arXiv:hep-ph/0211344 v1 21 Nov 2002

1 DESY 02-202 UCLA/02/TEP/35 SLAC–PUB–9578

Two-loop corrections to gg → γγ

Z. Bern,^{a∗} A. De Freitas,^{b†} L. Dixon^{c‡}

aDepartment of Physics and Astronomy, UCLA, Los Angeles, CA 90095-1547, USA

bDeutsches Elektronen Synchrotron, DESY, D-15738 Zeuthen, Germany

cStanford Linear Accelerator Center, Stanford University, Stanford, CA 94309, USA

An overview of the calculation of the two-loop helicity amplitudes for scattering of two gluons into two photons is presented. These matrix elements enter into the recent improved calculation of the QCD background to Higgs boson decay into a pair of photons, which is the preferred search mode at the LHC for the case of a light Higgs boson.

Recent years have seen an enormous improvement in our ability to calculate two-loop amplitudes with more than a single kinematic invariant. The initial calculations of this type were for four-point scattering in maximally supersymmetric theories [ 1] and special helicity configurations in QCD [ 2]. In this talk we will focus on the two-loop amplitudes for gluon fusion into two photons [ 3]. This calculation is among the more general two-loop processes [ 4, 5, 6, 7, 8, 9, 10, 11] that have become doable, thanks to the development of rather general two-loop integration techniques [ 12]. Further summaries of these developments may be found in a number of talks at this conference [ 13].

Gluon fusion into two photons is phenomenologically interesting because the preferred mode for discovering a light Higgs boson (M_H < 140 GeV) at the LHC is through its decay into two photons. There are large backgrounds to this decay coming from radiation from either partons or hadrons [ 14, 15]. Although the gluon fusion contributions to the background are formally of higher order in the perturbative expansion they are greatly enhanced by the large gluon distribu-

∗Research supported by the US Department of Energy under grant DE-FG03-91ER40662.

†Presented at RADCOR 2002/Loops and Legs in Quantum Field Theory (September 2002, Kloster Banz, Germany).

‡Research supported by the US Department of Energy under contract DE-AC03-76SF00515.

tion at small x at the LHC.

The amplitudes described here were calculated in the helicity formalism, using the ’t Hooft- Veltman dimensional regularization scheme [ 16]. Helicity methods have a long history, having been used rather productively at tree and one-loop levels (see e.g. refs. [ 17, 18]). At two loops the first of the 2 → 2 amplitudes were also evaluated using helicity states [ 1, 2]. In the gg → γγ process under consideration here, the tree amplitudes vanish and the one-loop amplitudes give the leading order contributions. Thus the next-to-leading order contributions to gluon fusion require an interference of two-loop amplitudes with one-loop amplitudes. Instead of evaluating this interference directly, we again make use of helicity.

To generate the loop momentum integrals, we did not use Feynman diagrams, but instead used a unitarity-based technique [ 19, 20]. This technique exploits a duality between loop and phase space integrals and has already been employed in a number of two-loop calculations [ 1, 2, 10]. This duality was also used very recently to calculate the exact NNLO contribution to the total cross section for Higgs boson production at the LHC [ 21].

In performing the loop momentum integrals some minor extensions of the general reduction algorithms developed for four-point massless integrals [ 12] were needed. Any four-dimensional polarization vector can be expanded in terms of the three independent momenta in the problem plus a dual vector. This means that dot products of polarization vectors with loop momenta can be re-expressed in terms of dot products of loop momenta with external momenta and also the dual vector. Integrals where no dual vector appears can be reduced using the previously constructed reduction algorithms. This leaves integrals containing dual vectors dotted into loop momenta to be evaluated; as discussed in ref. [ 8] such integrals tend to be simpler to evaluate. An alternative method for dealing with helicity at two loops was recently given in ref. [ 9].

We take the quarks in the loops to be massless since the mass of the Higgs boson, and therefore the energy scale of the experiments for which this calculation is relevant, is well above the mass of all quarks other than the top. Moreover, the top quark can be ignored since the aforementioned energy scale is well below the 2m_t = 350 GeV threshold.

The renormalized gg → γγ amplitude may be expanded as M_{gg→γγ} = 4πα [ α_s(μ^2) 2π M^{(1)}_{gg→γγ}

+ ( α_s(μ^2) 2π )_2 M^{(2)}_{gg→γγ} + · · · ] ,

where M^{(L)}_{gg→γγ} is the Lth loop contribution, α_s(μ^2) is the MS running QCD coupling and α is the QED fine structure constant.

