Radiative Corrections for Precision Measurements at the LC

Fawzi BOUDJEMA

LAPTH, CNRS, France

for the GRACE-Loop Collaboration

LAPTH (Annecy) & Minami-Tateya (KEK)

based on

• hep-ph/0308080, ( Phys. Rep.) Grace-loop and set up for these calculations • hep-ph/0211268 (Nucl.Phys.Proc.Suppl.116,2003) and hep-ph/0212261 (PLB559:252,2003) Single Higgs Production • hep-ph/0307029 (PLB571:163,2003) tt̄H • hep-ph/0309010 (PLB576:152,2003) ZHH • in Progress e^+e^− H and ...

The LC will be a machine for precision measurements in particular ♥ the HIGGS →: Prime motivation.

Lot of work (theory) and (experiment) done on branching ratios (and mass) measurements

Until the last few months, the main production mechanisms were not known with an accuracy that matches the experimental precision!

• The difficulty is that all these processes are 2 → 3 processes. For instance no analytical formulae known for the total cross section e^+e^− → νν̄H (σ(e^+e^− → νν̄H) > σ(e^+e^− → ZH).

• interference ZH-νν̄H at tree-level only achieved in 1996. • Single H determines HW W ,..

tt̄H and ZHH are both very important for the overall Higgs profile, but cross sections are small

so what’s at stake, sudying these low-yield processes?

The Higgs Potential

Deviations in the “SM” Higgs potential

V_{SSB} = λ ∑ n=2 g^{2(n−2)} Λ^{2(n−2)} a_n (n − 1)^2

Φ^†Φ − v^2 2 n

V_{SSB} = 1 2 M^2_H

H^2 + g M_W

H(φ^+φ^− + φ^2_3 2 ) + g 2M_W h_3H^3

h_4 g 4M_W 2 H^4 + h^′_3 g 2M_W 2 H^2(φ^+φ^− + φ^2_3 2 ).....

h_3 = 1 + a_3

M^2_W Λ^2

= 1 + δh_3 h_4 = 1 + 6δh_3 h^′_3 = 1 + 3δh_3

λ_{HHH} = λ^0_{HHH} 1 − α πs^2_W

M^4_t M^2_W M^2_H , Amounts to 10% correction in the coupling (for M_H = 120GeV) which is the experimental precision.!

Top is special

A probe into the tt̄H Yukawa coupling ⋆ unconventional mechanisms of symmetry breaking • topcolor ♦ little Higgs

− L^l_m =^∑_{i=e,μ,τ} y^i_l^(L̄_iΦl_{R,i} + l̄_{R,i}Φ^†L_i^) −→unitary gauge−→ ∑ i=e,μ,τ

y^i_l v √ 2 ( 1 + H v ) l̄_il_i , y^{il} v√ 2 = m^i_l.

• The top Yukawa coupling is large

• y_t ∼ 1 and λ_t = y^2_t /4π ∼ α_s(m_t)

• experimental precision is 5% then

• RC important

Theoretical challenge

Computation is challenging and increase in complexity (at least in size) as we seek to probe processes with smaller cross section

Huge number of diagrams.....with a non-negligible number of pentagons.

tree one-loop ZH 1 82

(3) (341)

ν_eν̄_eH 2 249 (12) (1350) e^+e^− H 2 510 (42) (4470) tt̄H 6 758

(12) (2327) ZHH 6 1597 (27) (5417) ν_eν̄_eγ 5 331 (10) (1099)

(..) keeping the electron Yukawa coupling.

Loop Integrals and Reduction

T^{(N)}μν · · · ρ M = ∫ d^nl (2π)^n l_μ l_ν · · · l_ρ D_0D_1 · · · D_{N−1}

, M ≤ N

- Scalar box and triangles without γ exchange −→ FF Package. - Tensor integrals reduced to scalars using a novel procedure acting on the Feynman parameters (different from the usual Passarino-Veltman) - ex. rank 4 box need to solve a system of 15 × 15 equations. In our case simplification: 15 → 3^⨁ 3^⨁ 3^⨁ 6 etc

INFRARED DIVERGENCE

infrared divergent needs photon mass λ

dσ_V (λ) . .

