Published by Institute of Physics Publishing for SISSA Received: March 24, 2005 Revised: June 15, 2005 Accepted: May 25, 2005 Published: July 11, 2005

Transverse-momentum-dependent gluon distributions and semi-inclusive processes at hadron colliders

Xiangdong Ji

Department of Physics, University of Maryland College Park, Maryland 20742, U.S.A. E-mail: xji@physics.umd.edu

Jian-Ping Ma

Institute of Theoretical Physics, Academia Sinica Beijing, 100080, P.R. China E-mail: majp@itp.ac.cn

Feng Yuan

RIKEN/BNL Research Center, Building 510A, Brookhaven National Laboratory, Upton, NY 11973, U.S.A. E-mail: fyuan@physics.umd.edu

Abstract: We study transverse-momentum-dependent (TMD) gluon distributions and related factorization theorems for gluon-initiated semi-inclusive processes at hadron colliders. Gauge-invariant TMD gluon distributions are introduced, and their relations to the integrated (Feynman) parton distributions are established when the transverse momentum is large. Through explicit calculations, soft-collinear factorization is verified at one-loop order for scalar particle (e.g. Higgs) production. Summation over large double logarithms is performed through solving Collins-Soper equation. We reproduce the known result in the limit that the transverse momentum of the scalar is large.

Keywords: Higgs Physics, QCD, Parton Model, Hadronic Colliders.

©SISSA 2005 http://jhep.sissa.it/archive/papers/jhep072005020 /jhep072005020 .pdf

Contents

1. Introduction 1

2. Transverse-momentum-dependent gluon distributions 3 2.1 Gauge-invariant definition 3 2.2 One-loop calculations without soft factor 5 2.3 Soft factor 6 2.4 TMD gluon distribution at one-loop 8 2.5 Collins-Soper evolution in hadron energy 8

3. TMD parton distributions at large transverse momentum 9

4. Scalar-particle production through gluon fusion 11 4.1 Factorization at one loop 13 4.2 Factorization at small b ≪ 1/Λ_{QCD} 17

5. Resummation of large double logarithms 18 5.1 Collins-Soper-Sterman resummation at small b 18 5.2 Comparison with previous calculations 20

6. Conclusion 21

1. Introduction

In recent years, there has been considerable experimental and theoretical interest in semiinclusive hard processes, from which one hopes to learn important information about the nucleon structure and non-perturbative aspects of quantum chromodynamics (QCD). Rigorous theoretical studies in this direction started from the classical work on semi-inclusive processes in e^+e^− annihilation by Collins and Soper [1], where a QCD factorization was proved, and non-perturbative transverse-momentum-dependent (TMD) parton distributions and fragmentation functions were introduced [1, 2]. The approach has been applied to semi-inclusive Drell-Yan production at hadron colliders [3] and to semi-inclusive deep inelastic scattering (SIDIS) [4, 5], in both cases the transverse momentum being much larger than Λ_{QCD}. Meanwhile, spin-dependent TMD parton distributions and fragmentation functions have been introduced in various processes, which generate polarization asymmetries in semi-inclusive scattering [6 – 10]. In the past few years, gauge properties of the TMD parton distributions have been investigated [11 – 14], and the result provided

– 1 – a firm theoretical basis for studying the TMD parton distributions. More recently, the factorization theorems for the semi-inclusive deep inelastic scattering (DIS) and Drell-Yan processes have been re-examined in the context of the gauge-invariant definitions [15 – 17].

In semi-inclusive DIS and Drell-Yan processes, the quark TMD distributions give the dominant contribution, while the gluons are power-suppressed [15]. However, as a fundamental observable of the nucleon, the gluon TMD distributions contain unique nonperturbative information, and can contribute to a distinct class of semi-inclusive processes [18 – 21]. For example, the jet-jet correlation asymmetry in single-transversely-polarized-hadron-hadron scattering may reveal the role of the so-called gluon “Sivers function” [20]. Hence it is essential to have a thorough theoretical understanding of the gluon TMD distributions and related factorization theorems for gluon-related semi-inclusive processes. In general, however, QCD factorization for generic hard processes (e.g., heavyflavor and jet production at hadron colliders) is far more complicated than that for DIS and Drell-Yan [17, 22, 23]. As a first step, we consider in this paper scalar-particle production at hadron colliders through gluon fusion. We assume that the scalar particle (e.g. Higgs boson) couples to gluons at the leading order in an effective theory. All-order QCD corrections are taken into account by a factorization theorem. This process is similar to Drell-Yan production in that the observed particles have no final-state strong interactions, and thus QCD factorization can be studied in a similar manner. In this paper, we focus on the region of low transverse momentum where the TMD parton distributions are relevant.

It is well-known that for transverse momentum Λ^2_{QCD} ≪ P^2_⊥ ≪ Q^2 where Q^2 being some hard scale in the problem (the scalar particle mass square M^2 in the present case), there exist large logarithms of type α^m_s ln^{2m−1} Q^2/P^2_⊥ in high-order perturbative calculations. To make reliable prediction, we must re-sum these large logarithms [24 – 27]. In the present framework, resummation can be achieved by solving the Collins-Soper evolution equation for the TMD parton distributions [1, 3]. We will illustrate how to achieve the resummation for scalar-particle production at the relevant transverse momentum.

One interesting example of the scalar particle is the standard model Higgs boson, whose discovery is among the most important mission in future high-energy colliders. In the standard model, Higgs boson production at hadron colliders is dominated by the gluon fusion process: It couples to two gluons through quark loops, with the dominating contribution coming from the top quark loop. This coupling can be described by an effective theory [28 – 31] The effective theory is valid at the heavy quark limit, and in practice it works very well at the Higgs mass range of M_H < 2M_t [32]. In the past few years, there have been extensive discussions about Higgs production in the effective theory approach, with the next-to-next-to-leading order corrections being calculated [33, 34]. Resummations of large logarithms at low transverse momentum were studied by various authors in the literature [35 – 42]. In this work, we use the same effective theory for the coupling between the scalar and gluons. We start from the factorization analysis of scalar-particle production at small transverse momentum. For Higgs boson production at large transverse momentum, we compare our result to the previous calculations with the resummation effects at one-loop order [35 – 38]. In our analysis, large logarithms will appear in the TMD parton

– 2 – distributions, and they are resummed by solving the corresponding Collins-Soper evolution equation. The resummation coefficient functions can be calculated directly from the factorization formula.

This paper is organized as follows. In section 2, we discuss TMD gluon distributions. We first introduce a gauge-invariant definition of the unpolarized distribution. We then calculate it to one-loop order in Feynman gauge. We show that the one-loop result is free of the soft divergence, and obeys the Collins-Soper evolution equation. In section 3, we discuss the connection between TMD and integrated parton (quark and gluon) distributions. In section 4, we consider semi-inclusive scalar particle production at hadron colliders through the gluon fusion process, where an effective gluon-scalar vertex is introduced. We calculate the differential cross section and illustrate factorization at one-loop order. The relevant hard and soft factors are also calculated. In section 5, resummation of large logarithms is performed by solving the relevant Collins-Soper equations. We conclude and discuss future prospects in section 6.

2. Transverse-momentum-dependent gluon distributions

In this section, we study transverse-momentum-dependent gluon distribution, which forms an important ingredient for describing scalar-particle production at hadron colliders. The discussion follows closely our previous work on the quark distributions in semi-inclusive DIS [15]. We first introduce a gauge-invariant definition of the spin-independent TMD gluon distribution. We then calculate it in QCD perturbation theory to one-loop order, and show that it obeys the Collins-Soper evolution equation.

Although we focus the discussion on the unpolarized gluon TMD distributions, the results can easily be extended to the polarized distributions [18 – 21], with which one can study the various polarization asymmetries at hadron colliders. We leave those studies for future publications.

