arXiv:hep-ph/0407162 v1 14 Jul 2004

Rome1-1382/04 Freiburg-THEP 04/12 RM3-TH/04-16 IFUM-802/FT

hep-ph/0407162

Master integrals for the two-loop light fermion contributions to gg → H and H → γγ

U. Aglietti^∗ ,

Dipartimento di Fisica, Università di Roma “La Sapienza” and INFN, Sezione di Roma, P.le Aldo Moro 2, I-00185 Rome, Italy

R. Bonciani^{† ‡} ,

Fakultät für Mathematik und Physik, Albert-Ludwigs-Universität Freiburg, D-79104 Freiburg, Germany

G. Degrassi^§,

Dipartimento di Fisica, Università di Roma Tre and INFN, Sezione di Roma III, Via della Vasca Navale 84, I-00146 Rome, Italy

A. Vicini^¶

Dipartimento di Fisica, Università degli Studi di Milano and INFN, Sezione di Milano, Via Celoria 16, I–20133 Milano, Italy

Abstract

We give the analytic expressions of the eight master integrals entering our previous computation of two-loop light fermion contributions to gg → H and H → γγ. The results are expressed in terms of generalized harmonic polylogarithms with maximum weight four included.

Key words: Feynman diagrams, Multi-loop calculations

∗Email: Ugo.Aglietti@roma1.infn.it †This work was supported by the European Union under contract HPRN-CT-2000-00149 ‡Email: Roberto.Bonciani@physik.uni-freiburg.de §Email: degrassi@fis.uniroma3.it ¶Email: Alessandro.Vicini@mi.infn.it

In this note we give the analytic expressions of the eight master integrals (MIs) entering our previous computation [1] of two-loop light fermion contributions to

g + g → H (1) and H → γ + γ. (2) As the MIs enter, in general, in various processes, we believe that their publication is of general utility. The Feynman diagrams for processes (1) and (2) are shown in Figs. 1 and 2 respectively. As is clearly seen, the amplitudes related to (1) are a subset of those for (2), so it is sufficient to consider only the latter process.

The reduction chain leading from the Feynman diagrams to the MIs has been discussed briefly in [1] and in greater detail in [2], so we do not need to repeat the generalities but only the peculiarities to this case. There are three independent topologies with six denominators shown in Fig. 3. By shrinking one internal line, we obtain the five denominator topologies listed in Fig. 4. We do not include the topologies already encountered in the computation of the electro-weak form factor [2, 3]. By shrinking a second internal line, we obtain the four denominator topologies shown in Fig. 5. There are no new three denominator topologies. By using the integration-by-parts identities, the topologies shown in Figs. 3–5 are reduced to the eight MIs shown in Fig. 6. All the irreducible topologies have only one MI, with the exception of the topology (a) in Fig. 5, which has two MIs. As is often the case [2], the non-planar topology is the only irreducible one among the six-denominator amplitudes.

All the MIs are computed with the differential equation technique introduced in [4] and applied to similar cases as the present one in [2, 3]. For the topology (a) in Fig. 5, we choose the MIs consisting of the scalar amplitude and the amplitude with a massless denominator squared, given in (g) and (h) of Fig. 6 respectively. With this choice, the system of two differential equations is triangular in four dimensions, allowing for an elementary solution.

The MIs that we present, are regularized within the dimensional regularization scheme [7]. They are expanded in a Laurent series of ϵ = 2 − D/2, where D is the space-time dimension. We work in Minkowski space and the loop measure is normalized as: D^Dk = d^Dk/ [ iπ^{D/2}Γ (3 − D/2) ] . We have defined x = −s/a, where a = m^2_{W, Z} and s = −(p_1 + p_2)^{2 6} is the c.m. energy squared, with p_1 and p_2 the light-cone momenta of the final photons. The scale μ is, as usual, the unit of mass of dimensional regularization. The results are naturally expressed as a linear combination of generalized harmonic polylogarithms (GHPLs) [5, 6, 3] of the variable x, with maximum weight four included. The definition of the generalized harmonic polylogarithms and all the relevant conventions have been given in [2, 3], to which we refer for details.

In the following we list the MIs in order of increasing number t of denominators. We provide also a small appendix with the expressions of the one-loop results entering the renormalization of the two-loop corrections to H → γγ.

6Scalar products are defined as: a · b = −a_0b_0 + ⃗a · ⃗b.

