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This is what itʼs all about:

“abbiamo lʼantimateria!” 
(in the film Angels and Demons)
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Overview:

   1. Introduction and overview
   2. Antimatter at high energies (SppS, LEP, Fermilab)
   3. Meson spectroscopy (antimatter as QCD probe)

   4. Astroparticle physics and cosmology
   5. CP and CPT violation tests
   6. Precision tests with Antimatter

   7. Precision tests with Antihydrogen
   8. Applications of antimatter
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Introduction and overview

   1. A bit of theory

   2. A bit of history

   3. The making of...
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Antimatter (1) - Summer Students 2009

Interlude: playing with equations (best guesses ...)
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Antimatter (1) - Summer Students 2009 9

Special relativity + Quantum Mechanics = Antimatter

Mass is condensed energy

(c2  = exchange rate!)

1 kg  = 9 · 1016 J = 2.85 GW· year

A. Einstein (1905)

Paul A.M. Dirac (1928)

Antimatter (1) - Summer Students 2009

Interlude: playing with equations (best guesses ...)
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α1,α2,α3,β

α2
1 = α2

2 = α2
3 = β2 = 1

×β

iβ ∂ψ
∂t = −iβα∇ψ + mψ

(iγµ∂µ −m)ψ = 0

1

E → ih̄
∂
∂t

E → ih̄
∂
∂t

E → ih̄
∂
∂t

p→ −ih̄∇

ψ( x, t)

Hψ = (α · P + βm)ψ

H
2ψ = (P2 + m

2)ψ

H
2ψ = (αiPi + βm)(αjPj + βm)ψ

= (α2
i P

2
i + (αiαj + αjαi)PiPj + (αiβ + βαi)Pim + β2

m
2)ψ

α1,α2,α3,β

α2
1 = α2

2 = α2
3 = β2 = 1

×β

iβ ∂ψ
∂t = −iβα∇ψ + mψ

(iγµ∂µ −m)ψ = 0

1

: 4-component column vector (Dirac spinor)
(E>0,+1/2);(E>0,-1/2);(E<0,+1/2);(E<0,-1/2)

!
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Antimatter in Quantum Field Theory

The electron (field) is no longer described by a wave function but an operator that 

creates and destroys particles. All energies are positive.

An electron can emit a photon at A, propagate a certain distance, and then absorb 

another photon at B. 

R. P. Feynman
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E. Widmann

First pbar-N annihilation

! Energy release 1350 ± 50 MeV > mp

! Total 35 annihilations!
! Chamberlain et al., Phys. Rev. 102, 902 (1956)

! final proof of antimatter character
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E. Widmann

Antimatter

• Theoretically predicted by 
Dirac
• negative energy solutions of 

Dirac equation
• revolutionary...

• 1932:  discovery of positron: 
Andersen, cosmic rays

• 1955: discovery of 
antiproton by Chamberlain 
& Segre

Cloud chamber photograph by Andersen
Phys. Rev. 43, 491 (1933)
Nobel prize 1936 

3

1932 - Anderson discovers the 
          positron in cosmic rays

this
way
up

Antimatter:

1955 - intentional production of
           antiprotons in an accelerator
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E. Widmann

Discovery of the Antiproton

• Bevatron 5.6 GeV
• Just at threshold!

• Discrimination against !–: measure
• Momentum 
• Magnets: 1.19 GeV

• Velocity
• TOF 51 vs. 40 ns

• Cherenkov counter veto

• 60 events in 1955
•"m/mp ~ 5%
• O. Chamberlain, E. Segre, 
C. Wiegand, T. Ypsilantis, 
Phys. Rev. 100, 947 (1955)

• Nobelprize Chamberlain & 
Segre 1959

4
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• Just at threshold!

• Discrimination against !–: measure
• Momentum 
• Magnets: 1.19 GeV

• Velocity
• TOF 51 vs. 40 ns

• Cherenkov counter veto

• 60 events in 1955
•"m/mp ~ 5%
• O. Chamberlain, E. Segre, 
C. Wiegand, T. Ypsilantis, 
Phys. Rev. 100, 947 (1955)

• Nobelprize Chamberlain & 
Segre 1959

4

tedious analysis!
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Study antimatter

need to make it, though...

