arXiv:1112.5057v1 [hep-ph] 21 Dec 2011

DESY 11-254

NNLL resummation for squark-antisquark production

Wim Beenakker^a, Silja Brensing^b, Michael Krämer^c, Anna Kulesza^c, Eric Laenen^d and Irene Niessen^{∗a} a IMAPP, Radboud University Nijmegen, P.O. Box 9010 NL-6500 GL Nijmegen, The Netherlands. b DESY, Theory Group, Notkestrasse 85, D-22603 Hamburg, Germany.

c Institute for Theoretical Particle Physics and Cosmology, RWTH Aachen University D-52056 Aachen, Germany.

d ITFA, University of Amsterdam, Science Park 904, 1018 XE, Amsterdam, ITF, Utrecht University, Leuvenlaan 4, 3584 CE Utrecht Nikhef Theory Group, Science Park 105, 1098 XG Amsterdam, The Netherlands E-mail: w.beenakker@science.ru.nl,

silja.christine.brensing@desy.de,
mkraemer@physik.rwth-aachen.de,
anna.kulesza@physik.rwth-aachen.de,
t45@nikhef.nl,
i.niessen@science.ru.nl

We report on the resummation of soft-gluon emissions for squark-antisquark production at nextto-next-to-leading-logarithmic (NNLL) accuracy. We will put particular emphasis on the one loop hard matching coefficients required to perform the resummation. Furthermore we will discuss the numerical effect of the different ingredients in the corrections. We find a significant reduction in the scale uncertainty and a considerable increase in the prediction of the total cross section at the central scale. Compared to the next-to-leading order prediction, the corrections increase the cross section by up to 30% for 1.5 TeV squarks at a centre-of-mass (CM) energy of 7 TeV at the LHC.

10th International Symposium on Radiative Corrections (Applications of Quantum Field Theory to Phenomenology) September 26-30, 2011 Mamallapuram, India

∗Speaker.

© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/

1. Introduction

Supersymmetry (SUSY), and in particular the minimal supersymmetric Standard Model [1], can provide a solution to the hierarchy problem, accommodate gauge coupling unification and offer a dark matter candidate. Since these issues are addressed only if the SUSY scale is comparable to the weak scale, one would expect new SUSY particles (sparticles) with masses in the TeV range, which could be measured at the Large Hadron Collider (LHC). Particularly the coloured sparticles, squarks (q̃) and gluinos (g̃), would be pair-produced copiously in hadronic collisions and thus offer the strongest sensitivity. Searches at the LHC with a centre-of-mass (CM) energy of √ S = 7 TeV have placed lower limits on squark and gluino masses around 1 TeV [2, 3].

The leading order (LO) predictions for inclusive squark and gluino hadroproduction depend strongly on the renormalization and factorization scale. This dependence is reduced significantly if higher-order SUSY-QCD corrections are included. If the renormalization and factorization scales are chosen close to the average mass of the produced particles, the corrections generally increase the size of the cross section compared to the LO prediction. Consequently, the SUSY-QCD corrections have a substantial impact on the determination of mass exclusion limits and lead to a significant reduction of the uncertainties on SUSY mass or parameter values in the case of discovery [4, 5].

The squark-antisquark production processes have been known for quite some time at next-to-leading order (NLO) in SUSY-QCD [6, 7]. A significant part of the NLO QCD corrections can be attributed to the threshold region, where the partonic CM energy is close to the kinematic production threshold and the NLO corrections are dominated by soft-gluon emission off the coloured particles in the initial and final state. These soft-gluon corrections can be taken into account to all orders in perturbation theory by means of threshold resummation techniques [8, 9]. This has been done for all MSSM squark and gluino production processes at next-to-leading-logarithmic (NLL) accuracy [10–14].

Recently, resummation at NNLL accuracy for squark-antisquark pair production was presented [15]. Compared to the NLL calculation the new ingredients are the one-loop matching coefficients, which contain the NLO cross section near threshold, and the two-loop soft anomalous dimensions. We will discuss the impact of the corrections and provide an estimate of the theoretical uncertainty due to scale variation.

