What have we learned from LEP2?

J. Alcaraz CERN/CIEMAT November 14, 2001 Introduction Four-fermion Physics Two-fermion Physics Higgs Searches Conclusions

November 14, 2001 What have we learned from LEP2? J. Alcaraz CERN/CIEMAT

LEP

LEP detectors

Typical Energies and Luminosities at LEP2

Total LEP2 luminosity collected at L3 703.953 pb^{−1}

LEP delivered luminosity 1990-2000

LEP2 Superconducting Cavities

262 Nb-Cu coated superconducting cavities, 7 MV/m 16 Nb superconducting cavities, 5 MV/m 56 room-temperature Cu cavities, 1 MV/m

Superconducting cavities

LEP2 Superconducting RF: more than 3.6 GV reached

Typical Cross Sections at LEP2

Three orders of magnitude reduction with respect to LEP1:

nb → pb

Integrated luminosity ≃ 5 times that of LEP1 ⇒

L ≳ 10^{34} cm^{−2} s^{−1} necessary at future e^+e^− colliders

LEP1 Physics: study of Z → ff̄ couplings

σ(e^+e^− → Z^∗ → ff̄) ∝

Γ_eΓ_f m^2_Z Γ^2_Z

LEP1 Physics: study of Z properties

LEP1 Physics: study of W → ff^′ couplings

τ lifetime, Γ_ℓ (α_s), exclusive and rare decays, topological BRs, Lorentz structure, . . .

b-lifetimes, Br(b → ℓνX), |V_{cb}|, |V_{ub}|, exclusive and rare decays, HQET studies, . . .

New at LEP2: four-fermion domain, interactions among bosons

LEP2: relevant cross sections

LEP2: Four-fermion final states

LEP2: precise calculations

2% → 0.5% precision improvement . . . and reached!

LEP2: precise calculations

Double Pole Approximation (DPA) Main change: Coulomb correction for √ s ≫ 2m_W

DPA not valid at √ s ≈ 2m_W Δm_W ≈ 6 MeV ⇒ more theoretical efforts required at future linear colliders

LEP2: ZZ physics

σ_{ZZ} ≃ 1 pb 4f backgrounds on top of the ZZ signal! This will not be cured at higher energies (σ_W+_W− ≈ 10 σ_{ZZ})

ZZ cross section

qq̄ℓ^+ℓ^− channel:cleanest signal qq̄bb̄ channel: benchmark for Higgs searches

Single-W final states

NOT ENOUGH!!

α(m^2_Z) → α(−m^2_γ∗ )

And stable generators at low angles for the electron, i.e.

e^+e^− → eνW → eνeν

LEP2: W mass reconstruction

Direct reconstruction is nice (higher statistics, kinematic fits), but . . .

Systematics in W-mass reconstruction

ΓW ≫ ΛQCD

Together with fragmentation: dominant systematic uncertainties in the W^+W^− → 4q channel at LEP

Work in progress . . .

Uncertainties in W-mass direct reconstruction

Uncertainties in W-mass direct reconstruction (H. Ruiz)

LEP2: trilinear gauge couplings seen

TGC structures predicted by the SM exist Evidence at the level of > 10σ

Triple gauge boson coupling studies at LEP2

Triple boson gauge couplings deserve precise studies . . .

⇒

Testing the SM gauge structure . . .

