SANC: 2 → 2 PROCESSES

L. V. Kalinovskaya

Laboratory of Nuclear Physics, Joint Institute for Nuclear Research, Dubna, Russia

EW part SANC v.0.21

ECFA Meeting, Montpellier 15.10.03 L.Kalinovskaya

ECFA Meeting, Montpellier 15.10.03 L.Kalinovskaya

Automatic Calculation for Processes

COMPLETE ONE-LOOP ElectroWeak

SCALAR FORM FACTORS (SFF) & (HA) HELICITY AMPLITUDES

• SFF & HA for ANY NC: f1f̄1 → ff̄

• SFF & HA for ANY CC : f1f̄^′1 → ff̄^′, but in v.0.21: ūd → lν̄

———————————————————– • SFF for NC ff̄2B → 0 : ff̄γγ, ff̄γZ, ff̄γH

SFF & HA for ANY NC f1f̄1 → ff̄

• Rξ gauge

• f1 — ν, e, u, d

f — ANY MASSIVE FERMION

MASSIVE CASE AND TWO LIMITS mf −→ 0 mf ′ −→ 0

ref.: A. Andonov, D. Bardin, S. Bondarenko, P. Christova, L. Kalinovskaya and G. Nanava, “Update of one-loop corrections for e^+e^− → ff̄, first run of SANC system”, 34 N5 Particles and Nuclei (2003) 577-618

Amplitudes in L, Q, D - basis

ignore electron masses A ∼ [ iγμ (1 + γ5) Ff^1_L (s) + iγμFf^1_Q (s) ] ⊗ [ iγμ (1 + γ5) Ff_L (s) + iγμFf_Q (s) + mf IDμFf_D (s) ]

Dμ = (p3 − p4)μ

Born-like structure

of the ONE LOOP AMPLITUDE in terms of LL, QL, LQ, QQ, LD and QD form factors

A_γ = i

4πQ_{f1}Q_f s χ_γ(s)α(s)γ_μ ⊗ γ_μ

A_Z = i g^2 16π^2 e^2 4I^{(3)}_{f1} I^{(3)}_f χ_Z(s) s × { γ_μ(1 + γ_5) ⊗ γ_μ(1 + γ_5) SFF_{LL}(s, t) − 4|Q_{f1}|s^2_W γ_μ ⊗ γ_μ(1 + γ_5) SFF_{QL}(s, t)

− 4|Q_f |s^2_W γ_μ(1 + γ_5) ⊗ γ_μ SFF_{LQ}(s, t) + 16|Q_{f1}Q_f |s^4_W γ_μ ⊗ γ_μ SFF_{QQ}(s, t)

+ γ_μ(1 + γ_5) ⊗ (−im_f D_μ) SFF_{LD}(s, t) − 4|Q_{f1}|s^2_W γ_μ ⊗ (−im_f D_μ) SFF_{QD}(s, t) }

f1f̄1 → ff̄ process in the Helicity Amplitudes

16 HA for any 2f → 2f process.

For the NC process and if the initial mass is ignored −→ 6 HA, which depend on kinematical variables and our 6 scalar form factors:

HA_{++++} = 0, HA_{+++−} = 0, HA_{++−+} = 0, HA_{++−−} = 0,

HA_{+−+−} = s (1 − cos ϑ) ( Q_{f1} Q_f α(s) + χ_Z δ_{f1} [ (1 + β_f ) I^{(3)}_f SFF_{QL} + δ_f SFF_{QQ}] ) , HA_{+−−+} = s (1 + cos ϑ) ( Q_{f1} Q_f α(s) + χ_Z δ_{f1} [(1 − β_f )I^{(3)}_f SFF_{QL} + δ_f SFF_{QQ}] ) , HA_{+−−−} = HA_{+−++} = 2 √ sm_f sin ϑ ( Q_{f1} Q_f α(s) + χ_Z δ_{f1} [I^{(3)}_f SFF_{QL} + δ_f SFF_{QQ} + 1 2 sβ_f^2I^{(3)}_f SFF_{QD}] ) , HA_{−+++} = HA_{−+−−} = −2 √ sm_f sin ϑ ( Q_{f1} Q_f α(s) + χ_Z [ 2I^{(3)}_{f1} I^{(3)}_f SFF_{LL} + 2I^{(3)}_{f1} δ_f SFF_{LQ}

