arXiv:hep-ph/0309303 v1 26 Sep 2003

Resummation effects in Higgs boson transverse momentum distribution within the framework of unintegrated parton distributions

Agnieszka Gawron and Jan Kwieciński

The H. Niewodniczański Institute of Nuclear Physics Radzikowskiego 152, 31-342 Cracow, Poland

Abstract

The cross sections describing the transverse momentum distributions of Higgs bosons are discussed within the framework of unintegrated parton distributions obtained from the CCFM equations in the single loop approximation. It is shown how the approximate treatment of the CCFM equations generates the standard expressions describing the soft gluon resummation effects in the corresponding cross sections. Possible differences between exact and approximate solutions of the CCFM equations are discussed on the example of the gg → H fusion mechanism, which gives the dominant contribution to Higgs production.

1 Introduction

The transverse momentum distributions of Drell-Yan pairs, the W or Z_0 gauge bosons or the Higgs bosons produced in high energy hadronic collisions are known to be strongly affected by the soft gluon (recoil) resummation effects [1] - [17]. These effects are particular important in the region p^2_T ≪ Q^2, where Q and p_T denote the mass and transverse momentum of the virtual photon γ^∗ or the W, Z_0 or Higgs bosons, respectively. The soft gluon resummation effects are also important in the prompt photon production in hadronic collisions.

All these reactions reflect the basic partonic fusion subprocesses, i.e. q + q̄ → γ^∗ → l^+l^−, q + q̄ → W , q + q̄ → Z_0, g + g → H, g + q(q̄) → q(q̄) + γ etc. The transverse momenta of the lepton pairs, the W, Z_0 and/or Higgs bosons etc. should therefore just be equal to the sum of the transverse momenta of the colliding partons. The transverse momentum distributions of the lepton pairs, the W, Z_0 and/or Higgs bosons etc. produced through the fusion of partons do therefore probe the transverse momentum distributions of the partons, i.e. the unintegrated parton distributions [3, 4],[18]-[27]. The corresponding cross sections are determined by the k_T factorisation - like convolutions (subject to the transverse momentum conservation) of the unintegrated parton distributions with the corresponding partonic cross sections. In this simple extension of the collinear picture to the more exclusive configuration, in which the transverse momenta are not integrated over the gluon resummation effects, are naturally attributed to the unintegrated parton distributions. Evolution of the unintegrated distributions is described in perturbative QCD by the Catani, Ciafaloni, Fiorani, Marchesini (CCFM) equation [28]. It corresponds to the sum of the ladder diagrams with the angular ordering along the chain. The gluon radiation controlling evolution of the unintegrated parton distributions generates the transverse momentum of the partons through the simple recoil effect. The CCFM equation interpolates between the (LO) DGLAP evolution at large and moderately small values of x and the BFKL dynamics at low x. Pure DGLAP evolution corresponds to the so called “single loop approximation” of the CCFM evolution [28]-[32].

The purpose of this paper is to examine the transverse momentum distributions of the Higgs bosons produced in hadronic collisions using the unintegrated parton distributions framework. To be precise we shall limit ourselves to the gg → H fusion mechanism and determine the corresponding cross sections in terms of the unintegrated gluon distributions. The latter will be obtained from the solution of the CCFM equation in the single loop approximation, which may be adequate for the moderately small values of x probed in the (central) Higgs boson production. We shall utilise the fact that this equation can be diagonalised by the Fourier– Bessel transform and becomes evolution equation for the (scale dependent) parton distributions f̄_i(x, b, Q) for fixed b, where b is a vector of impact parameter conjugate to the transverse momentum. We express the cross sections in terms of the function f_G(x_{1,2}, b, Q) and show that the CCFM equation correctly reproduces the double and single ln(Q^2b^2) resummation in the limit Q^2b^2 ≫ 1, that corresponds to p^2_T ≪ Q^2.

The content of our paper is as follows. In the next section we recall the basic formulas describing the soft gluon resummation effects in the transverse momentum distributions describing of Higgs bosons produced through the gluon-gluon fusion mechanism. In section 3 we discuss this distribution within the unintegrated gluon distributions framework. We point out that the basic quantities controlling the transverse momentum distributions in this framework are the unintegrated distributions in the b−representation. In section 4 we discuss the CCFM equation in this representation. Section 5 contains discussion of the soft gluon resummation formulas as the result of the approximate treatment of the solution(s) of the CCFM equation in the b−representation. In section 6 we present numerical results concerning the transverse momentum distributions of Higgs bosons and compare predictions based upon exact solution of the CCFM equation with the standard LO soft gluon resummation formulas. Finally, in section 7 we give summary of our results.

2 Soft gluon resummation formulas

The soft gluon resummation effects are most conveniently formulated using the b-representation. Thus the cross-section for Higgs boson production in pp̄ collisions corresponding to the gluon - gluon fusion subprocess gg → H is expressed in the following way [14, 17] ∂σ ∂Q^2∂y∂p^2_T = σ_0 Q^2 τ s π^2δ(Q^2 − m^2_H ) 1 2 ∫_∞ 0 db b J_0(bp_T ) W_{GG} (x_1, x_2, b, Q), (1)

with J_0(z) being the Bessel function. In eq. (1), p_T and y denote the transverse momentum and rapidity of the Higgs boson, respectively, and m_H is the Higgs boson mass while x_{1,2} are the longitudinal momentum fractions of the gluons given by

x_1 = √ Q^2 + p^2_T s exp(y)

x_2 = √ Q^2 + p^2_T s exp(−y) (2)

where s is the square of the CM energy of the colliding pp̄ system, and

τ = x_1x_2 . (3)

The cross section σ_0 is given by:

σ_0 = √ 2 G_F 576 π α_S (μ^2_r ) (4)

where G_F is the Fermi constant. The corresponding cross-section for the Drell-Yan production of muon pairs reads: ∂σ ∂Q^2∂y∂p^2_T = σ^{DY}_0 τ 1 2 ∫ db b J_0(bp_T ) ∑ i e^2_i {W_{q̄iqi} (x_1, x_2, b, Q) + W_{qiq̄i} (x_1, x_2, b, Q)} (5) where now p_T , Q and y denote the transverse momentum, invariant mass and rapidity of the lepton pair, respectively, and x_{1,2} denote the momentum fractions of the parent hadrons carried by a quark or antiquark and are defined by eq. (2). The elementary DY cross section σ^{DY}_0 is given by: σ^{DY}_0 = 4πα^2_{em} 9sQ^2 . (6)

