arXiv:hep-ph/0603049 v2 14 Mar 2006

hep-ph/0603049 ANL-HEP-CP-06-27

Heavy-flavor effects in supersymmetric Higgs boson production at hadron colliders

Alexander Belyaev^1, Stefan Berge,^2 Pavel M. Nadolsky,^3 Fredrick I. Olness,^2 and C.-P. Yuan^1 1Department of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA 2Department of Physics, Southern Methodist University, Dallas, Texas 75275-0175, U.S.A. 3High Energy Physics Division, Argonne National Laboratory, Argonne, IL 60439-4815, U.S.A.

(Dated: 14th March 2006)

Abstract

We evaluate the effect of the bottom-quark mass on resummed transverse momentum (q_T ) distributions of supersymmetric Higgs bosons at the Tevatron and LHC. The mass of the bottom quark acts as a non-negligible momentum scale at small q_T and affects resummation of soft and collinear radiation in this region. The improved treatment of the b-quark mass and kinematical effects leads to observable modifications in the resummed predictions for both colliders.

PACS numbers: 12.15.Ji, 12.38 Cy, 13.85.Qk

I. INTRODUCTION

Understanding the nature of electroweak symmetry breaking is the central challenge for high-energy physics. The search for Higgs bosons, assumed to be responsible for the generation of gauge-boson and fermion masses, is the primary task for the existing and future colliders.

The Higgs sector may be represented by one complex scalar doublet, as it is economically realized in the Standard Model (SM), or by two or more doublets, as it takes place in the Minimal Supersymmetric Standard Model (MSSM) and its extensions. An important feature of MSSM is that, for large values of tan β, the Yukawa couplings of the b-quarks to the neutral Higgs bosons H (where H = h, H, or A) are strongly enhanced compared to the SM bb̄H_{SM} Yukawa coupling. Consequently, production of supersymmetric Higgs bosons in bb̄ fusion can have a large cross section in supersymmetric extensions of the Standard Model [1, 2, 3, 4, 5].

The partonic processes contributing to the inclusive Higgs boson production with enhanced bb̄H coupling are represented by (a) bb̄ → H; (b) gb → Hb; and (c) gg → bb̄H scattering. The three processes (a,b,c) all give rise to the same hadronic final states, with two B-mesons appearing in different, but overlapping, regions of phase space. The distinction between the three processes depends very much on the factorization scheme adopted for the QCD calculation, as has been recently reviewed in Ref. [6]. The Hbb̄ processes have been extensively studied recently in SM and MSSM scenarios [7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18].

As shown in Refs. [19, 20], the correct model for the transverse momentum distribution of the Higgs boson is crucial for unambiguous reconstruction of the Higgs boson mass in the H → τ τ decay channel. It is also important for discriminating the signal events from the backgrounds by examining the q_T distribution of the Higgs boson in Hbb̄ associated production, followed by H → bb̄ decay [21]. The transverse momentum (q_T ) distributions of Higgs bosons may be sensitive to the mass m_b of the bottom quark when q_T is comparable to m_b. In Refs. [22, 23] , we study the effect of the initial-state multiple parton radiation and heavy-quark masses on the transverse momentum distribution in the bb̄ → H process. Here we summarize the results of those two papers.

II. TRANSVERSE MOMENTUM RESUMMATION FOR MASSIVE QUARKS

The resummed differential cross section for inclusive production of Higgs bosons in scattering of initial-state hadrons A and B takes the form [24] dσ dQ^2dydq^2_T = ∫_∞ 0 bdb 2π J_0(q_T b) W (b, Q, x_A, x_B, m_b) + Y (q_T , Q, y, m_b), (1)

where y is the rapidity of the Higgs boson, x_{A,B} ≡ Qe^{±y}/ √ S are the Born-level partonic momentum fractions, S is the square of the center-of-mass energy of the collider, and J_0(q_T b) is the Bessel function. The resummed form factor W is given in impact parameter (b) space and factorizes as W (b, Q, x_A, x_B, m_b) = π S ∑ j,k σ^{(0)}_{jk} e^{−S(b,Q,mb)} P_{j/A}(x_A, b, m_b) P_{k/B} (x_B, b, m_b), (2)