We use Catani’s ‘Magic Formula’ [ 22] for twoloop infrared divergences to organize our results. This formula was obtained for general QCD amplitudes, but with minor modifications it also applies to mixed QED and QCD amplitudes. In cases where the tree-level amplitude vanishes (as happens for gg → γγ), Catani’s formula reduces to, M^{(2)}_{gg→γγ} = I^{(1)}_{gg→γγ} (ϵ)M^{(1)}_{gg→γγ} + M^{(2)fin}_{gg→γγ} , (1) where I^{(1)}(ϵ) contains the infrared singularities, and M^{(2)fin} is a finite remainder. In our case the color factors can only be proportional to δ^{a1a2} , so I^{(1)}(ϵ) is relatively simple: I^{(1)}_{gg→γγ} (ϵ, μ^2; {p}) =

−N e^{−ϵψ(1)} Γ(1 − ϵ) [ 1 ϵ^2 + ( 11 6 − 1 3 N_f N ) 1 ϵ ]( μ^2 −s )_ϵ , where N = 3 in QCD and N_f is the number of light flavors. In this formula the infrared divergences are encoded as poles in the dimensional regularization parameter ϵ = (4 − D)/2.

The one-loop amplitudes were given in ref. [ 3] through their relation to the one-loop four-gluon amplitudes. We can write M^{(1)}_{gg→γγ} = 2 δ^{a1a2} ( N_f∑ i=1 Q^2_i ) M^{(1)} ,

where Q_i is the electric charge of the ith quark and M^{(1)} is equal to the sum of non-cyclic permutations of the fermionic contributions to the four-gluon primitive amplitudes [ 20].

It is convenient to extract overall spinor phases from each helicity amplitude,

M^{(1)}(1^{λ1} , 2^{λ2} , 3^{λ3} , 4^{λ4} ) = S_{λ1 λ2λ3λ4} M^{(1)}_{λ1λ2λ3λ4} ,

where

S_{++++} = i

[1 2] [3 4] ⟨1 2⟩ ⟨3 4⟩ , S_{−−++} = i ⟨1 2⟩ [3 4] [1 2] ⟨3 4⟩ , S_{−+++} = i

⟨1 2⟩ ⟨1 4⟩ [2 4] ⟨3 4⟩ ⟨2 3⟩ ⟨2 4⟩ . Through O(ϵ^0) the amplitudes simplify greatly and the M^{(1)}_{λ1 λ2λ3λ4} reduce to,

M^{(1)}_{++++} = 1 + O(ϵ) ,

M^{(1)}_{−+++} = M^{(1)}_{+−++} = M^{(1)}_{++−+} = M^{(1)}_{+++−} = 1 + O(ϵ),

M^{(1)}_{−−++} = − 1 2 t^2 + u^2 s^2 [ ln^2 ( t u ) + π^2 ]

− t − u s ln ( t u ) − 1 + O(ϵ) , M^{(1)}_{−+−+} = − 1 2 t^2 + s^2 u^2 ln^2 ( − t s )

− iπ [ t^2 + s^2 u^2 ln ( − t s ) + t − s u ]

− t − s u ln ( − t s ) − 1 + O(ϵ) , M^{(1)}_{+−−+}(s, t, u) = M^{(1)}_{−+−+} (s, u, t) .

where we are using an “all-outgoing” convention for the momentum (p_i) and helicity (λ_i) labeling. The Mandelstam variables are s = (p_1 + p_2)^2, t = (p_1 + p_4)^2, and u = (p_1 + p_3)^2.

We consider both QCD corrections with internal gluon lines and QED corrections with internal photons. For the QCD corrections, the dependence of the finite remainder in eq. (1) on quark charges, N , N_f and the renormalization scale μ, may be extracted as,

M^{(2)fin}_{gg→γγ} = 2 δ^{a1a2} ( N_f∑ j=1 Q^2_j ) S_{λ1λ2λ3λ4}

× [ 11N − 2N_f 6 ( ln(μ^2/s) + iπ ) M^{(1)}_{λ1λ2λ3λ4}

+ N F^L_{λ1λ2λ3λ4} − 1 N F^{SL}_{λ1λ2λ3λ4} ] . (2)

The two-loop renormalized QED corrections are a little simpler, since in this case the amplitudes are free of infrared divergences,

M^{(2)QED} gg→γγ = 4 δ a_1a_2 ( N_f∑ j=1 Q^4_j )

× S_{λ1λ2λ3λ4} F^{SL}_{λ1λ2λ3λ4} . (3) We quote our results in the physical s-channel (s > 0; t, u < 0). In order to reduce the size of the expressions we define x = t s , y = u s , X = ln(−x), Y = ln(−y), X̃ = X + iπ, Ỹ = Y + iπ, Ξ = X̃^2 + π^2, Υ = Ỹ^2 + π^2, Z_± = X ± Y, Z̃ = (X − Y )^2 + π^2,

A^±_n = Li_n(−x) ± ζ_n, B = Li_2(−x) − π^2 6 , C^±_n (x, y) = Li_n(−x) ± Li_n(−y).