2.1 Gauge-invariant definition

According to the previous studies [1, 2, 12, 13, 15], a gauge invariant, spin-independent TMD gluon distributions can be defined through the following matrix element

xg(x, k_⊥, μ, xζ, ρ) = � dξ^− d^2ξ_⊥ P^+(2π)^3 e^{−ixP +ξ− +i⃗k⊥·⃗ξ⊥} ×

× � P |F^+_{a μ} (ξ^− , ξ_⊥)L^†_{vab}(ξ^− , ξ_⊥)L_{vbc}(0, 0_⊥)F^{μ+}_c (0)|P � S(ξ_⊥, μ, ρ)

, (2.1)

where we have included a soft factor following the quark case [15]. In section 2.2, we will discuss the soft factor and its contribution. In the above equation F^{μν}_a is the gluon field strength tensor, F^{μν}_a = ∂^μ A^ν_a − ∂^ν A^μ_a − gf_{abc}A^μ_b A^ν_c . We use the sign convention for the gauge coupling such that D^μ = ∂^μ + igA^μ . Light-cone components are defined as k^± = (k^0 ± k^3)/ √ 2. Therefore P^+ is the light-cone momentum of the hadron, and x is the momentum fraction carried by the gluon, while k_⊥ is the transverse momentum. L_v is the

– 3 – gauge link from the past,

L_v(ξ^− , ξ_⊥; −∞) = P exp � −ig �_0 −∞ dλv · A(λv + ξ) � × ×P exp � −ig �_∞

ξ_⊥

dη_⊥ · A_⊥(−∞, η_⊥) � , (2.2)

where A^μ = A^μ_c t^c is the gluon potential in the adjoint representation, with t^c_{ab} = −if_{abc}. Four-velocity v^μ is an off-light-cone vector v^μ = (v^− , v^+, v_⊥ = 0) where v^− ≫ v^+. In principle, the gauge link is best taken along the light-cone direction. Such a light-cone gauge link, however, introduces light-cone singularities [1, 12]. The gauge link is therefore chosen to be slightly off the light cone to regulate the singularities [43]. With a nonlight-like v, the TMD distribution depends on a new scalar ζ^2 = (2v · P )^2/v^2. In light-cone coordinates, ζ^2 = 4(P^+)^2v^− /v^+ and is proportional to the hadron energy. Energy evolution for the TMD distributions is governed by the so-called Collins-Soper equation [1]. μ is the standard renormalization scale. We use the dimensional regularization and modified minimum subtraction (MS) to handle ultra-violate divergences.

The gauge link above can be derived in

Figure 1: The Feynman rule for the TMD vertices. The first comes from the eikonal line and the second comes from the non-abelian term in the field strength tensor. In this calculation, the sum of the two will be lumped together and labelled by the gauge link.

the same way as that in the quark distributions [13]. It starts from −∞, taking into account initial-state interactions in hadronhadron scattering. This is similar to the gauge link in the TMD quark distributions appropriate for Drell-Yan production [12]. (One can, of course, choose a gauge link pointing to the future to define a distribution relevant, for example, for DIS.) In nonsingular gauges, the transverse gauge link vanishes because gauge potentials fall off rapidly at space-time infinity [13]. In a singular gauge, e.g. the lightcone gauge, gauge potentials do not vanish at space-time infinity, the transverse gauge link has to be included to guarantee residual gauge invariance [13]. In the following calculations, for simplicity, we will work in Feynman gauge in which the transverse gauge link does not contribute.

We are interested in only the leading-twist contribution. Therefore, we keep only the leading power in 1/ζ^2, and take ζ^2 → ∞ limit whenever it is convenient and there are no singularities.

Feynman rule for the vertex connecting the probing gluon and the gauge link [2] is shown in figure 1. The first term comes from the gauge link, while the second one from the nonlinear part of the F^{μν} tensor. In the following calculations, we combine the contributions from these two vertices into one term and label it as the gauge-link contribution.

– 4 –

Figure 2: Virtual corrections to the TMD gluon distribution at one-loop order. The mirror diagrams are not shown.

2.2 One-loop calculations without soft factor In this subsection, we calculate the unpolarized TMD gluon distribution in a gluon target in perturbative QCD to one-loop order, ignoring the soft contribution. According to the definition, the distribution is normalized to

g(x, k_⊥) = δ(x − 1)δ^2(⃗k_⊥) , (2.3)

at leading order. At one-loop order, we have both virtual and real corrections. We regulate the infrared (soft) divergences using dimensional regularization. Moreover, we introduce the off-shellness for the initial gluon, p^2 < 0, to regulate collinear divergences.

The one-loop virtual diagrams are shown in figure 2, which include the self-energy diagrams for the gluon wave function and from the gauge link, and the vertex corrections. The contribution from figures 2a, 2b and 2c is

g(x, k_⊥)|_{figure 2a–2c} = δ(x − 1)δ^2(k_⊥)(Z_G − 1) , (2.4)

where Z_G = 1 + α_s 4π � − ln

−p^2 μ^2 � 5 3 C_A − 2 3 N_f � + 31 9 C_A − 10 9 N_f � (2.5)

A factor of 2 has been included to account for the contributions from the conjugate diagrams. Here C_A = N_c, and N_f is the number of the active quark flavors. Minimal subtraction has been made to remove the UV divergence. Collinear divergence is shown through the dependence on the off-shellness of the gluon.

The contribution from figure 2d has the similar form, δ(x − 1)δ^2(k_⊥)(Z_W − 1), with

Z_W = 1 + α_sC_A 2π � − 2 ϵ_{IR}

+ γ_E + ln 1 4π � , (2.6)

where 1/ϵ_{IR} (ϵ_{IR} = 4 − d) pole comes from the soft divergence.

The contribution from figure 2e is δ(x − 1)δ^2(k_⊥)(Z_V − 1) with

Z_V = 1 − α_sC_A 2π � − 4 ϵ^2_{IR} − 2 ϵ_{IR} � ln ζ^2 4πμ^2

− 2 ln

−p^2 4πμ^2

−γ_E � + 1 2 � ln^2 ζ^2 4πμ^2

− 2 ln^2

−p^2 4πμ^2 � +

+ γ_E � ln ζ^2 4πμ^2

− 2 ln

−p^2 4πμ^2 � − ln ζ^2 −p^2 − 1 2 ln ζ^2 μ^2 + 3 2 − γ^2_E 2 + 7π^2 12 � . (2.7)

– 5 –

Figure 3: Same as figure 2 but for the real contributions.

Here we have taken the limit ζ^2 = (2v ·P )^2/v^2 is much larger than any soft scale (e.g. −p^2). The result shows explicit double logarithmic dependence on ζ^2. These double logarithms can be resummed using the Collins-Soper evolution equation, which will be discussed in section 2.5. The total contribution from the virtual diagrams is

g(x, k_⊥, μ, xζ)|_{virtual} = δ(x − 1)δ^2(k_⊥) (Z_G + Z_W + Z_V − 3) , (2.8)

which has soft divergences.

Now we turn to the real contributions shown in figure 3. Diagram 3(a) gives

g(x, k_⊥)|_{figure 3a} = α_sC_A π^2 1 k^2_⊥ − x(1 − x)p^2 � 1 − x x + x(1 − x) + x 2 � . (2.9)

Diagram 3(b) contributes

g(x, k_⊥, xζ)|_{figure 3b} = α_sC_A π^2 � 1 k^2_⊥ − x(1 − x)p^2 � x (1 − x)_+ − x 2 � + 1 2 μ^ϵ k^2_⊥ ln ζ^2 k^2_⊥ δ(x − 1) � , (2.10) where a factor of 2 has been included to account for the mirror diagrams. The plus function follows the definition in [44]. The limit of ζ^2 → ∞ has been taken whenever there is no divergence. The contribution from Diagram 3(c)can be calculated similarly,

g(x, k_⊥)|_{figure 3c} = − α_sC_A 2π^2 μ^ϵ k^2_⊥ δ(x − 1) (2.11)

The above contributions contain soft divergences as indicated by the 1/k^2_⊥ term as k^2_⊥→0. We have to keep the pre-factors of these terms up to O(ϵ), which can lead to finite contributions after Fourier transformation to the impact parameter space.

2.3 Soft factor

As in the case of TMD quark distributions, there are soft contributions from figures 2 and 3, signaled by soft divergences. These contributions can be extracted using the well-known Grammer-Yennie approximation [45]. Here we follow the same procedure as for the quark distributions [15], and define the soft factor

S(b, μ, ρ) = 1 (N^2_c − 1)

⟨0|L^†_{v̄cb} ′ (b_⊥; −∞)L^†_{vb}′_a(−∞; b_⊥)L_{vab}(0; −∞)L_{v̄bc} (−∞; 0)|⟩ , (2.12)

– 6 –

Figure 4: Soft contributions to the TMD gluon distribution at one-loop order.

where v̄^μ is a new off-light-cone vector, v̄^μ = (v̄^− ,v̄^+, 0) with v̄^+ ≫v̄^− , and ρ is defined as ρ^2 = v^− v̄^+/v^+v̄^− . The same soft factor will appear in the factorization of semi-inclusive scalar particle production we shall see in section 4.