must include bremsstrahlung

dσ_s(λ, E_γ < k_c) + dσ_H (λ, E_γ > k_c) dσ_s → analytical ; dσ_H → adaptive MC

σ_{O(α)} = σ_0(1 + δ_{O(α)} ) = ∫ dσ_0 (1 + δ_V + δ_S(k_c)) + ∫ dσ_H (k_c), = ∫ dσ_0^(1 + δ^{EW}_V^)

σ_0(1+δ_W ) + ∫ dσ_0 ( δ^{QED}_V + δ_S(k_c) )

σ^{QED}_{V +S} (k_c) + ∫ dσ_H (k_c)

σ_H (k_c)

= σ_0(1 + δ_W + δ_{QED}).

• Instead of this slicing we also implement a subtraction (modeling the the collinear and infra-red singularities) • We also check against the universal factor

δ^{QED}_{V +S} = 2α π (L_e − 1) ln k_c E_b + 3 4 L_e + π^2 6 − 1 , L_e = ln(s/m^2_e) ,

QED corrections: Slicing vs subtracting, k_c check Slicing

σ_{O(α)} = σ_0(1 + δ_{O(α)} ) = ∫ dσ_0 (1 + δ_V + δ_S(k_c)) + ∫ dσ_H (k_c), = ∫ dσ_0 ( 1 + δ^{EW}_V )

σ_0(1+δ_W ) + ∫ dσ_0 ( δ^{QED}_V + δ_S(k_c) )

σ^{QED}

V +S (kc) + ∫ dσ_H (k_c)

σ_H (k_c)

= σ_0(1 + δ_W + δ_{QED}).

dσ_S = dσ_0 · δ_S(k_c) = dσ_0 · f_{LL}(k^0_γ < k_c)

f_{LL} = −e^2

∫ d^3k_γ

(2π)^32k^0_γ | | | p^− k_γ · p^− − p^+ k_γ · p^+ | | | 2 ,

   In GRACE-LOOPthe hard photon contribution is performed by the adaptive Monte-Carlo
integration BASES and the exact matrix elements are generated by GRACE.

More efficient way to deal with the large contribution from the collinear regions, O(m^2_e/s). (of the hard photon radiation) which cancels a large part of the negative contribution from δ^{QED}_{V +S} = δ^{QED}_V + δ_S.

Dipole subtraction: The idea is to add and subtract to dσ_H (k_c) a function that captures the leading contribution of dσ_H (k_c) and which is much easier to integrate. In our case we use the function dσ̃_0 ⊗ f_{LL}, where dσ̃_0 is derived from the tree-level dσ_0 but with kinematics taking into account the radiative photon emission. ⊗ stands for the phase-space integration of the radiative photon convoluted with 3-body phase-space of the tree-level cross-section.

σ_{O(α)} = ∫ dσ_0 (1 + δ_V + δ_S) + ∫ dσ̃_0 ⊗ f_{LL}(k^0_γ > k_c) + ∫ ( dσ_H (k^0_γ > k_c) − dσ̃_0 ⊗ f_{LL}(k^0_γ > k_c) ) ≡ σ_0 (1 + δ_W ) + ∫ ( dσ_0 δ^{QED}_V + dσ̃_0 ⊗ f_{LL} )

σ^{QED} A + ∫ ( dσ_H (k^0_γ > k_c) − dσ̃_0 ⊗ f_{LL}(k^0_γ > k_c) )

σ^{QED} B The two-dimensional integration over the radiator f_{LL} is performed with the help of the Good Lattice Point quasi Monte-Carlo method.

. . Need automatisation and careful structuring . .

The Grace System

User Input (particles, order, etc.)

Theory

Particles and Vertices

Diagram Generator

Diagram description (grc)

Matrix Element Generator Symbolic Code

REDUCE, FORM

Kinematics Database

FORTRAN Code

Matrix Element Generated Code

Kinematics Code

Library (CHANEL, Loop )

Cross Section Distribution

Feynman Diagrams

Events

Parameter File

Convergence Information

BASES

                         SPRING

Drawer (gracefig)

Tree

Loop

Monte Carlo Integral

Event Generator

PS file

(Model File)

make file, etc.

