Measurement of the reaction e^+e^− ! νν̄γ at LEP Gerhard Raven NikhefH The L3 Collaboration • I\⊔∇≀⌈⊓⌋⊔⟩≀\ • E⊑⌉\⊔ S⌉↕⌉⌋⊔⟩≀\ • D⌉⊔⌉∇⇕⟩\⊣⊔⟩≀\ ≀{ N_ν • N⌉⊒ P⟨†∫⟩⌋∫ S⌉⊣∇⌋⟨⌉∫ ∘ \⌉⊓⊔∇⊣↕⟩\≀∫ ∘ L⟩⇕⟩⊔∫ ≀\ ν_τ magnetic moment δ ZZγ coupling • C≀\⌋↕⊓∫⟩≀\ ⊣\⌈ P∇≀∫√⌉⌋⊔∫ L⊣‖⌉ L≀⊓⟩∫⌉ W⟩\⊔⌉∇ I\∫⊔⟩⊔⊓⊔⌉ ∞∃↖∈▽ F⌉⌊∇⊓⊣∇† ∞∃∃▽

M⌉⊔⟨≀⌈∫ ⊔≀ ⌈⌉⊔⌉∇⇕⟩\⌉ N ν

Fermions. 1 2 3 ▷▷▷ νe νμ ντ ▷▷▷ e μ τ ▷▷▷ u c t ▷▷▷ d s b ▷▷▷

Before LEP and SLC. pp̄ colliders. N_ν < 4▷8 at 90% C.L. Supernova SN1987A: N_ν < 4▷8 at 95% C.L. e^+e^− → νν̄γ ΨSingle Photonν. N_ν < 3▷9 at 90% C.L. Relative abundance of^4He: N_ν < 3▷6 at 95% C.L.

At LEP and SLC: • Z L⟩\⌉∫⟨⊣√⌉ ⇐⊖I\⌈⟩∇⌉⌋⊔⪰ ⇕⌉⊣∫⊓∇⌉⇕⌉\⊔⇒ • S⟩\}↕⌉ P⟨≀⊔≀\ ⇐⊖D⟩∇⌉⌋⊔⪰ ⇕⌉⊣∫⊓∇⌉⇕⌉\⊔⇒ L⊣‖⌉ L≀⊓⟩∫⌉ W⟩\⊔⌉∇ I\∫⊔⟩⊔⊓⊔⌉ ∞∃∃▽ G⌉∇⟨⊣∇⌈R⊣⊑⌉\

C∇≀∫∫ S⌉⌋⊔⟩≀\∫ {≀∇ e +e− ! ff̄ Lowest order Feynam diagrams for f̄f ≠ e^+e^−

e^+

e^− γ f

f̄

e^+

e^− Z f

f̄ σ^0(s) = σ^0_γ + σ^0_Z + σ^0_{γZ}

σ^0_γ = 4πα^2 3s Q^2_eQ^2_f N^C_f

σ^0_Z = 12π m^2_Z Γ_{ee} Γ_Z

Γ_ff Γ_Z

sΓ^2_Z (s − m^2_Z)^2 + s^2Γ^2_Z/m^2_Z σ^0_{γZ} = Interference term, small for s ≃ m^2_Z

Excitation Curve of the Z Boson

Properties of the Z boson: Peak position: mZ Peak width: ΓZ Peak height: 12π m^2_Z ΓeeΓff /Γ 2 Z =^{12π}_{m2Z} B_eB_f

Γ_{inv} = Γ_Z − Γ_{had} − 3Γ_{lep}

Nν =^{Γinv}_{Γl}^{( Γl}_{Γν}^)_{SM}

L3 measurement, 1990-1993 (Glasgow, 1994):

N_ν = 2.98 ± 0.03

Lake Louise Winter Institute 1995 Gerhard Raven

The ˚Direct” method Lineshape: Z decays not accounted for in hadronic or leptonic selection are counted as Ψinvisible˚ Measurement of e^+e^− → γ + Missing Energy is a direct measurement of the invisible Z width

Lake Louise WinterInstitute 1995 GerhardRaven

Cross Section for e +e− ! νν̄γ σ_{νν̄γ} =^{∫ 1}_0 dzR(z, s)σ^0_{νν̄}((1 − z)s) ; z = 2E_γ/ √ s e^+

e^− Z ν

ν̄ γ e^+

e^− Z ν

ν̄ γ e^+ ν̄e W e^− νe γ e^+ ν̄e W e^− νeγ e^+ ν̄e W e^− νe γ

R^{(α)}(z, cos θ; s) = α π 1 + (1 − z)^2 z 1 1 − cos^2 θ

σ^0_{νν̄}(s) =

G^2_F s 12π 2 + 2(g_v + g_a)^(1 − s/M^2_Z^) + N_ν(g^2_v + g^2_a) [1 − s/M^2_Z ]^2 + Γ^2_Z /M^2_Z

⨂}~ ⋁ ^}{√]^]}{ ≈ 3%, depending on √s Lake Louise Winter Institute 1995 Gerhard Raven

Cross Section for e +e− ! νν̄γ

σ_{νν̄γ} =^{∫ 1}_0 dzR(z, s)σ^0_{νν̄}((1 − z)s)

Best done above the Z-resonance.

