arXiv:hep-ph/0008152 v2 16 Oct 2000

August 2000

Next-to-next-to-leading logarithmic corrections at small transverse momentum in hadronic collisions^�

Daniel de Florian and Massimiliano Grazzini Institute of Theoretical Physics, ETH-Hönggerberg, CH-8093 Zürich, Switzerland

Abstract

We study the region of small transverse momenta in qq̄- and gg-initiated processes with no colored particle detected in the final state. We present the universal expression of the O(α^2_s) logarithmically-enhanced contributions up to next-to-next-to-leading logarithmic accuracy. From there we extract the coefficients that allow the resummation of the large logarithmic contributions. We find that the coefficient known in the literature as B^{(2)} is process dependent, since it receives a hard contamination from the one loop correction to the leading order subprocess. We present the general result of B^{(2)} for both quark and gluon channels. In particular, in the case of Higgs production, this result will be relevant to improve the matching between resummed predictions and fixed order calculations.

PACS: 12.38.Bx, 12.38.Cy

Typeset using REVTEX

∗Work supported in part by the EU Fourth Framework Programme ‘Training and Mobility of Researchers’, Network ‘Quantum Chromodynamics and the Deep Structure of Elementary Particles’, contract FMRX-CT98-0194 (DG 12 - MIHT) and by the Swiss National Foundation.

The process in which a system of non strongly-interacting particles of large invariant mass Q^2 (lepton pairs, gauge boson(s), Higgs boson, and so forth) is produced in hadronic collisions is a well studied subject in perturbative QCD [1]. At transverse momenta q^2_T of order of Q^2 the cross section can be computed by using the standard QCD-improved parton model. When q_T becomes small the simple perturbative picture is spoiled. This happens because large logarithmic corrections of the form log^{Q2}_{q2T} arise due to a non complete cancellation of soft and collinear singularities between real and virtual contributions. These large logarithmic corrections can be resummed to all orders by using the Collins-Soper- Sterman (CSS) formalism [2].

We consider the class of inclusive hard scattering processes

h_1h_2 → A_1 + A_2 . . . A_n + X (1)

where the collision of the hadrons h_1 and h_2 produces a system of non strongly-interacting final state particles A_1 . . . A_n carrying total momentum Q and total transverse momentum q_T . According to the CSS formula, and neglecting terms which are finite in the limit q_T → 0, the cross-section can be written as^1 : dσ dq^2_T dQ^2dϕ = ∑ a,b,c ∫_1 0 dx_1 ∫_1 0 dx_2 ∫_∞ 0 db b 2 J_0(bq_T ) dσ^{(LO)}_{cc̄} dϕ δ(Q^2 − x_1x_2s) · ( f_{a/h1} ⊗ C_{ca} ) ( x_1, b^2_0 b^2 ) ( f_{b/h2} ⊗ C_{c̄b} ) ( x_2, b^2_0 b^2 ) S_c(Q, b) , (2) where dϕ = dP S(Q → q_1, q_2, . . . q_n) represents the phase space of the system of non-colored particles, b_0 = 2e^{−γe} and σ^{(LO)}_{cc̄} is the leading-order cross-section (i.e., with no final state partons and therefore q_T = 0) for the given process (c, c̄ can be either q_f , q̄_f 0 or g, g). The function C_{ab} in Eq. (2) is a process-dependent coefficient function, J_0(bq_T ) is the Bessel function of first kind and f_{i/h} corresponds to the distribution of a parton i in a hadron h. The large logarithmic corrections are exponentiated in the Sudakov form factor

S_c(Q, b) = exp { − ∫ Q2 b20/b2 dq^2 q^2 [ A_c(α_s(q^2)) ln

Q^2 q^2

+ B_c(α_s(q^2)) ]} . (3)

The functions A_c, B_c and C_{ab} in Eqs. (2,3) have perturbative expansions in α_s,

A_c(α_s) = ∞∑ n=1 ( α_s 2π )n A^{(n)}_c , (4)

B_c(α_s) = ∞∑ n=1 ( α_s 2π )n B^{(n)}_c , (5) C_{ab}(α_s, z) = δ_{ab} δ(1 − z) + ∞∑ n=1 ( α_s 2π )n C^{(n)}_{ab} (z) . (6)

1It is assumed that all other dimensionful invariants are of the same order Q^2.