In section 2 we discuss NNLL resummation for squark-antisquark pair-production. In section 3 we present the calculation of the hard matching coefficients. The numerical results for the LHC with a CM energy of √ S = 7 TeV are presented in section 4. We conclude in section 5.

2. Threshold resummation at NNLL

We first briefly review the formalism of threshold resummation for q̃ ¯q̃ production. The inclusive cross section σ_{h1h2→q̃} ¯_{q̃} can be written in terms of its partonic version σ_{i j→q̃} ¯_{q̃} as:

σ_{h1h2→q̃} ¯_{q̃} ( ρ,{m^2} ) = ∑_{i, j} ∫ dx_1dx_2 dρ̂ δ ( ρ̂ − ρ x_1x_2 ) f_{i/h1} (x_1, μ^2) f_{j/h2} (x_2, μ^2)σ_{i j→q̃} ¯_{q̃} ( ρ̂,{m^2}, μ^2 ) , where {m^2} denotes all masses entering the calculations, i, j are the initial parton flavours, f_{i/h1} and f_{j/h2} the parton distribution functions, μ is the common factorization and renormalization scale and x_{1,2} are the momentum fractions of the partons in hadrons h_1 and h_2. The hadronic threshold for the inclusive production of two squarks with mass m_{q̃} corresponds to a hadronic CM energy squared S = 4m^2_{q̃}. Therefore we define a threshold variable ρ = 4m^2_{q̃}/S and its partonic equivalent ρ̂ = 4m_{q̃}/s, with s = x_1x_2S the partonic CM energy squared. The resummation of the soft-gluon contributions is performed after taking a Mellin transform (indicated by a tilde) of the cross section,

σ̃_{h1h2→q̃ ¯q̃} ( N,{m^2} ) ≡ ∫_1 0 dρ ρ^{N−1} σ_{h1h2→q̃} ¯_{q̃} ( ρ,{m^2} ) = ∑_{i, j}^{f̃}i/h1^{(N + 1, μ 2) f̃} j/h2^{(N + 1, μ 2)σ̃}i j→q̃ ¯q̃^{(N,{m2}, μ 2). (2.1)}

The threshold limit ρ̂ → 1 corresponds to N → ∞. Near threshold, fixed-order perturbation theory does not converge well due to logarithmically enhanced terms. By resumming large logarithmic corrections containing L = log(N) to all orders, a new perturbative expansion arises, where first the leading logarithmic (LL) corrections are resummed, followed by the NLL, NNLL, ... contributions. The relation between this new perturbative expansion and fixed-order perturbation theory is shown schematically in Figure 1.

Figure 1: Schematic form of the logarithmically enhanced terms with the LO cross section factored out. The terms enclosed in the solid line occur in the LL approximation, which completes the first column. The new terms in the NLL approximation are enclosed in the dotted line and complete the second column. The shaded region corresponds to new terms coming from the NNLL approximation, which completes the third and fourth column. We resum the logarithms to all orders, so the columns extend downwards to infinity.

The all-order summation of these logarithmic terms is based on the near-threshold factorization of different classes of radiation: hard, (soft)-collinear, and wide-angle soft radiation [8, 9, 16–19]. Near threshold the resummed partonic cross section to NNLL accuracy has the form [8, 9, 20]:

σ̃^{(res)}_{i j→q̃ ¯q̃} ( N,{m^2},μ^2 ) = ∑_I^{σ̃ (0)}_{i j→q̃} ¯_{q̃,I}^{(N,{m2}, μ 2) exp [Lg}1^{(α}s^{L) + g}2,I^{(α}s^{L) + α}s^g3,I^{(α}s^{L)]} × ( 1 + α_s π C^{Coul,(1)}

i j→q̃ ¯q̃,I (N,{m

2}, μ^2) ) ( 1 + α_s π C^{(1)}_{i j→q̃ ¯q̃,I} ({m^2}, μ^2) ) , (2.2)

where σ̃^{(0)}_{i j→q̃ ¯q̃,I} are the colour-decomposed LO cross sections in Mellin-moment space. The colour label I corresponds to an irreducible representation of the colour structure of the process, which for squark-antisquark production can be either a singlet or an octet [10, 11, 21]. The exponent in the first line of Eq. (2.2) captures all dependence on the large logarithm L. The last line contains the one-loop Coulomb contribution C^{Coul,(1)} and hard matching coefficient C^{(1)}.

