Recent Results from LEP 1.5

Joachim Mnich CERN PPE

XXIV SLAC Summer Institute on Particle Physics August 30, 1996

Thanks to many colleagues from all LEP experiments!

Outline:

Results from the LEP run at 130 − 140 GeV in November 1995 New results from this year’s run at √ s = 161 GeV

• Status of LEP • Standard Model physics

– Total cross sections and forward-backward asymmetries – QCD – W pairs

• Search for new particles

– Supersymmetry – Events with hard photons – Excited & heavy leptons

Introduction:

LEP: Large Electron Positron collider at CERN 4 experiments: ALEPH, DELPHI, L3, OPAL

Phase I: 1989–1995 √ s ≈ m_Z • about 4 million Z decays per experiment • precise determination of Z parameters • tests of QCD • b-quark and tau physics • searches for new particles

Phase II: 1996–2000

• Increasing the cms energy • First step Nov. 1995: √ s = 130 − 140 GeV (LEP 1.5) • July 1996: √ s = 161 GeV

threshold e^+e^− → W^+W^−

≈ 11 pb^{−1} per experiment

• October 1996: Further increase to 175 GeV

Status of LEP

Increase of cms energy requires installation of new, superconducting RF cavities

Energy loss per turn 130 MeV at the Z 1 900 MeV for E_b = 90 GeV

October 1995 64 SC cavities

May 1996 144 SC cavities October 1996 172 SC cavities

SC cavity system worked reliably at design gradient of 6 MV/m

Future plans:

1997 add 68 SC cavities E_b = 94 GeV 1998 add 32 SC cavities E_b = 96 GeV

Goal: 500 pb^{−1} per experiment by year 2000 corresponding to ≈ 8 000 W pairs

Cross sections and FB asymmetries

above the Z pole:

Fermion pair production:

˙ ˙ ˙˙ ^ ^^ ^ ^^^γ

  @@

@@ e^+

R
  �
�

e^−

`

        �

          � f̄

 `
@@
  @@

f

R

˙ ˙ ˙˙ ^ ^^ ^ ^^^Z

  @@

@@ e^+

R
  �
�

e^−

`

        �

          � f̄

 `
@@
  @@

f

R

• e^+e^− → hadrons

• e^+e^− → e^+e^−

• e^+e^− → μ^+μ^−

• e^+e^− → τ^+τ^−

Probing the γZ interference above the Z pole

Total hadronic cross section as function of the cms energy:

At LEP 1.5 about 100 times smaller than at the Z pole!

130 − 140 GeV 5 − 6 pb^{−1} per experiment

corresponding to ≈ 1 600 hadron events

161 GeV 11 pb^{−1} ≈ 1 650 hadron events

Initial state photon radiation:

   @@

 @@

@e^+

 R �↑↑

    ↑ γ

   �
 �
�

e^−

`

˙ ˙ ˙˙ ^ ^ ^^ ^ ^ ^^_{γ, Z}^�

� f̄

 `

@@
  @@
   @

f

R

Radiative return to the Z ( √ s < 110 GeV):

140 GeV 161 GeV

e^+e^− → hadrons 80% 70%

e^+e^− → μ^+μ^− 65% 50%

Determine cross section and A_{FB} for total sample and ’high energy’ events

Different definitions:

total high energy ALEPH^√s^′/s > 0.1^√s^′/s > 0.9 DELPHI no cut^√s^′/s > 0.85 L3 no cut √ s^′ > 110 GeV OPAL s^′/s > 0.01 s^′/s > 0.8

Polar angle of the initial state photon:

Determination of √ s^′ Assume three particle final state:

˙˙˙˙ ^̂^̂ ˙˙˙˙ ^̂^̂γ �^�

   �

    � f̄
  `

@@
  @@
   @@ f

  R

Θ_1

Θ_2

s^′ = s 1 − 2 E_γ √ s

• E_γ from detected photon

• else from fermion angles:

E_γ = √ s | sin(Θ_1 + Θ_2)|

sin Θ_1 + sin Θ_2 + | sin(Θ_1 + Θ_2)| e^+e^− → hadrons + γ event at 130 GeV:

Visible energy and longitudinal energy imbalance in e^+e^− → hadrons

Reconstructed √ s^′ (L3):