At one-loop order, the soft factor has contributions from figure 4 which are the same as those considered in [15] except for the color factor. Here we use dimensional regularization for the infrared divergence instead of a gluon mass. The final result is the same because the soft factor is free of infrared divergences.

The contribution from figure 4a is

Δ_{soft}g(x, k_⊥)|_{figure 4a} = −2δ(x − 1)δ^2(k_⊥)(Z_W − 1) , (2.13)

where Z_W is in eq. (2.6). The contribution from figure 4b is

Δ_{soft}g(x, k_⊥)|_{figure 4b} = δ(x − 1)δ^2(k_⊥) α_sC_A 2π ln ρ^2 � − 2 ϵ_{IR}

+ γ_E + ln 1 4π � , (2.14)

where the UV divergence has been subtracted using MS scheme. The contribution from figure 4c is Δ_{soft}g(x, k_⊥)|_{figure 4c} = δ(x − 1) α_sC_A π^2 μ^ϵ k^2_⊥

. (2.15)

figure 4d gives, Δ_{soft}g(x, k_⊥)|_{figure 4d} = −δ(x − 1) α_sC_A 2π^2 ln ρ^2 μ^ϵ k^2_⊥

. (2.16)

The individual diagrams all have infrared divergences, but they all cancel eventually. For example, the IR divergence from figure 4a cancels that from 4c, while the divergence in 4b cancels that in 4d. The cancellation can best be seen from the impact parameter b-space expression. After Fourier transformation, we get

Δ_{soft}g(x, b, μ, xζ, ρ) = δ(x − 1) α_sC_A 2π ln � μ^2b^2 4 e^{2γE} � � ln ρ^2 − 2 � . (2.17)

So it is the same soft factor as in the quark distributions [15] except for the color factor.

We note that there are different definitions of the soft factor in the literature [15, 17, 47]. The difference can be viewed as scheme dependence. Final physical results do not depend on any particular definition.

– 7 –

2.4 TMD gluon distribution at one-loop Summarizing the results from the last two subsections, we get the gluon TMD distribution at one-loop order,

g(x, k_⊥, μ, xζ, ρ) = δ(x − 1)δ^2(k_⊥) � Z_G + Z_V − 2 + (Z_W − 1)(ln ρ^2 − 1) � + +δ(x − 1) α_sC_A 2π^2 μ^ϵ k^2_⊥ � ln ζ^2 k^2_⊥

− ln ρ^2 + 1 � + + α_sC_A π^2 1 k^2_⊥ − x(1 − x)p^2 � x (1 − x)_+ + 1 − x x + x(1 − x) � . (2.18)

The individual terms have soft divergences which cancel out in the sum. Indeed, in the impact parameter b-space, we define

g(x, b, μ, xζ) = � d^2k_⊥e^{i⃗k⊥·⃗b⊥} g(x, k_⊥, μ, xζ) . (2.19)

After the Fourier transformation,

g(x, b, μ, xζ) = α_sC_A π � ln 4 −p^2b^2

− 2γ_E � � x (1 − x)_+ + 1 − x x + x(1 − x) � + + α_sC_A π � x 1 − x ln 1 x(1 − x) � + + ln 1 x(1 − x) � 1 − x x + x(1 − x) � + +δ(x − 1) � (Z_G − 1) + (2.20) + α_sC_A 2π � − 1 2 ln^2 � ζ^2b^2 4 e^{2γE} � − ln

−p^2b^2 4 e^{2γE} + ln ζ^2b^2 4 e^{2γE} +

+ ln μ^2b^2 4 e^{2γE} � ln ρ^2 − 1 � + 1 2 ln ζ^2 μ^2 − π^2 2 − 11 2 � . The 1/ϵ_{IR} poles have now disappeared. However, there are still collinear divergences as indicated by the dependence on ln(−p^2). More interestingly, we have double logarithmic dependence on ζ^2, the energy of the parenting gluon. We study this dependence in the next subsection.

The above result in b → 0 limit does not yield the integrated gluon distribution because 1) the limits ζ → ∞ and b → 0 are not inter-changable 2) the k_⊥ space here is considered as two dimensional instead of 2 − ϵ.

2.5 Collins-Soper evolution in hadron energy From the above result, we see that the TMD gluon distribution depends on the energy of the parenting hadrons, through the variable ζ^2 = (2v · P )^2/v^2 ≈ 2(P^+)^2v^− /v^+. The energy evolution of the TMD parton distribution is controlled by the Collins-Soper evolution equation [1]. In the impact-parameter space, Collins-Soper equation reads as ζ ∂ ∂ζ g(x, b, xζ, μ, ρ) = (K_g + G_g)g(x, b, xζ, μ, ρ) , (2.21)

where K_g and G_g are soft and hard evolution kernels, respectively.

– 8 –

It is easy to check that the one-loop TMD gluon distribution indeed satisfies the Collins-Soper equation. The sum of K_g + G_g can be extracted,

K_g + G_g = − α_sC_A π ln x^2ζ^2b^2 4 e^{2γE − 32} . (2.22)

The soft part K_g can be calculated from a definition similar to the quark case [43, 46],

K_g = − α_sC_A π ln μ^2b^2 4 e^{2γE} , (2.23)

and thus the hard part G_g can be solved from the sum. The K_g and G_g obey the following renormalization group equation, μ ∂K_g ∂μ = −μ

∂G_g ∂μ = −γ_{Kg} = −2 α_sC_A π . (2.24)

The above evolution equations will be used to resum the large logarithms in the cross section in section 5.

3. TMD parton distributions at large transverse momentum

As emphasized in [15], it is nontrivial to generate the integrated (Feynman) parton distributions by integrating out the transverse momentum in the TMD distributions. The main difficulty is that new ultraviolet divergences emerge from the transverse momentum integration. However, there is another way to connect the two distributions [2]: When the transverse momentum becomes large or the impact parameter becomes small, part of the TMD distributions is calculable from perturbative QCD, because at least one hard gluon is needed to generate the large momentum. The hard-gluon radiation leads to power-like behavior, e.g. 1/k^2_⊥, for the unpolarized TMD distributions. Feynman parton distributions then enter as the non-perturbative input in the factorization analysis.

We consider the Fourier-transformed version of TMD distributions at small b (1/b ≫ Λ_{QCD}). The factorization theorem reads [1, 2],

f_i(x, b, μ, xζ, ρ) = � j � dy y C̃_{i/j} � x y , μ, ζ, b,μ̄ � f_j(y,μ̄) , (3.1)

where i, j denote parton flavors — quarks and gluons. The integrated distributions f_j on the right-hand side depend on the longitudinal momentum fraction x and the scale μ̄. C̃_{i/j} are the coefficient functions and are calculable in perturbative QCD. We emphasize that the above factorization formalism only works at the large k_⊥ (small b) where the coefficient functions C̃_{i/j} are perturbative. At small transverse momentum, the factorization breaks down, and the TMD distributions contain non-perturbative k_⊥-dependence [3]. In the following, we will verify the above formula and extract the coefficient functions at one-loop order.

We choose an on-shell quark target (with mass m) and an off-shell gluon target (with off-shellnes p^2) to regulate the collinear divergences. We need to calculate both the TMD and integrated parton distributions up to one-loop order. The collinear divergences in both distributions must be matched, and the coefficient functions are free of infrared divergences.

