arXiv:hep-ph/0311265 v1 20 Nov 2003

BNL-NT-03/39 RBRC-389 TTP03-37 SFB/CPP-03-55 YITP-SB-03-60

The resummed Higgs boson transverse momentum distribution at the LHC ∗

Anna Kulesza

Institut für Theoretische Teilchenphysik, Universität Karlsruhe, D-76131 Karlsruhe, Germany and George Sterman

C.N. Yang Institute for Theoretical Physics, Stony Brook University, Stony Brook, New York 11794 – 3840, U.S.A. and Werner Vogelsang

RIKEN-BNL Research Center and Nuclear Theory, Brookhaven National Laboratory, Upton, NY 11973, U.S.A.

We apply QCD resummation techniques to study the transverse momentum distribution of Higgs bosons produced via gluon-gluon fusion at the LHC. In particular we focus on the joint resummation formalism which resums both threshold and transverse momentum corrections simultaneously. A comparison of results obtained in the joint and the standard recoil resummation frameworks is presented.

∗ Presented by A. Kulesza at the XXVII International Conference of Theoretical Physics, Ustroń, Poland, 15-21 September 15-21 2003. (1)

1. Introduction

The Large Hadron Collider (LHC) is widely expected to be the Higgs boson discovery machine. In particular, the dominant channel for the production of a light Higgs particle at the LHC is gluon fusion gg → HX [1]. The search strategies for the Higgs boson rely deeply on the knowledge of production characteristics, the transverse momentum (Q_T ) of the produced boson being one of the most important quantities. In this talk we describe an application of the joint resummation formalism [2] to calculate transverse momentum distribution of Higgs bosons produced through the gluon fusion mechanism at the LHC.

It is a general feature of perturbative calculations in QCD that close to a phase space boundary partonic hard-scattering cross sections acquire large logarithmic corrections. These corrections are related to soft and collinear gluon emission and arise from cancellations between virtual and real contributions at each order in perturbation theory. The threshold and recoil corrections are the two notable examples often discussed in this context. The threshold corrections of the form α^n_s ln^{2n−1}(1 − z)/(1 − z) become large when the partonic c.m. energy approaches the invariant mass Q of the produced boson, z = Q^2/ŝ → 1. The recoil corrections, in turn, are of the form α^n_s ln^{2n−1}(Q^2/Q^2_T ) and grow large if the transverse momentum carried by the produced boson is very small, Q_T ≪ Q. Thus, sufficiently close to the phase-space boundary, i.e. in the limit of soft and/or collinear radiation, fixed-order perturbation theory is bound to fail. A proper treatment of higher-order corrections in this limit requires resummation of logarithmic corrections to all orders.

In the Standard Model the leading O(α^2_s ) process for Higgs boson production via gluon-gluon fusion proceeds through a heavy quark loop, with the top quark loop providing the most significant contribution. In the limit of large top mass, m_t → ∞, the Higgs coupling to gluons through the top loop can be described by the effective ggH vertex [3]. This simplifying approximation was shown to be valid up to a few percent accuracy in the case of NLO calculations [4]. The fixed-order predictions for the total production rate are currently known at the NNL (next-to-next-to-leading) order. Although not as large as the NLO corrections [3], the NNLO corrections were found to be substantial, increasing the NLO predictions by around 30% [5]. Moreover, it was shown that the prevailing contribution to these corrections corresponds to the soft and collinear gluon emission [6, 7], thus reinforcing the need for a careful treatment of logarithmic corrections to all orders.