In order to obtain the coefficients in Eqs.(4-5) at a given order, the differential crosssection at small q_T has to be computed at the same order. A comparison with the power expansion in α_s of the resummed result in Eq. (2) allows to extract the coefficients that control the resummation of the large logarithmic terms.

In this letter we study the behaviour of cross-sections at small transverse momenta at second order in α_s both in the quark and gluon channels. We find that the analytic form of the logarithmically-enhanced contributions can be computed perturbatively in a universal manner by using the recent knowledge on the infrared behaviour of tree-level [3,4] and oneloop [5] QCD amplitudes. In this way, we are able to extract the coefficients A^{(1)}_c , B^{(1)}_c , C^{(1)}_{ab} , A^{(2)}_c and B^{(2)}_c for any qq̄ or gg initiated process in the class (1). Details on our calculation will be given elsewhere [6]. Here we only present and discuss our main results.

By following Ref. [7] we multiply the differential cross-section, calculated at parton level, by q^2_T and take moments with respect to z = Q^2/s defining the dimensionless quantity:

Σ(N) = ∫ dz z^N q^2_T Q^2 dσ_0/dϕ dσ dq^2_T dQ^2dϕ . (7)

In the quark channel, for the sake of simplicity and in order to compare our result for Σ(N) to the one originally obtained for Drell-Yan in Ref. [7], we restrict our attention to the non-singlet contribution to the cross-section defined by σ^{NS} = ∑ ff^0 ( σ_{qfq̄f 0} − σ_{qf qf 0} ) . (8)

To have q_T ≠ 0 at least one gluon must be emitted, thus Σ(N) has the expansion:

Σ(N) = α_s 2π Σ^{(1)}(N) + ( α_s 2π )_2

Σ^{(2)}(N) + · · · (9)

In the following we will systematically neglect in Σ(N) all contributions that vanish as q_T → 0.

In order to compute the small q_T behaviour of Σ(N) our strategy is as follows. The singular behaviour at small q_T is dictated by the infrared (soft and collinear) structure of the relevant QCD matrix elements. At O(α_s) this structure has been known for long time [3]. Recently, the universal functions that control the soft and collinear singularities of tree-level and one-loop QCD amplitudes at O(α^2_s) have been computed [4,5].

By using this knowledge, and exploiting the simple kinematics of the leading order subprocess, we were able to construct improved factorization formulae that allow to control all infrared singular regions avoiding any problem of double counting [6]. We have used these improved formulae to approximate the relevant matrix elements and compute the small q_T behaviour of Σ(N) in a completely universal manner.

The calculation at O(α_s) is straightforward and we recover the well-known results:

Σ^{(1)}_{qq̄} (N) = 2C_F log

Q^2 q^2_T

− 3C_F + 2γ^{(1)}_{qq} (N) (10) and

Σ^{(1)}_{gg} (N) = 2C_A log

Q^2 q^2_T

− 2β_0 + 2γ^{(1)}_{gg} (N) . (11)

Here C_F =^{N 2c −1}_{2Nc} , C_A = N_c and T_R = 1/2 are the SU(N_c) QCD colour factors, β_0 = 11 6 C_A −^2_3 n_f T_R and γ^{(1)}_{qq} (N), γ^{(1)}_{gg} (N) are the quark and gluon one-loop anomalous dimensions, respectively. From Eqs. (10,11) one obtains:

A^{(1)}_a = 2C_a B^{(1)}_a = −2γ_a a = q, g (12)

where C_a and γ_a are the coefficients of the leading (1 − z)^{−1} singularity and δ(1 − z) term in the one-loop Altarelli-Parisi kernels P_{aa}, respectively,

C_q = C_F C_g = C_A γ_q = 3 2 C_F γ_g = β_0 . (13)

At this order it is possible to obtain also the coefficient C^{(1)}_{ab} by considering the q_T integrated distribution and including the renormalized virtual correction to the LO amplitude cc̄ → A_1 + A_2 . . . A_n, summed over spins and colours, which, at O(ϵ^0), can be written as^2

M^{(0)†}_{cc̄} (ϕ)M^{(1)}_{cc̄} (ϕ) + c.c. = α_s 2π ( 4πμ^2 Q^2 )ϵ Γ(1 − ϵ) Γ(1 − 2ϵ) ( − 2C_c ϵ^2 − 2γ_c ϵ + A_c(ϕ) ) |M^{(0)}_{cc̄} (ϕ)|^2. (14)

