be greatly increased; it is a factor of two times larger than its value derived under conventional scale setting, as shown by Table I.

As a byproduct, it is found that if fixing the calculation only at the NLO level, i.e. there is no higher-order terms in the LO PMC scale^6, and setting the initial

6 Note that the PMC scales will be a perturbative series of α_s so

renormalization scale to be equal to the factorization sale μ^{init}_R = μ_f ≡ m_t, our present LO PMC scale μ^{PMC,LO}_R for the (qq̄)-channel returns to the normal choice which agrees with the QED case,

μ^{PMC,LO} R ∼= exp(−5/6)√s. Note if μ^{init}_R ≠ μ_f , one can apply the renormalization group method to derive the full scale-dependent coefficients [9] and then get the same result. The new terms which involve the factor ln ( μ^{init}_R^2/μ^2_f ) must be separated

into two parts: one is proportional to ln μ^2_f /m^2_t which should be kept in its original form, and the other one is proportional to ln ( μ^{init}_R^2/m^2_t ) which should be absorbed

as to absorb all n_f -dependent terms properly [40, 58].

into the lower-order α_s-terms through the standard PMC scale setting.

III. PHENOMENOLOGICAL APPLICATIONS

The PMC asymmetries A^{tt̄,PMC}_{F B} and A^{pp̄,PMC}_{F B} can be compared with the asymmetries calculated using conventional scale setting. For definiteness, we apply PMC scale setting to improve Hollik and Pagani’s results [32], and we obtain

A^{tt̄,PMC} F B = { σ^{tot,HP}

H_1 H_2 →tt̄X

σ^{tot,PMC}

H_1 H_2 →tt̄X } α_s^3 ( μ^{PMC,NLO} R ) α^{HP}_s^3 (μ^{conv}_R )

A^{tt̄,HP}_{F B} |_{O(α}3_{s)} + α_s^2 ( μ^{PMC,NLO} R ) α^{HP}_s^2 (μ^{conv}_R )

A^{tt̄,HP}_{F B} |_{O(α}2_{sα)} + A^{tt̄,HP}_{F B} |_{O(α}2_)

(10)

A^{pp̄,PMC} F B = { σ^{tot,HP}

H_1 H_2 →tt̄X

σ^{tot,PMC}

H_1 H_2 →tt̄X } α_s^3 ( μ^{PMC,NLO} R ) α^{HP}_s^3 (μ^{conv}_R ) A^{pp̄,HP} F B |_{O(α}3_{s)} + α_s^2 ( μ^{PMC,NLO} R ) α^{HP}_s^2 (μ^{conv}_R ) A^{pp̄,HP} F B |_{O(α}2_{sα)} + A^{pp̄,HP}_{F B} |_{O(α}2_)

(11)

Here μ^{conv}_R stands for the renormalization scale set by conventional scale setting and the symbol HP stands for the corresponding values of Ref.[32]; i.e. for μ^{conv}_R = m_t, it shows [32]

σ^{tot,HP}

H_1 H_2 →tt̄X = 5.621 pb

A^{tt̄,HP}_{F B} |_{O(α}3_{s)} = 7.32% A^{tt̄,HP}_{F B} |_{O(α}2_{sα)} = 1.36%

A^{tt̄,HP}_{F B} |_{O(α}2_) = 0.26% A^{pp̄,HP}_{F B} |_{O(α}3_{s)} = 4.85% A^{pp̄,HP} F B |_{O(α}2_{sα)} = 0.90% A^{pp̄,HP}_{F B} |_{O(α}2_) = 0.16%

where

• A^{tt̄,HP}_{F B} |_{O(α}3_{s)} and A^{pp̄,HP}_{F B} |_{O(α}3_{s)} stand for the pure QCD asymmetry at the α^3_s -order under the tt̄-rest frame and the pp̄ lab frame respectively.

• A^{tt̄,HP}_{F B} |_{O(α}2_{sα)} and A^{pp̄,HP}_{F B} |_{O(α}2_{sα)} stand for the combined QED and weak with the QCD asymmetry at the α^2_s α-order under the tt̄-rest frame and the pp̄ lab frame respectively.