GRACE/1-loop

• On-mass shell renormalization scheme.

use α (Thomson limit), M_{W,Z,H,f} can switch to G_μ scheme (absorbs light fermion logs) • Counterterms are generated automatically • Use dimensional regularization, n = 4 − 2ϵ • Infrared divergence regulated with fictitious photon mass • Symbolic manipulation code based on REDUCE or FORM writes for each diagram • Symbolic manipulation performs: Dirac algebra (taking traces for fermion loops), tensor manipulation in n = 4 − 2ϵ, Feynman parametric integrals, shift momentum... Then Fortran code is generated.

• Two libraries for Loop integration: numerical integration with FF package and in-house package for reduction of numerators and numerical integration • Integration over phase space : BASES an adaptative Monte Carlo

System tested in SM at tree-level and at one-loop • Internal checks: ultraviolet divergence, infrared finiteness... • Gauge parameter independence • Comparison with other calculations 2 → 2

Checks on calculation

• Checks performed with

1. One random phase space point 2. Full set of diagrams 3. Quadruple precision

• Ultraviolet Finiteness

regularise infrared divergence by fictitious photon mass λ = 10^{−15} GeV extract term in C_{UV} =^1_ϵ − γ_E + log 4π stability of result for different values of C_{UV} → 30 digits precision) repeat this test with non-zero non-linear gauge parameters

• Infrared finiteness

Regulate infrared divergence in photon exchange diagram with fictitious photon mass λ Dependence on λ cancels with the one in soft bremstrahlung check independence on λ → 23 digits stability

• Gauge parameter dependence Use non-linear gauge fixing (here C_{UV} = 0) Non-trivial check for:

Correct input file: Feynman diagrams, counterterms... Symbolic manipulation part Correctness of reduction formulae for tensor integral (including pentagon)

General Non-linear Gauge Fixing

L_{GF} = − 1 ξ_W

|(∂_μ − ieα̃A_μ − igc_W β̃Z_μ )W^{μ+}

+ξ_W g 2 (v + δ̃H + iκ̃χ_3)χ^+|^2 − 1 2ξ_Z

(∂.Z + ξ_Z g 2c_W

(v + ε̃H)χ_3)^2 − 1 2ξ_A

(∂.A)^2

Choose t’Hooft-Feynman gauge (ξ_W = ξ_Z = ξ_A = 1)

1. avoid large numerical cancellations

2. no need for higher order tensor structure in loop integrals

Vary parameters ζ = (α̃, β̃, δ̃, κ̃, ϵ̃) For each loop graph, g

dσ_g = dσ_g(ζ) = ℜ^(T^{loop}_g · T^{tree †)}

Comprehensive checks of NLG parameters independence, for example for only one non-zero parameter, dσ polynomial in ζ

dσ_g = dσ^{(0)}_g + ζdσ^{(1)}_g + ζ^2dσ^{(2)}_g + ζ^3dσ^{(3)}_g

can reconstruct dσ (0,1..4)g and verify that dσ is independent of ζ

dσ =^∑_g dσ_g =^∑_g dσ^{(0)}_g ,

sum_i = ∑ g dσ^{(i)}_g Max_g(|dσ^{(i)}g |)

= 0 , i = 1, 2, 3 ,

set all widths to 0 (choose point away from resonance).

Example of NLG checks

Non-linear gauge parameter checks on α̃ (all other parameters set to zero), for the differential cross section W^+W^− → W^+W^− .