The explicit forms for the F^L_{λ1λ2λ3λ4} appearing in eq. (2) are

F^L_{++++} = 1 2 ,

F^L_{−+++} = 1 8 [ −(1 − xy)Z̃ + 2 ( 9 y − 10x ) X̃ + ( 2 + 4 x y^2 − 5 x^2 y^2 ) Ξ ] + { t ↔ u } ,

F^L_{++−+} = 1 8 [( 2 + 6 x y^2 − 3 x^2 y^2 ) Ξ −(x − y)^2Z̃ + 2 ( 9 y − 8x ) X̃ ] + { t ↔ u } ,

F^L_{−−++} = −(x^2 + y^2) [ 4Li_4(−x) + 1 48 Z^4_+

+(Ỹ − 3X̃)Li_3(−x) + ΞLi_2(−x) +i π 12 Z^3_+ + i π^3 2 X − π^2 12 X^2 − 109 720 π^4 ]

+ 1 2 x(1 − 3y) [ Li_3(−x/y) − Z_−Li_2(−x/y)

−ζ_3 + 1 2 Y Z̃ ] + 1 8 ( 14(x − y) − 8 y + 9 y^2 ) Ξ + 1 16 (38xy − 13)Z̃ − π^2 12 − 9 4 ( 1 y + 2x ) X̃ + 1 4 x^2 [ Z^3_− + 3Ỹ Z̃ ] + 1 4 + { t ↔ u } ,

F^L_{−+−+} = −2 x^2 + 1

y^2 [ A^−_4 − 1 2 X̃A^−_3 − 1 48 X^4 + π^2 6 ( B − 1 2 X^2 ) + 1 24 X̃^2Ξ ] + 4 9 π^2 x y +2 3(1 − x)^2 − 2 y^2 [ C^−_4 (x, y) + Li_4(−x/y)

−Ỹ A^−_3 + π^2 6 ( Li_2(−x) + 1 2 Y^2 ) + 1 24 Y^4 − 1 6 XY^3 − 7 360 π^4 ] − 2 3 ( 8 − x + 30 x y )[

Li_3(−y) − ζ_3 − Ỹ ( Li_2(−y) − π^2 6 ) − 1 2 XΥ ]

+ 1 6 ( 4y + 27 + 42 y + 4 y^2 )[ i π 2 X^2 − X̃B +A^−_3 − π^2X ] + 1 12 ( 3 − 2 y − 12 x y^2 ) X̃Ξ +2 ( 1 + 2 y )( ζ_3 − π^2 6 Ỹ ) + 1 24 ( y^2 − 24y

+44 − 8 x^3 y ) Z̃ − 1 24 ( 15 − 14 x y − 48 x y^2 ) Ξ + 1 24 ( 8 x y + 60 − 24 y x + 27 y^2 x^2 ) Υ − 1 3 yX̃Υ

+ 1 12 (2x^2 − 54x − 27y^2) ( 1 y X̃ + 1 x Ỹ ) . Similarly, the subleading color contributions in eqs. (2) and (3) are,

F^{SL}_{++++} = − 3 2 ,

F^{SL}_{−+++} = 1 8 [ x^2 + 1

y^2 Ξ + 1 2 (x^2 + y^2)Z̃ −4 ( 1 y − x ) X̃ ] + { t ↔ u } , F^{SL}_{++−+} = F^{SL}_{+−++} = F^{SL}_{+++−} = F^{SL}_{−+++} ,

F^{SL}_{−−++} = − 1 4 − 2x^2 [ C^+_4 (x, y) − X̃C^+_3 (x, y) + 1 12 X^4 − 1 3 X^3Y + π^2 12 XY − 4 90 π^4 +i π 6 X ( X^2 − 3XY + π^2 )] + π^2 12 −(x − y) ( Li_4(−x/y) − π^2 6 Li_2(−x) )

−x [ 2Li_3(−x) − Li_3(−x/y) − 3ζ_3

+Z_−(Li_2(−x/y) + X^2) − 2X̃Li_2(−x) + 1 12 (5Z_− + 18iπ)Z̃ − iπ(Y^2 + π^2) − 2 3 X(X^2 + π^2) ] − 1 8 (2xy + 3)Z̃ + 1 − 2x^2