• A^{tt̄,HP}_{F B} |_{O(α}2_) and A^{pp̄,HP}_{F B} |_{O(α}2_) stand for the pure electroweak asymmetry at the α^2-order under the tt̄-rest frame and the pp̄ lab frame respectively.

FIG. 6. Dominant cut diagrams for the n_f -terms at the α^4- order of the (qq̄)-channel, which are responsible for the smaller effective NLO PMC scale μ^{PMC,NLO}_R , where the solid circles stand for the light quark loops.

In the formulae (10,11), we have defined an effective coupling constant α_s ( μ^{PMC,NLO} R ) for the asymmetric part, which is the weighted average of the strong coupling constant for the (qq̄)-channel; i.e. in using the effective coupling constant α_s ( μ^{PMC,NLO} R ) , one obtains the same (qq̄)-channel NLO cross-section as that of α_s(μ^{PMC,NLO}

R )^7. It is noted that the NLO-level asymmetric part for (qq̄)-channel only involves the NLO PMC scale for the non-Coulomb part, so the effective coupling constant α_s ( μ^{PMC,NLO} R ) can be unambiguously determined. We obtain a smaller effective NLO PMC scale

μ^{PMC,effective}

R ≃ exp(−9/10)m_t ∼ 70 GeV , (12)

which corresponds to α_s ( μ^{PMC,NLO} R ) = 0.1228. (13)

It is larger than α^{HP}_s (m_t) ≃ 0.098 [31, 32]. This effective NLO PMC scale is dominated by the non-Coulomb n_f - terms at the α^4-order, which are shown in Fig.(6). In these diagrams, the momentum flow in the virtual gluons possess a large range of virtualities. This effect for NLO PMC scale μ^{PMC,effective}

R can be regarded as a weighted average of these different momentum flows in the gluons, so it can be small.

Finally, we obtain A^{tt̄,PMC} F B ≃ 12.7% ; A^{pp̄,PMC}_{F B} ≃ 8.39% (14)

7 This mean value technology is consistent with the global PMC scale idea suggested in Ref.[39]. In principle, one could divide the cross-sections into the symmetric and asymmetric components and to find PMC scales for each of them. For this purpose, one needs to identify the n_f -terms or the n^2_f -terms for both the symmetric and asymmetric parts at the NNLO level separately.

FIG. 7. Comparison of the PMC prediction with the CDF data [27] for the tt̄-pair forward-backward asymmetry for the whole phase space. The upper diagram is for A^{tt̄}_{F B} in the tt̄- rest frame and the lower diagram is for A^{pp̄}_{F B} in the laboratory frame. The Hollik and Pagani’s results (HP) [32] using conventional scale setting are presented for a comparison. The result for D0 data [28] shows a similar behavior.

Thus, after PMC scale setting, the top quark asymmetry under the conventional scale setting is increased by ∼ 42% for both the tt̄-rest frame and the pp̄-laboratory frame. This large improvement is explicitly shown in Fig.(7), where Hollik and Pagani’s results which are derived under conventional scale setting [32] are presented for comparison. In Fig.(7), the upper diagram is for A^{tt̄}_{F B} in the tt̄-rest frame and the lower diagram is for A^{pp̄}_{F B} in the laboratory frame.

A. The PMC prediction of A^{tt̄}_{F B} (M_t¯_t > 450 GeV)

The CDF collaboration has found that when the tt̄- invariant mass, M_t¯_t > 450 GeV, the top quark forwardbackward asymmetry A^{tt̄}_{F B} (M_t¯_t > 450 GeV) is about 3.4 standard deviations above the SM asymmetry prediction

FIG. 8. The PMC prediction of A^{tt̄}_{F B} (M_t¯_t > 450 GeV) and the corresponding CDF data [27] for the tt̄-pair forwardbackward asymmetry for M_t¯_t > 450 GeV. The Hollik and Pagani’s results (HP) [32] using conventional scale setting are presented for a comparison.

under the conventional scale setting [30]. However, after applying PMC scale setting, with the help of the formulae (10,11) and the cross-sections derived by using conventional scale setting which are listed in Ref.[32], we will obtain a much larger A^{tt̄}_{F B} (M_t¯_t > 450 GeV) than the previous estimation [32].