Setting the hard matching and Coulomb coefficients to 0 and keeping only the g_1 term in Eq. (2.2) constitutes the LL approximation. Including the g_2 term as well corresponds to NLL. For NNLL accuracy also the g_3 term and the one-loop hard matching and Coulomb coefficients need to be taken into account, as can be seen explicitly by expanding Eq. (2.2) and comparing it to figure 1. The g_3 term can be found in [15, 22–24] and the ingredients for C^{Coul,(1)}_{i j→q̃ ¯q̃,I} in [15, 25, 26]. The calculation of the NLO hard matching coefficients C^{(1)}_{i j→q̃ ¯q̃,I} will be discussed in section 3.

The hadronic cross section σ_{h1h2→q̃} ¯_{q̃} can be recovered by taking the inverse Mellin transform. We retain the information contained in the complete NLO cross section [7] by combining the NLO and NNLL results through a matching procedure that avoids double counting of the NLO terms:

σ^{(NLO+NNLL matched)}

h_1h_2→q̃ ¯q̃ ( ρ,{m^2}, μ^2 ) = ∑_{i, j} ∫ CT dN 2πi ρ^{−N} f̃_{i/h1} (N + 1, μ^2) f̃_{j/h2} (N + 1, μ^2) (2.3) × [ σ̃^{(res,NNLL)}

i j→q̃ ¯q̃ ( N,{m^2}, μ^2 ) − σ̃^{(res,NNLL)}

i j→q̃ ¯q̃ ( N,{m^2}, μ^2 ) |_{(NLO)} ] + σ^{(NLO)}

h_1h_2→q̃ ¯q̃ ( ρ,{m^2}, μ^2 ) . We adopt the “minimal prescription” of Ref. [27] for the contour CT of the inverse Mellin transform in Eq. (2.3). In order to use standard parametrizations of parton distribution functions in x-space we employ the method introduced in Ref. [28].

3. Calculation of the hard matching coefficients

We now discuss the calculation of the one-loop hard matching coefficients C^{(1)}. The calculations were done using FORM [29]. After performing an expansion of the NLO cross section in β , the hard matching coefficients C^{(1)} are determined by the terms in the NLO cross section that are proportional to β , β log(β ) and β log^2(β ). Terms that contain higher powers of β are suppressed by powers of 1/N in Mellin-moment space and do not contribute to the matching coefficient. In contrast to the case of top-pair production in Ref. [30], there is no full analytic result for the real corrections to squark-antisquark production, so we cannot take the explicit threshold limit.

The virtual corrections for squark-antisquark production can be obtained from the full analytic calculation as presented in Ref. [7]. First we need to colour-decompose the result. We only need the colour decomposition of the LO matrix element. Due to the orthogonality of the s-channel colour basis that we use, the full matrix element squared is then automatically colour-decomposed:

|M |^2_{NLO,I} = 2Re(M_{NLO}M^∗_{LO,I} ).

Then we are left with an expression in terms of masses, Mandelstam variables and scalar integrals. Since we need the cross section to O(β ), we have to expand |M |^2 to zeroth order in β to obtain the virtual part of the hard matching coefficients.

The integrated real corrections at threshold are formally phase-space suppressed near threshold unless the integrand compensates this suppression. Therefore we can construct the real corrections at threshold from the singular behaviour of the matrix element squared, which can be obtained using dipole subtraction [31, 32]. First we recall that the cross section can be split into three parts: a part with three-particle kinematics σ^{{3}}, one with two-particle kinematics σ^{{2}}, and a collinear counterterm σ^C to remove the initial-state collinear singularities. These parts are well-defined in n = 4 − 2ε dimensions, but their constituents diverge for ε → 0. With the aid of an auxiliary cross section σ^A, which captures all singular behaviour, all parts are made finite and integrable in four space-time dimensions. This auxiliary cross section is subtracted from the real corrections σ^R at the integrand level to obtain σ^{{3}} and added to the virtual corrections σ^V, which defines σ^{{2}}:

σ^{NLO} = ∫ 3 [ dσ^R − dσ^A ] ε=0 + ∫ 2 [ dσ^V + ∫ 1 dσ^A ] ε=0 + σ^C ≡ σ^{{3}} + σ^{{2}} + σ^C

Compared to the case of two-parton kinematics, the phase space of σ^{{3}} is limited by the energy of the third, radiated massless particle. Near the two-particle threshold, the maximum energy of the radiated particle, and thus the available phase space, equals E_{max} = √ s − 2m_{q̃} ∝ β^2. Since after subtracting σ^A no divergences are left in the integrand of σ^{{3}}, the leading contribution of σ^{{3}} is at most proportional to β^2 and can thus be neglected. So at threshold the real radiation is completely specified by the singular behaviour contained in σ^A and can therefore be determined by summing over dipoles that correspond to pairs of ordered partons [32] and taking the threshold limit.

After combining the real and the virtual corrections the hard matching coefficients can be obtained by taking the Mellin transform and omitting the Coulomb corrections and the log(N) terms. The complete expressions for the hard matching coefficients of the squark-antisquark production processes can be found in Ref. [15]. Their behaviour for varying gluino mass is shown in Fig. 2.

(a) (b)

Figure 2: Gluino-mass dependence of the colour-decomposed NLO hard matching coefficients for the qq̄ initiated channel (a) and the gg initiated channel (b). We have set μ = m_{q̃} = 1.2 TeV and m_t = 172.9 GeV.

4. Numerical results

We now present numerical results for NNLL-resummed squark-antisquark pair-production at the LHC for a CM energy of 7 TeV. We use the 2008 NLO MSTW parton distribution functions [33] with the corresponding α_s(M^2_Z) = 0.120. We have used a top quark mass of m_t = 172.9 GeV [34]. In order to study the effects from the hard matching coefficients and the Coulomb corrections separately, we compare the NLL matched cross section σ^{NLO+NLL}, which is based on the calculations presented in [10–12], the NNLL matched cross section without the Coulomb contributions to the resummation σ^{NLO+NNLL w/o Coulomb}, which has C^{Coul,(1)} = 0 in Eq. (2.2), and the NNLL matched cross section σ^{NLO+NNLL}, which does include the Coulomb correction C^{Coul,(1)}. All cross sections are matched to the NLO result calculated with PROSPINO [7, 35] using Eq. (2.3).

Figure 3(a) shows the mass dependence of the scale uncertainty for the squark-antisquark cross section. The squark and gluino mass have been taken equal and the scale has been varied in the range m_{q̃}/2 ≤ μ ≤ 2m_{q̃}. We see that the scale uncertainty reduces when higher-order corrections are included. In this range of squark masses, the NNLL resummation without the Coulomb corrections C^{Coul,(1)} already reduces the scale uncertainty to at most 10%. The inclusion of the Coulomb term C^{Coul,(1)} in the resummed NNLL prediction results in a scale uncertainty of only a few percent.

(a) (b)

Figure 3: The scale uncertainty (a) and K-factor (b) of the LO, NLO, NLO+NLL and NLO+NNLL (both with the Coulomb part C^{Coul,(1)} and without it) squark-antisquark cross sections for the LHC at 7 TeV. The central scale and the gluino mass have been taken equal to the squark mass. In (a) the common renormalization and factorization scale has been varied in the range m_{q̃}/2 ≤ μ ≤ 2m_{q̃}.

In figure 3(b) we study the mass dependence of the K-factor K_x = σ^x/σ^{NLO} at the central scale μ = m_{q̃} and m_{g̃} = m_{q̃}. The theoretical prediction of the cross section increases as more corrections are included. The effect is more pronounced for higher masses, since in that case particles are produced closer to threshold. The NNLL resummation without the Coulomb corrections C^{Coul,(1)} already results in a 25% increase of the cross section with respect to the NLO cross section for squarks of 2 TeV. The contribution from the Coulomb term to the resummed NLO+NNLL cross section is even larger, yielding a total K-factor of 1.45. Although the effect from the Coulomb corrections could be somewhat smaller in reality due to the finite lifetime of the squarks, figure 3(b) suggests that the NNLL contribution will remain large.