Graph number dσ^{(4)}g dσ^{(3)}g dσ^{(2)}g dσ^{(1)}g dσ^{(0)}g

2 .2335514E+03 .7789374E+03 .5615925E+03 5 -.1721616E+01 -.1171640E+01 .2893256E+01 10 -.4324751E+01 .8649502E+01 -.4324751E+01 13 -.1721616E+01 -.1171640E+01 .2893256E+01 33 .1048909E+01 -.1048909E+01 35 .1048909E+01 -.1048909E+01 ≀≀ ≀≀ 321 -.3606596E+02 .1243056E+03 .6056929E+03 -.1534141E+04 -.4615316E+04 322 -.7411780E-02 .2758337E+00 -.2984030E+01 323 -.2864131E+01 -.2648726E+02 .2935139E+02 324 .2999432E+02 -.1197862E+03 -.1886059E+03 .6165932E+03 -.3381954E+03 325 .7411780E-02 -.1453286E+00 .1379168E+00 326 .7411780E-02 -.1453286E+00 .1379168E+00 327 -.2864131E+01 -.2648726E+02 .2935139E+02 ≀≀ ≀≀ 493 -.1798684E+03 .4305188E+03 -.2277636E+03 -.8935366E+03 494 .8331849E+02 -.2608640E+03 .2717725E+03 -.9422699E+02 495 .8331849E+02 -.2608640E+03 .2717725E+03 -.9422699E+02 496 .1666370E+03 -.3332740E+03 .1666370E+03 498 -.2274438E-01 .2274438E-01 499 -.2274438E-01 .2274438E-01 ≀≀ ≀≀ 741 .3286920E-31 -.6573841E-31 -.2380925E+01 .2380925E+01 .0000000E+00 743 .3853975E+01 -.8927045E+01 749 .6445007E+00 .4734479E+00 .1060865E+01 -.2457305E+01 755 .2853713E+00 -.2853713E+00 758 -.4247529E+01 .4261065E+02 764 .6615728E+01 -.2526752E+02 -.7116714E+01 .7139393E+02 ≀≀ ≀≀ 923 -.1479291E+01 -.1127685E+02 924 -.8424135E+00 .4331788E+03

Max(|dσ^{(i)}g |) 36.066 179.87 605.69 1534.1 4615.3 sum_i .63168E-28 .60757E-29 .44209E-28 .69380E-28 .20116 ∑ g dσ^{(i)}g / ∑ g dσ_g .24538E-29 .11771E-29 .28841E-28 .11464E-27 1.0000

Results for ∑ g dσ_g α̃ = 0 928.43820021286338928513117*418831577 (input) α̃ = 1 928.43820021286338928513117*432490231 (input) α̃ = −1 928.43820021286338928513117*410983989 (input) α̃ = 2 928.43820021286338928513117*455347002 (input) α̃ = −2 928.43820021286338928513117*411023117 (input) α̃ = 5 928.43820021286338928513117*695043335 (derived)

Comparisons

•e^+e^− → tt̄

Comparison of the total cross section e^+e^− → tt̄ between GRACE-LOOP and

     (FLRW)J. Fleischer, A. Leike, T. Riemann, and A. Werthenbach,
hep-ph/0302259. The corrections refer to the full one-loop electroweak
             corrections including hard photon radiation.

                    e^+e^− → tt̄ GRACE-LOOP FLRW

√ s = 500GeV

tree-level(in pb) 0.5122751 0.5122744
  O(α) (in pb) 0.526371 0.526337

δ (in %) 2.75163 2.74513 √

      s = 1TeV
tree-level(in pb) 0.1559187 0.1559185
  O(α) (in pb) 0.171931 0.171916

δ (in %) 10.2696 10.2602

•e^+e^− → ZH

Comparison of percentage correction to the total cross section e^+e^− → ZH

between GRACE-LOOP and A. Denner, J. Küblbeck, R. Mertig and M. Böhm, Z.
                     Phys. C56 (1992) 261 (DKMB).

e^+e^− → ZH GRACE-LOOP DKMB √ s = 500GeV M_H = 100GeV 4.15239 4.1524 √ s = 500GeV M_H = 300GeV 6.90166 6.9017 √ s = 1000GeV M_H = 100GeV −2.16561 −2.1656 √ s = 1000GeV M_H = 300GeV −2.49949 −2.4995 √ s = 1000GeV M_H = 800GeV 26.10942 26.1094 √ s = 2000GeV M_H = 100GeV −11.54131 −11.5414 √ s = 2000GeV M_H = 300GeV −12.82256 −12.8226 √ s = 2000GeV M_H = 800GeV 11.24680 11.2468

•W^+W^− → W^− W^+

Comparison of the total (unpolarised) cross section W^+W^− → W^− W^+ between GRACE-LOOP and A. Denner and T. Hahn, Nucl.Phys. B525 (1998)

27; hep-ph/9711302 (DH98). M_H = 100GeV.