The resummation techniques are well established both in the threshold [8, 9] and in the recoil [10, 11] case for the Drell-Yan production-type processes. The Drell-Yan mechanism and the mechanism for Higgs boson production through gluon-gluon fusion are similar. This makes it possible to apply (after implementing necessary changes accounting for gluons, instead of quarks, in the initial state) the already developed resummation methods to Higgs boson production. The resummed predictions were obtained in [4, 12] for threshold resummation and in [13, 14, 15, 16] for recoil resummation. A joint, simultaneous treatment of the threshold and recoil corrections was first introduced in [2, 17]. It relies on a novel refactorization of short-distance and long-distance physics at fixed transverse momentum and energy [2]. Similarly to standard threshold and recoil resummation, exponentiation of logarithmic corrections occurs in the impact parameter b space [11], Fourier-conjugate to transverse momentum Q_T space as well as in the Mellin-N moment space [8, 9], conjugate to z space. The resulting expression respects energy and transverse momentum conservation. A full phenomenological analysis of Z boson production at the Tevatron in the framework of joint resummation can be found in [18], whereas Higgs boson production at the LHC was studied in [19].

2. The jointly resummed cross section

The general expression for the jointly resummed cross section [2], applied to Higgs boson production via gluon fusion, reads [19] dσ^{res}_{AB} dQ^2 d^2 ⃗Q_T

= πτσ^h_0 δ(Q^2 − m^2_h) H(α_s(Q^2)) ∫ C_N dN 2πi τ^{−N} ∫ d_2b (2π)^2 e^{i ⃗QT ·⃗b} × C_{g/A}(Q, b, N, μ, μ_F ) exp [ E^{PT}_{gg} (N, b, Q, μ) ] C_{g/B}(Q, b, N, μ, μ_F ) , (1) where τ = Q^2/S, m_h is the mass of the Higgs boson, and πτσ^h_0 δ(Q^2 − m^2_h) denotes the lowest order partonic cross section for the process gg → HX in the limit of large m_t, with

σ^h_0 = √ 2G_F α^2_s (m_h) 576π

. (2)

The function H contains the hard virtual part of the perturbative corrections and up to O(α_s) is given by [3, 21]

H(α_s) = 1 + α_s 2π H^{(1)} = 1 + α_s 2π ( 2π^2 + 11 ) . (3)

Apart from a lower limit of integration, at the next-to-leading-logarithm (NLL) accuracy the form of the Sudakov factor E^{PT}_{gg} (N, b, Q, μ) in the jointly resummed expression (1) is the same as for the recoil resummation [18]: E^{PT}_{gg} (N, b, Q, μ) = − ∫_Q2

Q^2/χ^2 dk^2_T k^2_T [ A_g(α_s(k_T )) ln ( Q^2 k^2_T ) + B_g(α_s(k_T )) ] . (4)

The functions A and B are perturbative series in α_s and their coefficients can be determined by comparing fixed order predictions with an expansion of resummed result [21, 20]. NLL accuracy requires using A^{(1)}g , B^{(1)}g and A^{(2)}g in Eq. (4):

A^{(1)}_g = C_A , B^{(1)}_g = − 1 6 (11C_A − 4T_RN_F ) ,

A^{(2)}_g = C_A 2 [ C_A ( 67 18 − π^2 6 ) − 10 9 T_RN_F ] , (5)

where C_A = 3, C_F = 4/3, T_R = 1/2, and N_F is the number of flavors. The higher order (needed at NNLL) coefficient B^2_g is also known [21]

B^{(2)}_g = C^2_A ( − 4 3 + 11 36 π^2 − 3 2 ζ_3 ) + 1 2 C_F T_RN_F + C_AN_F T_R ( 2 3 − π^2 9 ) . (6)

The quantity χ(N, b) appearing in the lower limit of integration in (4) is specific to joint resummation. The LL and NLL logarithmic terms in the threshold limit, N → ∞ (at fixed b), and in the recoil limit b → ∞ (at fixed N) are correctly reproduced with the following choice of the form of χ χ(N̄, b̄) = b̄ + N̄ 1 + η b̄/N̄ , (7)

where η is a constant and we define

N̄ = Ne^γE , (8) b̄ ≡ bQe^γE /2 , (9)

with γ_E the Euler constant.