In Eq. (14) the structure of the poles in ϵ = (4 − d)/2 is universal [8] and fixed by the flavour of the incoming partons. The finite part A (which can depend on the kinematics of the final state non-colored particles) depends instead on the particular process in the class (1) we want to consider. In the case of Drell-Yan we have [9]: A^{DY}_q = C_F ( −8 + 2 3 π^2 ) , (15)

whereas for Higgs production in the m_{top} → ∞ limit the finite contribution is [10]:

A^H_g = 5C_A + 2 3 C_Aπ^2 − 3C_F ≡ 11 + 2π^2 . (16)

By using the information in Eq. (14) we obtain for C^{(1)}_{ab}

C^{(1)}_{ab} (z) = −P̂^ϵ_{ab}(z) + δ_{ab} δ(1 − z) ( C_a π^2 6 + 1 2 A_a(ϕ) ) (17)

where P̂^ϵ_{ab}(z) is the O(ϵ) term in the Altarelli-Parisi P̂_{ab}(z, ϵ) splitting kernel, given by:

2All our results are obtained using the factorization and renormalization prescriptions of the MS scheme and within the framework of conventional dimensional regularization.

P̂^ϵ_{qq}(z) = −C_F (1 − z) P̂^ϵ_{gq}(z) = −C_F z P̂^ϵ_{qg}(z) = −2T_R z(1 − z) P̂^ϵ_{gg}(z) = 0 . (18)

At order α_s the coefficients A^{(1)}_a and B^{(1)}_a are fully determined by the universal Altarelli- Parisi splitting functions. The function C^{(1)}_{ab} depends instead on the process through the oneloop corrections to the LO matrix element. The general expression in Eq. (17) reproduces correctly the coefficient C^{(1)}_{ab} for Drell-Yan [7], Higgs production in the m_{top} → ∞ limit [11] and γγ production [12]^3.

At second order in α_s, two different contributions to Σ^{(2)}(N) have to be considered: the real correction corresponding to the emission of one extra parton (i.e., two gluons or a qq̄ pair) with respect to the O(α_s) contribution, and its corresponding virtual correction.

The double-real emission contribution is the most difficult to compute. One has to integrate over the phase space of the two unresolved final state partons keeping q_T fixed and finally perform the z integration in Eq. (7). We find that, likewise Σ^{(1)}(N), this contribution to Σ^{(2)}(N) is process independent, i.e., it does not depend on the particular process in the class (1) we want to consider.

The virtual contribution is simpler to compute and we find it to be process dependent. More importantly, its process dependence is fully determined by the function A appearing in the one-loop correction to the LO subprocess (see Eq. (14)).

In the following, for the sake of simplicity, we present the total results for Σ^{(2)}(N) corresponding to the choice of the factorization and renormalization scales fixed to Q^2. Since we are interested in extracting the coefficients A^{(2)}_{q,g} and B^{(2)}_{q,g} , as in the O(α_s) case we concentrate on the diagonal qq̄ and gg contributions to Σ^{(2)}(N).

In the quark (non-singlet) channel we obtain:

Σ^{(2)}_{qq̄} (N) = log^3

Q^2 q^2_T [ −2C^2_F ]

+ log^2

Q^2 q^2_T [ 9C^2_F + 2C_F β_0 − 6C_F γ^{(1)}_{qq} (N) ]

+ log

Q^2 q^2_T [ C^2_F ( 2 3 π^2 − 7 ) + C_F C_A ( 35 18 − π^2 3 ) − 2 9 C_F n_f T_R + 2C_F A_q(ϕ)

+ (2β_0 + 12C_F ) γ^{(1)}_{qq} (N) − 4 ( γ^{(1)}_{qq} (N)

)_2

+ 4C^2_F ( 1 (N + 1)(N + 2) − 1 2 )]

+ [ C^2_F ( − 15 4 − 4ζ(3) ) + C_F C_A ( − 13 4 − 11 18 π^2 + 6ζ(3) ) − 3C_F A_q(ϕ)

+C_F n_f T_R ( 1 + 2 9 π^2 ) + 2γ^{(2)}_{(−)}(N) + 2C_F γ^{(1)}_{qq} (N) ( π^2 3 + 2 1 (N + 1)(N + 2) )

3The actual expression of the coefficient C^{(1)}qq for ZZ production reported in Ref. [13] is not fully correct.