– 9 –

The coefficient functions C̃_{i/j} have perturbation expansions in terms of the strong coupling constant α_s. At leading order (α^0_s), it is easy to see,

C̃^{(0)}_{q/q} = C̃^{(0)}_{g/g} = δ(x − 1) ,

C̃^{(0)}_{g/q} = C̃^{(0)}_{q/g} = 0 . (3.2)

At one-loop, all receive non-trivial contributions. C̃_{q/q} has been calculated in [15], where a gluon mass was used to regulate the soft divergences. We have checked this calculation by using dimensional regularization and obtained the same result. For completeness, we quote the result here,

C̃^{(1)}_{q/q} �x, b^2, μ^2,μ̄^2, x^2ζ^2, ρ� = α^s 2π C_F � (1 − x) + � 1 + x^2 1 − x � + ln 4 b^2μ̄^2 e^{−2γ E} +

+ δ(x − 1) � 1 2 − ln ρ^2 � ln 4 b^2μ^2 e^{−2γ E} − − 1 2 ln^2 � ζ^2b^2 4 e^{2γE −1} � − 3 + π^2 2 � . (3.3)

To calculate C̃^{(1)}_{g/g}, we need the integrated gluon distribution at one loop,

g^{(1)}(x,μ̄) = α_sC_A π � ln μ̄^2 −p^2

P_{gg}(x) + � x 1 − x ln 1 x(1 − x) � + − δ(x − 1) � 1 − 31 36 + 5N_f 54 � + + � 1 − x x + x(1 − x) � ln 1 x(1 − x) � , (3.4)

where P_{gg}(x) is the gluon splitting function,

P_{gg}(x) = x (1 − x)_+ + 1 − x x + x(1 − x) + δ(x − 1)β_0 , (3.5)

with β_0 = (11 − 2/3N_f )/12. From the above and one-loop TMD gluon distribution from the last section, the coefficient function for the gluon-gluon term is

C̃^{(1)}_{g/g} �x, b^2, μ^2,μ̄^2, x^2ζ^2, ρ� = α^sC^A π � P_{gg}(x) ln 4 b^2μ̄^2 e^{−2γ E} +

+ δ(x − 1) � β_0 + ln ρ − 1 2 � ln b^2μ^2 4 e^{2γE} + 3 4 ln ζ^2 μ^2 − − 1 4 ln^2 � ζ^2b^2 4 e^{2γE} � − π^2 + 7 4 � , (3.6)

where the collinear divergences have been cancelled.

The Feynman diagrams for the quark-gluon and gluon-quark splitting coefficient functions C̃_{g/q} and C̃_{q/g} are shown in figure 5a and 5b. The TMD gluon distribution in a quark target is

g(x, k_⊥)|_{figure 5a} = α_sC_F 2π^2 � 1 + (1 − x)^2 x 1 k^2_⊥ + m^2 − 2x(1 − x)m^2 (k^2_⊥ + x^2m^2)^2 � . (3.7)

– 10 –

Figure 5: Quark splitting to gluon contribution to C̃_{g/q} (a) and gluon splitting to quark C̃_{q/g} (b).

After Fourier-transforming into the impact parameter b-space, we have,

g(x, b)|_{figure 5a} = α_sC_F 2π � 1 + (1 − x)^2 x ln � 4 m^2b^2x^2 e^{−2γ E} � − 2(1 − x) x � . (3.8)

The corresponding integrated gluon distribution is,

g(x,μ̄)|_{figure 5a} = α_sC_F 2π � 1 + (1 − x)^2 x ln μ̄^2 m^2x^2 − 2(1 − x) x − x � . (3.9)

Combining the above, we find

C̃^{(1)}_{g/q} �x, b^2,μ̄^2� = α^sC^F 2π � 1 + (1 − x)^2 x ln � 4 b^2μ̄^2 e^{−2γ E} � + x � . (3.10)

Similarly, we find the coefficient function for quarks in a gluon target,

C̃^{(1)}_{q/g} �x, b^2,μ̄^2� = α^s 4π � � x^2 + (1 − x)^2 � ln � 4 b^2μ̄^2 e^{−2γ E} � + 2x(1 − x) � . (3.11)

These calculations can be carried out to higher orders in α_s if necessary.

4. Scalar-particle production through gluon fusion

The gluon TMD distributions do not contribute to semi-inclusive DIS at leading twist [15]. Nonetheless we can probe these distributions at hadron colliders through, for example, the heavy-quark pair or di-jet production. In these processes, the total transverse momentum of the pair or di-jet is sensitive to the TMD parton distributions in the initial hadrons, and the gluon distributions can dominate at some kinematics.

An important issue in studying these processes is the factorization of physics at different scales. Only when the factorization is established can one extracts safely the TMD parton distributions from data. In this section, we will consider QCD factorization for the gluon initiated processes, with scalar-particle production as our example. The scalar particle here has a direct coupling to the gluons through an effective vertex. The transversemomentum distribution of the produced scalars reflects partly the transverse-momentum dependence of the gluon densities in the nucleon. Our study can be extended to other gluon initiated semi-inclusive processes at hadron colliders.

The effective lagrangian for the gluon-scalar coupling is,

L_{eff} = − 1 4 g_ϕ ΦF^a_{μν} F^{aμν} , (4.1)

– 11 –

Figure 6: Vertices for the scalar particle coupling to the gluons. All labelled momenta are in.

where Φ is the scalar field and g_ϕ is the effective coupling. For the Higgs boson in the standard model, the effective coupling can be derived from the full theory [28, 29]. The above effective lagrangian has also been used [48] to study the gluon saturation in nuclei.

From the effective lagrangian, we can write down the basic vertices for the scalar particle coupling to the gluon potentials, shown in figure 6. The Feynman rule for the coupling to two gluons in figure 6a is

ig_ϕ δ_{ab} (k_1 · k_2g_{μν} − k_{1ν} k_{2μ} ) . (4.2)

And the coupling to three gluons in figure 6b reads

−g_ϕ g_sf_{abc} [(k_1 − k_2)_ρg_{μν} + (k_2 − k_3)_μ g_{ρν} + (k_3 − k_1)_ν g_{ρμ} ] . (4.3)

Finally, the coupling to four gluons shown in figure 6c is

−ig_ϕ g^2_s {f_{abe}f_{cde}(g_{μρ} g_{νγ} − g_{μγ} g_{νρ} ) + f_{ace}f_{bde}(g_{μν} g_{ργ} − g_{μγ} g_{νρ} ) + f_{ade}f_{bce}(g_{μν} g_{ργ} − g_{μρ} g_{νγ} )}. (4.4) Production of a single scalar particle has a cross section linear in g^2_ϕ . We are interested in higher-order QCD corrections in α_s.

Scalar-particle production at low transverse momentum depends on the TMD gluon distributions of the incident hadrons. A new feature for semi-inclusive processes is the dependence on the soft factor [1, 15]. In factorized form, the cross section can be written as a product of the TMD parton distributions (or fragmentation functions), the soft factor S, and the hard factor H [1, 15],

d^3σ(M^2, P_⊥, y) d^2 ⃗P_⊥dy

= σ_0 � d^2⃗k_{1⊥}d^2⃗k_{2⊥}d^2⃗ℓ_⊥x_1g(x_1, k_{1⊥}, x_1ζ_1, μ, ρ)x_2g(x_2, k_{2⊥}, x_2ζ_2, μ, ρ) ×

× S(ℓ_⊥, μ, ρ)H(M^2, μ, ρ)δ^2(⃗k_{1⊥} + ⃗k_{2⊥} + ⃗ℓ_⊥ − ⃗P_⊥) , (4.5)

where σ_0 is the leading-order scalar-particle production from two gluons,

σ_0 = πg^2_ϕ 64 1 1 − ϵ/2

. (4.6)

Here the factor (1 − ϵ/2) in the denominator comes from the polarization average of the initial gluons. The hard scale M here denotes the mass of the scalar particle, and y and

– 12 –

P_⊥ are its rapidity and transverse momentum, respectively. At low-transverse momentum, the longitudinal-momentum fractions x_1 and x_2 for the two incident gluons are related to the scalar particle’s rapidity y through x_1 = � M^2/Se^y and x_2 = � M^2/Se^{−y} , where S is the total center-of-mass energy squared S = (P_1 + P_2)^2. ζ_1 and ζ_2 are defined as ζ^2_1 = 4(v · P_1)/v^2 and ζ^2_2 = 4(v̄ · P_2)/v̄^2, where v^μ and v̄^μ are defined in the last section. ρ, as defined before, is a parameter to separate contributions to the soft and hard factors.

The above factorization result is accurate at leading power in P^2_⊥/M^2 at low transverse momentum, and at all orders in α_s. In the following, we will verify this factorization formula to one-loop order using the TMD gluon distribution from the previous section. Through explicit computation, we obtain the one-loop result for the hard factor H. For arguments of validity to all orders in perturbation theory, we follow the discussions in [1, 15]. From these, it follows that the TMD parton distributions and fragmentation functions are trivially universal within one class of semi-inclusive processes. Thus, within the same class, once the distributions are determined from one process, they can be used to make predictions for others. For example, all hadron productions in semi-inclusive DIS share the same set of TMD parton distributions. In the literature, there have been three classes of processes discussed so far: e^+e^− annihilation [1], semi-inclusive DIS [15], and Drell-Yan [3] (scalar particle production in this paper belongs to this last class). The universality between different classes of processes is not immediate because the distributions depend on directions of gauge links (Wilson lines), representing the initial or final state interactions [12, 13]. For example, the “naive” time-reversal-odd TMD quark distributions differ by a sign in the semi-inclusive DIS from Drell-Yan processes [12]. In a recent paper [17], a level of universality is shown for distributions in the above three classes of processes by examining the one-loop contribution to the soft factor in the Collins-Hautman prescription [47]. It would be interesting to verify the conclusion in higher-order calculations.