+δ_{f1} I^{(3)}_f SFF_{QL} + δ_{f1} δ_f SFF_{QQ} + 1 2 sβ_f^2I^{(3)}_f (2I^{(3)}_{f1} SFF_{LD} + δ_{f1} SFF_{QD} ) ]) , HA_{−++−} = s (1 + cos ϑ) ( Q_{f1} Q_f α(s) + χ_Z [ (1 + β_f ) (2I^{(3)}_{f1} I^{(3)}_f SFF_{LL} + δ_{f1} I^{(3)}_f SFF_{QL})

+δ_f ( 2I^{(3)}_{f1} SFF_{LQ} + δ_{f1} SFF_{QQ} ) ]) , HA_{−+−+} = s (1 − cos ϑ) ( Q_{f1} Q_f α(s) + χ_Z [ (1 − β_f ) I^{(3)}_f (2I^{(3)}_{f1} SFF_{LL} + δ_{f1} SFF_{QL}) + δ_f (2I^{(3)}_{f1} SFF_{LQ} + δ_{f1} SFF_{QQ})] ) , HA_{−−++} = 0, HA_{−−+−} = 0, HA_{−−−+} = 0, HA_{−−−−} = 0.

cos ϑ = ( t − m^2_f + s 2 ) 2 sβ_f

, β^2_f = 1 − 4 m^2_f s , δ_f = v_f − a_f .

Differential cross section

for the amplitude HA_{λiλjλkλl} each index λ_{(i,j,k,l)} takes two values (± = ±1) meaning 2 times the projection of spins f_1, f̄_1, f, f̄ onto their corresponding momentum.

For the unpolarized case:

dσ d cos ϑ = πα2 s3 βf Nc ∑ λiλjλkλl | | |HAλ_iλ_jλ_kλ_l | | | 2 .

Comparison −→ Agreement f1f̄1 → ff̄, ALL CHANNELS • s2n.f–eeffLib–ZFITTER SFFs −→ 8–9 digits Complete 1-loop differential cross section dσ(1)/d cos ϑ −→ 7–8 digits Total 1-loop cross section and σ^{F B} for the light fermion masses −→ 6–7 digits

Comparison −→ Agreement

Drell-Yan type processes uū → eē uū → μμ̄ uū → ττ̄ dd̄ → eē dd̄ → μμ̄ dd̄ → ττ̄

• s2n.f–eeffLib

Complete 1-loop differential cross section dσ(1)/d cos ϑ α and GF scheme

−→ 9(eē)–14 digits

ECFA Meeting, Montpellier 15.10.03 L.Kalinovskaya

Proccess u + ū −→ e + ē

Proccess d + d̄ −→ e + ē

SFF & HA for ( CC ): ud → lν

APPLICATIONS:

• Decay: t −→ blν

• DIS: ν̄μu −→ e+d −→ talk by A. Arbuzov

• Drell-Yan type processes: ud̄ −→ l+ν

Born-like structure

Q^2 = (p_1 + p_2)^2 = −s T^2 = (p_2 + p_3)^2 = −t U^2 = (p_2 + p_4)^2 = −u s + t + u = m^2_u

A_{ud−→lν} ∼ ig^2 8(M^2_W + Q^2) [ γ_μ(1 + γ_5) ⊗ γ_μ(1 + γ_5) SFF_{LL}(s, t, u)

+ γ_μ(1 + γ_5) ⊗ (−im_u D_μ) SFF_{LD}(s, t, u) ] m_u ≠ 0 D_μ = p_3 − p_4

see ref: D. Bardin, P. Christova, L. Kalinovskaya, ‘SANC Status Report’ Nucl. Phys. B (Proc. Suppl.) 116 (2003) 48–52.

Comparison −→ Agreement

eeffLib–s2n—ZFITTER

Input parameter: Z-mass = 91.1867, W-mass = 80.4514958, H-mass = 120.