Most general vertex structure assuming CP, on-shell W, neglecting scalar terms:

Γ^{αβμ}_V = (1 + Δg^V_1 )[(q_1 − q_2)^μg^{αβ} − q^β_1 g^{μα} + q^α_2 g^{μβ} ] + (1 + Δκ_V )[q^α_2 g^{μβ} − q^β_1 g^{μα}] + λ_V m^2_W

(q_1 − q_2)^μ [ s 2 g^{αβ} − q^α_2 q^β_1 ]

+ i g^V_5 ϵ^{μαβρ} (q_1 − q_2)_ρ

QED gauge invariance:

Δg^γ_1 = g^γ_5 = 0

SU(2)_L × U(1)_Y invariance:

Δg^Z_1 − Δκ_z

Δκ_γ

= tan^2 θ_w and λ_γ = λ_Z

Experimental search for anomalous TGCs

Studying WWV anomalous structures in e^+e^− → qq^′ℓν ⇒ σ, cos θ_W , cos θ^{CM}_ℓ , cos θ^{CM}_q , ϕ^{CM}_ℓ , ϕ^{CM}_q

Optimal Observables

There are ways to simplify the analysis: Optimal Observables (OO) for the coupling f

d^2σ dO_1 dO_2 | | |_f = d^2σ dO_1 dO_2 | | |_{f=0} ( 1 + f O_1 + f^2 O_2 )

The variables O_1, O_2 contain the full information on the process In the f → 0 limit, σ and < O_1 > keep all the sensitivity

ALEPH, OPAL: < O_1 >, < O_2 >, σ DELPHI: Fit to O_1, O_2 distributions L3: Usual multidimensional likelihood fit (OO methods also employed)

Delays due to old MC-new MC generator differences WORK IN PROGRESS

Typical distributions for e^+e^− → qq^′ℓν

cos θ_W distribution Most sensitive variable

−0.18 < Δg^Z_1 < 0.04 (95% CL, L3 prel. 1999)

Anomalous Triple Gauge Couplings at large √ s Sensitivity ∝

(_{√s} Λ )_n

Reconstructed level ≃ Generator Level Beam Polarization is useful

SM contributions to Δλ_γ, Δκ_γ ∼ 10^{−3}

Test SM gauge structure. Are there hints of ZV_0V_0 couplings?

Most general vertex assuming: CP, on-shell Z,γ

Γ^{αβμ}_{ZγV} = i s − m^2_V m^2_Z

[ h^V_3 ϵ^{αβμρ} q_{γρ}

+ h^V_4 q^α_V m^2_Z ϵ^{μβρσ} q_{V ρ} q_{γσ} ]

Most general vertex assuming: CP, on-shell Z

Γ^{αβμ}_{ZZV} = i s − m^2_V m^2_Z f^V_5 ϵ^{αβμρ} (q_{Z1ρ} − q_{Z2ρ})

SM diagrams

σ_{SM} ∝ 1 s when √ s ≫ m_Z dσ_{SM} d cos θ ∝ 1 + cos^2 θ 1 − cos^2 θ when √ s ≫ m_Z (t-channel)

Anomalous contributions increase with √ s, may contribute at large polar angles and modify Z, γ helicities

Some e^+e^− → Zγ distributions at LEP

DELPHI preliminary

LEP Single Limits on h^V_i anomalous couplings

Adding likelihood functions

Parameter 95% CL h^γ_3 [−0.049, −0.008] h^γ_4 [−0.002, +0.034] h^Z_3 [−0.20, +0.07] h^Z_4 [−0.05, +0.12]

Agreement with SM expectations

LEP sensitivity on h^V_i couplings ∼ 0.1

Quartic gauge couplings at LEP2

Window to new physics scales, maybe related to the symmetry breaking mechanism of the SM These vertices are kinematically accessible at LEP2

⇒

Unfortunately, SM predictions ∝ g^2 (too small for LEP2)

WWV γ coupling searches at LEP2

No anomalous quartic gauge couplings seen Poor limits: Λ_{NP} ≳ 5 GeV Catalyzed theoretical activity in this field

W_LW_L → W_LW_L searches (T. Barklow)

ρ_T effects: form factor F_T in the e^+e^− → W^+W^− process ρ_T ≳ 500 GeV (ALEPH preliminary)

LEP2: Two-fermion physics

Not obsessed by the Z peak anymore . . .