The basic functions driving the corresponding cross sections are the functions W_{ij} (x_1, x_2, b, Q) which can be interpreted as the scale dependent parton luminosities in the b−representation. The soft gluon resummation gives the following representation of these functions

W_{ij} (x_1, x_2, b, Q) = W^{N P}_{ij} (x_1, x_2, b, Q) exp { 1 2 [S_i(b, Q) + S_j (b, Q)] }

× x_1 p^{ef f}_i (x_1, c^2/b^2) x_2 p^{ef f}_j (x_2, c^2/b^2). (7)

The functions p^{ef f}_i are given by the conventional integrated parton distributions p_i probed at the scale μ^2 = c^2/b^2 with c ∼ 1 [6], i.e.

p^{ef f}_i (x, μ^2) = p_i(x, μ^2) + O(α_s(μ^2)) (8)

with the O(α_s(μ^2)) corrections given in [7, 8]. The exponents S_i are given by: S_i(b, Q) = − ∫_Q2

c^2 /b^2 dμ̄^2 μ̄^2 [ ln ( Q^2 μ̄^2 ) A_i(α_s(μ̄^2)) + B_i(α_s(μ̄^2)) ] , (9)

where the functions A_i and B_i are defined by the perturbative expansion:

A_i(α_s) = ∞∑ n=1 ( α_s 2π )_n A^{(n)}_i

B_i(α_s) = ∞∑ n=1 ( α_s 2π )_n B^{(n)}_i . (10)

The LO coefficients are given by [9]:

A^{(1)}_G = 2C_A

B^{(1)}_G = 4 3 N_f T_R − 11 3 C_A (11)

A^{(1)}_q = A^{(1)}_{q̄} = C_F

B^{(1)}_q = B^{(1)}_{q̄} = − 3 2 C_F (12)

where for the SU(3)_c we have: C_A = 3, C_F = 4/3, T_R = 1/2, and N_f is the number of active flavours. Higher order coefficients are defined in [10]. The factors W^{N P}_{ij} (x_1, x_2, b, Q) describe the non-perturbative contribution(s) [13, 14, 17].

Coefficients A^{(n)}_i and B^{(n)}_i are directly connected to the part of the splitting functions P_{ij} (z) corresponding to real emission. To this aim we introduce the functions R_G(z) and R_q(z) defined by: R_G(z) = z[P_{gg}(z) + P_{qg}(z)] (13) R_q (z) = z[P_{qq}(z) + P_{gq}(z)] , (14)

and rearrange these functions as below

R_G(z) = r_G 1 − z + R̄_G(z) (15)

R_q(z) = r_q 1 − z + R̄_q (z) (16)

where r_q = C_F and r_G = 2C_A, and R_G(z) and R_q(z) are regular at z = 1. In LO we get the following relations

A^{(1)}_i = r_i , i = q, G (17)

B^{(1)}_i = 2

∫_1 0 dz R̄_i(z) . (18)

It is also useful to remind the following identity: ∫_1 0 dz [R_q(z) − P_{qq}(z)] = 0 . (19)

3 Transverse momentum distributions of Higgs bosons and DY pairs

The cross section for Higgs production in pp̄ collisions corresponding to the gluon–gluon fusion subprocess gg → H can be expressed in the following way in terms of the scale dependent unintegrated gluon distributions f_G(x_{1,2}, k_T , Q) ∂σ ∂Q^2∂y∂p^2_T = σ_0Q^2 τ s πδ(Q^2 − m^2_H ) × ∫ d^2k_1 d^2k_2 π^2 f_G(x_1, k_1, Q) f_G(x_2, k_2, Q) δ^{(2)}(k_1 + k_2 − p_T) . (20)

In this equation p_T and y denote, as before, the transverse momentum and rapidity of the Higgs boson, respectively, m_H is the Higgs boson mass, k_{1,2} are the transverse momenta of the colliding gluons and x_{1,2} are their longitudinal momentum fractions (see eq. (2)). The cross-section σ_0 is given by eq. (4). From eqs. (2,3) we also have

τ s = Q^2 + p^2_T (21)

Substituting in eq. (20) the following representation of the δ function,

δ^{(2)}(k_1 + k_2 − p_T) = 1 (2π)^2 ∫ d^2b exp{−i(k_1 + k_2 − p_T)b} , (22)

we find that the integral defining the differential cross section for Higgs production can be directly expressed in terms of the unintegrated gluon distributions f̄_G(x, b, Q) in the impact parameter representation ∂σ ∂Q^2∂y∂p^2_T = σ_0Q^2 τ s π^2δ(Q^2 − m^2_H ) ∫_∞ 0 db^2 f̄_G(x_1, b, Q) f̄_G(x_2, b, Q) J_0(bp_T ) . (23)

where f̄_G(x, b, Q) = ∫_∞ 0 dk_T k_T J_0(bk_T ) f_G(x, k_T , b) . (24)

The cross section for Higgs production which is driven by the gg → H fusion is determined by the gluon distributions. Similar representation of the cross section, but in terms of the quark and antiquark distributions in the b space, can be obtained in the case of the Drell-Yan production of the muon pairs. The latter reaction reflects the process qq̄ → γ^∗ → μ^+μ^−, and the corresponding expression for the cross-section reads ∂σ ∂Q^2∂y∂p^2_T = σ^{DY}_0 τ ∫ db^2J_0(bp_T ) ∑ i e^2_i [¯ f^1_{qi} (x_1, b, Q) f̄^2_{q̄i} (x_2, b, Q) + f̄^2_{qi} (x_2, b, Q) f̄^1_{q̄i} (x_1, b, Q) ] (25) where now p_T , Q and y denote the transverse momentum, invariant mass and rapidity of the lepton pair, respectively, x_{1,2} denote the momentum fractions (2) of the parent hadrons carried by a quark or antiquark. The functions f̄^{1,2}_{qi} and f̄^{1,2}_{q̄i} are the quark and antiquark unintegrated distributions in the b−representation. As in the case for the gluons, they are linked to the scale dependent k_T distributions of quarks and antiquarks through the Fourier–Bessel transform (cf. eq. (24)). The elementary DY cross section σ^{DY}_0 is given by eq. (6). Comparing eqs. (23, 25) with eqs. (1, 5), we find that within the unintegrated parton distrtibution framework the functions W_{ij} (x_1, x_2, b, Q) are given by:

W_{ij} (x_1, x_2, b, Q) = 4 f̄_i(x_1, b, Q) f̄_j (x_2, b, Q) . (26)

4 Single loop CCFM equation in the b−representation

In this section we recall the CCFM equation in the single loop approximation. Then we extend this equation to the system of equations incorporating unintegrated quark and antiquark distributions, f_{qi} and f_{q̄i} . The original Catani-Ciafaloni-Fiorani-Marchesini (CCFM) equation

[28, 29] for the unintegrated, scale-dependent gluon distribution f_G(x, k_T , Q) has the following form:

f_G(x, k_T , Q) = f^0_G(x, k_T , Q) + ∫ d^2q πq^2 ∫_1 x dz z Θ(Q − qz) Θ(q − q_0) α_s 2π Δ_S (Q, q, z)

× [ 2N_c Δ_{N S} (k_T , q, z) + 2N_c z 1 − z ] f (x z , |k_T + (1 − z)q|, q ) , (27)

where Δ_S (Q, q, z) and Δ_{N S}(k_T , q, z) are the Sudakov and non-Sudakov form factors,

Δ_S (Q, q, z) = exp { − ∫_Q2

(qz)^2 dp^2 p^2 α_s 2π ∫_{1−q0/p} 0 dz z P_{gg} (z) } (28)

Δ_{N S} (k_T , q, z) = exp { − ∫_1 z dz^′ z^′ ∫_k2_T

(qz^′ )^2 dp^2 p^2 2N_c α_s 2π } . (29)

The variables x, k_T and Q denote the longitudinal momentum fraction, the transverse momentum of the gluon and the hard scale, respectively. Eq. (27) is generated by the sum of ladder diagrams with angular ordering along the chain. The hard scale Q is defined in terms of the maximum emission angle [26, 28]. The constraint Θ(Q − qz) in eq. (27) reflects the angular ordering, and the inhomogeneous term, f^0(x, k_T , Q), is related to the input non-perturbative gluon distribution. It also contains effects of both the Sudakov and non-Sudakov form-factors [33].

Eq. (27) interpolates between a part of the DGLAP evolution at large and moderately small values of x, and the BFKL dynamics at small x. To be precise, it contains only the g → gg splittings and only those parts of the splitting function P_{gg} (z) which are singular at either z → 1 or z → 0. Following [34, 35] we shall make the following extension of the original CCFM equation (27):

1. We introduce, besides the unintegrated gluon distributions f_G(x, k_T , Q), also the unintegrated quark and antiquark gluon distributions, f_{qi} (x, k_T , Q) and f_{q̄i} (x, k_T , Q).

2. We include, in addition to the g → gg splittings, also the q → gq, q̄ → gq̄, and g → q̄q transitions along the chain.

3. We take into account the complete splitting functions P_{ab}(z), and not only their singular parts.

These extensions make the CCFM framework more accurate in the region of large and moderately small values of x (i.e. x ≥ 0.01 or so). In this region one can also introduce the single-loop approximation that corresponds to the following replacements: Θ(Q − qz) −→ Θ(Q − q) Δ_{N S} (k_T , q, z) −→ 1. (30)

It is also convenient to “unfold” the Sudakov form factor such that the real emission and virtual terms appear on an equal footing in the corresponding evolution equations. Finally, the unfolded system of the extended CCFM equations in the single-loop approximation has the following form:

f^i_{N S} (x, k_T , Q) = f^{i0}_{N S} (x, k_T ) +

∫_1 0 dz ∫ d^2q πq^2 α_s(q^2) 2π Θ(q^2 − q^2_0) Θ(Q − q) × P_{qq} (z) [ Θ(z − x) f^i_{N S} (x z , k^′_T , q ) − f^i_{N S} (x, k_T , q) ] (31)

f_S (x, k_T , Q) = f^0_S (x, k_T ) +

∫_1 0 dz ∫ d^2q πq^2 α_s(q^2) 2π Θ(q^2 − q^2_0) Θ(Q − q)

× { Θ(z − x) [ P_{qq} (z) f_S (x z , k^′_T , q ) + P_{qg} (z) f_G (x z , k^′_T , q )]

− P_{qq}(z) f_S (x, k_T , q) } (32)

f_G(x, k_T , Q) = f^0_G(x, k_T ) +

∫_1 0 dz ∫ d^2q πq^2 α_s(q^2) 2π Θ(q^2 − q^2_0) Θ(Q − q)

× { Θ(z − x) [ P_{gq} (z) f_S (x z , k^′_T , q ) + P_{gg} (z) f_G (x z , k^′_T , q )]

− [ zP_{gg} (z) + zP_{qg}(z) ] f_G(x, k_T , q) } (33)

where k^′_T = k_T + (1 − z)q. (34) The functions f^i_{N S} (x, k_T , Q) are the unintegrated non-singlet quark distributions, while the unintegrated singlet distribution, f_S (x, k_T , Q), is defined as f_S (x, k_T , Q) = N_f∑

i=1 [f_{qi} (x, k_T , Q) + f_{q̄i} (x, k_T , Q)] . (35)

The functions P_{ab}(z) are the LO splitting functions corresponding to real emissions, i.e.: P_{qq}(z) = C_F 1 + z^2 1 − z P_{qg}(z) = N_f [z^2 + (1 − z)^2] P_{gq}(z) = C_F 1 + (1 − z)^2 z P_{gg}(z) = 2N_c [ z 1 − z + 1 − z z + z(1 − z) ] (36) where N_f and N_c denote the number of flavours and colours, respectively, and C_F = (N^2_c − 1)/(2N_c ). It should be observed that after integrating both sides of eqs. (31)-(33) over d^2k_T, we get the usual DGLAP equations for the integrated parton distributions p_k (x, Q^2), defined by xp_k (x, Q^2) = ∫_∞ 0 dk^2_T f_k(x, k_T , Q). (37)