4y^2 Ξ + ( 1 2y + x ) X̃ + { t ↔ u } ,

F^{SL}_{−+−+} = − 1 2 − 2 x^2 + 1

y^2 [ C^−_4 (x/y, y) + 7 360 π^4 + 1 24 (X^4 + 2iπX^3 − 4XY^3 + Y^4 + 2π^2Y^2) + 1 2 (X̃ − 2Ỹ )A^−_3 ] − 2 x − 1 y [ A^−_4 − 1 2 X̃A^−_3 + π^2 6 ( B − 1 2 X^2 ) − 1 48 X^4 ] − 2 − y^2 4x^2 Υ + ( 2 x y − 1 )[ A^+_3 − X̃Li_2(−x) − 1 6 X^3

− π^2 3 Z_+ ] + π^2 6 + 2 ( 2 x y + 1 )[ Li_3(−y)

+Ỹ Li_2(−x) − ζ_3 + 1 4 X(2Y^2 + π^2) − 1 8 X^2(X + 3iπ) ] − 1 4 (2x^2 − y^2)Z̃ − 1 4 ( 3 + 2 x y^2 ) Ξ + 1 2 (2x + y^2) [ 1 y X̃ + 1 x Ỹ ] , F^{SL}_{+−−+}(s, t, u) = F^{SL}_{−+−+}(s, u, t) . The reliability of these results was ensured by performing a series of checks described in ref. [ 3].

A companion talk in these proceedings [ 23] describes the application of the amplitudes presented here to obtain [ 24] an improved prediction for the QCD background to Higgs production at the LHC, when the Higgs decays into two photons.

REFERENCES

[1] Z. Bern, J.S. Rozowsky and B. Yan, Phys.

Lett. B 401, 273 (1997)[hep-ph/9702424]; Z. Bern, L. Dixon, D.C. Dunbar, M. Perelstein and J.S. Rozowsky, Nucl. Phys. B 530, 401 (1998) [hep-th/9802162].

[2] Z. Bern, L. Dixon and D.A. Kosower, JHEP 0001, 027 (2000) [hep-ph/0001001].

[3] Z. Bern, A. De Freitas and L. Dixon, JHEP 0109, 037 (2001) [hep-ph/0109078].

[4] Z. Bern, L. Dixon and A. Ghinculov, Phys.

Rev. D 63, 053007 (2001) [hep-ph/0010075]. [5] C. Anastasiou, E.W. Glover, C. Oleari and M.E. Tejeda-Yeomans, Nucl. Phys. B 601, 318 (2001) [hep-ph/0010212]; Nucl. Phys. B 601, 341 (2001) [hep-ph/0011094]; Nucl. Phys. B 605, 486 (2001) [hep-ph/0101304].

[6] E.W.N. Glover, C. Oleari and M.E. Tejeda- Yeomans, Nucl. Phys. B 605, 467 (2001) [hepph/0102201].

[7] Z. Bern, A. De Freitas, L. Dixon, A. Ghinculov and H.L. Wong, JHEP 0111, 031 (2001) [hep-ph/0109079].

[8] Z. Bern, A. De Freitas and L. Dixon, JHEP 0203, 018 (2002) [hep-ph/0201161].

[9] T. Binoth, E.W.N. Glover, P. Marquard and J.J. van der Bij, JHEP 0205 060 (2002) [hepph/0202266].

[10]Z. Bern, A. De Freitas, L. Dixon and H. Wong, Phys. Rev. D 66, 085002 (2002) [hep-ph/0202271].

[11]L.W. Garland, T. Gehrmann, E.W.N. Glover, A. Koukoutsakis and E. Remiddi, Nucl. Phys. B 627, 107 (2002); Nucl. Phys. B 642, 227 (2002) [hep-ph/0206067].

[12]V.A. Smirnov, Phys. Lett. B460, 397 (1999) [hep-ph/9905323]; J.B. Tausk, Phys. Lett. B469, 225 (1999) [hep-ph/9909506] ; V.A. Smirnov and O.L. Veretin, Nucl. Phys. B566, 469 (2000) [hep-ph/9907385]; C. Anastasiou, T. Gehrmann, C. Oleari, E. Remiddi and J.B. Tausk, Nucl. Phys. B580, 577 (2000) [hep-ph/0003261]; T. Gehrmann and E. Remiddi, Nucl. Phys. B580, 485 (2000) [hep-ph/9912329]. C. Anastasiou, E.W.N. Glover and C. Oleari, Nucl. Phys. B565, 445 (2000) [hep-ph/9907523]; C. Anastasiou, E.W.N. Glover and C. Oleari, Nucl. Phys. B575, 416 (2000) [hep-ph/9912251], err. ibid. B585, 763 (2000). S. Laporta, Phys. Lett. B 504, 188 (2001) [arXiv:hepph/0102032]. S. Laporta, Int. J. Mod. Phys. A 15, 5087 (2000) [arXiv:hep-ph/0102033].