The functions C(Q, b, N, μ, μ_F ) in Eq. (1) are given by: C_{a/H} (Q, b, N, μ, μ_F ) = ∑ j,k C_{a/j} (N, α_s(μ)) E_{jk} (N, Q/χ, μ_F ) f_{k/H} (N, μ_F ) . (10) The product of parton distribution functions f_{k/H} at scale μ_F , and a matrix E_{jk} can be seen as corresponding to parton densities evaluated at the scale Q/χ. The evolution from the scale μ_F to Q/χ is accurate to NLL in χ and represented by the matrix E (N, Q/χ, μ_F ). The origin and the structure of the evolution matrix E was discussed in detail in Ref. [18, 19]. The coefficients C_{a/j}(N, α_s) have a structure of a perturbative series in α_s, and are determined in the same way as for recoil resummation, i.e. up to O(α_s),

C_{g/g} (N, α_s) = 1 + α_s 2π C^{(1)}_{g/g} = 1 + α_s 4π π^2 , (11) C_{g/q} (N, α_s) = α_s 2π C^{(1)}_{g/q} = α_s 2π C_F 1 N + 1

= C_{g/q̄} (N, α_s) . (12)

The expression (1) is formally accurate to the next-to-leading-logarithm (NLL) level. However, due to the large colour charge of the incoming gluons, the cross section exhibits increased sensitivity to the Sudakov logarithms. It is known for recoil resummation that the NNLL terms have a significant impact on numerical results. Motivated by this finding, we decide to include the NNLL terms containing the B^{(2)} coefficient, in the way consistent with the recoil resummation. In our formalism we also include the O(α_s) perturbative expansions for the functions H and C, which formally give NNLL contributions. As discussed in Ref. [22], the NNLL resummed cross sections are resummation scheme dependent, and the choice of the resummation scheme is reflected in the value of the coefficients B^{(2)}, H^{(1)} and C^{(1)}. We exercise the freedom of the resummation scheme choice by demanding that the function H, calculated with α_s taken at the scale Q, collects the hard virtual part of the NLO corrections. The Sudakov factor and the C coefficients contain then only soft or collinear contributions. The values of B^{(2)} and C^{(1)} listed above are for this particular resummation scheme.

By incorporating full evolution of parton densities the cross section (1) correctly includes also the leading α^n_s ln^{2n−1}(N̄)/N collinear non-soft terms to all orders. At the NLO, this can be seen by expanding jointly resummed cross section to O(α_s) (here for illustration purposes only in the gg channel), integrated over Q_T

σ̂^{gg} = σ^{(0)}_g α_s 2π { −4C_A ln^2 N̄ + 8πb_0 ln N̄ + 11 + 3π^2

−2 ln N̄ [ 4C_A N(N − 1) + 4C_A (N + 1)(N + 2)

− 4C_AS_1(N) + 4πb_0 ]} , (13)

where S_1(N) = ∑_N j=1 j^{−1} = ψ(N + 1) + γ_E, with ψ the digamma function.

In the large N limit this gives

σ̂^{gg} = σ^{(0)}_g α_s 2π { 4C_A ln^2 N̄ + 4C_A ln N̄ N + 11 + 3π^2 } + O ( ln N̄ N^2 ) , (14)

which can be compared to the the large N limit of the NLO result in the Mellin space

σ̂^{gg} = σ^{(0)}_g α_s 2π { 4C_A ln^2 N̄ + 4C_A ln N̄ N + 11 + 4π^2 } + O ( ln N̄ N^2 ) .(15)

The agreement between the expanded jointly resummed expression and the exact NLO result down to the O(1/N) is clear. The mismatch in the constant π^2 term between (14) and (15) originates from the value of the C^{(1)}_{g/g} coefficient and is a NNLL effect. A development of the joint formalism at the NNLL would eliminate this disagreement as well as provide a way to include other NNLL coefficients, most notably B^{(2)}.