A very important merit of eqs. (31)-(33) is the fact that they can be diagonalised by the Fourier-Bessel transform f_k (x, k_T , Q) = ∫_∞ 0 db b J_0(bk_T ) f̄_k (x, b, Q) , (38) where the inverse relation reads f̄_k(x, b, Q) = ∫_∞ 0 dk_T k_T J_0(bk_T ) f_k (x, k_T , Q) . (39)

In the above k = NS, S, G, and J_0 is the Bessel function. At b = 0 the functions f̄_k(x, b, Q) are related to the integrated distributions p_i(x, Q^2)

f̄_k (x, b = 0, Q) = 1 2 xp_k (x, Q^2). (40)

The corresponding evolution equations for f̄_{N S} , f̄_S and f̄_G, which follow from eqs. (31)-(33), have the following form:

Q^2 ∂f̄_{N S}(x, b, Q) ∂Q^2 = α_s(Q^2) 2π ∫_1 0 dz P_{qq}(z) [ Θ(z − x) J_0((1 − z)Qb) f̄_{N S} (x z , b, Q )

− zP_{qq}(z) f̄_{N S} (x, b, Q) ] (41)

Q^2 ∂f̄_S (x, b, Q) ∂Q^2 = α_s(Q^2) 2π ∫_1 0 dz { Θ(z − x) J_0((1 − z)Qb) [ P_{qq}(z) f̄_S (x z , b, Q )

+ P_{qg}(z) f̄_G (x z , b, Q ) ] − [zP_{qq}(z) + zP_{gq}(z)] f̄_S (x, b, Q) } (42)

Q^2 ∂f̄_G(x, b, Q) ∂Q^2 = α_s(Q^2) 2π ∫_1 0 dz { Θ(z − x) J_0((1 − z)Qb) [ P_{gq}(z) f̄_S (x z , b, Q )

+ P_{gg} (z) f̄_G (x z , b, Q ) ] − [zP_{gg}(z) + zP_{qg}(z)] f̄_G(x, b, Q) } (43)

with the initial conditions f̄_k(x, b, Q_0) = f̄^0_k (x, b) . (44)

We have therefore found that the CCFM scheme in the single loop approximation does directly provide the system of evolution equations for the unintegrated parton distributions f̄_k(x, b, Q) in the b−representations. These functions are the basic quantities in the description of p_T spectra, eqs. (5),(23), within the unintegrated parton distributions framework. In the next section we discuss their solution and show that they correctly incorporate the resummation effects.

5 Soft gluon resummation formulas from the solution of the CCFM equations

In order to understand the structure of the solution of the CCFM equations (41)-(43), it is convenient to introduce the moment functions f̃_i(n, b, Q) f̃_i(n, b, Q) = ∫_1 0 dx x^{n−1}f̄_i(x, b, Q) (45) We shall consider at first the non-singlet, valence quark distributions for which the CCFM equation in the moment space reads:

Q^2 ∂f̃_{N S}(n, b, Q) ∂Q^2 = α_s(Q^2) 2π ∫_1 0 dz P_{qq} (z) {z^nJ_0((1 − z)Qb) − 1} f̃_{N S} (n, b, Q) (46) Its solution reads: f̃_{N S} (n, b, Q) = f̃_{N S} (n, b, Q_0) exp{I(n, b, Q)} (47) where the function I(n, b, Q) is given by: I(n, b, Q) = ∫_Q2

Q^2_0 dq^2 q^2 α_s(q^2) 2π ∫_1 0 dz P_{qq} (z) {z^nJ_0((1 − z)Qb) − 1} , (48) and the function f̄_{N S} (n, b, Q_0) is given by the input unintegrated distribution at the reference scale Q_0. At b = 0 we have:

f̃_{N S} (n, b = 0, Q) = 1 2 p_{N S} (n, Q^2) (49)

f̃_{N S} (n, b = 0, Q_0) = 1 2 p_{N S} (n, Q^2_0) (50)

where p(n, Q^2) are the moment functions of the integrated distributions. We shall now rearrange the integral I(n, b, Q) as below: I(n, b, Q) = I_1(n, b, Q) + I_2(b, Q) (51) where I_1(n, b, Q) = ∫_Q2

Q^2_0 dq^2 q^2 α_s(q^2) 2π ∫_1 0 dz P_{qq}(z) (z^n − 1) J_0((1 − z)Qb) (52)

I_2(b, Q) =

∫_Q2

Q^2_0 dq^2 q^2 α_s(q^2) 2π ∫_1 0 dz P_{qq}(z) {J_0((1 − z)Qb) − 1} . (53)

The dominant contribution to the integrals I_1 and I_2 comes from the region in which argument of the Bessel function J_0(u) is small, where the Bessel function itself can be approximated by unity, i.e. we can adopt the following approximation:

J_0(u) ≃ Θ(c − u) (54)

with c being of the order of 1; for simplicity we set c = 1. The dominant contribution to the integral I_1 comes from the region Qb < 1 and adopting approximation (54) we get for b > 1/Q: I_1(n, b, Q) ≃ ∫_{1/b}2

Q^2_0 dq^2 q^2 α_s(q^2) 2π ∫_1 0 dz P_{qq}(z) (z^n − 1) . (55)

We observe that approximate representation (55) of I_1(n, b, Q) is equal to the argument of the exponent describing evolution of the moments of the integrated non-singlet quark distributions from the scale Q^2_0 to the scale 1/b^2. For b ≪ 1/Q_0 we may set

f̃_{N S} (n, b, Q_0) ≃ f̃_{N S} (n, b = 0, Q_0) = 1 2 p̃_{N S} (n, Q^2_0) (56)

to finally get f̃_{N S} (n, b, Q_0) exp{I_1(n, b, Q)} ≃ 1 2 p̃_{N S} ( n, 1 b^2 ) . (57)

After inverting moments one finds f̄_{N S} (x, b, Q) ≃ 1 2 x p_{N S} (x, 1/b^2) . (58)

Comparing (26) with (7) we find that in the functions W_{ij} (x_1, x_2, b, Q) defined by the nonsinglet quark distributions, we have identified the first factor in the soft gluon resummation formula to be equal to the product of the integrated parton distributions at the scale of the order of 1/b^2.

