BOSON BOSON SCATTERING IN PHASE

E. ACCOMANDO, A. BALLESTRERO, E. MAINA

UNIV. OF TORINO AND I.N.F.N. TORINO

W W W

W u d

d u

W W γ, Z γ, Z u u

d d MC4LHC: CERN, JULY 28, 2003

ELECTROWEAK SYMMETRY BREAKING

• MW ≈ Mh: HIGGS VISIBLE • MW ≪ Mh ≪ √ s: HIGGS MECHANISM WORKS. PARTIAL WAVES SCATTERING

AMPLITUDES ≈ CONST ∝ Mh. AT LARGE Mh THE SYSTEM IS STRONGLY INTERACTING. • MW ≪ √ s ≪ Mh: AMPLITUDES GROW WITH ENERGY. AT LARGE s PERTURBATION

THEORY BREAKS DOWN.

W W W W

MEASURE VV SCATTERING!

AT THE LHC W W W

W u d

d u

W W γ, Z γ, Z u u

d d

W W W γ, Z u d

d u

W W γ, Z u d

d u

SIGNAL

• VERY ENERGETIC ISOLATED LEPTONS IN CENTRAL REGION • 2 W, Z-JETS + LOW EXTRA JET ACTIVITY IN CENTRAL REGION • TWO HIGHLY ENERGETIC, LOW P_T SPECTATOR JETS,

WELL SEPARATED IN η

BACKGROUNDS: MAINLY QCD

• tt PRODUCTION • W + j PRODUCTION • W W + j PRODUCTION

WHAT IF NO HIGGS: UNITARIZATION

ELECTROWEAK CHIRAL LAGRANGIAN: EXPANSION IN DERIVATIVES OF THE GOLDSTONE

FIELDS.

L = L^{(0)} + L^{(2)} + L^{(4)}

L^{(0)} = Massless SM

L^{(2)} = v^2 4 ⟨D_μUD^μU^†⟩ L^{(4)} = a_4(⟨D_μUD^ν U^†⟩)^2 + a_5(⟨D_μUD^μU^†⟩)^2

U = exp ( i ω^aτ^a v )

ω^a(a = 1, 2, 3) = GoldstoneB τ^a = Pauli mat. ⟨· · · ⟩ = SU(2) trace IN THE SM v = 246 GEV, a5 = v^2/(8m^2_H ), a4 = 0.

THE PARTIAL WAVES ISOSPIN AMPLITUDES t_{IJ} FOR W_LW_L → W_LW_L VIOLATE

UNITARITY: t ∼ s/v.

THERE ARE DIFFERENT WAYS OF CONSTRUCTING AMPLITUDES WHICH SATISFY

UNITARITY CONSTRAINTS FROM LOW ORDER AMPS.

BUTTERWORTH,COX,FORSHAW,PRD65(02)96014

(A4,A5): UL:(0,0.003), UR:(0.002,-0.003), LL:(0.008,0), LR:(0;0)UL=UPLEFT ETC. PADÈ: CONTINOUS N/D: M = 10^3 DASH, M = 10^4 DOTDASH, M = 10^5DOT

LARGE INTERFERENCES:

WW SCATTERING AND THE REST

KLEISS-STIRLING,PL182B(86)75 V (q^2_1 = m^2 + 4 √ sΔ1)V (q^2 = m^2 + 4 √ sΔ2) → X THE HIGH-ENERGY OFF-SHELL BEHAVIOUR IS WORSE THAN ON-SHELL

PROC OFF-OFF ON-OFF ON-ON ZZ → ee Δ1Δ2 m^2Δ1/ √ s m^4/s ZZ → ZZ (m^2_h; Δ1Δ2) m^2_h m^2_h ZZ → W W Δ1Δ2s^2/m^4 Δ1s √ s/m^2 (m^2_h; m^2) W W → W W Δ1Δ2s^2/m^4 Δ1s √ s/m^2 (m^2_h; m^2)

THE PROBLEM CAN BE TRACED TO TRIPLE AND QUARTIC VERTICES. WHEN THE INCOMING V ’S ARE OFF SHELL VECTOR EMISSION FROM THE FERMION MUST

BE INCLUDED. DO NOT MAKE APPROXIMATIONS!

AT THE LHC AND LC INCOMING VECTORS ARE BOTH ALWAYS OFF-MASS-SHELL.