Use antimatter as tool

Matter Antimatter

Baryon asymmetry

Investigate symmetries

Matter-antimatter annihilation: source of new particles

Investigate symmetries



Lectures on Antimatter                                            Michael Doser / CERN

S
te

fa
n

 M
e

y
e

r 
In

s
ti
tu

te

E. Widmann

Production Energy

8

pN → pXpp
_



CERN Accelerator Complex

NTOF



Lectures on Antimatter                                            Michael Doser / CERN

Overview:

   1. Introduction and overview
   2. Antimatter at high energies (SppS, LEP, Fermilab)
   3. Meson spectroscopy (antimatter as QCD probe)

   4. Astroparticle physics and cosmology
   5. CP and CPT violation tests
   6. Precision tests with Antimatter

   7. Precision tests with Antihydrogen
   8. Applications of antimatter

_
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Use matter and antimatter to study high energy 
interactions, and establish the standard model

   1. Proton-antiproton collisions at SppS
   2. Positron-electron interactions (at KEK, SLC, LEP)
   3. Proton-antiproton interactions at Fermilab
   4. Proton-antiproton for meson spectroscopy

Antimatter (+matter) is a tool to produce new 
particles, but it also allows to study the couplings 
between different particle types.

_
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Electroweak interactions (1970’s)

Vector Boson Production at Hadron Colliders
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Vector Boson Production at Hadron Colliders
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Where do we get the antiquarks from?
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L=0

L=0

QCD

Baryon (qqq)

Glueball (gg)

Meson (qq)

Hybrid (qqg)

Ulrich Wiedner

Tetraquark Pentaquark
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L=0

L=0

QCD

Baryon (qqq)

Glueball (gg)

Meson (qq)

Hybrid (qqg)

Ulrich Wiedner

Antibaryon (qqq)---Tetraquark Pentaquark
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Q2 = x1x2E2cm

The probability of a proton containing a parton of type i at the appropriate 
values of x1 and Q2 is given by a 'parton distribution function' (PDF), fi(x1, Q2)

Collisional energy Q in parton-parton center-of-mass frame:

Sum over all possible combinations of incoming partons and 
integrate over the momentum fractions x1 and x2

(anti)proton beam = broadband beam of (anti)partons

(must be measured, i.e. at H1/Zeus @ HERA )

(initial-state partons have a high probability of radiating gluons before they collide,

so not even the nominal energy is available)
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Fraction of momentum carried by ...
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Fraction of momentum carried by ...

valence quarks

sea quarks
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The use of antiproton-proton collisions allows for 
a higher average energy of collisions 

between quarks and antiquarks 
than would be possible in proton-proton collisions. 

This is because the valence quarks in the proton, 
and the valence antiquarks in the antiproton, 

tend to carry the largest fraction of 
the proton or antiproton's momentum.



Lectures on Antimatter                                            Michael Doser / CERN

The use of antiproton-proton collisions allows for 
a higher average energy of collisions 

between quarks and antiquarks 
than would be possible in proton-proton collisions. 

This is because the valence quarks in the proton, 
and the valence antiquarks in the antiproton, 

tend to carry the largest fraction of 
the proton or antiproton's momentum.

= poor man’s high-energy collider
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SppS (1980’s)Vector Boson Production at Hadron Colliders
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valence quarks sea quarks

requires antiprotons requires significantly 
higher energy

_
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1. Introduction. It is generally postulated that the 

beta decay, namely (quark) ~ (quark) + e -+ + v is me- 

diated by one of  two charged Intermediate Vector 

Bosons (IVBs), W + and W-  of  very large masses. If  

these particles exist, an enhancement of  the cross sec- 

tion for the process (quark) + (antiquark) ~ e -+ + v 

should occur at centre-of-mass energies in the vicinity 

of  the IVB mass (pole), where direct experimental ob- 

servation and a study of  the properties of  such particles 

become possible. The CERN Super Proton Synchrotron 

(SPS) Collider, in which proton and antiproton colli- 

sions at x/s = 540 GeV provide a rich sample of  quark 

-ant iquark events, has been designed with this search 

as the primary goal [1]. 