We now show that after using approximation (54) in the evaluation of I_2(b, Q), the form factor exp{2I_2(b, Q)} becomes equal to the form factor exp{S_q(b, Q)} in the LO approximation with the exponent S_q(b, Q) defined by eq. (9). To this aim we note that after rearranging the splitting function P_{qq}(z) P_{qq} (z) = C_F [ 2 1 − z − (1 + z) ] , (59) we can represent the integral I_2(b, Q) as the sum of two terms:

I_2(b, Q) = I^1_2 (b, Q) + I^2_2 (b, Q) (60)

where

I^1_2 (b, Q) = 2 C_F

∫_Q2

Q^2_0 dq^2 q^2 α_s(q^2) 2π ∫_1 0 dz 1 − z [J_0((1 − z)qb) − 1] (61)

I^2_2 (b, Q) = −C_F

∫_Q2

Q^2_0 dq^2 q^2 α_s(q^2) 2π ∫_1 0 dz (1 + z) [J_0((1 − z)qb) − 1] . (62)

Using approximation (54) we get:

I^1_2 (b, Q) ≃ −Θ(Q^2 − 1/b^2) C_F

∫_Q2 1/b^2 dq^2 q^2 α_s(q^2) 2π ln(q^2b^2) (63)

I^2_2 (b, Q) ≃ Θ(Q^2 − 1/b^2) C_F

∫_Q2 1/b^2 dq^2 q^2 α_s(q^2) 2π ( 1 − 1 bq )( 1 + 1 2 ( 1 − 1 bq ))

≃ Θ(Q^2 − 1/b^2) 3 2 C_F ∫_Q2 1/b^2 dq^2 q^2 α_s(q^2) 2π . (64)

Thus (60) becomes

2 I_2(b, q) ≃ −2 Θ(Q^2 − 1/b^2) C_F

∫_Q2 1/b^2 dq^2 q^2 α_s(q^2) 2π [ ln(q^2b^2) − 3 2 ] . (65)

We note that this expression coincides with that given by eq. (9) defing the exponent S_q(b, Q) in the LO approximation. To be precise, the first term corresponding to I^1_2 (b, Q) is identically equal to the term defined by A_q(α_s) for the fixed coupling only and there are subleading differences due to different scale of the QCD coupling. It may be observed, however, that we would get exactly the same result for this term choosing the scale of the coupling equal to (q(1 − z))^2 instead of q^2 in the integrals defining I^1_2 (b, Q). The second term corresponding to I^2_2 (b, Q) is identical to that defined by B_q(α_s). Finally we observe that the non-perturbative contribution factorises as the Q independent factor, see eq. (47).

The valence quarks dominate in the production of DY muon pairs and in the production of gauge W^∓ or Z^0 bosons in pp̄ collisions. However, inclusive production of the Higgs bosons, which is dominated by the gluon-gluon fusion, requires the knowledge of gluon and sea quark distributions. We shall now derive the soft gluon resummation formula for the unintegrated gluon and sea quark distributions, and for the function W_{GG}(x_1, x_2, b, Q), starting from the system of the CCFM equations (42,43). In this case we cannot solve the system of the CCFM equations in an analytic form and the soft gluon resummation expressions will follow from the approximate treatment of the CCFM equations themselves. To this aim it is convenient to integrate these equations and represent them as the system of integral equations:

f̄_S (x, b, Q) = f̄^0_S (x, b) +

∫_1 0 dz ∫ dq^2 q^2 α_s(q^2) 2π Θ(q^2 − q^2_0 ) Θ(Q − q)

× { Θ(z − x) J_0((1 − z)qb) [ P_{qq}(z) f̄_S (x z , b, q ) + P_{qg}(z) f̄_G (x z , b, q )]

− [zP_{qq}(z) + zP_{gq}(z)] f̄_S (x, b, q) } (66)

f̄_G(x, b, Q) = f̄^0_G(x, b) +

∫_1 0 dz ∫ dq^2 q^2 α_s(q^2) 2π Θ(q^2 − q^2_0) Θ(Q − q)

× { Θ(z − x) J_0((1 − z)qb) [ P_{gq}(z) f̄_S (x z , b, q ) + P_{gg}(z) f̄_G (x z , b, q )]

− [zP_{gg}(z) + zP_{qg}(z)] f̄_G(x, b, q) } . (67)

We rearrange these equations by adding and subtracting in the integrand of (66) the term

α_s(q^2) 2πq^2 [zP_{qq}(z) + zP_{gq}(z)] J_0 ((1 − z)bq) f̄_S (x, b, q) , and similarly in the integrand of (67) the term

α_s(q^2) 2πq^2 [zP_{gg}(z) + zP_{qg}(z)] J_0 ((1 − z)bq) f̄_G(x, b, q) . Thus we obtain

f̄_S (x, b, Q) = f̄^0_S (x, b) +

∫_1 0 dz ∫ dq^2 q^2 α_s(q^2) 2π Θ(q^2 − q^2_0) Θ(Q − q)

× { J_0((1 − z)qb) [ Θ(z − x) [ P_{qq}(z) f̄_S (x z , b, q ) + P_{qg}(z) f̄_G (x z , b, q )]

− [zP_{qq}(z) + zP_{gq}(z)] f̄_S (x, b, q) ]

− [zP_{qq}(z) + zP_{gq}(z)] [1 − J_0((1 − z)qb)] f̄_S (x, b, q) } (68) f̄_G(x, b, Q) = f̄^0_G(x, b) +

∫_1 0 dz ∫ dq^2 q^2 α_s(q^2) 2π Θ(q^2 − q^2_0) Θ(Q − q)

× { J_0((1 − z)qb) [ Θ(z − x) [ P_{gq}(z) f̄_S (x z , b, q ) + P_{gg}(z) f̄_G (x z , b, q )]