where the summation is performed over the relevant parton flavors j and k. Here, σ^{(0)}_{jk} is a product of the Born-level prefactors, e^{−S(b,Q,mb)} is an exponential of the Sudakov integral S(b, Q, m_b) ≡ ∫_Q2

b^2_0 /b^2 dμ̄^2 μ̄^2 [ A(α_s(μ̄), m_b) ln (Q2 μ̄^2 ) + B(α_s(μ̄), m_b) ] , (3)

with b_0 ≡ 2e^{−γE} ≈ 1.123, and P_{j/A}(x, b, m_b) are the b-dependent parton distributions for finding a parton of type j in the hadron A. In the perturbative region (b^2 ≪ Λ^{−2}_{QCD}), the distributions P_{j/A}(x, b, m_b) factorize as P_{j/A}(x, b, m_b) | |_{b2≪Λ−2QCD} = ∑ a=g,u,d,... ∫_1 x dξ ξ C_{j/a}(x/ξ, b, m_b, μ_F ) f_{a/A}(ξ, μ_F ) (4) into a convolutions of the Wilson coefficient functions C_{j/a}(x, b, m_b, μ_F ) and k_T -integrated parton distributions f_{a/A}(ξ, μ_F ). The Sudakov exponential and b-dependent parton densities resum contributions from soft and collinear multi-parton radiation, respectively. Y ≡ PERT − ASY is the difference between the finite-order cross section (PERT) and its asymptotic expansion in the small-q_T limit (ASY).

The Higgs cross sections depend on the mass m_b of the bottom quark. The distributions P_{j/A}(x, b, m_b) for the heavy quarks (j = c, b) cannot be reliably evaluated at all impact parameters if a conventional factorization scheme, such as the zero-mass variable-flavor number (ZM-VFN, or massless) scheme, is used. The reason is that m_b acts as an additional large momentum scale, which, depending on the value of b, introduces large logarithms ln^n(m_bb) or non-negligible terms ∝ (m_bb)^n. The situation encountered here is reminiscent

Figure 1: The bottom-quark distributions P_{b/p}(x, b, m_b) in the proton vs. the impact parameter b. The solid and dashed curves correspond to the S-ACOT and massless (“ZM-VFN”) factorization schemes, respectively.

of the heavy-quark contributions to the DIS structure functions F_i(x, Q^2), which are not adequately described by the conventional factorization schemes at either small or large momentum transfers Q^2 (see, for instance, [25]). To work around this complication, Ref. [26] proposed to formulate the CSS formalism in a general-mass variable flavor number (GM- VFN) scheme [27], which correctly evaluates the heavy-quark mass effects at all momentum scales. Among all GM-VFN factorization schemes, the S-ACOT scheme [27, 28] was found to be well-suited for the efficient calculation of the CSS resummed cross sections. In particular, in this heavy-quark CSS (CSS-HQ) formalism [26] the dependence on m_b is dropped in all O(α_s) terms in Eq. (1) except for P_{b/A}(x, b, m_b).

The dependence of the bottom-quark parton density P_{b/p}(x, b, m_b) on the impact parameter is shown in Fig. 1. The ZM-VFN parton density P_{b/p}(x, b, m_b) is not properly defined below the threshold μ_F = m_b (or above b = b_0/m_b). It was continued to large b in the previous calculations using an effective “ZM-VFN” approximation described in Ref. [22]. The S-ACOT parton density P_{b/p}(x, b, m_b) is well-defined at all b. It reduces to the ZM-VFN result at b ≪ b_0/m_b and is strongly suppressed at b ≫ b_0/m_b. The suppression is caused by the decoupling of the heavy quarks in the parton densities at μ_F much smaller than m_b (b much larger than b_0/m_b). Consequently the impact of the non-perturbative contributions from b ≳ 1 GeV^{−1} is reduced in the heavy-quark channels compared to the light-quark channels.