�f^{f Wf} W^{f ′}g^H_{(a)} �f^{f Z ∘f} Z^{∘f}g^H_{(b)} �^{Wf} Wf ′g^{Hff ′}_{(c)} �^{Z ∘f} Z^∘fg^{Hf}_{(d)} Figure 1: Feynman diagrams for electro-weak light fermion contributions to gg → H. The straight lines represent light fermions, while the wavy lines stand for the W or Z bosons. The curly lines denote the initial gluons, the dashed line the final Higgs boson. �Z^{∘Z ∘} f^{fffH} γ_{(a)} �W f^{ff ′fH} γ_{(b)} �Z^{∘Z ∘} f^H γ^f_{(c)} �W f ′^{fH} γ^{f ′}_{(d)} �^WW^{fW}f^{f ′H} γ_{(e)} �W^{W fWff ′H} γ_{(f)} ff^W W^{Wf ′ fWH} γ_{(g)} fi^{W W Wf}f ′ W^H γ_{(h)} flW^{Wf ′f} W^H γ_{(i)} ffi^W W^{f ′fH} γ_{(j)} fflW^{Wf}f ′^H γ_{(k)}

Figure 2: Feynman diagrams for electro-weak light fermion contributions to the decay H → γγ.

ı_{(a)} ȷ_{(b)} `_{(c)}

Figure 3: The set of three independent topologies with six denominators, related to the Feynman diagrams shown in Figs. 1 and 2.

´_{(a)} ˇ_{(b)} ˘_{(c)} ¯_{(d)} ˚_{(e)} ¸_{(f)Figure 4: The set of six independent five-denominator topologies.} ß_{(a)} æ_{(b)} œ_{(c)}

Figure 5: The set of three independent four-denominator topologies.

ø_{(a)} Æ_{(b)} Œ_{(c)} Ø_{(d)} _{(e)} !_{(f)} ”_{(g)} #_{(h)}

Figure 6: The set of eight MIs. The dot on a line indicates a square of the corresponding denominator.

Topology t = 4

$^{= (μ2}a^{)2ϵ 2∑}i=−2^{ϵiF (1)}i^{+ O (ϵ3) , (3)}

where:

F^{(1)}_{−2} = 1 2 , (4)

F^{(1)}_{−1} = 5 2 − x + 4 √ x(x + 4) H(−r; x) , (5) F^{(1)}_0 = 19 2 + ζ(2) + H(−r, −r; x) + 2 x H(−r, −r; x) − x + 4 √ x(x + 4) [ 5H(−r; x) −H(−4, −r; x) ] , (6)

F^{(1)}_1 = 65 2 + 5ζ(2) − ζ(3) + 5H(−r, −r, x) − H(−r, −4, −r, x) +H(0, −r, −r, x) + 1 x [ 10H(−r, −r, x) − 2H(−r, −4, −r, x) +2H(0, −r, −r, x) ] − x + 4 √ x(x + 4) [ 19H(−r, x) + 2ζ(2)H(−r, x) −5H(−4, −r, x) + 3H(−r, −r, −r, x) + H(−4, −4, −r, x) ] , (7)

F^{(1)}_2 = 211 2 + 19ζ(2) + 9 5 ζ^2(2) − 5ζ(3) + 3H(−r, −r, −r, −r, x) + 19H(−r, −r, x) +2ζ(2)H(−r, −r, x) − 5H(−r, −4, −r, x) + H(−r, −4, −4, −r, x) +5H(0, −r, −r, x) − H(0, −r, −4, −r, x) + H(0, 0, −r, −r, x) + 1 x [ 6H(−r, −r, −r, −r, x) + 38H(−r, −r, x) + 4ζ(2)H(−r, −r, x) −10H(−r, −4, −r, x) + 2H(−r, −4, −4, −r, x) + 10H(0, −r, −r, x) −2H(0, −r, −4, −r, x) + 2H(0, 0, −r, −r, x) ]

− x + 4 √ x(x + 4) [ 65H(−r, x) + 10ζ(2)H(−r, x) − 2ζ(3)H(−r, x) −19H(−4, −r, x) − 2ζ(2)H(−4, −r, x) + 15H(−r, −r, −r, x) −3H(−r, −r, −4, −r, x) + 3H(−r, 0, −r, −r, x) − 3H(−4, −r, −r, −r, x) +5H(−4, −4, −r, x) − H(−4, −4, −4, −r, x) ] . (8)