LEP2: Two-fermion physics

Throwing away the Z-recoil “background”

LEP2: Looking for new physics at the highest energies If only the SM light Higgs boson is found, the most sensitive New Physics probes at future colliders will be dimension-six four-fermion contact operators: L = 1 1 + δ_{ef} ∑ i,j=L,R

η_{ij} g^2 Λ^2_{ij}

(ē_iγ^μe_i)(f̄_jγ_μf_j )

Contact e^+e^−ff̄ Interactions at future colliders

LEP2: Looking for new physics at the highest energies

N extra large dimensions of size R for gravity?

M^2_P ∼ R^N M^{N+2}_S

L = λ M^4_S

(ēγ^μe) T_{μν} (f̄γ^νf)

LEP2: Extra-dimensions

Tensorial contact interactions: Low Scale Gravity

LEP2: QED tests in the e^+e^− → γγ channel

Direct searches for LSG. Dimensions

The SM Higgs Particle

Only a narrow band is allowed if there is no new physics up to 10^{19} GeV m_H ≲ 200 GeV at 95% CL

LEP2: Higgs searches beyond++ the SM

The consistency of the data with a low mass SM Higgs (m_H ≲ 200 GeV) is just an indication, not a proof of its existence and of its production and decay properties

We have to be prepared for surprises: non-existence, unexpected production and decay properties, . . .

Beyond the SM Higgs searches: a model independent approach

If the SM is an approximately correct description of Nature, the “true theory” from a new physics scale Λ looks at low energies like (flavour violations are neglected):

L = L_{SM} + ∞∑ n=6 1 Λ^{n−4} ∑ j f_{nj} O_{nj}

Already at dimension 6 some CP conserving anomalous HVV couplings, not excluded by LEP1 or lower energy experiments, may appear:

L = L_{SM} + f_{WW} Λ^2

O_{WW} + f_{BB} Λ^2

O_{BB} + f_W Λ^2

O_W + f_B Λ^2

O_B + f_B Λ^2

O_{Φ,2} + . . .

L = L_{SM} + g_{Hγγ} HA_{μν} A^{μν} + g^{(1)}_{HZγ} A_{μν} Z^μ∂^ν H + g^{(2)}_{HZγ} HA_{μν}Z^{μν}

+ g^{(1)}_{HZZ} Z_{μν} Z^μ∂^ν H + g^{(2)}_{HZZ} HZ_{μν}Z^{μν} + g^{(3)}_{HZZ} HZ_μZ^μ + . . .

These couplings modify the properties of the Higgs particle and are related to the anomalous WWV couplings:

Hγγ, HZγ couplings and H → γγ, H → Zγ decays may become “observable” f_W Λ^2 and f_B Λ^2 are the couplings leading to Δg^Z_1 , Δκ_γ

g^{(3)}_{HZZ} ≡ ξ − 1 ⇒ Global factor with respect to SM Higgs couplings.

Higgs searches: a model independent approach

Example of ξ coupling: MSSM in the limit of large SUSY masses: m_A >> v f Λ^2 ≈ − v^2 m^4_A

New production channels

⇓ Access to an unexplored region: √ s − mZ < mH < √ s

New decay channels

⇓ Clean final states If dominant: fermiophobic scenario

(but different from the usual fermiophobic benchmark)

Non-standard Higgs searches: a model independent approach

Limits comparable to those obtained for Δg^Z_1 , Δκ_γ Limits to Γ(H → γγ) and Γ(H → Zγ) in the region of interest for LHC

Conclusions

LEP2 is much more than a program for the precise measurement of m_W and the SM Higgs boson search

LEP2 has opened the Pandora box at high energies:

multi-fermion final states, boson self-couplings, FSI, . . .

In the meantime we have learned about new things:

optimal observable techniques, gravity in extra-dimensions, model-independent approaches via effective Lagrangians, . . .

A substantial part of this experience will be beneficial for the next round of e^+e^− colliders

LEP2 is not over! Many analyses still in the pipeline . . .