LARGE INTERFERENCES:

WW SCATTERING AND THE REST AT LHC

E.ACCOMANDO,A.BALLESTRERO,E.M. • ud → udW^+W^− → udμ^−νμcs • INITIAL STATE: pu ALONG z, pd ALONG −z, • 1 < η(d) < 5.5, −1 > η(u) > −5.5. SELECTING W W FUSION DIAGRAMS. • E(u, d) > 20 GeV, Pt(u, d) > 10 GeV • 70 < M(cs, eν) < 90 GeV. FINAL STATE W’S CLOSE TO MASS-SHELL. M_h WW SIGNAL TOTAL 120 0.2106672 0.1319138E-02 200 0.2174115 0.7960299E-02 500 0.2114054 0.2804993E-02 2000 0.2100076 0.1490797E-02 NOH 0.2099891 0.1468983E-02 σ (PB)

STATUS

• HINTS OF RESONANCE PRODUCTION IN W W SCATTERING. LARGE

PARAMETER AND MODEL DEPENDENCE. CONTROL OF SM BACKGROUND IS ESSENTIAL.

• WW SCATTERING SUBSET TOTALLY INSUFFICIENT. HIGH ENERGY

BEHAVIOUR WORSENS FOR OFF-MASS-SHELL V ’S.

• COMPHEP, ALPGEN HAVE W W SCATTERING IN PRODUCTION×DECAY

APPROACH. APPROXIMATION NEEDS TO BE CHECKED.

• MADGRAPH, O’MEGA, GRACE, AMEGIC++, HELAC CAN COMPUTE

ANY PROCESS.

• NO COMPLETE MC SO FAR DEDICATED TO W W SCATTERING

COMPLETE CALCULATION OF 6F EW PRODUCTION IS NECESSARY.

PHYSICS BEYOND VV SCATTERING

• HIGGS OF COURSE!

- VV FUSION IS ONE OF THE MAIN PRODUCTION CHANNELS > 10% FOR m_h > 100 GEV - COUPLINGS TO VV, E.G. SSVV - SELF INTERACTIONS • V V V PRODUCTION • (QUARTIC) ANOMALOUS COUPLINGS AMONG V ’S • tt: SMALL COMPARED TO gg CHANNEL. HIGH P_T ?

HIGGS PRODUCTION AT LHC

PHASE PHACT ADAPTIVE SIX-FERMION EVENT-GENERATOR

AN EVENT GENERATOR:

• ALL q_1q_2 → q_3q_4q_5q_6lν_l PROCESSES AT O(α^6_{em})

THIS IS WHERE WW SCATTERING IS!

q_1q_2 → q_3q_4q_5q_6ll AND q_1q_2 → q_3q_4l_1ν_{l1} l_2ν_{l2} ALSO INTERESTING, τ’S? qq → 6q HAVE LARGE BACKGROUNDS • ONE-SHOT: ALL PROCESSES GENERATED SIMULTANEOUSLY.

SUBSETS POSSIBLE.

• OVER THE FULL PHASE SPACE: EFFICIENCY • INTERFACED WITH PYTHIA/HERWIG WITH LES HOUCHES PROTOCOL

PROBLEMS

• LARGE NUMBER OF PROCESSES • LARGE NUMBER OF DIAGRAMS/PROCESS • LARGE NUMBER OF CHANNELS/ENHANCED REGIONS

WHICH PROCESSES IN q_1q_2 → q_3q_4q_5q_6μν_μ AT O(α^6_{em})?

• EQUIVALENT PROCESSES WITH ALL FERMIONS OUTGOING:

∑_8 i=1 Q_i = 0 • FIX ONE PAIR TO BE cs • q_1q_2 → q_3q_4csμν_μ WITH

∑_4 i=1 Q_i = 0

PROCESSES

ALL PARTICLES OUTGOING

(u, d) ↔ (c, s) SYMMETRY CC SYMMETRY TRIVIAL (μ, νμ) ↔ (e, νe)

HOW MANY DIAGRAMS ARE REALLY NEEDED?

• 16 DIFFERENT AMPLITUDES • AMPLITUDES WITH THE SAME NUMBER OF DIAGRAMS CAN BE

PROGRAMMED AT THE SAME TIME, EVEN THOUGH THEY ARE DIFFERENT

• NUMEROLOGY:

202 = 101 X 2 233 = 211 + 22 312 = 101 + 211 422 = 211 X 2 466 = 233 X 2 610 = (211 + 94) X 2 1046 = 101 X 2 + 211 X 4 1266 = 422 X 3

WE ARE LEFT WITH 4 SETS WITH 101, 211, 22 AND 94 DIAGRAMS • COMPUTED WITH PHACT: FASTER AND MORE EASILY MODIFIED THAN

USING A THIRD-PARTY AUTOMATIC PROGRAM.

• AMPLITUDE TESTS COMPLETETED!