− [zP_{gg} (z) + zP_{qg}(z)] f̄_G(x, b, q) ]

− [zP_{gg} (z) + zP_{qg}(z)] [1 − J_0((1 − z)qb)] f̄_G(x, b, q) } (69)

We consider this equation in the region b ≪ 1/Q_0, set b = 0 in the inhomogeneous term, make the approximation {1 − J_0((1 − z)qb))} ≃ Θ((1 − z)qb − 1) in the last terms and limit the integration to q < min{Q, 1/b} in the remaining terms, to get for b > 1/Q : f̄_S (x, b, Q) = 1 2 xq_S (x, Q^2_0) + ∫ dq^2 q^2

∫_1 0 dz α_s(q^2) 2π Θ(q^2 − q^2_0 ) { Θ(1/b − q)

× [ Θ(z − x) [ P_{qq}(z) f̄_S (x z , b, q ) + P_{qg} (z) f̄_G (x z , b, q )]

− [zP_{qq}(z) + zP_{gq}(z)] f̄_S (x, b, q) ]

− Θ(Q − q) Θ(q − 1/b) Θ(1 − 1/(qb) − z) [zP_{qq}(z) + zP_{gq} (z)]f̄_S (x, b, q) } (70)

f̄_G(x, b, Q) = 1 2 xg(x, Q^2_0) + ∫ dq^2 q^2

∫_1 0 dz α_s(q^2) 2π Θ(q^2 − q^2_0) { Θ(1/b − q)

× [ Θ(z − x) [ P_{gq}(z) f̄_S (x z , b, q ) + P_{gg}(z) f̄_G (x z , b, q )]

− [zP_{gg}(z) + zP_{qg}(z)] f̄_G(x, b, q) ]

− Θ(Q − q) Θ(q − 1/b) Θ(1 − 1/(qb) − z) [zP_{gg}(z) + zP_{qg} (z)] f̄_G(x, b, q) } (71)

where

q_S (x, Q^2_0) = N_f∑

i=1 (q_i(x, Q^2_0) + q̄_i(x, Q^2_0)) . (72)

We note that f_i(x, b, q) and f_i(x/z, b, q) in all terms, except those in the last terms of eqs. (70) and (71), are in the region q < 1/b. We shall show that those terms give 1/2 xq_S (x, 1/b^2) and

1/2 xg(x, 1/b^2), respectively. Let us observe at first that for Q < 1/b eqs. (70) and (71) read: f̄_S (x, b, Q) = 1 2 xq_S (x, Q^2_0) +

∫_1 0 dz ∫ dq^2 q^2 α_s(q^2) 2π Θ(q^2 − q^2_0) Θ(Q − q)

× { Θ(z − x) [ P_{qq} (z) f̄_S (x z , b, q ) + P_{qg} (z) f̄_G (x z , b, q )]

− [zP_{qq}(z) + zP_{gq}(z)] f̄_S (x, b, q) } (73) f̄_G(x, b, Q) = 1 2 xg(x, Q^2_0) +

∫_1 0 dz ∫ dq^2 q^2 α_s(q^2) 2π Θ(q^2 − q^2_0) Θ(Q − q)

× { Θ(z − x) [ P_{gq} (z) f̄_S (x z , b, q ) + P_{gg} (z) f̄_G (x z , b, q )]

− [zP_{gg}(z) + zP_{qg} (z)] f̄_G(x, b, q) } , (74)

which are just the DGLAP equations in the integral form for 1/2 xg(x, Q^2) and 1/2 xq_S (x, Q^2). We therefore get f_G(x, b) = 1/2 xg(x, Q^2) for b < 1/Q. The first terms in eq. (70) and (71) are the same as in the right hand side of equations (73) and (74) except that instead of Θ(Q − q) we have Θ(1/b − q). The first terms in eqs. (70) and (71) reduce to 1/2 xq_S (x, 1/b^2) and 1/2 xg(x, 1/b^2). Therefore, eqs. (70) and (71) read: f̄_S (x, b, Q) = 1 2 xq_S (x, 1/b^2) − ∫_1 0 dz ∫ dq^2 q^2 α_s(q^2) 2π × Θ(q − 1/b) Θ(Q − q) Θ(1 − 1/(qb) − z) [zP_{qq}(z) + zP_{gq}(z)] f̄_S (x, b, q) (75) f̄_G(x, b, Q) = 1 2 xg(x, 1/b^2) − ∫_1 0 dz ∫ dq^2 q^2 α_s(q^2) 2π × Θ(q − 1/b) Θ(Q − q) Θ(1 − 1/(qb) − z) [zP_{gg}(z) + zP_{qg}(z)] f̄_G(x, b, q) , (76) and their solution read: f̄_S (x, b, Q) = 1 2 exp{1/2 S̃_q (b, Q)} xq_S(x, 1/b^2) (77) f̄_G(x, b, Q) = 1 2 exp{1/2 S̃_G (b, Q)} xg(x, 1/b^2) (78)

with S̃_q and S̃_G defined by: S̃_q(b, Q) = −2 ∫_Q2 1/b^2 dq^2 q^2 α_s(q^2) 2π ∫_{1−1/(bq)} 0 dz [zP_{qq}(z) + zP_{gq} (z)] (79)

S̃_G(b, Q) = −2 ∫_Q2 1/b^2 dq^2 q^2 α_s(q^2) 2π ∫_{1−1/(bq)} 0 dz [zP_{gg}(z) + zP_{qg} (z)] (80)

Substituting explicit expressions for the splitting functions P_{ij} (z) and setting 1 instead of 1 − 1/(bq) as the upper integration limit in the integrals over non-singular at z = 1 terms, and using eqs. (13)-(19) we get: S̃_G(b, Q) ≃ − ∫_Q2 1/b^2 dq^2 q^2 α_s(q^2) 2π [ A^{(1)}_G ln(q^2b^2) + B^{(1)}_G ] (81)

with A^{(1)}_G and B^{(1)}_G given by eq. (11). We also find that S̃_q(b, Q) is given by eq. (65). As in the case of non-singlet quarks the first term on the right hand side of eq. (81), with the integrand proportional to ln(q^2b^2), gives the result which is given by the term with A_G(α_s) in eq. (9) and the fixed coupling only. Thus, the subleading differences are due to a different scale of the QCD coupling. We would get exactly the same result for this term choosing the scale of α_s equal to [q(1 − z)]^2 instead of q^2 in the integrand defining I^1_2 (b, Q), eq. (61). The second term on the right hand side of eq. (81) is identical to that defined by B_G(α_s) in eq. (9). As in the case of the valence quark distributions also for the gluon and sea quark distributions the non-perturbative effects will enter as the Q−independent factor(s).