Hadronic cross section above the Z pole:

(scaled to same ps^′ cut)

Leptonic forward-backward asymmetries:

- e^− œ e^+

�

  �

   �` f

@@
  @@
   @@R

f̄

Θ

A_{FB} =

N_F − N_B N_F + N_B

Forward event: Scattering angle of negative lepton Θ < 90^∘

Alternatively calculate scattering angle Θ^∗ of lepton in ℓ^+ℓ^− rest frame

cos Θ^∗ = cos^1_2(Θ_− + π − Θ_+) cos^1_2(Θ_− − π + Θ_+)

Lepton forward-backward asymmetry and angular distributions at √ s = 161 GeV (≈ 3 pb^{−1} used)

(high energy^√s^′/s > 0.8)

Conclusion:

All cross sections and forward-backward asymmetries for 130 ≤ √ s ≤ 161 GeV in good

agreement with Standard Model!

Measurement of γZ interference

˙ ˙ ˙˙ ^ ^^ ^ ^^^γ

  @@

@@ e^+

R
  �
�

e^−

`

        �

          � f̄

 `
@@
  @@

f

R

˙ ˙ ˙˙ ^ ^^ ^ ^^^Z

  @@

@@ e^+

R
  �
�

e^−

`

        �

          � f̄

 `
@@
  @@

f

R

σ_{total} = σ_γ + σ_Z + σ_{int}

e^+e^− ! hadrons

Higher sensitivity to σ_{int} for √ s ≠ m_Z σ_{int} = 4πα^2 3 J_f s − m^2_Z (s − m^2_Z)^2 + s^2Γ^2_Z/m^2_Z J_f =

G_F m^2_Z √ 2 π α q_eq_f g^e_Vg^f_V

Hadronic interference term

J_{had} =^∑_{u,d,c,s,b} J_q

usually set to J_{had} ≡ J^{SM}_{had} to obtain m_Z, Γ_Z. . . Assumes SM couplings for quarks

Alternatively determine J_{had} from data e.g. with S-matrix ansatz:

LEP results (1989–95): LEP √ s ≈ m_Z J_{had} = +0.18 ± 0.34

incl. 130 − 140 GeV J_{had} = −0.21 ± 0.20

J^{SM}_{had} = +0.22

incl. TOPAZ at 58 GeV J_{had} = −0.07 ± 0.16

Correlation of Z mass and J_{had}:

Results on m_Z [MeV]: LEP √ s ≈ m_Z m_Z = 91 189.3 ± 6.2

incl. 130 − 140 GeV m_Z = 91 193.6 ± 4.0 fixed to J^{SM}_{had} m_Z = 91 191.3 ± 2.0

Studies of QCD in e^+e^− → hadrons Charge multiplicity: DELPHI: hadrons with √ s^′ > 122 GeV <n_{ch} >= 23.84 ± 0.91 ± 0.52(sys)

Charged particle fragmentation function

ξ_p = − ln x_p with x_p = p E_b ξ_0 peak of distribution

Preliminary result from 161 GeV data:

Evolution of thrust in e^+e^− → hadrons e.g. ALEPH:

Energy evolution of all variables in e^+e^− → hadrons well decribed by QCD models

The strong coupling constant α_s

LEP: α_s(m_Z) = 0.123 ± 0.006

Above the Z resonance:

α_s(133 GeV)

ALEPH 0.119 ± 0.008 DELPHI 0.119 ± 0.008 L3 0.107 ± 0.008 OPAL 0.110 ± 0.010

α_s(161 GeV)

OPAL 0.093 ± 0.011

W pair production at LEP

˙ ˙ ˙˙ ^ ^^ ^ ^^^{γ/Z}

  @@

@@ e^+

R
  �
�

e^−

`

        �

          �
       ↑↑

         ↑^{W+}
       �
         �

W^−

-e^+

-

e^−

ν_e

˙ ˙ ˙˙ ^ ^^ ^ ^^^{W+}

˙ ˙ ˙˙ ^ ^^ ^ ^^_{W−}

First goal: Measurement of the W mass from the cross section at the threshold

Best energy point √ s = 161 GeV

25 pb�^1

50% efficiency

Selection of W pairs

W branching fractions from pp̄-colliders:

BR(W → qq̄^′) = 67.9 ± 1.5% BR(W → ℓν) = 10.8 ± 0.4%

e^+e^− → W^+W^− → 4 jets 46%

→ ℓν + 2 jets 44% → ℓν + ℓ^′ν^′ 10%

Select

• 4 jet hadronic events

jet pairs masses close to m_W (kinematic fit)

• 2 jet events with isolated, energetic lepton

(or narrow jet)

• 2 acoplanar leptons (or narrow jet)

Delphi_ww.ps

L3 candidate event e^+e^− → W^+W^− → qq̄^′ τ ν

Status of e^+e^− → W^+W^− cross section measurement:

Experiment^∫ L dt [pb^{−1}] σ_{WW} [pb] ALEPH 3 4.9^{+1}.^9_{−1}._6 DELPHI 5 3.5^{+1}.^5_{−1}._3 L3 6 2.9^{+1}.^3_{−1}._1 OPAL 3 3.9^{+1}.^8_{−1}._4 Combined 17 3.6 ± 0.7

5-10 W pairs per experiment

Total luminosity collected by LEP at 161 GeV

≈ 45 pb^{−1}

W mass determined from threshold cross section:

LEP II: m_W = 80.4 ± 0.3 ± 0.1(LEP) GeV

Good agreement with

m_W = 80.33 ± 0.15 GeV Fermilab m_W = 80.36 ± 0.05 GeV LEP I & SLC

Search for Supersymmetry

Consider only Minimal Supersymmetric Model:

• R parity:

−1 ordinary particles

+1 supersymmetric partners

• R parity is conserved

pair production of SUSY particles lightest SUSY particle is stable Cosmology: no charge, no colour

• Four mass eigenstates neutralinos

lightest neutralino χ̃^0_1, invisible

• Two charginos m(χ̃^+_1 ) ≤ m(χ̃^+_2 )

superposition of fermionic W partners (winos) and charged Higgs (higgsinos)

• Neutral Higgs bosons m_h ≤ m_A

h CP even lightest Higgs A CP odd

• Parameters:

M_2 gaugino mass at weak scale m_0 mass scale of scalar partners of fermions μ scale of Higgsino mass tan β ratio of Higgs doublet vev

LEP I status:

Kinematic range accessible explored for most of SUSY particles e.g. from total width Γ_Z: m_~χ+ > 45.2 GeV

LEP 1.5:

high cross section O(pb) for charginos expected ( if exist...)

depending on SUSY parameters

=⇒ discover SUSY particles

or improve LEP I limits

Chargino production:

˙ ˙ ˙˙ ^ ^^ ^ ^^^{γ, Z}

   @@

 @@

@e^+
 R

   �
 �
�

e^−

`

         �

          �

           � χ̃^+
          `
         @
          @
           @

χ̃^−

R

          -e^+

          -

e^−

ν̃

-χ̃^+

-

χ̃^− Destructive interference!

Chargino decay:

χ̃^+ � �

�

 �

χ̃^0

�
  �^{W+}_{ν, q}

ℓ, q̄0

Signature:

• missing energy (χ̃^0, ν)

• acoplanar lepton pair

• 2 jets + isolate lepton

• or hadrons + missing energy

Expected chargino cross section:

0 < M < 800 GeV

−400 < μ < 400 GeV

tan β = 1, 1.5, 35

Search for Supersymmetry at 161 GeV:

New important background sources:

• e^+e^− → W^+W^− with W^± → ℓ^±ν • Single W production

-e^+

-

e^− ( ( ( (

) ) ) ) ˙ ˙ ˙˙ ^ ^ ^^ ^ ^ ^^_{W�} γ W�

-

ν_e

-e^+

No SUSY signal seen so far...