+2γ^{(1)}_{qq} (N)A_q(ϕ) − 2C_F (β_0 + 3C_F ) ( 1 (N + 1)(N + 2) − 1 2 )] , (19)

whereas for the gluon channel the result is:

Σ^{(2)}_{gg} (N) = log^3

Q^2 q^2_T [ −2C^2_A ]

+ log^2

Q^2 q^2_T [ 8C_Aβ_0 − 6C_Aγ^{(1)}_{gg} (N) ]

+ log

Q^2 q^2_T [ C^2_A ( 67 9 + π^2 3 ) − 20 9 C_An_f T_R + 2C_AA_g(ϕ)

+2β_0 ( γ^{(1)}_{gg} (N) − β_0 ) − 4 ( γ^{(1)}_{gg} (N) − β_0

)_2

− 4n_f γ^{(1)}_{gq} (N)γ^{(1)}_{qg} (N) ]

+ [ C^2_A ( − 16 3 + 2ζ(3) ) + 2C_F n_f T_R + 8 3 C_An_f T_R − 2β_0 ( A_g(ϕ) + C_A π^2 6 )

+2γ^{(2)}_{gg} (N) + 2γ^{(1)}_{gg} (N) ( A_g(ϕ) + C_A π^2 3 ) + 4C_F n_f γ^{(1)}_{qg} (N) 1 (N + 2) ] . (20)

In Eq. (19) γ^{(2)}_{(−)}(N) is the non singlet space-like two-loop anomalous dimension [15], in Eq. (20) γ^{(2)}_{gg} (N) is the singlet space-like two-loop anomalous dimension [16] , ζ(n) is the Riemann ζ function (ζ(3) = 1.202...) and the function A_a(ϕ) is defined through Eq. (14). The coefficients^1_{(N +1)(N +2)} and^1_{(N +2)} have origin on the N moments of −P̂^ϵ_{qq}(z) and −P̂^ϵ_{gq}(z), respectively.

The N-dependent part of the results in Eqs. (19,20) agrees^4 with the one obtained from the second order expansion of Eq. (2) (see e.g. Ref. [14]). By comparing also the Nindependent part we obtain for A^{(2)}:

A^{(2)}_a = KA^{(1)}_a K = C_A ( 67 18 − π^2 6 ) − n_f T_R 10 9 (21)

in agreement with the results of Ref. [17,18]. Moreover we find that B^{(2)} can be expressed as: B^{(2)}_a = −2 δP^{(2)}_{aa} + β_0 (2 3 C_aπ^2 + A_a(ϕ) ) a = q, g (22)

where δP^{(2)}_{aa} are the coefficients of the δ(1−z) term in the two-loop splitting functions P^{(2)}_{aa} (z) [15,16], and are given by

δP^{(2)}_{qq} = C^2_F ( 3 8 − π^2 2 + 6ζ(3) ) + C_F C_A ( 17 24 + 11π^2 18 − 3ζ(3) ) − C_F n_f T_R ( 1 6 + 2π^2 9 )

δP^{(2)}_{gg} = C^2_A ( 8 3 + 3ζ(3) ) − C_F n_f T_R − 4 3 C_An_f T_R . (23)

4This can also be regarded as an independent re-evaluation of the two-loop anomalous dimensions.

From Eq. (22) we see that B^{(2)}, besides the −2 δP^{(2)}_{aa} term which matches the expectation from the O(α_s) result, receives a process-dependent contribution controlled by the one-loop correction to the LO amplitude (see Eq. (14)). We conclude that the Sudakov form factor in Eq. (3) is actually process dependent beyond next-to-leading logarithmic accuracy. The interpretation of this result will be given elsewhere [19].

However, by using the general expression in Eq. (22) it is possible to obtain B^{(2)} for a given process just by computing the one-loop correction to the LO amplitude for that process. For the case of Drell-Yan, by using Eq. (15), our result for Σ^{(2)}_{qq̄} (N) agrees with the one of Ref. [7], and we confirm: B^{(2)DY} q = C^2_F ( π^2 − 3 4 − 12ζ(3) ) + C_F C_A

( 11 9 π^2 − 193 12 + 6ζ(3) ) + C_F n_f T_R (17 3 − 4 9 π^2 ) . (24)

In the case of Higgs production in the m_{top} → ∞ limit, by using Eq. (16) we find:

B^{(2)H}_g = C^2_A (23 6 + 22 9 π^2 − 6ζ(3) ) + 4C_F n_f T_R − C_A n_f T_R ( 2 3 + 8 9 π^2 ) − 11 2 C_F C_A . (25)

In particular, this result allows to improve the present accuracy of the matching between resummed predictions [20] and fixed order calculations [21].