(a) (b) Figure 2: Transverse momentum distribution of on-shell Higgs bosons in the bb̄ → H channel at (a) the Tevatron and (b) LHC. The solid (red) lines show the q_T distribution in the massive (S-ACOT) scheme. The dashed (black) lines show the distribution in the massless (“ZM-VFN”) scheme. The numerical calculation was performed using the programs Legacy and ResBos [29, 30] with the CTEQ5HQ1 parton distribution functions [31]. The bottom quark mass is taken to be m_b = 4.5 GeV.

The massless (“ZM-VFN”) calculation therefore underestimates the true behavior at b > 0.1 GeV^{−1} and small q_T . This effect can be seen in Fig. 2, which displays dσ/dq_T for bb̄ → H boson production at (a) the Tevatron and (b) LHC.^1 At the Tevatron, the q_T maximum shifts in the “ZM-VFN” approximation to larger q_T by about 2 GeV out of 11.7 GeV (about 17 %). For a Higgs mass M_H = 200 GeV, the maximum of dσ/dq_T shifts by about 1.9 GeV out of 12.7 GeV. At the LHC, the difference between the “ZM-VFN” and S-ACOT calculations is smaller compared to the Tevatron, because the influence of the b > 0.1 GeV^{−1} region is reduced at smaller momentum fractions x probed at the LHC [32]. The maximum of the q_T distribution shifts in the “ZM-VFN” approximation by about 1.3 GeV (9% out of 14.1 GeV) to larger q_T . The results for other Higgs masses can be found in Ref. [22].

1 Fig. 2 does not specify the overall normalization of q_T distributions. It is valid for both Standard Model and supersymmetric Higgs bosons, since at leading order the supersymmetric result can be obtained by rescaling the Standard Model bb̄H_{SM} coupling: g^{MSSM}_{bb̄{h,H,A}} = {− sin α, cos α, sin β γ_5}g^{SM}_{bbH}/cos β. The net effect of m_b on q_T distributions will be the same for the SM and MSSM Higgs bosons, up to an overall normalization constant.

Figure 3: q_T distributions for production of 100 GeV CP-odd Higgs bosons A via bb̄ fusion in the Tevatron Run-2. The solid and dashed curves correspond to the lowest-order W -term W (1, 1, 0) (with functions A(α_s(μ̄)) and B(α_s(μ̄)) evaluated at O(α_s)) and PYTHIA.

III. NUMERICAL COMPARISON WITH PYTHIA

The full q_T dependence of the bb̄ → H process is affected by constraints on phase space available for QCD radiation (less relevant at small q_T ). We illustrate the interplay of various effects by comparing the CSS-HQ resummation to the PYTHIA Monte Carlo program [33]. We focus on production of the CP-odd Higgs particle A for tan β = 50 (predictions for the other Higgs bosons can be obtained by rescaling the bb̄A coupling).

As compared to the CSS-HQ formalism, the PYTHIA calculation does not include contributions generated from the C-functions and Y -term, and it evaluates the soft parton contributions at O(α_s). Therefore, we start by comparing the PYTHIA q_T distribution to the resummed W -term W (1, 1, 0) in Eq. (1), with the functions A, B, and C in Eqs. (3), (4) being evaluated at orders α_s, α_s, and α^0_s , respectively. The orders of α_s in A, B, and C are shown as the arguments of W (1, 1, 0).

It is evident from Fig. 3 that the shapes of W (1, 1, 0) and PYTHIA q_T distribution are very different, though the integrated rates (i.e., the areas under the two curves) are about the same. The q_T distribution from PYTHIA is narrower and peaks at lower q_T than

W (1, 1, 0). The large discrepancy between the two curves is in contrast to the case of W and Z production via light-quark scattering, where the above two calculations predict similar, though not identical, q_T distributions [29].

A closer examination reveals that additional features must be implemented in the resummed cross section in order to reliably describe the q_T distributions of Higgs bosons produced via bb̄ fusion.