5. Conclusions

We have discussed the NNLL resummation of threshold corrections for squark-antisquark hadroproduction and presented numerical results for the NLO+NNLL resummed cross section for squark-antisquark production at the LHC with a CM energy of 7 TeV. For a squark mass of 2 TeV, the NLO+NNLL squark-antisquark cross section is up to 45% larger than the corresponding NLO cross section. The correction is reduced to 25% if the resummation contributions due to Coulombic interactions are omitted. The scale dependence is reduced significantly, particularly after inclusion of the Coulomb corrections. However, the observed reduction in the scale dependence might be modified somewhat by the inclusion of the width of the particles or by matching to the full NNLO result, which is not available. A very conservative estimate of the scale uncertainty is provided by the NLO+NNLL w/o Coulomb results, which do not include the Coulomb corrections. This information could be used to improve current limits on SUSY masses or, in the case that SUSY is found, to more accurately determine the masses of the sparticles.

Acknowledgments

This work has been supported in part by the Helmholtz Alliance “Physics at the Terascale”, the Foundation for Fundamental Research of Matter (FOM), program 104 “Theoretical Particle Physics in the Era of the LHC", the DFG SFB/TR9 “Computational Particle Physics”, and the European Community’s Marie-Curie Research Training Network under contract MRTN-CT-2006- 035505 “Tools and Precision Calculations for Physics Discoveries at Colliders”.

References

[1] H. P. Nilles, Supersymmetry, Supergravity and Particle Physics, Phys. Rept. 110 (1984) 1.

[2] ATLAS Collaboration, G. Aad et. al., Search for squarks and gluinos using final states with jets and missing transverse momentum with the ATLAS detector in sqrt(s) = 7 TeV proton-proton collisions, [arXiv:1109.6572].

[3] CMS Collaboration, S. Chatrchyan et. al., Search for Supersymmetry at the LHC in Events with Jets and Missing Transverse Energy, [arXiv:1109.2352].

[4] H. Baer, V. Barger, G. Shaughnessy, H. Summy, and L.-t. Wang, Precision gluino mass at the LHC in SUSY models with decoupled scalars, Phys.Rev. D75 (2007) 095010, [hep-ph/0703289].

[5] H. K. Dreiner, M. Kramer, J. M. Lindert, and B. O’Leary, SUSY parameter determination at the LHC using cross sections and kinematic edges, JHEP 1004 (2010) 109, [arXiv:1003.2648].

[6] W. Beenakker, R. Hopker, M. Spira, and P. Zerwas, Squark production at the Tevatron, Phys.Rev.Lett.

74 (1995) 2905, [hep-ph/9412272].

[7] W. Beenakker, R. Hopker, M. Spira, and P. M. Zerwas, Squark and gluino production at hadron colliders, Nucl. Phys. B492 (1997) 51, [hep-ph/9610490].

[8] G. F. Sterman, Summation of Large Corrections to Short Distance Hadronic Cross-Sections, Nucl.Phys. B281 (1987) 310.

[9] S. Catani and L. Trentadue, Resummation of the QCD Perturbative Series for Hard Processes, Nucl.

Phys. B327 (1989) 323.

[10] A. Kulesza and L. Motyka, Threshold resummation for squark-antisquark and gluino- pair production at the LHC, Phys. Rev. Lett. 102 (2009) 111802, [arXiv:0807.2405].

[11] A. Kulesza and L. Motyka, Soft gluon resummation for the production of gluino-gluino and squark-antisquark pairs at the LHC, Phys. Rev. D80 (2009) 095004, [arXiv:0905.4749].

[12] W. Beenakker, S. Brensing, M. Krämer, A. Kulesza, E. Laenen, and I. Niessen, Soft-gluon resummation for squark and gluino hadroproduction, JHEP 12 (2009) 41, [arXiv:0909.4418].

[13] W. Beenakker, S. Brensing, M. Krämer, A. Kulesza, E. Laenen, and I. Niessen, Supersymmetric top and bottom squark production at hadron colliders, JHEP 8 (2010) 1, [arXiv:1006.4771].

[14] W. Beenakker, S. Brensing, M. Krämer, A. Kulesza, E. Laenen, L. Motyka, and I. Niessen, Squark and gluino hadroproduction, Int.J.Mod.Phys. A26 (2011) 2637, [arXiv:1105.1110].