Lake Louise Winter Institute 1995 Gerhard Raven

Backgrounds

• e^+e^− → e^+e^−γ • e^+e^− → γγγ • e^+e^− → μ^+μ^−γ • e^+e^− → τ^+τ^−γ • e^+e^− → e^+e^−R, R → γX • e^+e^− → e^+e^−llγ (l = e, μ) • C≀∫⇕⟩⌋ R⊣†∫ • D⌉⊔⌉⌋⊔≀∇ O⌋⌋⊓√⊣\⌋†

L⊣‖⌉ L≀⊓⟩∫⌉ W⟩\⊔⌉∇ I\∫⊔⟩⊔⊓⊔⌉ ∞∃∃▽ G⌉∇⟨⊣∇⌈R⊣⊑⌉\

B⊣⌋‖}∇≀⊓\⌈ ∫⊓√√∇⌉∫∫⟩≀\ N⌉⌉⌈ G≀≀⌈ ⟨⌉∇⇕⟩⊔⟩⌋⟩⊔†⊔≀ ∫⊓√√∇⌉∫∫ ⌊⊣⌋‖}∇≀⊓\⌈ M⊣⟩\ ⌊⊣⌋‖}∇≀⊓\⌈¬ e^+e^− → e^+e^−γ

Smallest angle at which particles can be detected. θ_{veto} = 1.5^o

Note. small gap at ≈ 4 o

Requirements. Hermeticity

Energy Scale◁Resolution

Absolute Energy Scale. 0▷8ϱ

Energy resolution

ff(E) E = √( 1:54p

E + 0.38^{)2} + 1.18^2 +^{0:25}_{E2} (E in GeV↽

SingleElectron Control Sample Use e^+e^− → e^+e^−γ with • ⌉↕⌉⌋⊔∇≀\ ⊣⊔ ↕⊣∇}⌉ ⊣\}↕⌉ • ⊔⊣} ⟩\ ↕⊓⇕⟩\≀∫⟩⊔† ⇕≀\⟩⊔≀∇

σ − σ_{MC} σ_{MC}

= 2.8% ± 2.5

Lake Louise Winter Institute 1995 Gerhard Raven

Requirements: Trigger

Need good trigger for low energy photons

Simulation takes into account: • ⇕⌉⊣∫⊓∇⌉⌈ }⊣⟩\ ⊣\⌈ ∇⌉∫≀↕⊓⊔⟩≀\ ≀{ ⌉⊣⌋⟨ ⌋⟨⊣\\⌉↕ • ⌋⟨⊣\\⌉↕ ∫⊔⊣⊔⊓∫ • ⌈⌉⊔⌉⌋⊔≀∇ \≀⟩∫⌉ L⊣‖⌉ L≀⊓⟩∫⌉ W⟩\⊔⌉∇ I\∫⊔⟩⊔⊓⊔⌉ ∞∃∃▽ G⌉∇⟨⊣∇⌈R⊣⊑⌉\

E⊑⌉\⊔ S⌉↕⌉⌋⊔⟩≀\ A⌋⌋⌉√⊔⊣\⌋⌉¬ • S⟩\}↕⌉ P⟨≀⊔≀\ T∇⟩}}⌉∇ • 44^o < θ_γ < 136^o • E_γ > 1 GeV

Neutral, Isolated topology:

• N_{charged tracks} = 0 • N^{E>0.1,Nxtal>3} ECAL = 1

Good EM shower:

• χ^2_{EM} < 5 • Skewness > 0.25 • E^{∑3}�^3/E^{∑5}�^5 > 0.95

Background rejection:

• E_{lumi} < 5 GeV • E_{hcal} < 5 GeV • E_{alr,vis} < 0.1 GeV • \≀ ⇕⟩\⟩⇕⊓⇕ ⟩≀\⟩‡⟩\} ⊔∇⊣⌋‖ ⟩\ HCAL • \≀ ⊔∇⊣⌋‖ ⟩\ MUCH L⊣‖⌉ L≀⊓⟩∫⌉ W⟩\⊔⌉∇ I\∫⊔⟩⊔⊓⊔⌉ ∞∃∃▽ G⌉∇⟨⊣∇⌈R⊣⊑⌉\

S⌉↕⌉⌋⊔⌉⌈ S⊣⇕√↕⌉

√ s↼GeV↽^∫ Ldt(pb^{−1}) N_{obs} N^{νν̄γ}_{exp} N^{bckgrnd}_{exp}

1991 88.6-93.7 9.57 202 196.6 29.9 1992 91.294 19.13 399 315.0 66.9 89.452 5.32 46 30.7 20.5 1993 91.211 12.38 247 208.3 45.7 93.034 7.90 371 364.7 28.0