Properties of  1VBs become better specified within 

the theoretical frame of  the unified weak and electro- 

magnetic theory and of  the Weinberg-Salam model 

[2]. The mass of  the IVB is precisely predicted [3] : 

MW_+ = (82 + 2.4) GeV/c 2 

for the presently preferred [4] experimental value of  

the Weinberg angle sin20w = 0.23 + 0.01. The cross 

section for production is also reasonably well antici- 

pated [5] 

o(p~ ~ W ~ --> e -+ + v) "~ 0.4 ! 10 -33 k cm 2 , 

where k is an enhancement factor of  ~ 1.5, which can 

be related to a similar well-known effect in the Drel l-  

Yan production of  lepton pairs. It arises from addi- 

tional QCD diagrams in the production reaction with 

emission of  gluons. In our search we have reduced the 

value o f k  by accepting only those events which show 

no evidence for associated jet structure in the detector. 

2. The detector. The UA1 apparatus has already 

been extensively described elsewhere [6]. Here we 

concentrate on those aspects of  the detector which 

are relevant to the present investigation. 

The detector is a transverse dipole magnet which 

produces a uniform field of  0.7 T over a volume of  

7 X 3.5 ! 3.5 m 3. The interaction point is surrounded 

by the central detector (CD): a cylindrical drift cham- 

ber volume, 5.8 m long and 2.3 m in diameter, which 

yields a bubble-chamber quality picture of  each p~ 

interaction in addition to measuring momentum and 

specific ionization of  all charged tracks. 

Momentum precision for high-momentum particles 

is dominated by a localization error inherent to the 

system (~< 100/am) and the diffusion of  electrons drift- 

ing in the gas (proportional to x,/-/and about 350/am 

after l = 22 cm maximum drift length). This results in 

a typical relative accuracy of  -+ 20% for a 1 m long 

track at p = 40 GeV/c, and in the plane normal to the 

magnetic field. The precision, of  course, improves con- 

siderably for longer tracks. The ionization of  tracks can 

be measured by the classical method of  the truncated 

mean of  the 60% lowest readings to an accuracy of  10%. 

This allows an unambiguous identification of  narrow, 

high-energy particle bundles (e+e - pairs or pencil jets) 

which cannot be resolved by the drift chamber digi- 

tizings. 

The central section of  electromagnetic and hadronic 

calorimetry has been used in the present investigation 

to identify electrons over a pseudorapidity interval 

1771 < 3 with full azimuthal coverage. Additional calo- 

rimetry, both electromagnetic and hadronic, extends 

to the forward regions of  the experiment, down to 

0.2 ° (for details, see table 1). 

The central electromagnetic calorimeters consist of  

two different parts: 

(i) 48 semicylindrical modules of  alternate layers 

of  scintillator and lead (gondolas), arranged in two 

cylindrical half-shells, one on either side of  the beam 

axis with an inner radius of  1.36 m. Each module ex- 

tends over approximately 180 ° in azimuth and mea- 

sures 22.5 cm in the beam direction. The light produced 

in each of  the four separate segmentations in depth is 

seen by wavelength shifter plates on each side of  the 

counter, in turn connected to four photomultipliers 

(PMs), two at the top and two at the bottom. Light 

attenuation is exploited in order to further improve 

the calorimetric information: the comparison of  the 

pulse heights of  the top and bot tom PM of each seg- 

ment gives a measurement of  the azimuthal angle ~b 

for localized energy depositions, A~b (rad) = 0.3/ 

[E(GeV)] 1/2. A similar localization along the beam 

direction is possible using the complementary pairing 

of  PMs. The energy resolution for electrons using all 

four PMs is AE/E = 0.15/[E(GeV)] 1/2. 
(ii) 64 petals of  end-cap electromagnetic shower 