Final search results for 130 − 140 GeV data Preliminary results from 161 GeV run

1.9 events expected

=⇒ Experimental upper limit on cross section

e^+e^− → χ̃^+χ̃^−, e.g.:

(incl. 130 − 140 GeV data)

Exclusion in m_~χ0–m_~χ+ plane Example from DELPHI:

m_{ν̃} > 43 GeV from Γ_{inv}

Neutralino production:

˙ ˙ ˙˙ ^ ^^ ^ ^^^Z

   @@

 @@

@e^+
 R

   �
 �
�

e^−

`

         �

          �

           � χ̃^{0i}
          `
         @
          @
           @

χ̃^0_j

R

          -e^+

          -

e^− ẽ_R

-χ̃^{0i}

-

χ̃^0_j i, j = 1, 2, 3, 4 χ̃^0_1 stable, invisible

Limits on e^+e^− → χ̃^0_1χ̃^0_1 from single photon reaction

Search for e^+e^− → χ̃^0_1χ̃^0_2 with χ̃^0_2 → χ̃^0_1 + ff̄

Neutralino decay:

χ̃^0_2 � �

�

 �

χ̃^0_1

�
  �^Z_f

f̄

Experimental upper limits on cross section e^+e^− →

χ̃^0_1χ̃^0_2, e.g.:

(incl. 130 − 140 GeV data)

Scalar partners of fermions:

Improvements on LEP I only for selectron (high σ due to t-channel) e.g. L3 from 130 − 140 GeV data:

0 < M < 200 GeV

−200 < μ < 200 GeV

tan β = 1.5

Improvements from 130−140 GeV run on SUSY parameters:

minimum m_0:

smallest m_0 complying with limits on ℓ̃ and ν̃

Improvements on SUSY parameters:

Four-jet events at √ s ≥ 130 GeV

Select hadronic events with four jets

• Determine two-jet masses m_{ij} • Pick pair with lowest difference |m_{ij} − m_{kl}|

ALEPH result at 130 ≤ √ s ≤ 140 GeV:

m_{ij} + m_{kl} = 105

9 events observed 0.8 expected from QCD

e^+e^− → h A hypothesis: - Cross section too high - not b-quark enriched e^+e^− → H^+ H^− → cs̄ c̄s ?

Identical analysis done by other experiments:

ALEPH DELPHI L3 Opal

Combined LEP cross section:

σ(^∑ m_{ij} = 105 GeV) = 1.2 ± 0.4 pb

Four-jet rate at 161 GeV compatible with QCD

Events with hard photons

Single photon reaction e^+e^− → νν̄γ above the Z pole:

   @@

 @@

@e^+

 R �↑↑

    ↑ γ

   �
 �
�

e^−

`

˙ ˙ ˙˙ ^ ^ ^^ ^ ^ ^^_Z^�

� ν̄

 `
@@
  @@
   @

ν

R

L3 e^+e^− → γγ

Deviations from QED parametrized by cutoff parameters Λ_+ and Λ_−: dσ dΩ = dσ dΩ QED 1 ± s^2

2 Λ^4_± ( 1 − cos^2 Θ^{∗)}

Result from 130 ≤ √ s ≤ 140 GeV:

Preliminary result from 161 GeV run (L3):

Λ_+ > 190 GeV Λ_− > 162 GeV

Search for exited leptons ℓ^∗ → ℓ + γ

• Pair production e^+e^− → ℓ^∗ℓ̄^∗

Search for ℓ^+ℓ^−γγ topologies Assume same couplings of ℓ^∗ to γ/Z as ordinary leptons Exclusion up to mℓ∗ ≈ E_b

• Single production e^+e^− → ℓ^∗ℓ

Search for ℓ^+ℓ^−γ topologies Cross section depending on cutoff parameter and coupling Exclusion plot:

Search for heavy leptons L^0, L^±

L^0 → ℓ^±W^∓ L^± → ν^±_L W^±

Mixing of ν_L with ordinary neutrinos Different phase space factors for charged leptons, Dirac or Majorana neutrinos

Conclusions:

Successful start of LEP II

• e^+e^− → W^+W^− at threshold

m_W = 80.4 ± 0.3 ± 0.1 (LEP) GeV

(more data on tape)

• Measurement of fermion pair production γZ interference • No sign of Supersymmetry

improvements of limits

• No sign of new physics

=⇒ Standard Model confirmed up to 161 GeV

Future plans:

Continue LEP energy upgrade up to √ s = 192 GeV

• 500 pb^{−1} per experiment until 2000,

i.e. ≈ 8 000 W pairs

• Measurement of W mass and W couplings • Search for new particles

Discover the Higgs up to 100 GeV