PROCESSES VS VV SCATTERING: 4W,2W2Z

PROCESSES VS VV SCATTERING: 4W + 2W2Z

INTEGRATION

IT IS ABSOLUTELY NECESSARY TO OBTAIN A PRECISE CROSS SECTION: IT

ENSURES THAT THE PHASE-SPACE PARAMETRIZATION MATCHES REASONABLY WELL THE BEHAVIOUR OF THE AMPLITUDE SQUARED.

OTHERWISE GENERATION EFFICIENCY WILL BE EXTREMELY POOR.

INTEGRATION CAN BE USED TO ADAPT MORE CLOSELY TO THE INTEGRAND

POSSIBLE STRATEGIES:

• ADAPTIVE INTEGRATION (VEGAS) - ADAPTS WELL TO CUTS - A ROUGH ESTIMATE OF MAPPING PARAMETERS IS USUALLY SUFFICIENT - FAILS IF SEVERAL SETS OF ENHANCEMENTS IN | Amp |^2 OR NOT ALONG

DIAGONALS

• MULTICHANNEL

- REQUIRES A LARGE NUMBER OF CHANNELS (EASY TO ADD) - ALL CHANNELS ARE INTEGRATED OVER SIMULTANEOUSLY - SENSITIVE TO CUTS, EFFICIENCY GENERALLY SMALL - MAPPING PARAMETERS TO BE DETERMINED WITH HIGH ACCURACY • ADAPTIVE+MULTICHANNEL - ADAPTS WELL TO CUTS - A ROUGH ESTIMATE OF MAPPING PARAMETERS IS USUALLY SUFFICIENT - ALL CHANNELS HAVE TO BE INTEGRATED SEPARATELY

INTEGRATION IN PHASE AT PRESENT

• ALL RELEVANT PHASE SPACE MAPPINGS ARE READY • DIFFERENT MAPPINGS ARE COMBINED REDUCING THE NUMBER OF

CHANNELS

• CAN INTEGRATE/GENERATE ANY SINGLE PROCESSES WITH REASONABLE CPU TIME (UP TO CRASHES DUE TO NUMERICAL ACCIDENTS) • AUTOMATIC RELATIVE WEIGHTING OF CHANNELS STILL NEEDS EFFORT.

IT MUST WORK FOR: - ANY PROCESS - ANY SET OF CUTS

NON TRIVIAL!

USAGE

• FOR EACH M_H GENERATE ONE GRID FOR EACH PROCESS AND STORE THEM • GENERATE EVENTS USING GRIDS

WHERE DO WE STAND?

• PHASE IS ASSEMBLED AND RUNNING • DIAGRAMS OK! FAST!

• INTEGRATION SINGLE PROCESS OK! AUTOMATIZATION OF MULTICHANNEL

DETAILS: TESTING PHASE

• INTERFACE TO PYTHIA VIA LESHOUCHES PROTOCOL OK! HERWIG? • ONE-SHOT TECHNOLOGY NOT YET IN PLACE BUT BORROWED FROM WPHACT WHERE IT WORKED VERY WELL. STARTED.

• LARGE SCALE PRODUCTION OF GRID FILES (AUTOMATIC?): TO BE DONE

TECHNICALITIES

• G_F SCHEME: G_F , M_W , M_Z , M_H → ALL OTHER PARAMETERS • d, u, s, c MASSLESS, b MASSIVE • CKM DIAGONAL • Γ ≠ 0: U(1) GAUGE INVARIANCE HANDLED WITH M^2 → M^2 − iMΓ.

IS SU(2) GAUGE INVARIANCE NUMERICALLY RELEVANT?

EXTENSIONS

• EXTRACT q_1q_2 → q_3q_4V V^′ → q_3q_4q_5q_6μν_μ SIGNAL - ARE THERE LARGE INTERFERENCES? GAUGE CANCELLATIONS? - CAN IT BE EXTRACTED WITH APPROPRIATE CUTS?

• q_1q_2 → q_3q_4q_5q_6l^+l^−

- ESSENTIAL FOR W W → ZZ - ADDITIONAL HANDLE ON W Z → W Z • q_1q_2 → q_3q_4q_5q_6μν_μ AT O(α^2_sα^4_{em})

q_1q_2 → q_3q_4ggl_1l_2, q_1g → q_2q_3q_4gl_1l_2, gg → q_1q_2q_3q_4l_1l_2 QCD BACKGROUND: CAN IT BE HANDLED?

CONCLUSIONS

• W W SCATTERING HOLDS THE KEY TO THE EWSB MECHANISM • EXCITING PHENOMENA COULD TAKE PLACE • SM PREDICTIONS NOT YET ACCURATE ENOUGH • PHASE IS (RAPIDLY?) APPROACHING PRODUCTION STAGE

A LOT MORE WORK LIES AHEAD! W

W W

W u d

d u

W

W γ, Z γ, Z u u

d d