[13]C. Anastasiou and K. Melnikov, in these proceedings; E.W.N. Glover, in these proceedings; T. Gehrmann, in these proceedings, [hep-ph/0210157]; G. Heinrich; in these proceedings; E. Remiddi, in these proceedings; S. Moch, P. Uwer, S. Weinzierl, in these proceedings and [hep-ph/0210009]; V. A. Smirnov, in these proceedings, [hepph/0209295].

[14]E.L. Berger, E. Braaten and R.D. Field, Nucl. Phys. B 239, 52 (1984); P. Aurenche, A. Douiri, R. Baier, M. Fontannaz and D. Schiff, Z. Phys. C 29, 459 (1985); B. Bailey, J.F. Owens and J. Ohnemus, Phys. Rev. D 46, 2018 (1992); B. Bailey and J.F. Owens, Phys. Rev. D 47, 2735 (1993); B. Bailey and D. Graudenz, Phys. Rev. D 49, 1486 (1994) [hep-ph/9307368]; C. Balazs, E.L. Berger, S. Mrenna and C.-P. Yuan, Phys. Rev. D 57, 6934 (1998) [hep-ph/9712471]; C. Balazs and C.-P. Yuan, Phys. Rev. D 59, 114007 (1999) [Erratum-ibid. D 63, 059902 (1999)] [hep-ph/9810319]; T. Binoth, J.P. Guillet,

E. Pilon and M. Werlen, Phys. Rev. D 63, 114016 (2001) [hep-ph/0012191]; T. Binoth, hep-ph/0005194.

[15]V. Tisserand, “The Higgs to two photon decay in the ATLAS detector,” talk given at the VI International Conference on Calorimetry in High-Energy Physics, Frascati (Italy), June, 1996, LAL 96-92; Ph.D. thesis, LAL 97-01, February, 1997; M. Wielers, “Isolation of photons,” report ATL-PHYS-2002- 004; T. Binoth, J.P. Guillet, E. Pilon and M. Werlen, hep-ph/0203064.

[16]G. ’t Hooft and M. Veltman, Nucl. Phys.

B44, 189 (1972).

[17]F.A. Berends, R. Kleiss, P. De Causmaecker, R. Gastmans and T.T. Wu, Phys. Lett. B 103, 124 (1981); P. De Causmaecker, R. Gastmans, W. Troost and T.T. Wu, Phys. Lett. B 105, 215 (1981); Z. Xu, D. Zhang and L. Chang, Nucl. Phys. B 291, 392 (1987).

[18]M.L. Mangano and S.J. Parke, Phys. Rept.

200, 301 (1991); L. Dixon, in Proceedings of Theoretical Advanced Study Institute in Elementary Particle Physics (TASI 95), ed. D.E. Soper [hep-ph/9601359]; Z. Bern, L. J. Dixon and D. A. Kosower, Ann. Rev. Nucl. Part. Sci. 46, 109 (1996) [hep-ph/9602280].

[19]W.L. van Neerven, Nucl. Phys. B268, 453 (1986); Z. Bern, L. Dixon, D.C. Dunbar and D.A. Kosower, Nucl. Phys. B425, 217 (1994); Z. Bern, L. Dixon, D.C. Dunbar and D.A. Kosower, Nucl. Phys. B 435, 59 (1995) [hep-ph/9409265]; Z. Bern, L. Dixon and D.A. Kosower, Ann. Rev. Nucl. Part. Sci. 46, 109 (1996).

[20]Z. Bern and A.G. Morgan, Nucl. Phys. B 467, 479 (1996) [hep-ph/9511336].

[21]C. Anastasiou and K. Melnikov, [hepph/0207004].

[22]S. Catani, Phys. Lett. B427, 161 (1998) [hepph/9802439].

[23]Z. Bern, L. Dixon and C. Schmidt, in these proceedings.

[24]Z. Bern, L. Dixon and C. Schmidt, Phys. Rev.

D 66, 074018 (2002) [hep-ph/0206194].