[15] W. Beenakker, S. Brensing, M. Krämer, A. Kulesza, E. Laenen and I. Niessen, NNLL resummation for squark-antisquark pair production at the LHC, [arXiv:1110.2446].

[16] R. Bonciani, S. Catani, M. L. Mangano, and P. Nason, NLL resummation of the heavy-quark hadroproduction cross- section, Nucl. Phys. B529 (1998) 424, [hep-ph/9801375].

[17] H. Contopanagos, E. Laenen, and G. Sterman, Sudakov factorization and resummation, Nucl. Phys.

B484 (1997) 303, [hep-ph/9604313].

[18] N. Kidonakis, G. Oderda, and G. Sterman, Threshold resummation for dijet cross sections, Nucl.

Phys. B525 (1998) 299, [hep-ph/9801268].

[19] N. Kidonakis, G. Oderda, and G. Sterman, Evolution of color exchange in QCD hard scattering, Nucl.

Phys. B531 (1998) 365, [hep-ph/9803241].

[20] M. Beneke, P. Falgari, and C. Schwinn, Threshold resummation for pair production of coloured heavy (s)particles at hadron colliders, Nucl.Phys. B842 (2011) 414, [arXiv:1007.5414].

[21] M. Beneke, P. Falgari, and C. Schwinn, Soft radiation in heavy-particle pair production: All-order colour structure and two-loop anomalous dimension, Nucl.Phys. B828 (2010) 69, [arXiv:0907.1443].

[22] S. Moch, J. Vermaseren, and A. Vogt, Higher-order corrections in threshold resummation, Nucl.Phys.

B726 (2005) 317, [hep-ph/0506288].

[23] M. Czakon, A. Mitov, and G. Sterman, Threshold Resummation for Top-Pair Hadroproduction to Next-to-Next-to-Leading Log, Phys. Rev. D80 (2009) 074017, [arXiv:0907.1790].

[24] S. Moch and P. Uwer, Theoretical status and prospects for top-quark pair production at hadron colliders, Phys.Rev. D78 (2008) 034003, [arXiv:0804.1476].

[25] S. Catani, M. L. Mangano, P. Nason, and L. Trentadue, The Top cross-section in hadronic collisions, Phys.Lett. B378 (1996) 329, [hep-ph/9602208].

[26] V. S. Fadin, V. A. Khoze, and T. Sjostrand, On the threshold behavior of heavy top production, Z.Phys. C48 (1990) 613.

[27] S. Catani, M. L. Mangano, P. Nason, and L. Trentadue, The Resummation of soft gluons in hadronic collisions, Nucl.Phys. B478 (1996) 273, [hep-ph/9604351].

[28] A. Kulesza, G. F. Sterman, and W. Vogelsang, Joint resummation for Higgs production, Phys.Rev.

D69 (2004) 014012, [hep-ph/0309264].

[29] J. Vermaseren, New features of FORM, math-ph/0010025.

[30] M. Czakon and A. Mitov, On the Soft-Gluon Resummation in Top Quark Pair Production at Hadron Colliders, Phys. Lett. B680 (2009) 154, [arXiv:0812.0353].

[31] S. Catani and M. H. Seymour, A general algorithm for calculating jet cross sections in NLO QCD, Nucl. Phys. B485 (1997) 291, [hep-ph/9605323].

[32] S. Catani, S. Dittmaier, M. H. Seymour, and Z. Trocsanyi, The dipole formalism for next-to-leading order QCD calculations with massive partons, Nucl. Phys. B627 (2002) 189, [hep-ph/0201036].

[33] A. D. Martin, W. J. Stirling, R. S. Thorne, and G. Watt, Parton distributions for the LHC, Eur. Phys. J.

C63 (2009) 189, [arXiv:0901.0002].

[34] K. Nakamura et al. (Particle Data Group), J. Phys. G 37, (2010) 075021 and 2011 partial update for the 2012 edition.

[35] see http://www.thphys.uni-heidelberg.de/~plehn/prospino/ or

http://people.web.psi.ch/spira/prospino/.