2.1. Numerical results and discussion In order to have predictive power, the resummed expression (1) needs to be supplemented by a definition of the inverse Mellin and Fourier transforms from N and b space. In the joint approach, the inverse integrals are both treated as contour integrals in the complex space of N and b. For the integrals to be well defined, the contours must not run into the Landau pole or singularities associated with the form of the function χ. This procedure provides an unambigous definition of resummed perturbation theory without an introduction of additional dimensional scales and implies a functional form of non-perturbative corrections. We refer the reader to Ref. [19] for a detailed discussion of the parametrization of the contours.

The joint resummation formalism with the inverse transforms defined as contour integrals ensures that predictions can be obtained for any nonzero value of Q_T . This is not possible in the standard recoil approach without adding some non-perturbative term of the form −gb^2 to the Sudakov exponent. However, for the purely technical reasons of numerical stability we also include such a factor in our jointly resummed cross section. The value of the g parameter, g = 1.67 GeV^2, is adopted from the study in Ref. [24]. However, we checked that the dependence of the results at small Q_T on the value of g is negligible, in agreement with what was found for the case of pure b space resummation. At large Q_T , where the ln(Q^2_T /Q^2) terms taken into account by resummation lose their importance, it is necessary to match the resummed result with a fixed-order result. Here the jointly resummed result is matched to the O(α_s) perturbative result [13], in the way described in [18].

The numerical results for the Higgs boson transverse momentum distribution calculated in the joint resummation framework were obtained assuming m_h = 125 GeV, μ = μ_F = Q = m_h and using CTEQ5M [23] parton distribution functions. The parameter η in the definition of χ (7) is chosen to be η = 1. We checked that the numerical dependence of the predictions on the value of η is small [19].

Apart from the joint resummation predictions, in Fig. 1 we also show the recoil-only (i.e. χ = b̄) resummed result. At small to moderate Q_T , the b space resummed prediction is slightly higher and broader than the one provided by the joint resummation but the difference is small. Consequently, we conclude that the threshold effects are of modest importance at these values of Q_T and the pure recoil resummation is fully applicable there.

The Q_T -integrated joint cross section, by definition, is expected to return the threshold resummed result. Although it does so formally up to NLL, numerically the integrated joint distribution returns a result which is ∼ 10% lower than the threshold cross section. We find that this suppresion is caused by subleading terms included in the joint resummation, more specifically terms ∝ 1/(N − 1) in the expansion of the joint expression (13). These terms arise from our treatment of evolution in the coefficients C, cf. Eq. (10). They are important only in the small N limit and therefore not present in the threshold resummed expression. (However, it is interesting to observe that the NLO cross section in Mellin space contains the same subset of terms ∝ 1/(N − 1) as the expanded joint expression taken at b̄ = 0, plus an additional subset of terms ∝ 1/(N − 1)^2. The numerical effects of the two subsets cancel almost entirely, leading to a relatively good approximation of the NLO cross section by the threshold resummed result.) The small N limit corresponds to the limit of small z = Q^2/ŝ ≪ 1. Given partonic c.m. energies available at the LHC, the small z terms of the form α^n_s ln^{(2n−1)}(z)/z may indeed play a significant role for light Higgs production. These terms can be resummed on their own [25], but their full inclusion in the joint formalism alongside the threshold and recoil corrections requires further work.

Fig. 1. Transverse momentum distribution for Higgs production at the LHC in the framework of joint resummation and of “pure-Q_T ” resummation.

Acknowledgements: A.K. wishes to thank the conference organizers for their kind hospitality and a nice atmosphere during the meeting. W.V is grateful to RIKEN, Brookhaven National Laboratory and the U.S. Department of Energy (contract number DE-AC02-98CH10886) for providing the facilities essential for the completion of this work. The work of G.S. was supported in part by the National Science Foundation, grants PHY9722101 and PHY0098527. A.K. acknowledges support from Sonderforschungsbereich/Transregio-9 “Computational Particle Physics”.