In principle, the above factorization formula breaks down when P_⊥ ∼ M, where one can no longer neglect the power corrections in P^2_⊥/M^2. However, it is useful to extrapolate the above factorization to all P_⊥, and transform it to the impact-parameter space. After Fourier transformation, the differential cross section can be written as,

d^3σ(M^2, P_⊥, y) d^2P_⊥dy

= σ_0 � d^2⃗b (2π)^2 e^{−iP ⊥·b⊥} W (x_1, x_2, b, M^2) , (4.7)

where we define

W (x_1, x_2, b, Q^2) = x_1g(x_1, b, x_1ζ_1, μ, ρ)x_2g(x_2, b, x_2ζ_2, μ, ρ)S(b, μ, ρ)H(M^2, μ, ρ) (4.8)

The convolutions in the transverse-momentum space now reduce to products in the impact parameter b-space.

4.1 Factorization at one loop

In this subsection, we calculate the scalar-particle production to one-loop order to verify the factorization, and to extract the hard factor H. The gluon TMD distributions and soft factor have been calculated in section 2, where the gluon target has been chosen off-shell

– 13 –

(by nonzero −p^2). In this section, it is more convenient to demonstrate the factorization by using the on-shell gluon target (p^2 = 0). It is straightforward to extend the results in section 2 to the on-shell case. In the new scheme, the perturbative TMD gluon distribution is, g(x, b, xζ, μ, ρ) = δ(x − 1) + + α_sC_A π � P_{gg}(x) � − 2 ϵ_{IR}

− γ_E + ln 4 4πμ^2b^2 � + + δ(x − 1) � ln ρ + β_0 − 1 2 � ln b^2μ^2 4 e^{2γE} − 1 4 ln^2 � ζ^2b^2 4 e^{2γE} � + + 3 4 ln ζ^2 μ^2 − π^2 + 7 4 � . (4.9)

Here, 1/ϵ_{IR} arises from collinear divergence. The soft factor S(b, μ, ρ) was defined in eq. (2.12). At one loop, the result in impact parameter space is

S(b, μ, ρ) = α_sC_A 2π ln � b^2μ^2 4 e^{2γE} � � 2 − ln ρ^2 � . (4.10)

These results will be used to verify the factorization formula.

At leading order, the Born diagram for the production cross

Figure 7: Scalar particle production at leading order.

section is shown in figure 7. The calculation is straightforward, and we get dσ d^2P_⊥dy = πg^2_ϕ 64 δ(x_1 − 1)δ(x_2 − 1)δ^2( ⃗P_⊥) . (4.11)

This leads to

W^{(0)}(x_i, b) = δ(x_1 − 1)δ(x_2 − 1) , (4.12)

which can be trivially reproduced by the leading-order gluon distributions in gluon targets.

At next-to-leading order, we have both real and virtual contributions. The real diagrams are shown in figures 8– 11. Figure 8 represents the contributions from the gluon

Figure 8: Real diagrams contribution to the scalar particle production through gluon fusion: part I.

– 14 –

Figure 9: Real diagrams: part II.

Figure 10: Real diagrams: part III.

Figure 11: Power suppressed real diagrams.

radiation from either gluons, while figure 9 for the interference between them. The diagrams in figure 10 involving the three-gluon and scalar coupling. The contribution from figure 8 is dσ d^2P_⊥dy � � �_{figure 8} = σ^0

C_Aα_s π^2 μ^ϵ P^2_⊥ � x_1 � 1 − x_1 x_1

+ x_1(1 − x_1) + x_1 2 � δ(x_2 − 1) + (x_1 ↔ x_2) � . (4.13) In the above result, we have kept the pre-factor up to O(ϵ), because 1/P^2_⊥ will lead to infrared divergences when Fourier-transforming to the impact parameter space. The con-

– 15 – tribution from figure 9 is, dσ d^2P_⊥dy � � �_{figure 9} = σ^0

C_Aα_s π^2 μ^ϵ P^2_⊥ � x_1 (1 − x_1)_+ − x_1 2 � + 1 2 ln M^2 P^2_⊥ δ(x_1 − 1) � δ(x_2 − 1) +

+ (x_1 ↔ x_2) � , (4.14)

and the contribution from all diagrams in figure 10 is, dσ d^2P_⊥dy � � �_{figure 10} = σ^0

C_Aα_s π^2 μ^ϵ P^2_⊥ � − x^2_1 + x_1 2 � δ(x_2 − 1) + (x_1 ↔ x_2) � . (4.15)

The diagrams in figure 11 are power-suppressed at low-transverse momentum, although their contributions are leading when the transverse momentum is on the order of M. The sum of the contributions from all the real diagrams is dσ d^2P_⊥dy � � real

= σ_0

C_Aα_s π^2 μ^ϵ_{IR} P^2_⊥ � x_1 � x_1 (1 − x_1)_+ + 1 − x_1

x_1

+ x_1(1 − x_1) � + + 1 2 ln M^2 P^2_⊥ δ(x_1 − 1) � δ(x_2 − 1) + (x_1 ↔ x_2) � , (4.16)

which agrees with a corresponding result in ref. [37]. After Fourier-transforming to the impact parameter space, one finds,

W^{(1)}(x_i, b, M^2)|_{real} = α_sC_A π � − 2 ϵ_{IR}

− γ_E + ln 4 4πμ^2b^2 � δ(x_2 − 1)x_1 × × � x_1 (1 − x_1)_+

+ x_1 � 1 − x_1 +

1 − x_1

x_1 � + (x_1 → x_2) � + + δ(x_1−1)δ(x_2−1) � 4 ϵ^2_{IR} − 2 ϵ_{IR} � ln M^2 4πμ^2

+ γ_E � + + 1 2 ln^2 � M^2 4πμ^2 � − 1 2 ln^2 � M^2b^2 4 e^{2γE} � + + γ_E ln

M^2 4πμ^2 + γ^2_E 2 − π^2 12 � . (4.17)

The double and single poles correspond to infrared divergences.

Now we turn to the virtual diagrams in figure 12. These diagrams contribute to the cross section as [30, 31]

W (x_i, b, M^2)|_{virtual} = δ(x_1−1)δ(x_2−1) α_sC_A π � − 4 ϵ^2 + 2 ϵ � ln M^2 4πμ^2

+γ_E � − 1 2 ln^2 � M^2 4πμ^2 � + − γ_E ln

M^2 4πμ^2 − γ^2_E 2 + 7π^2 12 � . (4.18)

The 1/ϵ^2 pole above cancels that from the real diagrams. The above result has an ultraviolet divergence coming from the composite gluon operator in the effective theory. This divergence is cancelled by a charge renormalization contribution,

W (x_i, b, M^2)|_{charge} = α_sC_A π 2β_0 � M^2 4πμ^2

�_{−ϵ/2} � − 2 ϵ + γ_E � δ(x_1 − 1)δ(x_2 − 1) , (4.19)

– 16 –

Figure 12: Virtual diagrams contribution to the scalar particle production through gluon fusion.

where the extra factor is introduced so that renormalization scale is set at μ^2_{UV} = M^2. The gluon wave function renormalization constant Z_A = 1 to all orders in perturbation theory in the present scheme. By summing up all the contributions, we get W (x_i, b, M^2) at one-loop order,

W^{(1)}(x_i, b, Q^2) = α_sC_A π � x_1P_{gg}(x_1)δ(x_2 − 1) � − 2 ϵ − γ_E + ln 4 4πμ^2b^2 � + (x_1 → x_2) � + + δ(x_1 − 1)δ(x_2 − 1) � 2β_0 ln b^2M^2 4 e^{2γE} − − 1 2 ln^2 � M^2b^2 4 e^{2γE} � + π^2 2 � . (4.20)

The soft divergences have been cancelled between real and virtual diagrams, and the remaining divergence is collinear.