 W^+W^− → W^− W^+ GRACE-LOOP DH98

k_c = .05 √ s √

      s = 2TeV
tree-level(in pb) 77.17067 77.17067

δ (in %) −21.0135 −21.0135 √

      s = 5TeV
tree-level(in pb) 14.2443 14.2443

δ (in %) −57.1567 −57.1556 √ s = 10TeV

tree-level(in pb) 3.644573 3.644573

δ (in %) −93.9942 −94.0272

k_c = .5 √ s √

      s = 2TeV
tree-level(in pb) 77.17067 77.17067

δ (in %) −17.23988 −17.23989 √

      s = 5TeV
tree-level(in pb) 14.24434 14.24434

δ (in %) −49.9736 −49.9724 √ s = 10TeV

tree-level(in pb) 3.644574 3.644573

δ (in %) −83.9247 −83.9577

. . Results: Higgs profile at the LC . .

e^+e^− → νν̄H

interference s and t channel no QED final state corrections photon diagrams not GI, extract universal factor (correct in leading terms)

Total O(α) in α scheme

• Corrections in the s and t-channel are drastically different • in s-channel sharp with energy rise reaching as much +20% • for the total (including W W fusion) and for a light Higgs, full O(α) correction is rather small: within ±2 • Dependence with Higgs mass shows spikes due to thresholds (W W, ZZ, tt̄) • s-channel shows extremely large variations (but overall contribution small and most of this is QED in origin) • correction for the total is moderate (negative) for all Higgs masses at √ s = 500GeV.

Genuine weak corrections

Extract from the soft+virtual the universal factor for QED ISR

δ^{QED}_{V +S} = 2α π ( (L_e − 1) ln k_c E_b + 3 4 L_e + π^2 6 − 1 ) , L_e = ln(s/m^2_e) ,

• The G_μ scheme describes quite well the genuine weak correction for the W W fusion process

and hence the total contribution: |δGW | ∼ 2 − 4% • Especially for light Higgs masses and for the largest cross sections, one can get even closer within 1 − 2% to the genuine weak correction by absorbing the M^2_t corrections to the HW W vertex:

δ_{HW W} = − 5α 16π sin θ^2_W

M^2_t M^2_W

∼ −1.5%

• G_μ scheme not appropriate for Higgsstrahlung. • Corrections to Higgs distributions mainly due to QED

Our calculation confirmed by Denner, Dittmaier, Roth and Weber hep-ph/0302198 and hep-ph/0301189.

e^+e^− → e^+e^− H

• results are quite similar to what we have for νν̄H • QED corrections can be extracted exactly • genuine weak corrections are of order few percent, both in α and G_μ scheme • The G_μ scheme describes quite well the genuine weak correction with |δGW | ∼ 2 − 4%

more results on e^+e^− → e^+e^− H soon e^+e^− → tt̄H

QED Corrections genuine electroweak corrections

• QED corrections form a gauge invariant subset. Which moreover can be split into Initial (Q^2_e) Final (Q^2_t ) Interference (Q_eQ_t) • QCD corrections: These can be extracted from the QED final state corrections

αQ^2_t → C_F α_s(μ)

δ_{O(α s)} = C_F α_s(μ) Δ_s, C_F = 4/3.

Cross section dominated by photon exchange. Highest yield about 2fb at √ s = 700 − 800GeV.

with 1ab^{−1} statistical accuracy about 2%.

Radiative Corrections

• Around threshold EW corrections swamped by QCD, but slowly take over as the energy increases.

• At energies around the peak (where it matters) the O(α) larger than QCD and therefore a good chance to see the EW effects. QCD corrections here have negligible scale dependence.

• The total genuine weak corrections are not small, being largest around threshold (∼ +25% at √ s = 500GeV M_H = 120GeV) and decrease monotonically as the energy increases.

• In the G_μ scheme and for √ s at peak (and up to 1T eV ) genuine weak corrections are modest (5% to −2%)but must be taken into account (applies for M_H = 180GeV also)

• Taking into account the leading correction to the tt̄H vertex y_t¯_{tH}

y_t¯_{tH} = y^0_{tt̄H} ( 1 + 7 2 G_μ M^2_t 8π^2 √ 2 )

In the total cross section this only accounts for about 2.2% weak correction.