REFERENCES

[1] See, for example: D. Cavalli et al., The Higgs working group: Summary report of the “Workshop on Physics at TeV Colliders”, Les Houches, France, May 2001, hep-ph/0204316.

[2] E. Laenen, G. Sterman and W. Vogelsang, Phys. Rev. D 63, 114018 (2001). [3] S. Dawson, Nucl. Phys. B359 (1991) 283 ; A. Djouadi, M. Spira and P. M. Zerwas, Phys. Lett. B264 (1991) 440; M. Spira, A. Djouadi, D. Graudenz and P. M. Zerwas, Nucl. Phys. B453 (1995) 17 .

[4] M. Krämer, E. Laenen and M. Spira, Nucl. Phys. B511 (1998) 523 . [5] R. V. Harlander and W. B. Kilgore, Phys. Rev. Lett. 88 (2002) 201801;

C. Anastasiou and K. Melnikov, Nucl. Phys. B646 (2002) 220; V. Ravindran, J. Smith and W.L. van Neerven, Nucl. Phys. B665 (2003) 325.

[6] S. Catani, D. de Florian and M. Grazzini, JHEP0105, 025 (2001). [7] R. V. Harlander and W. B. Kilgore, Phys. Rev. D64 (2001) 013015. [8] G. Sterman, Nucl. Phys. B 281 (1987) 310.

[9] S. Catani and L. Trentadue, Nucl. Phys. B 327 (1989) 323; Nucl. Phys. B 353 (1991) 183.

[10] Y. L. Dokshitzer, D. Diakonov and S. I. Troian, Phys. Rept. 58 (1980) 269;

G. Parisi and R. Petronzio, Nucl. Phys. B 154 (1979) 427; G. Altarelli, R. K. Ellis, M. Greco and G. Martinelli, Nucl. Phys. B 246 (1984) 12.

[11] J. C. Collins and D. E. Soper, Nucl. Phys. B 193 (1981) 381 [Erratum-ibid.

B 213 (1981) 545], Nucl. Phys. B 197 (1982) 446;

J. C. Collins, D. E. Soper and G. Sterman, Nucl. Phys. B 250 (1985) 199. [12] S. Catani, D. de Florian, M. Grazzini and P. Nason, JHEP0307, 028 (2003). [13] I. Hinchliffe and S. F. Novaes, Phys. Rev. D38 (1988) 3475. [14] R. P. Kauffman, Phys. Rev. D44 (1991) 1415; C.-P. Yuan, Phys. Lett. B283 (1992) 395; C. Balázs and C.-P. Yuan, Phys. Lett. B478 (2000) 192.

[15] E.L. Berger and J.-W. Qiu, Phys. Rev. 67 (2003) 034026. [16] G. Bozzi, S. Catani, D. de Florian and M. Grazzini, Phys. Lett. B564 (2003) 65. [17] E. Laenen, G. Sterman and W. Vogelsang, Phys. Rev. Lett. 84, 4296 (2000)

[18] A. Kulesza, G. Sterman and W. Vogelsang, Phys. Rev. D66 (2002) 014011. [19] A. Kulesza, G. Sterman and W. Vogelsang, hep-ph/0309264. [20] J. Kodaira and L. Trentadue, Phys. Lett. B112 (1982) 66; ibid. B123 (1983) 335; S. Catani, E. D’Emilio and L. Trentadue, Phys. Lett. B211 (1988) 335.

[21] D. de Florian and M. Grazzini, Phys. Rev. Lett. 85 (2000) 4678; Nucl. Phys.

B616 (2001) 247.

[22] S. Catani, D. de Florian and M. Grazzini, Nucl. Phys. B596 (2001) 299. [23] H. Lai et al., Eur. Phys. J. C12 (2000) 375. [24] A. Kulesza and W.J. Stirling, hep-ph/0307208. [25] F. Hautmann, Phys. Lett. B355 (2002) 159.