Now we can verify the factorization formula in eqs. (4.5) or (4.8), using the one-loop results in eqs. (4.9) and (4.10). After the subtractions, we obtain the hard factor at one loop,

H^{(1)}(M^2, μ^2, ρ) = α_sC_A π � ln M^2 μ^2 � 2β_0 + 1 2 ln ρ^2 − 3 2 � − 3 4 ln ρ^2 + 1 8 ln^2 ρ^2 + π^2 + 7 2 � , (4.21) where a special coordinate system has been chosen in which x^2_1ζ^2_1 = x^2ζ^2_2 = ρM^2. Not only the collinear divergences in the cross section have been cancelled by the gluon distributions, the b-dependence has also been entirely isolated in the parton distributions and soft factor. The hard factor H depends only on the hard scale M^2, the factorization scale μ, and the factorization parameter ρ. Thus, the factorization conjectured in eq. (4.5) is verified to one-loop order. According to the general arguments provided in [1, 15], all-order QCD corrections to scalar-particle production can be factorized in a similar way.

4.2 Factorization at small b ≪ 1/Λ_{QCD}

When b is small, there is the standard QCD factorization for W (x_i, b, M^2) in terms of Feynman parton distributions [3]. In this subsection, we will try to recover this factorization, using the results in the last subsection.

– 17 –

According to [3], the cross section W (x_i, b, M^2) at small b can be written as,

W (x_i, b, M^2) = � dξ_1 ξ_1 dξ_2 ξ_2 ξ_1g(ξ_1, μ)ξ_2g(ξ_2, μ)C_{gg} � x_1 ξ_1

, b, μ, M^2 � C_{gg} � x_2 ξ_2

, b, μ, M^2 � , (4.22) where g(x, μ) is the usual gluon distribution, and the coefficient functions C_{gg} is perturbative. They both depend on the factorization scale μ, but the dependence cancels in the product.

Using W (x_i, b, M^2) from the last subsection, we can calculate the C_{gg} to one-loop. The perturbative gluon distribution up to one-loop is

g(x) = δ(x − 1) + α_sC_A π P_{gg}(x) � − 2 ϵ + γ_E + ln 1 4π � . (4.23)

Subtracting the above from the one-loop W (x_i, b, M^2), we have

C_{gg}(x, b, μ, M^2) = δ(x − 1) + α_sC_A π � xP_{gg}(x) ln � 4 b^2μ^2 e^{−2γ E} � + + δ(x − 1) � β_0 ln � b^2M^2 4 e^{2γE} � − − 1 4 ln^2 � M^2b^2 4 e^{2γE} � + π^2 4 � . (4.24)

The μ-dependence of the C_{gg} function is controlled by the same evolution equation as for the integrated gluon distribution, with the opposite sign. When b^2M^2 is large, the large double logarithms must be resumed to all orders in perturbation theory. This is difficult to do systematically in the present formalism. However, this can be done straightforwardly in terms of the TMD factorization in the previous subsection.

5. Resummation of large double logarithms

The one-loop result for scalar-particle production shows that there exists large double logarithms in the hard scale M^2 (e.g., see eq. (4.20)). These large logarithms appear at every order of the perturbative expansion, α^n_s ln^{2m} M^2/P^2_⊥ where m ≤ n and P_⊥ is the transverse momentum. In order to make reliable predictions, one has to re-sum these large logarithms. In this section, we will follow the Collins-Soper-Sterman (CSS) framework [3] to perform the resummation. The results can be used as a check of the resummation studies in the literature for the standard model Higgs production at hadron colliders [36 – 38].

5.1 Collins-Soper-Sterman resummation at small b

According to the QCD factorization, the Fourier transformation of the cross section for scalar-particle production is

W (x_i, b, M^2) = x_1g(x_1, b, μ, ρM^2, ρ)x_2g(x_2, b, μ, ρM^2, ρ)S(b, μ, ρ)H(M^2, ρ, μ) . (5.1)

– 18 –

In the above equation we have set x^2_1ζ^2_1 = x^2ζ^2_2 = ρM^2 in a special frame of coordinates. The M^2 dependence of W can be studied through the following differential equation [3],

∂W (x_i, b, M^2) ∂ ln M^2

= (K + G^′)W (x_i, b, M^2) , (5.2)

where K and G^′ are soft and hard evolution kernels. The soft part K depends on the scale 1/b^2 and the renormalization scale μ, while G^′ depends on the hard scale M^2 and μ. K can be calculated from the Collins-Soper evolution equation for the TMD gluon distributions discussed in section 2.4. G^′ contains the contributions from the gluon distribution as well as from the hard factor H. From the result of the previous sections, the sum of K and G^′ at one-loop order is,

K + G^′ = − α_sC_A π ln � M^2b^2 4 e^{2γE −2β 0} � , (5.3)

where the ρ dependence between various terms cancels out. Our previous result for K at one loop is

K = K_g = − α_sC_A π ln b^2μ^2 4 e^{2γE} , (5.4)

which is valid when b is small enough. At large b, the perturbative expansion breaks down. The hard part G^′ is then,

G^′ = − α_sC_A π � ln M^2 μ^2

− 2β_0 � . (5.5)

Both the soft and hard parts K and G^′ obey the renormalization group equation [3], ∂K ∂ ln μ = − ∂G^′ ∂ ln μ

= −γ_{Kg} . (5.6)

Resummation is done here by solving the above equations.

Integrating over ln M^2 and ln μ^2, one finds [3]

W (x_i, b, M^2) = e^{−S Sud(M 2,b,C1/C2)}W (x_i, b, C^2_1 /C^2_2 /b^2) , (5.7)

where the Sudakov form factor is

S_{Sud} =

�_C2_{2 M} 2

C^2_1 /b^2

dμ^2 μ^2 � ln � C^2_2 M^2

μ^2 � A(C_1, μ) + B(C_1, C_2, μ) � . (5.8)

Here C_1 and C_2 are two parameters of order one. The functions A and B can be expanded perturbatively α_s, A =

�_∞

i=1 A^{(i)}

�_{α s} π �_i

and B =

�_∞

i=1 B^{(i)}

�_{α s} π �_i

. They are related to the Collins-Soper evolution parameters by the following equation,

A(C_1, μ) = 1 2 γ_{Kg}(μ) + 1 2 β ∂ ∂g K(C_1, g(μ)) ,

B(C_1, C_2, μ) = −K(C_1, g(μ)) − G^′ � 1 C_2

, g(μ) � . (5.9)

– 19 –

From eqs. (5.4), (5.5), we get the first expansion of A and B functions,

A^{(1)} = C_A , B^{(1)} = C_A � ln � C^2_1 4C^2_2 e^{2γE} � − 2β_0 � . (5.10)

To complete the resummation, we use the factorization of W (x_i, b, C^2_1 /C^2_2 /b^2) in terms of the integrated parton distributions discussed in section 4.2, W � x_i, b,

C^2_1 C^2_2 b^2 � = � dξ_1 ξ_1 dξ_2 ξ_2

C_{gg} � x_1 ξ_1

, b;

C^2_1 C^2_2 b^2

, μ^2 � C_{gg} � x_2 ξ_2

, b;

C^2_1 C^2_2 b^2

, μ^2 � × × ξ_1g(ξ_1, μ)ξ_2g(ξ_2, μ) , (5.11)

where C functions also have perturbation expansion in terms of α_s, C =

�_∞ i=0 C^{(i)}

�_{α s} π �_i . From the results in section 4.2, we get the first two terms of C_{gg},

C^{(0)}_{gg} = δ(x − 1)

C^{(1)}_{gg} = C_A � xP_{gg}(x) ln � 4 C^2_1 e^{−2γ E} � + + δ(x − 1) � β_0 ln � C^2_1 4C^2_2 e^{2γE} � − 1 4 ln^2 � C^2_1 4C^2_2 e^{2γE} � + π^2 4 � . (5.12)

It is easy to check that the above C function for the gluon-gluon term can also be calculated from the following equation [15]

C_{gg}(x, b;

C^2_1 C^2_2 b^2

, μ^2) = xC̃_{gg} � x, b^2, μ^2_g, μ^2, ρ

C^2_1 C^2_2 b^2 , ρ � × � S(b, μ^2_g, ρ)H(

C^2_1 C^2_2 b^2

, μ^2_g, ρ) , (5.13)

with C̃_{gg} from eq. (3.6), and S and H from eqs. (4.10), (4.21) respectively. Similarly, the contribution from the quark distribution in the factorization form of eq. (5.11) can also be calculated using the above equation with C̃_{g/q} in eq. (3.10). Since C̃^{(0)}_{g/q} = 0, it is straightforward to get the expansion of C_{g/q} up to one-loop order,

C^{(0)}_{g/q} = 0

C^{(1)}_{g/q} =

C_F 2 x � 1 + (1 − x)^2 x ln � 4 b^2μ^2 e^{−2γ E} � + x � . (5.14)

Our final resummation result is the combination of eqs. (5.7), (5.8), (5.11), (5.12) and (5.14).