For the present case^8, we have σ^{tot,PMC}_{H1 H2 →tt̄X} (M_t¯_t > 450 GeV) = 2.406 pb and α_s ( μ^{PMC,NLO} R ) = 0.1460

with

μ^{PMC,NLO}

R ∼ exp(−19/10)m_t ≃ 26 GeV.

Then, we obtain A^{tt̄,P MC} F B (M_t¯_t > 450 GeV) ≃ 35.0% , (15)

which is increased by about 1.7 times of the previous one A^{tt̄,HP}_{F B} (M_t¯_t > 450 GeV) = 12.8% [32]. Our present prediction is only about 1σ-deviation from the CDF data, which is shown in Fig.(8).

B. Initial renormalization scale dependence

We emphasize that the top quark asymmetry calculated under PMC scale setting is almost free of renormalization scale dependence.

8 For simplicity, we have adopted the partonic center-of-mass frame to estimate the PMC total cross-section under the condition of M_t¯_t > 450 GeV, which however agrees with that of tt̄-rest frame within a high accuracy, since as shown in Ref.[33], the events near the partonic threshold provide the dominant contributions to the cross-section at the Tevatron.

FIG. 9. The ratio R^{PMC}_Q =^μ PMC r |μinit r =Q μPMC r |μinit r =mt versus the sub-

process collision energy √ s up to 1.96 TeV for the (qq̄)- channel, where Q = 10 mt and 20 mt respectively. Here mt = 172.9 GeV.

To show how the change of initial scale affects the PMC scales, we define the ratio

R^{PMC}_Q = μ^{PMC}_R |_μinit_{R =Q}

μ^{PMC}_R |_μinit_{R =mt} , where μ^{PMC}_R |_μinit_{R =Q} stands for the PMC scales determined under the condition of μ^{init}_R = Q. In Fig.(9), we show the ratio R^{PMC}_Q versus the sub-process collision energy √ s up to 1.96 TeV for the (qq̄)-channel, where Q = 10 m_t and 20 m_t respectively. The residual scale dependence for the PMC scales slightly increases with the subprocess collision energy √ s; i.e. for the interested non-Coulomb NLO PMC scale, the value of R^{PMC}_Q is about 11% for Q = 10 m_t and 13% for Q = 20 m_t at √ s = 1.96 TeV. The cross-section at high collision energies is strongly suppressed by the parton luminosities, so that the total cross-section at the Tevatron remains almost unchanged even when taking disparate initial scales μ^{init}_R equal to m_t, 10 m_t, 20 m_t. Due to this fact, the top quark asymmetry after PMC scale setting is also almost free of initial renormalization scale dependence; i.e. the residual scale uncertainty is less than 10^{−3} by taking Q = m_t/4, 10 m_t, 20 m_t and √ s respectively.

IV. SUMMARY

With the help of present known top quark pair production cross-sections up to NNLO, we have presented a new analysis on the top quark forward-backward asymmetry using PMC scale setting. After PMC scale setting, a more convergent pQCD series expansion is obtained and the renormalization scale and scheme ambiguities are removed.

In comparison to the previous SM values estimated under conventional scale setting, we have shown that after PMC scale setting, both the top quark forwardbackward asymmetries A^{tt̄}_{F B} and A^{pp̄}_{F B} for tt̄-rest frame and pp̄-laboratory frame can be increased by ∼ 42%; i.e.

A^{tt̄,PMC} F B ≃ 12.7% and A^{pp̄,PMC}_{F B} ≃ 8.39% .

Moreover, the top quark asymmetry with certain kinematical cut, such as A^{tt̄}_{F B} (M_t¯_t > 450 GeV), can be raised by about 1.7 times; i.e.

A^{tt̄,P MC} F B (M_t¯_t > 450 GeV) ≃ 35.0% .

This shows that, after PMC scale setting, the top quark forward-backward asymmetries are close to the CDF and D0 measurements within only ∼ 1σ-deviation. The discrepancies between the SM estimate and the present CDF and D0 data are greatly reduced. This greatly suppresses the parameter space for new physics.