counters (bouchons), segmented four times in depth, 

on both sides of  the central detector at 3 m distance 

from the beam crossing point. The position of  each 

shower is measured with a position detector located 

inside the calorimeter at a depth of  11 radiation 

lengths, i.e. after the first two segments. It consists of  
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Design luminosity: 1030 cm-2s-1
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SppS (1980’s)Vector Boson Production at Hadron Colliders
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Bosons (IVBs), W + and W-  of  very large masses. If  

these particles exist, an enhancement of  the cross sec- 

tion for the process (quark) + (antiquark) ~ e -+ + v 

should occur at centre-of-mass energies in the vicinity 

of  the IVB mass (pole), where direct experimental ob- 

servation and a study of  the properties of  such particles 

become possible. The CERN Super Proton Synchrotron 

(SPS) Collider, in which proton and antiproton colli- 

sions at x/s = 540 GeV provide a rich sample of  quark 

-ant iquark events, has been designed with this search 

as the primary goal [1]. 

Properties of  1VBs become better specified within 

the theoretical frame of  the unified weak and electro- 

magnetic theory and of  the Weinberg-Salam model 

[2]. The mass of  the IVB is precisely predicted [3] : 

MW_+ = (82 + 2.4) GeV/c 2 

for the presently preferred [4] experimental value of  

the Weinberg angle sin20w = 0.23 + 0.01. The cross 

section for production is also reasonably well antici- 

pated [5] 

o(p~ ~ W ~ --> e -+ + v) "~ 0.4 ! 10 -33 k cm 2 , 

where k is an enhancement factor of  ~ 1.5, which can 

be related to a similar well-known effect in the Drel l-  

Yan production of  lepton pairs. It arises from addi- 

tional QCD diagrams in the production reaction with 

emission of  gluons. In our search we have reduced the 

value o f k  by accepting only those events which show 

no evidence for associated jet structure in the detector. 

2. The detector. The UA1 apparatus has already 

been extensively described elsewhere [6]. Here we 

concentrate on those aspects of  the detector which 

are relevant to the present investigation. 

The detector is a transverse dipole magnet which 

produces a uniform field of  0.7 T over a volume of  

7 X 3.5 ! 3.5 m 3. The interaction point is surrounded 

by the central detector (CD): a cylindrical drift cham- 

ber volume, 5.8 m long and 2.3 m in diameter, which 

yields a bubble-chamber quality picture of  each p~ 

interaction in addition to measuring momentum and 

specific ionization of  all charged tracks. 

Momentum precision for high-momentum particles 

is dominated by a localization error inherent to the 

system (~< 100/am) and the diffusion of  electrons drift- 

ing in the gas (proportional to x,/-/and about 350/am 

after l = 22 cm maximum drift length). This results in 

a typical relative accuracy of  -+ 20% for a 1 m long 

track at p = 40 GeV/c, and in the plane normal to the 

magnetic field. The precision, of  course, improves con- 

siderably for longer tracks. The ionization of  tracks can 

be measured by the classical method of  the truncated 

mean of  the 60% lowest readings to an accuracy of  10%. 

This allows an unambiguous identification of  narrow, 

high-energy particle bundles (e+e - pairs or pencil jets) 

which cannot be resolved by the drift chamber digi- 

tizings. 

The central section of  electromagnetic and hadronic 

calorimetry has been used in the present investigation 

to identify electrons over a pseudorapidity interval 

1771 < 3 with full azimuthal coverage. Additional calo- 

rimetry, both electromagnetic and hadronic, extends 

to the forward regions of  the experiment, down to 

0.2 ° (for details, see table 1). 