5.2 Comparison with previous calculations In the literature, the above coefficient functions have been calculated by various authors [35 – 38]. They are normally extracted from the comparison between the fixed-order results and the expansion of the resummation formula, and expressed with the so-called canonical choices C_1 = 2e^{−γ E} and C_2 = 1. Choosing these specific values, our results for A, B, C at one-loop order are,

A^{(1)} = C_A , B^{(1)} = −2β_0C_A , C^{(1)}_{gg} = C_A π^2 4 δ(x − 1) . (5.15)

– 20 –

A^{(1)} and B^{(1)} agree with the previous calculations [35 – 37], while C^{(1)} lacks an additional term 11/4. The difference comes from the effective coupling between the Higgs boson and gluons g_ϕ [30, 31]

g_H = − 1 3V α_s π � 1 + 11 4 α_s π + · · · � , (5.16)

where V is the vacuum expectation value of the Higgs field. The second term will contribute at one-loop order in α_s and modify the result of eq. (4.18). Taking this into account, our results coincide with the previous calculations [36, 37].

In [38], the full of dependence on C_1 and C_2 of the coefficient functions were also calculated for the standard model Higgs boson production. Our result on B^{(1)} agrees with theirs, while C^{(1)} does not.^1

6. Conclusion

In this paper, we studied scalar-particle production at one-loop order to examine factorization of the gluon initiated semi-inclusive processes at hadron colliders. We introduced and calculated the gauge-invariant TMD gluon distribution at one-loop order, and established their connections with the integrated parton distributions at small b. We verified the factorization theorem at one-loop order, where the cross section can be decomposed into products of TMD parton distributions, soft and hard factors. The large logarithms in the cross section were resumed following the CSS formalism, and the coefficient functions were obtained.

The present study can be easily extended to the polarized gluon TMD distributions and their contributions to the spin asymmetries for the semi-inclusive processes. Scalarparticle production can also be generalized to other production processes, e.g., heavy-quark pairs and heavy quarkonium production, di-photon and di-hadron and photon-hadron production, and di-jet correlations. We will carry out further studies in future publications.

The present study of factorization for semi-inclusive processes can be extended to twoloop order, which can be used to compare with the next-to-next-to-leading order calculation of the standard model Higgs production. It will be interesting to calculate the resummation coefficient functions from the present approach, and compare with the previous results obtained by the expansion method [39].

As a final remark, we consider the small-x property of the gluon TMD distributions. From the results in section 2, we found that the TMD gluon distribution at small x has the similar behavior as the integrated gluon distribution, where the small x resummation is usually necessary. The so-called BFKL evolution equation [49] is used to make the resummation. It will be interesting to examine whether the TMD gluon distributions obey such evolution equation at small x [50], and to explore the connection between the present approach and the so-called k_t-factorization approach [51]. Phenomenologically, the small-x effects are important for the Higgs boson and vector-boson production at LHC [52].

1After correcting some errors in [38], these two calculations agree on C^{(1)}.

– 21 –

Acknowledgments

F.Y. thanks W. Vogelsang for the collaboration at the early stage of this work. We thank C.P. Yuan for the communication about the results of [38]. X.J. was supported by the U.S. Department of Energy via grant DE-FG02-93ER-40762. J.P.M. and also X.J. are supported by National Natural Science Foundation of P.R. China. F.Y. 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 his work.

References

[1] J.C. Collins and D.E. Soper, Back-to-back jets in QCD, Nucl. Phys. B 193 (1981) 381, erratum ibid. B213 (1983) 545; Back-to-back jets: Fourier transform from B to K-transverse, Nucl. Phys. B 197 (1982) 446.

[2] J.C. Collins and D.E. Soper, Parton distribution and decay functions, Nucl. Phys. B 194 (1982) 445.

[3] J.C. Collins, D.E. Soper and G. Sterman, Transverse momentum distribution in Drell-Yan pair and W and Z boson production, Nucl. Phys. B 250 (1985) 199.

[4] R. Meng, F.I. Olness and D.E. Soper, Semi-inclusive deeply inelastic scattering at small q_T , Phys. Rev. D 54 (1996) 1919 [hep-ph/9511311].

[5] P. Nadolsky, D.R. Stump and C.P. Yuan, Semi-inclusive hadron production at HERA: the effect of QCD gluon resummation, Phys. Rev. D 61 (2000) 014003 [hep-ph/9906280], erratum ibid. D 64 (2001) 059903; Phenomenology of multiple parton radiation in semi-inclusive deep-inelastic scattering, Phys. Rev. D 64 (2001) 114011 [hep-ph/0012261].

[6] J.P. Ralston and D.E. Soper, Production of dimuons from high-energy polarized proton proton collisions, Nucl. Phys. B 152 (1979) 109.

[7] J.C. Collins, Fragmentation of transversely polarized quarks probed in transverse momentum distributions, Nucl. Phys. B 396 (1993) 161 [hep-ph/9208213].

[8] D.W. Sivers, Single spin production asymmetries from the hard scattering of point-like constituents, Phys. Rev. D 41 (1990) 83; Hard scattering scaling laws for single spin production asymmetries, Phys. Rev. D 43 (1991) 261.

[9] M. Anselmino, M. Boglione and F. Murgia, Single spin asymmetry for p^↑p → πX in perturbative QCD, Phys. Lett. B 362 (1995) 164 [hep-ph/9503290]; M. Anselmino and F. Murgia, Single spin asymmetries in p^↑p and p̄^↑p inclusive processes, Phys. Lett. B 442 (1998) 470 [hep-ph/9808426].

[10] P.J. Mulders and R.D. Tangerman, The complete tree-level result up to order 1/Q for polarized deep-inelastic leptoproduction, Nucl. Phys. B 461 (1996) 197 [hep-ph/9510301], erratum ibid. B 484 (1997) 538;

D. Boer and P.J. Mulders, Time-reversal odd distribution functions in leptoproduction, Phys. Rev. D 57 (1998) 5780 [hep-ph/9711485].

[11] S.J. Brodsky, D.S. Hwang and I. Schmidt, Final-state interactions and single-spin asymmetries in semi-inclusive deep inelastic scattering, Phys. Lett. B 530 (2002) 99 [hep-ph/0201296].

– 22 –

[12] J.C. Collins, Leading-twist single-transverse-spin asymmetries: Drell-Yan and deep-inelastic scattering, Phys. Lett. B 536 (2002) 43 [hep-ph/0204004];

J.C. Collins, What exactly is a parton density?, Acta Phys. Polon. B34 (2003) 3103 [hep-ph/0304122].

[13] X. Ji and F. Yuan, Parton distributions in light-cone gauge: where are the final-state interactions?, Phys. Lett. B 543 (2002) 66 [hep-ph/0206057];

A.V. Belitsky, X. Ji and F. Yuan, Final state interactions and gauge invariant parton distributions, Nucl. Phys. B 656 (2003) 165 [hep-ph/0208038].

[14] D. Boer, P.J. Mulders and F. Pijlman, Universality of T-odd effects in single spin and azimuthal asymmetries, Nucl. Phys. B 667 (2003) 201 [hep-ph/0303034].

[15] X. Ji, J.-P. Ma and F. Yuan, QCD factorization for semi-inclusive deep-inelastic scattering at low transverse momentum, Phys. Rev. D 71 (2005) 034005 [hep-ph/0404183].

[16] X. Ji, J.-P. Ma and F. Yuan, QCD factorization for spin-dependent cross sections in dis and Drell-Yan processes at low transverse momentum, Phys. Lett. B 597 (2004) 299 [hep-ph/0405085].

[17] J.C. Collins and A. Metz, Universality of soft and collinear factors in hard-scattering factorization, Phys. Rev. Lett. 93 (2004) 252001 [hep-ph/0408249].

[18] P.J. Mulders and J. Rodrigues, Transverse momentum dependence in gluon distribution and fragmentation functions, Phys. Rev. D 63 (2001) 094021 [hep-ph/0009343].