%^{= (μ2}a^{)2ϵ 1∑}i=−1^{ϵiF (2)i + O (ϵ2) , (9)}

where:

aF^{(2)}_{−1} = − 2 x H(−r, −r; x) , (10) aF^{(2)}_0 = 2 x [ H(−r, −4, −r; x) − H(0, −r, −r; x) ] , (11)

aF^{(2)}_1 = − 2 x [ 2ζ(2)H(−r, −r; x) + H(0, 0, −r, −r; x) + H(−r, −4, −4, −r; x) −H(0, −r, −4, −r; x) + 3H(−r, −r, −r, −r; x) ] . (12)

Topology t = 5

&^{= (μ2}a^{)2ϵ 0∑}i=−1^{ϵiF (3)i + O (ϵ) , (13)}

where:

aF^{(3)}_{−1} = − 1 x H(0, 0, −1, x) , (14) aF^{(3)}_0 = 1 x [ 4H(0, 0, −1, −1, x) − H(0, 0, 0, −1, x) ] . (15)

’^{= (μ2}a^{)2ϵ 1∑}i=−1^{ϵiF (4)}i^{+ O (ϵ2) , (16)}

where:

aF^{(4)}_{−1} = 1 x H(−r, −r, x) , (17) aF^{(4)}_0 = 1 x [ 2H(−r, −r, x) − H(−r, −4, −r, x) − H(0, −r, −r, x) ] , (18)

aF^{(4)}_1 = 1 x [ 2(ζ(2) + 2)H(−r, −r, x) − 2H(−r, −4, −r, x) − 2H(0, −r, −r, x) +3H(−r, −r, −r, −r, x) + H(−r, −4, −4, −r, x) + H(0, −r, −4, −r, x) −H(0, 0, −r, −r, x) ] . (19)

(^{= (μ2}a^{)2ϵ 0∑}i=−2^{ϵiF (5)}i^{+ O (ϵ) , (20)}

where:

aF^{(5)}_{−2} = 1 x H(0, −1, x) , (21) aF^{(5)}_{−1} = 2 x [ H(0, 0, −1, x) − 2H(0, −1, −1, x) ] , (22)

aF^{(5)}_0 = 1 x [ 2ζ(2)H(0, −1, x) + 16H(0, −1, −1, −1, x) − 6H(0, −1, 0, −1, x) −8H(0, 0, −1, −1, x) + 2H(0, 0, 0, −1, x) ] . (23)

)^{= (μ2}a^{)2ϵ 1∑}i=−1^{ϵiF (6)i + O (ϵ2) , (24)}

where:

aF^{(6)}_{−1} = 1 x H(−r, −r, x) , (25) aF^{(6)}_0 = 1 x [ 2H(−r, −r, x) − 3 2 H(−r, −r, −1, x) − H(−r, −4, −r, x) − 1 2 H(0, 0, −1, x) ] , (26)

aF^{(6)}_1 = 1 x [ 2(ζ(2) + 2)H(−r, −r, x) − 3H(−r, −r, −1, x) − 2H(−r, −4, −r, x) +6H(−r, −r, −1, −1, x) − 3H(−r, −r, 0, −1, x) + H(−r, −4, −4, −r, x) + 3 2 H(−r, −4, −r, −1, x) − H(0, 0, −1, x) + 2H(0, 0, −1, −1, x) − 1 2 H(0, 0, 0, −1, x) ] . (27)

*^{= (μ2}a^{)2ϵ 0∑}i=−1^{ϵiF (7)}i^{+ O (ϵ) , (28)}

where:

aF^{(7)}_{−1} = 1 2x [ 3H(−r, −r, −1; x) − 2H(0, −r, −r; x) − H(0, 0, −1; x) ] , (29)

aF^{(7)}_0 = 1 2x [ 6H(−r, −r, −r, −r; x) − 12H(−r, −r, −1, −1; x) +6H(−r, −r, 0, −1; x) − 3H(−r, −4, −r, −1; x) + 2H(0, −r, −4, −r; x) −2H(0, 0, −r, −r; x) + 4H(0, 0, −1, −1; x) − H(0, 0, 0, −1; x) ] . (30)