Summarizing, we have studied the logarithmically-enhanced contributions at small transverse momentum in hadronic collisions at second order in perturbative QCD. The calculation was performed in an process-independent manner, allowing us to show that the Sudakov form factor is actually process dependent beyond next-to-leading logarithmic accuracy. We have provided a general expression for the coefficient B^{(2)} for both quark and gluon initiated processes.

We would like to thank Stefano Catani and Zoltan Kunszt for many valuable discussions and comments, Christine Davies for providing us with a copy of her Ph.D. thesis and Luca Trentadue, James Stirling and Werner Vogelsang for discussions.

REFERENCES

[1] S. Catani et al., hep-ph/0005025, in the Proceedings of the CERN Workshop on Standard Model Physics (and more) at the LHC, Eds. G. Altarelli and M.L. Mangano (CERN 2000-04, Geneva, 2000), p. 1.

[2] J. C. Collins, D. E. Soper and G. Sterman, Nucl. Phys. B 250 (1985) 199, and references therein.

[3] A. Bassetto, M. Ciafaloni and G. Marchesini, Phys. Rep. 100 (1983) 201, and references therein.

[4] J.M. Campbell and E.W.N.Glover, Nucl. Phys. B 527 (1998) 264;

S. Catani and M. Grazzini, Phys. Lett. B 446 (1999) 143, Nucl. Phys. B 570 (2000) 287;

V. Del Duca, A. Frizzo and F. Maltoni, Nucl. Phys. B 568 (2000) 211. [5] Z. Bern, L. Dixon, D.C. Dunbar and D.A. Kosower, Nucl. Phys. B 425 (1994) 217;

Z. Bern and G. Chalmers, Nucl. Phys. B 447 (1995) 465;

Z. Bern, V. Del Duca, W.B. Kilgore and C.R. Schmidt, Phys. Rev. D 60 (1999) 116001; D.A. Kosower and P. Uwer, Nucl. Phys. B 563 (1999) 477; S. Catani and M. Grazzini, preprint CERN–TH 2000-184 [hep-ph/0007142].

[6] D. de Florian and M. Grazzini, in preparation.

[7] C.T.H. Davies and W.J. Stirling, Nucl. Phys. B 244 (1984) 337. [8] W.T. Giele and E.W.N. Glover, Phys. Rev. D 46 (1992) 1980;

D.E. Soper and Z. Kunszt, Phys. Rev. D 46 (1992) 192; Z. Kunszt, A. Signer and Z. Trócsányi, Nucl. Phys. 420 (1994) 550.

[9] G. Altarelli, R.K. Ellis, and G. Martinelli, Nucl. Phys. B 157 (1979) 461. [10] S. Dawson, Nucl. Phys. B 359 (1991) 283;

A. Djouadi, M. Spira and P.M. Zerwas, Phys. Lett. B 264 (1991) 440. [11] R.P. Kauffman, Phys. Rev. D 45 (1992) 1512.

[12] C. Balazs, E. L. Berger, S. Mrenna and C. P. Yuan, Phys. Rev. D 57 (1998) 6934. [13] C. Balazs and C. P. Yuan, Phys. Rev. D 59 (1999) 114007. [14] P.B. Arnold and R.P. Kauffman, Nucl. Phys. B 349 (1991) 381. [15] G. Curci, W. Furmanski and R. Petronzio, Nucl. Phys. B 175 (1980) 27. [16] W. Furmanski and R. Petronzio, Phys. Lett. B 97 (1980) 437. [17] J. Kodaira and L. Trentadue, Phys. Lett. B 112 (1982) 66. [18] S. Catani, E. D’Emilio and L. Trentadue, Phys. Lett. B 211 (1988) 335. [19] S. Catani, D. de Florian and M. Grazzini, preprint CERN-TH/2000-244, to appear. [20] C. Balazs and C.P. Yuan, Phys. Lett. B 478 (2000) 192. [21] D. de Florian, M. Grazzini and Z. Kunszt, Phys. Rev. Lett. 82 (1999) 5209.