• The kinematical effects account for a large part of the disparity between W (1, 1, 0) and PYTHIA. The bottom-quark PDF is a rapidly decreasing function of x in the probed range of x. Consequently, approximations for the true partonic kinematics (especially those made for the light-cone momentum fractions x) may have a strong impact on the rate of bb̄ scattering. This feature should be contrasted to the behavior of the light-quark PDF’s in W and Z production, which include a substantial valence component and vary slower with x. As a result, the kinematical approximations are less consequential in the W and Z case.

When PYTHIA generates QCD radiation, the kinematical distributions of the final-state particles, including the quarks and gluons from the QCD showering, are modified to satisfy energy-momentum conservation at each stage of the showering. In the resummation calculation, information about the exact parton kinematics is included in the finite-order term (PERT). The resummed cross section is therefore expected to be closer to PYTHIA once the O(α_s) finite term, PERT(1)-ASY(1), is included. In the W (1, 1, 0) calculation, the emitted gluons are assumed not to carry any momentum at all in the soft limit. To compensate for small, but nonzero energy of the soft gluon emissions, we introduce a “kinematical correction” (KC) in the W and ASY terms. This correction modifies the minimal values of partonic momentum fractions x_A and x_B in order to account for reduction of phase space available for collinear QCD radiation at large q_T .

• The lowest-order cross section W (1, 1, 0) does not evaluate effects of the bottom-quark mass, which is first included in the C-function of order α_s. Also, additional, though not complete, O(α^2_s ) contributions arise in the Sudakov form factors inside PYTHIA when the next-to-leading order PDF’s are used. To account for both features, we

(a) (b)

Figure 4: Comparison of q_T distributions predicted by TOT(1), PERT(1) and PYTHIA, for Higgs boson produced via bb̄ fusion at (a) the Tevatron Run-2 and (b) LHC, for M_A =100 and 300 GeV respectively.

evaluate the W term at one higher order (2,2,1) and include the m_b dependence using the CSS-HQ scheme.

Thus, our full prediction TOT(1) is obtained by adding WCSS-HQKC (2,2,1) (evaluated in the CSS-HQ formalism with the kinematical correction) and PERT(1), and subtracting ASYKC(1). It is shown for M_A = 100 GeV at the Tevatron in Fig. 4(a) and M_A = 300 GeV at the LHC in Fig. 4(b). TOT(1) (solid line) is compared to the fixed-order prediction PERT(1) (dashed) and the PYTHIA prediction (dot-dashed). As one can see, the results for Tevatron and LHC are qualitatively similar. TOT(1) is closer to the PYTHIA prediction than W (1, 1, 0), though the two distributions are not identical. The PYTHIA q_T distribution peaks at lower q_T than TOT(1). In the large q_T region, the TOT(1) rate is larger than the PYTHIA rate.

Finally, Fig. 5 shows the integrated cross section as a function of the minimal q_T in the calculation for the Tevatron (left) and LHC (right). This is another way to illustrate the

Figure 5: Comparison of the integrated rates, deduced form Fig. 4, as a function of the minimal q_T value taken in the integration over q_T at the Tevatron Run-2 (left) and LHC (right) for M_A =100 and 300 GeV, respectively.

differences in the shapes of q_T distributions obtained in the resummation, fixed-order, and PYTHIA calculations.

IV. CONCLUSION

Multiple parton radiation in b-quark scattering is conspicuously sensitive to effects of large bottom-quark mass m_b and phase-space constraints on collinear emissions. Both m_b dependence and phase-space dependence tangibly modify the shape of Higgs q_T distributions in the bb̄ → H processes. The two types of effects were consistently implemented within the CSS resummation formalism for heavy-quark scattering [22, 23, 26], realized in a massive (GM-VFN) factorization scheme. These corrections act on different q_T regions. When the dependence on m_b is taken into account, the position of the peak in the dσ/dq_T distribution shifts to a lower q_T value, leaving the rate at large q_T essentially unchanged. The kinematical correction is effective in the high-q_T region, where it largely reduces the Higgs production rate. As a result, we obtain an improved prediction for the full q_T spectrum of Higgs bosons, an important piece of information needed for the future Higgs searches.