Topology t = 6

+^{= (μ2}a^{)2ϵ 0∑}i=−2^{ϵiF (8)}i^{+ O (ϵ) , (31)}

where:

a^2F^{(8)}_{−2} = 6 x √ x(x + 4) H(−r, −1; x) , (32) a^2F^{(8)}_{−1} = 1 x √ x(x + 4) [ 16H(−r, −r, −r; x) − 24H(−r, −1, −1; x) +16H(−r, 0, −1; x) − 12H(−4, −r, −1; x) ] , (33)

a^2F^{(8)}_0 = 1 x √ x(x + 4) [ −12H(−r, −r, −r, −1; x) − 16H(−r, −r, −4, −r; x) +12ζ(2)H(−r,−1; x) +96H(−r,−1,−1,−1; x) −36H(−r,−1, 0,−1; x) +24H(−r, 0, −r, −r; x) −64H(−r, 0,−1,−1; x) +24H(−r, 0, 0,−1; x) −32H(−4, −r, −r, −r; x) + 48H(−4, −r, −1, −1; x) −32H(−4, −r, 0, −1; x) + 24H(−4, −4, −r, −1; x) ] . (34)

Acknowledgments

We are grateful to J. Vermaseren for his kind assistance in the use of the algebra manipulating program FORM [8], by which all our calculations were carried out.

We wish to thank E. Remiddi for discussions and for the C program SOLVE [9], used to solve the linear systems generated with the ibp identities.

A One-loop vertex

The renormalization of the two-loop corrections to process (2) requires the knowledge of the one-loop vertex with three equal masses and of its derivative with respect to the squared mass a, which are given below.,

= ( μ^2 a )_{ϵ 2}∑ i=0 ϵ^iF^{(9)}_i + O ( ϵ^3 ) , (35)

where:

aF^{(9)}_0 = 1 x H(−r, −r; x) , (36) aF^{(9)}_1 = − 1 x H(−r, −4, −r; x) , (37) aF^{(9)}_2 = 1 x H(−r, −4, −4, −r; x) . (38)

∂ ∂a -^{= (μ2}a^{)ϵ 2∑}i=0^{ϵiF (10)i + O (ϵ3) , (39)}

where:

a^2F^{(10)}_0 = − 1 √ x(x + 4) H(−r; x) , (40) a^2F^{(10)}_1 = − 1 x H(−r, −r; x) + 1 √ x(x + 4) H(−4, −r; x) , (41) a^2F^{(10)}_2 = 1 x H(−r, −4, −r; x) − 1 √ x(x + 4) H(−4, , −4, −r; x) . (42) References

[1] U. Aglietti, R. Bonciani, G. Degrassi and A. Vicini, (hep-ph/0404071),to appear in Phys. Lett. B.

[2] U. Aglietti and R. Bonciani, Nucl. Phys. B668 (2003) 3 (hep-ph/0304028). [3] U. Aglietti and R. Bonciani, hep-ph/0401193. [4] A. V. Kotikov, Phys. Lett. B254 (1991) 158.

A. V. Kotikov, Phys. Lett. B259 (1991) 314. A. V. Kotikov, Phys. Lett. B267 (1991) 123.

E. Remiddi, Nuovo Cim. 110A (1997) 1435 (hep-th/9711188). M. Caffo, H. Czyż, S. Laporta and E. Remiddi, Acta Phys. Polon. B29 (1998) 2627 (hep-ph/9807119).

M. Caffo, H. Czyż, S. Laporta and E. Remiddi, Nuovo Cim. A111 (1998) 365 (hep-ph/9805118).

[5] E. Remiddi and J. A. M. Vermaseren, Int. J. Mod. Phys. A15 (2000) 725 (hep-ph/9905237).

[6] T. Gehrmann and E. Remiddi, Comput. Phys. Commun. 141 (2001) 296 (hep-ph/0107173).

[7] G. ’t Hooft and M. Veltman, Nucl. Phys. B44 (1972) 189.

C. G. Bollini and J. J. Giambiagi, Phys. Lett. 40B (1972) 566; Nuovo Cim. 12B (1972) 20.

J. Ashmore, Lett. Nuovo Cimento 4 (1972) 289.

G. M. Cicuta and E. Montaldi, Lett. Nuovo Cimento 4 (1972) 289. R. Gastmans and R. Meuldermans, Nucl. Phys. B63 (1973) 277.

[8] J.A.M. Vermaseren, Symbolic Manipulation with FORM, Version 2, CAN, Amsterdam, 1991;

New features of FORM, [math-ph/0010025]. [9] SOLVE, by E. Remiddi.