It is clear that the previous large discrepancy between the SM estimation and the CDF and D0 data for the top quark forward-backward asymmetry is caused by the improper setting of the renormalization scale. The PMC provides a systematic way to obtain optimal renormalization scales for the high energy process, whose theoretical predictions are essentially free of initial renormalization scale dependence even at fixed order. As we have shown the top quark pair total cross-section and its forward-backward asymmetry are almost unaltered by taking very disparate initial renormalization scales at the NNLO level.

Acknowledgements: We thank Leonardo di Giustino, Benedict von Harling, Alexander Mitov, Michal Czakon and Andrei Kataev for helpful conversations. This work was supported in part by the Program for New Century Excellent Talents in University under Grant NO.NCET-10-0882, Natural Science Foundation of China under Grant NO.11075225, and the Department of Energy contract DE-AC02-76SF00515. SLAC-PUB- 15006.

[1] P. Nason, S. Dawson, and R.K. Ellis, Nucl.Phys. B303, 607(1988).

[2] P. Nason, S. Dawson, and R.K. Ellis, Nucl.Phys. B327, 49 (1989).

[3] W. Beenakker, H. Kuijf, W.L. Van Neerven and J. Smith, Phys.Rev. D40, 54 (1989).

[4] W. Beenakker, W.L. Van Neerven, R. Meng and G.A.

Schuler, Nucl. Phys. B351, 507 (1991).

[5] S. Moch and P. Uwer, Phys.Rev. D78, 034003 (2008). [6] S. Moch and P. Uwer, Nucl.Phys.Proc.Suppl. 183, 75 (2008).

[7] M. Beneke, P. Falgari, S. Klein and C. Schwinn, arXiv:1112.4606.

[8] M. Aliev, H. Lacker, U. Langenfeld, S. Moch, P. Uwer and M. Wiedermann, Comput.Phys.Commun. 182, 1034 (2011).

[9] U. Langenfeld, S. Moch, and P. Uwer, Phys.Rev. D80, 054009 (2009).

[10] M. Czakon and A. Mitov, Nucl.Phys. B824, 111 (2010). [11] M. Czakon, A. Mitov and G. Sterman, Phys.Rev. D80, 074017 (2009).

[12] M. Beneke, P. Falgari, and C. Schwinn, Nucl.Phys. B828, 69 (2010).

[13] M. Beneke, M. Czakon, P. Falgari, A. Mitov and C.

Schwinn, Phys.Lett. B690, 483 (2010).

[14] V. Ahrens, A. Ferroglia, M. Neubert, Ben D. Pecjak, L.L.

Yang, JHEP 1009, 097(2010); V. Ahrens, M. Neubert, Ben D. Pecjak, A. Ferroglia, L.L. Yang, Phys.Lett. B703, 135 (2011).

[15] N. Kidonakis and R. Vogt, Phys.Rev. D78, 074005 (2008); N. Kidonakis, arXiv: 0909.0037.

[16] M. Cacciari, M. Czakon, M. Mangano, A. Mitov and P.

Nason, Phys.Lett. B710, 612 (2012).

[17] S.J. Brodsky and X.G. Wu, arXiv:1203.5312, SLAC- PUB-14898.

[18] S.J. Brodsky and X.G. Wu, arXiv:1204.1405, SLAC- PUB-14888.

[19] P. Baernreuther, M. Czakon and A. Mitov, arXiv:1204.5201.

[20] N. Kidonakis, Phys.Rev. D82, 114030 (2010). [21] T. Aaltonen et al. (CDF Collaboration), Phys.Rev.Lett.

105, 012001 (2010).

[22] V.M. Abazov et al. [D0 Collaboration], Phys.Rev. D84, 012008 (2011); V.M. Abazov et al. [D0 Collaboration], Phys.Lett. B704, 403 (2011).

[23] G. Aad et al. [ATLAS Collaboration], arXiv:1108.3699;

arXiv:1202.4892.

[24] S. Chatrchyan et al. [CMS Collaboration], Phys.Rev.

D84, 092004 (2011); S. Chatrchyan et al. [CMS Collaboration], JHEP 1107, 049 (2011).