- Our calculation completely confirmed by Denner, Dittmaier, M. Roth and M.M. Weber, hep-ph/0307193

but does not agree so well with You Yu, Ma Wen-Gan, Chen Hui, Zhang Ren-You, Sun Yan-Bin and Hou Hong-Sheng, hep-ph/0306036 at high energies.

back up transparency for ttH √ s M_H (GeV) σ_{tree}(fb) σ_{O(α s(Mt))}(fb) δ_{O(α s(Mt))}(%) δ_{O(α s(}^√_{s))}(%) 600 GeV 120 1.7293 ± 0.0003 1.977 ± 0.001 14.3 12.4 180 0.33714 ± 0.00004 0.4383 ± 0.0004 30.0 26.0 800 GeV 120 2.2724 ± 0.0005 2.250 ± 0.002 −1.0 −0.8 180 1.0672 ± 0.0003 1.0856 ± 0.0007 1.7 1.4 1 TeV 120 1.9273 ± 0.0005 1.812 ± 0.003 −6.0 −4.9 180 1.1040 ± 0.0003 1.049 ± 0.001 −5.0 −4.1 (A) We choose the renormalization scale μ of the QCD coupling α_s at M_t = 174 GeV with α_s(M_t) = 0.10754.

(B) We take μ = √ s with α_s = 0.09330 at √ s = 600 GeV, α_s = 0.09051 at √ s = 800 GeV and α_s = 0.08847 at √ s = 1TeV.

• Large corrections at threshold (Coulomb corrections)

• At the peak (where it matters) QCD corrections are small and with even smaller scale dependence back up transparency for ttH Purely QED Corrections

M_H √ s σ^{QED}_{V +S,F ull}(fb) σ^{QED}_{V +S,Init.} σ^{QED}_{V +S,F in.} σ^{QED}_{V +S,Int.} δ^{QED} δ_W (GeV) (GeV) (σ^{QED}_{hard,F ull}(fb)) (fb) (fb) (fb) (%) (%) 120 600 -2.6092 -2.557 -0.012 -0.043 -16.0 16.5 (2.3333) 800 -3.6667 -3.516 -0.055 -0.099 -5.6 9.5 (3.5391) 1000 -3.2622 -3.086 -0.071 -0.109 -0.6 5.8 ( 3.2507) 180 600 -0.50490 -0.4985 0.0056 -0.0072 -25.7 18.4 ( 0.41839) 800 -1.7120 -1.651 -0.020 -0.043 -10.7 9.1 ( 1.5975) 1000 -1.8589 -1.768 -0.035 -0.058 -4.9 4.4 (1.8048)

σ^{QED}_{V +S,F ull} corresponds to the cross section for the full one-loop QED virtual and soft bremsstrahlung with k_c = 0.001GeV. σ^{QED}_{V +S,Init.} extracts the initial state radiation. σ^{QED}_{V +S,F in.} gives the final state QED correction whereas σ^{QED}_{V +S,Int.} is the initial-final QED interference contribution. We also give σ^{QED}_{hard,F ull} which is the full hard photon radiation cross section. All cross sections are in fb.

• Large (negative) QED corrections at low energies (ISR)

• The genuine weak corrections, δ_w at threshold in the α scheme are large

e^+e^− → ZHH

Cross sections are small, max ∼ 0.2fb.

with 1ab^{−1} and use of NN (neural network) hope to measure total cross section at 10%. Very fast increase of the total cross section after threshold and moderately fast after.

Selection of 1-Loop graphs

QED corrections easy to extract.

QED CORRECTIONS Quite large at threshold, moderate for energies of interest, rise with energy. This can be explained by the radiative return

√ s δ_{QED} [GeV] [%] 400 −18.83 600 −3.60 800 1.53 1000 4.31 1500 8.04

• Genuine weak corrections are small both at threshold and at energies around peak, never more than | ∼ 4%|.

This can be considered as negligible considering the foreseen experimental precision > 10%). This is true both in α and G_μ scheme)

• They grow large at high energies (∼ 1.5TeV → −10%)

• Note the spoon-like behaviour is typical of s−channel ZH production mechanisms. Like in ZH G_μ scheme not so appropriate at high energies.