Determination of N ν

PRELIMINARY

From a binned likelihood αt to dσ/dE_γ with. dσ dE_γ

= R(E_γ, s)σ_0(s^′)

σ_0(s) = 12π M^2_Z sΓ_eN_νΓ_ν (s − M^2_Z)^2 + s^2Γ^2_Z/M^2_Z + W contrib. Taking M_Z, Γ_Z, sin^2 θ̄_{eff} from the L3 measurement:

PRELIMINARY

Nν = 2.99 ± 0.10 ± 0.08

New Physics Searches

Use of dσ/dE_γ for searches • N⌉⊓⊔∇⊣↕⟩\≀∫ • M⊣}\⌉⊔⟩⌋ ⇕≀⇕⌉\⊔ ≀{ \⌉⊓⊔∇⟩\≀∫ • ZZγ coupling

Based on 2.4 × 10^6 Zdecays

Lake Louise WinterInstitute 1995 GerhardRaven

Neutralino searches • ∫⊓√⌉∇∫†⇕⇕⌉⊔∇⟩⌋ √⊣∇⊔\⌉∇∫ ≀{ γ, Z, H^0: χ, χ^′, χ^{′′}, χ^{′′′} e^+e^− → Z → χ χ^′ → χγ

Lake Louise WinterInstitute 1995 GerhardRaven

Neutralino searches including χ^′ → χγ, χe^+e^−, χμ^+μ^−, χqq̄

Lower Limits on Neutralino Masses ↼GeV↽ 95 ϱ CL↽ m_{g̃} > 100GeV particle tan β > 1 tan β > 2 tan β > 3 all tan β χ 0 20 23 18 χ^0 0 46 52 20

Magnetic Moment of ν

e^+

e^− Z ν γ ν̄ e^+

e^− Z ν

ν̄ γ

σ ∝ μ^2_ν

Existing limits from ν e scattering ↼Krakauer et al▷↽. • μ_{νe} < 10.8 10^{−10}μ_B ↼90ϱCL↽ • μ_{νμ} < 7.4 10^{−10}μ_B ↼90ϱCL↽

→ L⟩⇕⟩⊔ ≀\ ⇕⊣}\⌉⊔⟩⌋ ⇕≀⇕⌉\⊔ ≀{ν_τ

Magnetic Moment of ντ

Requiring E_γ >^1_2E_{beam} (SM: 1.2 events):

μ_{ντ} < 4.1 × 10^{−6}μ_B at 90%CL

Grotch et al.(1988, combined data from ASP,CELLO,MAC, Mark J):

μ_{ντ} < 4 × 10^{−6}μ_B at 90%CL

Lake Louise Winter Institute 1995 Gerhard Raven

Magnetic Moment of ντ

Lake Louise WinterInstitute 1995 GerhardRaven

Anomalous ZZγ coupling

e^+

e^−

Z Z ν

ν̄ γ P q_1

q_2

Γ^{αβμ}_{ZγZ} (q_1, q_2, P ) =

P^2 − q^2_1

m^2_Z × ( h10 (1 + P^2/Λ^2)^3

(q^μ_2 g^{αβ} − q^α_2 g^{μβ}) + h20 (1 + P^2/Λ^2)^4

P^{α (}(P · q_2)g^{μβ} − q^μ_2 P^{β)} m^2_z + h30 (1 + P^2/Λ^2)^3 ε^{μαβρ}q_{2ρ} + h_{40}

(1 + P^2/Λ^2)^4 P^αε^{μβρσ}P_ρq_{2σ} m^2_z )

Anomalous ZZγ coupling

LakeLouiseWinterInstitute1995 GerhardRaven

Anomalous ZZγ coupling

LakeLouiseWinterInstitute1995 GerhardRaven

Conclusions and Prospects •

PRELIMINARY

N_ν = 2.99 ± 0.10 ± 0.08

Good agreement with Lineshape result: 2.98 ± 0.03

• m_χ > 18 GeV (95% CL, tan β > 2 or m̃g > 100 GeV) • μ_{ντ} < 4.1 × 10^{−6} μ_B (90%CL) • ↕⟩⇕⟩⊔∫ ≀\ A\≀⇕⊣↕≀⊓∫ ZZγ Coupling

• M⌉⊣∫⊓∇⌉⇕⌉\⊔∫ ⊣∇⌉ ↕⟩⇕⟩⊔⌉⌈ ⌊† ∫⊔⊣⊔⟩∫⊔⟩⌋∫¬ ∞∃∃′∘∞∃∃∋¬ ′̸ √⌊^{−1} → ∞∃∃′∘∞∃∃△¬ ∞′′ √⌊^{−1} → E\⌈ ≀{ LEP↖I ∇⊓\\⟩\}¬ ∈′′ √⌊^{−1} ?