6 Numerical results

We have shown in the previous sections that the parton shower described by the CCFM equations in the single loop approximation (41)-(43) generate complete resummation effects in LO, i.e. it automatically resums the double and single “large” logarithms ln^2(Q^2b^2) in the region Q^2b^2 ≫ 1. In this Section we present numerical results based on the exact (numerical) solution of the CCFM equations in the b−representation and compare them with the predictions based on the resummation formulas. In our analysis we assume a factorisable form of the initial conditions (44) f̄^0_k (x, b) = 1 2 F (b) xp_k(x, Q^2_0) , (82)

assuming for simplicity the same input profile F (b) for quarks and gluons. It is determined by a non-perturbative k_T −distribution at the scale Q_0, and at b = 0 we have the normalisation condition F (0) = 1. Thus, we assume the Gaussian form of the profile function

F (b) = exp { −b^2/b^2_0 } , (83)

where we set b^2_0 = 4 GeV^{−2}. The starting integrated distributions p_k (x, Q^2_0) are taken from the LO GRV analysis [36]. With the factorisable form (82) of the starting quark and gluon distributions, we obtain the corresponding factorisation of the function (26)

W_{ij} (x_1, x_2, b, Q) = F^2(b) W̃_{ij} (x_1, x_2, b, Q) , i, j = q, q̄, g . (84)

For the soft gluon resummation, the expression for the function W̃_{ij} takes the following form W̃^{resum} ij (x_1, x_2, b, Q) = exp{1/2 [S_i(b, Q) + S_j (b, Q)]} x_1p_i(x_1, 1/b^2) x_2p_j (x_2, 1/b^2) . (85)

In Fig. 1 we show results for W̃_{gg}(x_1, x_2, b, Q = M_H ) plotted as the function of b^2, calculated for x_1 = x_2 = M_H / √ s for √ s equal to 1.8 TeV (Fig. 1a) and 14 TeV (Fig. 1b). The Higgs boson mass was assumed to be equal to 115 GeV. We show the results based upon the numerical solution of the CCFM equations (41)-(43) (solid lines) and confront them with the predictions based upon the soft gluon resummation formula with the argument of the exponent S_G(b, Q) given by eq. (81) (dotted lines). We also show the results corresponding to S_G(b, Q) given by the standard eq. (9) (dashed lines). In both latter cases the scale 1/b^2 was replaced by Q^2/(b^2Q^2+1) that guarantees smooth transition to the region b^2 < 1/Q^2. We have also replaced S_G(b, Q) by S^{ef f}_G (b, Q), setting S^{ef f}_G (b, Q) = 0 in the region where S_G(b, Q) > 0, and S^{ef f}_G (b, Q) = S_G(b, Q) in the region where S_G(b, Q) < 0. We can see that the function W_{gg} calculated from the exact solution of the CCFM equation stays most of the time below the predictions based upon the resummation formulas. Only at relatively large values of b ∼ 1 GeV^{−1}, the resummation formula corresponding to S_G(b, Q) given by eq. (81) leads to smaller magnitude of W_{gg} than that corresponding to the exact solution of the CCFM equation. This difference is caused by a different behaviour of the Sudakov-like form factors T_g = exp{S_G(b, Q)} in all three cases, as can be seen in Fig. 2. In this figure we plot as the solid line the function exp{S^{CCF M}_G (b, Q)} with S^{CCF M} G (b, Q) = ∫_Q2

q^2_0 dq^2 q^2 α_s(q^2) 2π ∫_1 0 dz z [P_{gg}(z) + P_{qg}(z)] {J_0((1 − z)qb) − 1} , (86)

and compare it with the functions resulting from the soft resummation functions with S_G given by eq. (81) (dotted line) and eq. (9) (dashed line).

In Fig. 3 we show the impact of those differences on the transverse momentum distribution of Higgs bosons produced at y = 0, eq. (1). We present the results for √ s = 1.8 T eV and for √ s = 14 T eV . We can see that the results based upon the exact solution of the CCFM equation (solid lines) gives smaller magnitude of the cross section at its maximum that those generated by the soft gluon resummation formulas (81) (dotted lines) and (9) (dashed lines). The former tends, however, to generate the longer tail of the p_T distribution.

7 Summary and conclusions

In this paper we have discussed the transverse momentum distributions of the Higgs bosons within the unintegrated distributions framework. We considered the gg → H fusion process which is the dominant mechanism of inclusive Higgs boson production. The unintegrated distributions were obtained from the CCFM equations in the single loop approximation which is equivalent to the LO DGLAP evolution for the integrated distributions. We have utilised the fact that the CCFM equations in the single loop approximation can be diagonalised in the b representation. We have shown that the conventional soft gluon resummation formulas are embodied in the solution(s) of the CCFM equations. We have examined possible differences between the exact (numerical) solution of the CCFM equation and their approximate solution leading to conventional soft gluon resummation formulas.

Acknowledgments

This research was partially supported by the Polish Committee for Scientific Research (KBN) grant no. 5P03B 14420. This paper was completed before Jan Kwieciński passed away. The help of Krzysztof Golec–Biernat in preparation of the manuscript is kindly acknowledged.

References

[1] R. K. Ellis, W. J. Stirling, B. R. Webber, ’QCD and Collider Physics’, Cambridge University Press, 1996.

[2] Yu. L. Dokshitzer, D. I. Dyakonov and S. I. Troyan, Phys. Rep. 58 (1980) 269.

[3] G. Sterman, Partons, factorization and resummation TASI 95, based on seven lectures at the Theoretical Advanced Study Intitute, QCD and beyond, Boulder, Colorado, June 1995, hep-ph/9606312.