M_{HH} distribution

• M_{HH} is a good discriminator for picking up the HHH or rather H^∗ → HH vertex • at √ s = 1TeV (M_H = 120GeV) O(α) ∼ 3% but δ_W ∼ −1, but O(α) not uniformly distributed.

• genuine weak do not sensibly change the distribution • one could in principle interpret disentangle the effect of an anomalous HHH vertex or an unconventional Higgs potential

Summary ZHH

♥ If cross sections are not going to be measured more precisely than about 10% than it may be sufficient to only include the initial state radiation for precision measurements on both the cross section and the most promising distribution.

♠ Our results agree with those of the Chinese group: Zhang Ren-You, Ma Wen-Gan, Chen Hui, Sun Yan-Bin,

Hou Hong-Sheng, hep-ph/0308203. there is only a some small disagreement for high energies (same problem but in worse occurred with e^+e^− → tt̄H ).

Back up transparency, ZHH √ s (GeV) M_H (GeV) σ_{tree} (fb) σ_{O(α)} (fb) δ_{O(α)} [%] 115 0 .17493 (2 ) 0 .1629 (2 ) −6 .9 (1 ) 0.17491(2) 0.16282(2) −6.91(1) 500 150 0 .071834 (6 ) 0 .06357 (6 ) −11 .50 (7 ) 0.071830(5) 0.063529(9) −11.59(9) 200 0 .49611 (3 ) · 10^{−3} 0 .3329 (2 ) · 10^{−3} −32 .90 (4 ) 0.49606(4) · 10^{−3} 0.332(3) · 10^{−3} −33.0(6) 115 0 .14156 (3 ) 0 .1471 (3 ) +3 .9 (2 ) 0.14155(1) 0.14705(2) +3.89(1) 800 150 0 .11363 (2 ) 0 .1135 (2 ) −0 .1 (2 ) 0.11362(1) 0.11353(1) −0.08(7) 200 0 .07246 (1 ) 0 .0705 (1 ) −2 .7 (1 ) 0.072454(7) 0.07044(1) −2.78(1) 115 0 .07119 (2 ) 0 .0704 (3 ) −1 .1 (4 ) 0.07118(1) 0.07058(2) −0.85(3) 1500 150 0 .06684 (2 ) 0 .0634 (2 ) −5 .1 (3 ) 0.06683(1) 0.06359(2) −4.86(3) 200 0 .06165 (1 ) 0 .0569 (2 ) −7 .7 (3 ) 0.061644(6) 0.05707(2) −7.42(3) 115 0 .05021 (1 ) 0 .0473 (2 ) −5 .8 (4 ) 0.05021(1) 0.04773(2) −4.95(4) 2000 150 0 .04812 (1 ) 0 .0435 (2 ) −9 .6 (4 ) 0.048119(5) 0.04387(3) −8.83(7) 200 0 .04630 (1 ) 0 .0408 (2 ) −11 .9 (4 ) 0.046300(4) 0.04115(3) −11.13(6)

Comparison with Zhang Ren-You et al.,

hep-ph/0308203 v3 For the c.m. energy √ s = 500GeV , which is the most favorable colliding energy for HHZ production with intermediate Higgs boson mass, the relative correction decreases from −5.3% to −11.5% as m_H increases from 100 to 150 GeV. For the range of the c.m. energy where the cross section is relatively large, the genuine weak relative correction is small, less than 5%.

hep-ph/0308203 v1 for the c.m. energy √ s = 500GeV , which is the most favorable colliding energy for HHZ production with intermediate Higgs boson mass, the relative correction decreases from −5.3% to −32.9% as m_H increases from 100 to 200 GeV.

. . A surprise ..... . .

. Summary_.

• Within the 12 past months considerable progress in the calculations of loop corrections to the Higgs production processes at the LC • These calculations are well under control and show the power of automatic codes for handling 2 → 3 processes in the SM • It is important for these codes to have stringent internal checks, e.g gauge invariance,.. • The genuine electroweak corrections to the cross sections are small but for most processes still important for precision measurements • QED corrections can be large, but these can be easily resummed, QEDPS, structure functions,..