[25] F. Halzen, P. Hoyer and C.S. Kim, Phys.Lett. B195, 74 (1987).

[26] J.H. Kuhn and G. Rodrigo, Phys.Rev.Lett. 81, 49 (1998);

Phys.Rev. D59, 054017 (1999).

[27] T. Aaltonen et al., CDF Collaboration, Phys.Rev. D83, 112003 (2011).

[28] V.M. Abazov, et al., D0 Collaboration, Phys.Rev. D 84, 112005 (2011).

[29] W. Bernreuther and Z.G. Si, Nucl.Phys. B837, 90 (2010). [30] J.M. Campbell and R.K. Ellis, Phys.Rev. D60, 113006 (1999).

[31] J.H. Kuhn and G. Rodrigo, JHEP 1201, 063(2012). [32] W. Hollik and D. Pagani, Phys.Rev. D84, 093003(2011). [33] V. Ahrens, A. Ferroglia, M. Neubert, B.D. Pecjak and L.L. Yang, JHEP 1109, 070 (2011); Phys.Rev. D84, 074004 (2011).

[34] K. Melnikov and M. Schulze, Nucl.Phys. B 840, 129 (2010).

[35] L.G. Almeida, G.F. Sterman and W. Vogelsang, Phys.Rev. D 78, 014008 (2008).

[36] N. Kidonakis, Phys.Rev. D84, 011504 (2011). [37] M. Gell-Mann and F.E. Low, Phys.Rev. 95, 1300 (1954). [38] W.A. Bardeen, A.J. Buras, D.W. Duke and T. Muta, Phys.Rev. D 18, 3998 (1978).

[39] S.J. Brodsky and L.D. Giustino, arXiv:1107.0338. [40] S.J. Brodsky and X.G. Wu, arXiv:1111.6175; Phys.Rev.

D85, 034038 (2012).

[41] E.C.G. Stückelberg and A. Peterman, Helv.Phys.Acta 26, 499 (1953); A. Peterman, Phys.Rept. 53, 157 (1979).

[42] N.N. Bogoliubov and D.V. Shirkov, Dok. Akad. Nauk SSSR 103, 391 (1955).

[43] S.J. Brodsky, G.P. Lepage and P.B. Mackenzie, Phys.Rev. D28, 228(1983).

[44] G.F. de Teramond and S.J. Brodsky, Phys.Rev.Lett. 102, 081601 (2009). And references therein.

[45] M. Pawlowski and R. Raczka, Found.Phys. 24, 1305 (1994).

[46] Gerard ’t Hooft, arXiv:1009.0669; arXiv:1011.0061. [47] G. Grunberg and A.L. Kataev, Phys.Lett. B279, 352 (1992); S.V. Mikhailov, JHEP 0706, 009 (2007); A.L. Kataev and S.V. Mikhailov, Teor.Mat.Fiz. 170, 174 (2012).

[48] K. Hagiwara, Y. Sumino and H. Yokoya, Phys.Lett.

B666, 71 (2008).

[49] Y. Kiyo, J.H. Kühn, S. Moch, M. Steinhauser and P.

Uwer, Eur.Phys.J. C60, 375 (2009).

[50] S.J. Brodsky, A.H. Hoang, J.H. Kühn and T. Teubner, Phys.Lett. B359, 355 (1995).

[51] S. Dittmaier, P. Uwer and S. Weinzierl, Phys. Rev. Lett.

98, 262002 (2007); Eur.Phys.J. C59, 625 (2009). [52] K. Melnikov and M. Schulze, JHEP 0908, 049 (2009). [53] K. Nakamura et al. (Particle Data Group), J.Phys.G37, 075021 (2010).

[54] A. Martin, R. Roberts, W. Stirling and R. Thorne, Eur.Phys.J. C39, 155 (2005).

[55] ATLAS Collaboration, ATLAS-CONF-2011-106. [56] CMS Collaboration, CMS-PAS-TOP-10-010. [57] J. Aldins, T. Kinoshita, S.J. Brodsky and A.J. Dufner, Phys.Rev.Lett. 23, 441 (1969).

[58] S.J. Brodsky and H.J. Lu, Phys.Rev. D51, 3652 (1995).