For the SFFs AGREEMENT within 8-9 digits

SFF_{LL}(s, t, u) = 1 + α 4πs^2_W

SFF^{QED}_{LL} (s, t, u) + α 4πs^2_W

SFF^{EW}_{LL} (s, t, u) − Δr

Conclusion

Status of 2f2f̄ −→ 0 in SANC

• dσ d cos ϑ ∼ ∑ λiλjλkλl | | |HA(SFFBorn+1−loop+soft)λ_iλ_jλ_kλ_l | | | 2

• hard photons from a partner MC

SFF for ( NC ) ff̄2B → 0 :

ff̄γγ −→ 0 : e^+e^− −→ γγ qq̄ −→ γγ γγ −→ tt̄ γe −→ γe

ff̄Zγ −→ 0 : Z −→ ff̄γ e^+e^− −→ Zγ qq̄ −→ Zγ γe −→ Ze

ff̄Hγ −→ 0 : H −→ ff̄γ e^+e^− −→ Hγ qq̄ −→ Hγ γe −→ He

Amplitudes B → ff̄γ in chosen basis

Aμν = 20∑ i=1 SFFi · Structures i(1, γ5)μν

40 40 12 STRUCTURES

DATABASE ideology of BUILDING BLOCKS

Self-Energies Vertices

BANK OF PRECOMPUTED FEYNMAN DIAGRAMS FULLY MASSIVE CASE !

Boxes topology

Gauge-invariant subsets of diagrams k • {A −→ ξ_A} A CLUSTER 1 • {Z, ϕ0 −→ ξ_Z} Z CLUSTER 2 • {W, ϕ± −→ ξ } W CLUSTER 3 • {H, ϕ0 −→ ξ_Z} H CLUSTER 4

Minimum set of structures for H −→ ff̄γ

A_ν = 4∑ k=1 A_k = 4∑ k=1 ( SFF^k_1 iγ_ν + SFF^k_2 p_{1ν} + SFF^k_3 p_{2ν} + SFF^k_4 p̂_γγ_ν

+SFF^k_5 ip̂_γp_{1ν} + SFF^k_6 ip̂_γp_{2ν} )( 1; γ_5 )

A_ν = 4∑ k=1 A_k = 4∑ k=1 ( SFF^k_1 [ 1 u − m^2_f p_{1ν} − 1 t − m^2_f p_{2ν} ]

+ SFF^k_2 p̂_γγ_ν

− SFF^k_3 i[ 1 u − m^2_f p_{1ν} + 1 2 γ_ν]

− SFF^k_4 i[ 1 t − m^2_f p_{2ν} + 1 2 γ_ν] )( 1; γ_5 )

Limit case H → dd̄γ

SFFV^2_3 = s_W ( − 5 4c^3_W + 1 c_W

− 2c_W ) M_Z 27 F^{lim}_2 (−u, −t)

SFFV^2_4 = s_W ( − 5 4c^3_W + 1 c_W

− 2c_W ) M_Z 27 F^{lim}_2 (−t, −u)

SFFA^2_3 = s_W 9c_W ( 1 4c^2_W − 1 ) M_Z F^{lim}_2 (−u, −t)

SFFA^2_4 = s_W 9c_W ( 1 4c^2_W − 1 ) M_Z F^{lim}_2 (−t, −u)

F^{lim}_2 (−t, −u) = ( M^2_Z − t

) [(M^2_Z − t) st (M^2_H − s) + t s ] D_0(0, −m^2_d, −M^2_H , −m^2_d, −t, −u, m_d, m_d, M_Z, M_Z ) + (M^2_Z − t) st [(M^2_H − t) C_0( − m^2_d, −M^2_H , −t; m_d, M_Z, M_Z ) −t C_0(0, −m^2_d, −t; m_d, m_d, M_Z ) − u C_0(0, −m^2_d, −u; m_d, m_d, M_Z) ] + [( M^2_Z − t

) (t − s) st − 2 u − M^2_H

M^2_Z ] C_0( − m^2_d, −M^2_H , −u; m_d, M_Z , M_Z) +2 1 u − M^2_H [ B^F_0 ( − u; M_Z, 0) − B^F_0 ( − M^2_H ; M_Z, M_Z) ]

Checking

• ξ : ξA, ξZ, ξ • cancellation of UV poles • vanishing of EWFF in front of CP-odd structures, γγ → tt̄: 40 Structures −→ 24 • Ward identities: Aμν · (pγ)ν = 0, Aμν · (pγ)μ = 0, transverse nature of photons: 24 Structures −→ 13