The central electromagnetic calorimeters consist of  

two different parts: 

(i) 48 semicylindrical modules of  alternate layers 

of  scintillator and lead (gondolas), arranged in two 

cylindrical half-shells, one on either side of  the beam 

axis with an inner radius of  1.36 m. Each module ex- 

tends over approximately 180 ° in azimuth and mea- 

sures 22.5 cm in the beam direction. The light produced 

in each of  the four separate segmentations in depth is 

seen by wavelength shifter plates on each side of  the 

counter, in turn connected to four photomultipliers 

(PMs), two at the top and two at the bottom. Light 

attenuation is exploited in order to further improve 

the calorimetric information: the comparison of  the 

pulse heights of  the top and bot tom PM of each seg- 

ment gives a measurement of  the azimuthal angle ~b 

for localized energy depositions, A~b (rad) = 0.3/ 

[E(GeV)] 1/2. A similar localization along the beam 

direction is possible using the complementary pairing 

of  PMs. The energy resolution for electrons using all 

four PMs is AE/E = 0.15/[E(GeV)] 1/2. 
(ii) 64 petals of  end-cap electromagnetic shower 

counters (bouchons), segmented four times in depth, 

on both sides of  the central detector at 3 m distance 

from the beam crossing point. The position of  each 

shower is measured with a position detector located 

inside the calorimeter at a depth of  11 radiation 

lengths, i.e. after the first two segments. It consists of  
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tends over approximately 180 ° in azimuth and mea- 
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in each of  the four separate segmentations in depth is 

seen by wavelength shifter plates on each side of  the 

counter, in turn connected to four photomultipliers 

(PMs), two at the top and two at the bottom. Light 

attenuation is exploited in order to further improve 

the calorimetric information: the comparison of  the 

pulse heights of  the top and bot tom PM of each seg- 

ment gives a measurement of  the azimuthal angle ~b 

for localized energy depositions, A~b (rad) = 0.3/ 

[E(GeV)] 1/2. A similar localization along the beam 

direction is possible using the complementary pairing 

of  PMs. The energy resolution for electrons using all 

four PMs is AE/E = 0.15/[E(GeV)] 1/2. 
(ii) 64 petals of  end-cap electromagnetic shower 

counters (bouchons), segmented four times in depth, 

on both sides of  the central detector at 3 m distance 

from the beam crossing point. The position of  each 

shower is measured with a position detector located 

inside the calorimeter at a depth of  11 radiation 
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CERN Super Proton Synchrotron (SPS), where they 

are further accelerated up to 270 GeV together with 

counterrotat ing protons.  Commissioning of  the SPS 

as p - I  5 collider started in June 1981 after a shutdown 

of  one year needed to modify  the SPS ring for this 

additional mode of  operat ion and to construct  two 

underground experimental  areas. 

We can now report  successful storage of  protons 

and ant iprotons at 270 GeV with lifetimes of  several 

hours. Typically two bunches of  5 ! 1010 protons 

each were colliding against one bunch o f  about  109 

antiprotons,  giving an initial luminosity o f  2 ! 1025 

c m - 2 s  1 per interaction point  in these first runs. 

P r o t o n - a n t i p r o t o n  collisions have been observed 

in both experimental  areas. Fig. 2 shows the tracks of  

outgoing particles produced by a 540 GeV p-15 col- 

lision as seen by the UA5 streamer chambers. The UA5 

detector  [3] consists of  two 6 m long streamer cham- 

bers, situated immediately above and below the beam 

pipe and triggered by  external planes of  scintillation 

hodoscopes. From an analysis of  previous background 

runs and from the fact that  larger numbers of  tracks 

emerge in both directions from a vertex, which lies in- 

side the region where the bunches are known to cross, 

it is concluded that the event shown results from a 

b e a m - b e a m  interaction. 

Fig. 2. Photograph of a p-1 ~ event as seen by the upper and lower UA5 streamer chambers. The chambers are mounted immediately 
above and below the beam pipe, so as to observe tracks down to less than 1 ° production angle. The sensitive volume per chamber is 
6X 1.25 X 0.5 m 3. 
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1. Introduction. It is generally postulated that the 

beta decay, namely (quark) ~ (quark) + e -+ + v is me- 

diated by one of  two charged Intermediate Vector 

Bosons (IVBs), W + and W-  of  very large masses. If  

these particles exist, an enhancement of  the cross sec- 

tion for the process (quark) + (antiquark) ~ e -+ + v 

should occur at centre-of-mass energies in the vicinity 

of  the IVB mass (pole), where direct experimental ob- 

servation and a study of  the properties of  such particles 

become possible. The CERN Super Proton Synchrotron 

(SPS) Collider, in which proton and antiproton colli- 

sions at x/s = 540 GeV provide a rich sample of  quark 

-ant iquark events, has been designed with this search 

as the primary goal [1]. 