[4] N. Nakamura, G. Pancheri and Y.N. Srivastava, Z. Phys. C21 (1984) 243; A. Corsetti, A.

Grau, G. Pancheri, Y.N. Srivastava Phys. Lett. B382 (1996) 282; A. Grau, G. Pancheri, Y.N. Srivastava, Phys. Rev. D60 (1999) 114020.

[5] A. Bassetto, M. Ciafaloni, G. Marchesini, Nucl. Phys. B163 (1980) 429.

[6] J. Collins, D. Soper, G. Sterman, Nucl. Phys. B250 (1985) 199; Nucl. Phys. B223 (1983) 381; Phys. Lett. B126 (1983) 275; Nucle. Phys. B250 (1985) 199.

[7] C. T. H. Davies and W. J. Stirling, Nucl. Phys. B244 (1984) 337.

[8] R. K. Ellis D. A. Ross and S. Veseli,Nucl. Phys. B503 (1997) 309.

[9] J. Kodaira, L. Trentadue, Phys. Lett. B112 (1982) 66, ibid. B123 (1983) 335; S. Catani, E. D’Emilio and L. Trentadue, Phys. Lett. B211 (1988) 335.

[10] D. de Florian and M. Grazzini, Phys. Rev. Lett 85 (2000) 4678; Nucl. Phys. B616 (2001) 247.

[11] Y. I .Dokshitzer, D. I. Dyakonov and S. I .Troyan, Phys. Lett. B79 (1978) 269; G. Parisi and R. Petronzio, Nucl. Phys. B154 (1979) 427; J. Collins and D. Soper, Phys. Rev. D16 (1977) 2219.

[12] G. Altarelli, R. K. Ellis, M. Greco and G. Martinelli, Nucl. Phys. B246 (1984) 12; C. T.

H. Davies, B. R. Webber and W. J. Stirling, Nucl. Phys. B256 (1985) 413.

[13] J. W. Qiu and X. F. Zhang, Phys. Rev. D63 (2001) 114011.

[14] E. L. Berger and J. Qiu, Phys. Rev. D67 (2003) 034026. [15] R. K. Ellis and S. Veseli, Nucl. Phys. B511 (1998) 649.

[16] A. Kulesza and W. J. Stirling, Nucl. Phys. B555 (1999) 279; Eur. Phys. J. C20 (2001) 349.

[17] A. Kulesza and W. J. Stirling, hep-ph/0307208.

[18] M. A. Kimber, A. D. Martin and M. G. Ryskin, Eur. Phys. J. C12 (2000) 655. [19] M. A. Kimber, A. D. Martin, J. Kwieciński and A. M. Staśto, Phys. Rev. D62 (2000) 094006.

[20] M. A. Kimber, A. D. Martin and M. G. Ryskin, Phys. Rev. D63 (2001) 114027. [21] A. D. Martin and M. G. Ryskin, Phys. Rev. D64 (2001) 094017.

[22] V. A. Khoze, A. D. Martin and M. G. Ryskin, Eur. Phys. J. C14 (2000) 525; ibid. C19 (2001) 477; Erratum - ibid. C20 (2001) 599.

[23] G. Watt, A. D. Martin and M. G. Ryskin, hep-ph/0306169. [24] G. Gustafson, L. Lönnblad and G. Miu, JHEP 0209 (2002)005. [25] A. Szczurek, Acta Phys. Polon. B34 (2003) 3191.

[26] Small x Collaboration (B. Andersson et al.), Eur. Phys. J. C25 (2002) 77. [27] J. C. Collins, Acta Phys. Polon. B34 (2003) 3103.

[28] M. Ciafaloni, Nucl. Phys. B296 (1988) 49; S. Catani, F. Fiorani and G. Marchesini, Phys.

Lett. B234 (1990) 339; Nucl. Phys. B336 (1990) 18.

[29] G. Marchesini, in Proceedings of the Workshop ”QCD at 200 TeV”, Erice, Italy, 1990, edited by L. Cifarelli and Yu. L. Dokshitzer, (Plenum Press, New York, 1992), p. 183.

[30] B. R. Webber Nucl. Phys. B (Proc. Suppl.) 18C (1990) 38.

[31] G. Marchesini and B. R. Webber, Nucl. Phys. B386 (1992) 215; B. R. Webber in Proceedings of the Workshop ”Physics at HERA”, DESY, Hamburg, Germany, 1992, edited by W. Buchmüller and G. Ingelman (DESY, Hamburg, 1992).

[32] G. Marchesini, Nucl.Phys. B445 (1995) 49.

[33] J. Kwieciński, A. D. Martin and P. J. Sutton, Phys. Rev. D52 (1995) 1445. [34] A. Gawron and J. Kwieciński, Acta Phys. Polon. B34 (2003) 133.

[35] A. Gawron, J. Kwieciński and W. Broniowski, hep-ph/0305219. [36] M. Glück, E. Reya, A. Vogt, Eur. Phys. J. C5 (1998) 461.

Figure 1: The function W_{GG}(x_1, x_2, b, Q) as a function of b for the Higgs boson production at Q = m_H = 115 GeV in the gluon - gluon fusion at the Tevatron (a) and the LHC energy (b). The solid lines correspond to the result with the unintegrated gluon distributions from the CCFM equations. The results with the LO soft gluon resumation formulas are shown by the dotted lines (S_G given by eq. (81)), and the dashed lines (S_G given by eq. (9)).

Figure 2: The Sudakow-like form factor T_G = exp{S_G}, as a function of the impact parameter b, from the CCFM equations (solid line) and the soft gluon resummation formulas (dotted and dashed lines). The function S_G is given by eq. (86) for the solid line, eq. (81) for the dotted line, and eq. (9) for the dashed line.

Figure 3: The transverse momentum distribution of Higgs boson from the gluon-gluon fusion at Q = m_H = 115 GeV for central rapidity, y = 0. Figures (a) and (b) correspond to the Tevatron and LHC energy, respectively. The solid lines are based on the numerical solution of the CCFM equations (41)-(43), while the the dotted and dashed lines results from the LO soft gluon resummation formulas with S_G given by eq. (81) and eq. (9), respectively.