[19] M. Burkardt, Sivers mechanism for gluons, Phys. Rev. D 69 (2004) 091501 [hep-ph/0402014].

[20] D. Boer and W. Vogelsang, Asymmetric jet correlations in pp^↑ scattering, Phys. Rev. D 69 (2004) 094025 [hep-ph/0312320].

[21] M. Anselmino, M. Boglione, U. D’Alesio, E. Leader and F. Murgia, Accessing sivers gluon distribution via transverse single spin asymmetries in p^↑p → DX processes at rhic, Phys. Rev. D 70 (2004) 074025 [hep-ph/0407100].

[22] J.C. Collins, D.E. Soper and G. Sterman, Heavy particle production in high-energy hadron collisions, Nucl. Phys. B 263 (1986) 37;

J.C. Collins, D.E. Soper and G. Sterman, Soft gluons and factorization, Nucl. Phys. B 308 (1988) 833.

[23] J.C. Collins, D.E. Soper and G. Sterman, Factorization of hard processes in QCD, Adv. Ser.

Direct. High Energy Phys. 5 (1988) 1, in Perturbative QCD, A.H. Mueller ed., World Scientific, Singapore 1989.

[24] Y.L. Dokshitzer, D. Diakonov and S.I. Troian, Hard semiinclusive processes in QCD, Phys.

Lett. B 78 (1978) 290; On the transverse momentum distribution of massive lepton pairs, Phys. Lett. B 79 (1978) 269; Hard processes in quantum chromodynamics, Phys. Rept. 58 (1980) 269.

[25] G. Parisi and R. Petronzio, Small transverse momentum distributions in hard processes, Nucl.

Phys. B 154 (1979) 427.

[26] G. Sterman, Summation of large corrections to short distance hadronic cross-sections, Nucl.

Phys. B 281 (1987) 310.

– 23 –

[27] S. Catani and L. Trentadue, Resummation of the QCD perturbative series for hard processes, Nucl. Phys. B 327 (1989) 323; Comment on QCD exponentiation at large x, Nucl. Phys. B 353 (1991) 183.

[28] J.R. Ellis, M.K. Gaillard and D.V. Nanopoulos, A phenomenological profile of the Higgs boson, Nucl. Phys. B 106 (1976) 292.

[29] M.A. Shifman, A.I. Vainshtein, M.B. Voloshin and V.I. Zakharov, Low-energy theorems for Higgs boson couplings to photons, Sov. J. Nucl. Phys. 30 (1979) 711.

[30] S. Dawson, Radiative corrections to Higgs boson production, Nucl. Phys. B 359 (1991) 283.

[31] A. Djouadi, M. Spira and P.M. Zerwas, Production of Higgs bosons in proton colliders: qCD corrections, Phys. Lett. B 264 (1991) 440.

[32] M. Kramer, E. Laenen and M. Spira, Soft gluon radiation in Higgs boson production at the LHC, Nucl. Phys. B 511 (1998) 523 [hep-ph/9611272].

[33] R.V. Harlander and W.B. Kilgore, Next-to-next-to-leading order Higgs production at hadron colliders, Phys. Rev. Lett. 88 (2002) 201801 [hep-ph/0201206].

[34] C. Anastasiou and K. Melnikov, Higgs boson production at hadron colliders in nnlo QCD, Nucl. Phys. B 646 (2002) 220 [hep-ph/0207004].

[35] S. Catani, E. D’Emilio and L. Trentadue, The gluon form-factor to higher orders: gluon gluon annihilation at small Q-transverse, Phys. Lett. B 211 (1988) 335.

[36] I. Hinchliffe and S.F. Novaes, On the mean transverse momentum of Higgs bosons at the SSC, Phys. Rev. D 38 (1988) 3475.

[37] R.P. Kauffman, Higgs boson p_T in gluon fusion, Phys. Rev. D 44 (1991) 1415;

R.P. Kauffman, Higher order corrections to Higgs boson p_T , Phys. Rev. D 45 (1992) 1512.

[38] C.P. Yuan, Kinematics of the Higgs boson at hadron colliders: nlo QCD gluon resummation, Phys. Lett. B 283 (1992) 395;

C. Balazs and C.P. Yuan, Higgs boson production at the LHC with soft gluon effects, Phys. Lett. B 478 (2000) 192 [hep-ph/0001103];

C. Balazs, J. Huston and I. Puljak, Higgs production: a comparison of parton showers and resummation, Phys. Rev. D 63 (2001) 014021 [hep-ph/0002032].

[39] D. de Florian and M. Grazzini, Next-to-next-to-leading logarithmic corrections at small transverse momentum in hadronic collisions, Phys. Rev. Lett. 85 (2000) 4678 [hep-ph/0008152];

D. de Florian and M. Grazzini, The structure of large logarithmic corrections at small transverse momentum in hadronic collisions, Nucl. Phys. B 616 (2001) 247 [hep-ph/0108273].

[40] E.L. Berger and J.-w. Qiu, Differential cross section for Higgs boson production including all-orders soft gluon resummation, Phys. Rev. D 67 (2003) 034026 [hep-ph/0210135]; E.L. Berger and J.-w. Qiu, Differential cross sections for Higgs boson production at Tevatron collider energies, Phys. Rev. Lett. 91 (2003) 222003 [hep-ph/0304267].

[41] G. Bozzi, S. Catani, D. de Florian and M. Grazzini, The q_T spectrum of the Higgs boson at the LHC in QCD perturbation theory, Phys. Lett. B 564 (2003) 65 [hep-ph/0302104].

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

Rev. D 69 (2004) 014012 [hep-ph/0309264].

– 24 –

[43] J.C. Collins, Sudakov form factors, Adv. Ser. Direct. High Energy Phys. 5 (1989) 573 [hep-ph/0312336], in Perturbative QCD, A.H. Mueller ed., World Scientific, Singapore 1989.

[44] G. Altarelli and G. Parisi, Asymptotic freedom in parton language, Nucl. Phys. B 126 (1977) 298.

[45] J. Grammer, G. and D.R. Yennie, Improved treatment for the infrared divergence problem in quantum electrodynamics, Phys. Rev. D 8 (1973) 4332.

[46] A. Idilbi, X.-d. Ji, J.-P. Ma and F. Yuan, Collins-Soper equation for the energy evolution of transverse-momentum and spin dependent parton distributions, Phys. Rev. D 70 (2004) 074021 [hep-ph/0406302].

[47] J.C. Collins and F. Hautmann, Infrared divergences and non-lightlike eikonal lines in sudakov processes, Phys. Lett. B 472 (2000) 129 [hep-ph/9908467]; Soft gluons and gauge-invariant subtractions in NLO parton-shower Monte Carlo event generators, JHEP 03 (2001) 016 [hep-ph/0009286].

[48] A.H. Mueller, Small x behavior and parton saturation: a QCD model, Nucl. Phys. B 335 (1990) 115.

[49] L.N. Lipatov, Reggeization of the vector meson and the vacuum singularity in nonabelian gauge theories, Sov. J. Nucl. Phys. 23 (1976) 338;

E.A. Kuraev, L.N. Lipatov and V.S. Fadin, Multi - reggeon processes in the Yang-Mills theory, Sov. Phys. JETP 44 (1976) 443 [Zh. Eksp. Teor. Fiz. 71 (1976) 840]; E.A. Kuraev, L.N. Lipatov and V.S. Fadin, The pomeranchuk singularity in nonabelian gauge theories, Sov. Phys. JETP 45 (1977) 199 [Zh. Eksp. Teor. Fiz. 72 (1977) 377]; I.I. Balitsky and L.N. Lipatov, The pomeranchuk singularity in quantum chromodynamics, Sov. J. Nucl. Phys. 28 (1978) 822 [Zh. Eksp. Teor. Fiz. 28 (1978) 1597].

[50] G. Sterman, Partons, factorization and resummation, hep-ph/9606312.

[51] J.C. Collins and R.K. Ellis, Heavy quark production in very high-energy hadron collisions, Nucl. Phys. B 360 (1991) 3;

S. Catani, M. Ciafaloni and F. Hautmann, High-energy factorization and small x heavy flavor production, Nucl. Phys. B 366 (1991) 135.

[52] S. Berge, P. Nadolsky, F. Olness and C.P. Yuan, Transverse momentum resummation at small x for the Tevatron and LHC, hep-ph/0410375.

– 25 –