Acknowledgments

This work was supported in part by the U.S. Department of Energy under grant DE- FG03-95ER40908, contract W-31-109-ENG-38, and the Lightner-Sams Foundation. We also acknowledge the support in part by the U.S. National Science Foundation under awards PHY-0354838 and PHY-0244919.

[1] M. Carena and H. E. Haber, Prog. Part. Nucl. Phys. 50, 63 (2003). [2] M. Spira, Fortsch. Phys. 46, 203 (1998).

[3] K. A. Assamagan et al. (Higgs Working Group) (2004), hep-ph/0406152. [4] C. Balazs, J. L. Diaz-Cruz, H. J. He, T. Tait, and C. P. Yuan, Phys. Rev. D59, 055016 (1999). [5] J. L. Diaz-Cruz, H.-J. He, T. Tait, and C. P. Yuan, Phys. Rev. Lett. 80, 4641 (1998). [6] A. Belyaev, J. Pumplin, W.-K. Tung, and C. P. Yuan, JHEP 01, 069 (2006). [7] D. Dicus, T. Stelzer, Z. Sullivan, and S. Willenbrock, Phys. Rev. D59, 094016 (1999). [8] J. Campbell, R. K. Ellis, F. Maltoni, and S. Willenbrock, Phys. Rev. D67, 095002 (2003). [9] F. Maltoni, Z. Sullivan, and S. Willenbrock, Phys. Rev. D67, 093005 (2003). [10] E. Boos and T. Plehn, Phys. Rev. D69, 094005 (2004).

[11] H.-S. Hou, W.-G. Ma, P. Wu, L. Wang, and R.-Y. Zhang, Phys. Rev. D68, 035016 (2003). [12] S. Dittmaier, M. Kramer, and M. Spira, Phys. Rev. D70, 074010 (2004). [13] R. V. Harlander and W. B. Kilgore, Phys. Rev. D68, 013001 (2003). [14] S. Dawson, C. B. Jackson, L. Reina, and D. Wackeroth, Phys. Rev. D69, 074027 (2004). [15] M. Kramer, Nucl. Phys. Proc. Suppl. 135, 66 (2004), hep-ph/0407080. [16] B. Field (2004), hep-ph/0407254.

[17] S. Dawson, C. B. Jackson, L. Reina, and D. Wackeroth, Phys. Rev. Lett. 94, 031802 (2005). [18] S. Dawson, C. B. Jackson, L. Reina, and D. Wackeroth, Mod. Phys. Lett. A21, 89 (2006). [19] A. Belyaev, T. Han, and R. Rosenfeld, JHEP 07, 021 (2003).

[20] A. Belyaev, A. Blum, R. S. Chivukula, and E. H. Simmons, Phys. Rev. D72, 055022 (2005). [21] M. Carena et al. (Higgs Working Group) (2000), hep-ph/0010338.

[22] S. Berge, P. M. Nadolsky, and F. I. Olness, Phys. Rev. D73, 013002 (2006). [23] A. Belyaev, P. M. Nadolsky, and C. P. Yuan (2005), hep-ph/0509100. [24] J. C. Collins, D. E. Soper, and G. Sterman, Nucl. Phys. B250, 199 (1985). [25] W.-K. Tung, S. Kretzer, and C. Schmidt, J. Phys. G28, 983 (2002).

[26] P. M. Nadolsky, N. Kidonakis, F. I. Olness, and C.-P. Yuan, Phys. Rev. D67, 074015 (2003). [27] J. C. Collins, Phys. Rev. D58, 094002 (1998).

[28] M. Kramer, F. I. Olness, and D. E. Soper, Phys. Rev. D62, 096007 (2000). [29] C. Balazs and C.-P. Yuan, Phys. Rev. D56, 5558 (1997).

[30] F. Landry, R. Brock, P. M. Nadolsky, and C. P. Yuan, Phys. Rev. D67, 073016 (2003). [31] H. L. Lai et al. (CTEQ Collaboration), Eur. Phys. J. C12, 375 (2000). [32] J. Qiu and X. Zhang, Phys. Rev. D63, 114011 (2001). [33] T. Sjostrand, L. Lonnblad, and S. Mrenna (2001), hep-ph/0108264.