Properties of  1VBs become better specified within 

the theoretical frame of  the unified weak and electro- 

magnetic theory and of  the Weinberg-Salam model 

[2]. The mass of  the IVB is precisely predicted [3] : 

MW_+ = (82 + 2.4) GeV/c 2 

for the presently preferred [4] experimental value of  

the Weinberg angle sin20w = 0.23 + 0.01. The cross 

section for production is also reasonably well antici- 

pated [5] 

o(p~ ~ W ~ --> e -+ + v) "~ 0.4 ! 10 -33 k cm 2 , 

where k is an enhancement factor of  ~ 1.5, which can 

be related to a similar well-known effect in the Drel l-  

Yan production of  lepton pairs. It arises from addi- 

tional QCD diagrams in the production reaction with 

emission of  gluons. In our search we have reduced the 

value o f k  by accepting only those events which show 

no evidence for associated jet structure in the detector. 

2. The detector. The UA1 apparatus has already 

been extensively described elsewhere [6]. Here we 

concentrate on those aspects of  the detector which 

are relevant to the present investigation. 

The detector is a transverse dipole magnet which 

produces a uniform field of  0.7 T over a volume of  

7 X 3.5 ! 3.5 m 3. The interaction point is surrounded 

by the central detector (CD): a cylindrical drift cham- 

ber volume, 5.8 m long and 2.3 m in diameter, which 

yields a bubble-chamber quality picture of  each p~ 

interaction in addition to measuring momentum and 

specific ionization of  all charged tracks. 

Momentum precision for high-momentum particles 

is dominated by a localization error inherent to the 

system (~< 100/am) and the diffusion of  electrons drift- 

ing in the gas (proportional to x,/-/and about 350/am 

after l = 22 cm maximum drift length). This results in 

a typical relative accuracy of  -+ 20% for a 1 m long 

track at p = 40 GeV/c, and in the plane normal to the 

magnetic field. The precision, of  course, improves con- 

siderably for longer tracks. The ionization of  tracks can 

be measured by the classical method of  the truncated 

mean of  the 60% lowest readings to an accuracy of  10%. 

This allows an unambiguous identification of  narrow, 

high-energy particle bundles (e+e - pairs or pencil jets) 

which cannot be resolved by the drift chamber digi- 

tizings. 

The central section of  electromagnetic and hadronic 

calorimetry has been used in the present investigation 

to identify electrons over a pseudorapidity interval 

1771 < 3 with full azimuthal coverage. Additional calo- 

rimetry, both electromagnetic and hadronic, extends 

to the forward regions of  the experiment, down to 

0.2 ° (for details, see table 1). 

The central electromagnetic calorimeters consist of  

two different parts: 

(i) 48 semicylindrical modules of  alternate layers 

of  scintillator and lead (gondolas), arranged in two 

cylindrical half-shells, one on either side of  the beam 

axis with an inner radius of  1.36 m. Each module ex- 

tends over approximately 180 ° in azimuth and mea- 

sures 22.5 cm in the beam direction. The light produced 

in each of  the four separate segmentations in depth is 

seen by wavelength shifter plates on each side of  the 

counter, in turn connected to four photomultipliers 

(PMs), two at the top and two at the bottom. Light 

attenuation is exploited in order to further improve 

the calorimetric information: the comparison of  the 

pulse heights of  the top and bot tom PM of each seg- 

ment gives a measurement of  the azimuthal angle ~b 

for localized energy depositions, A~b (rad) = 0.3/ 

[E(GeV)] 1/2. A similar localization along the beam 

direction is possible using the complementary pairing 

of  PMs. The energy resolution for electrons using all 

four PMs is AE/E = 0.15/[E(GeV)] 1/2. 
(ii) 64 petals of  end-cap electromagnetic shower 

counters (bouchons), segmented four times in depth, 

on both sides of  the central detector at 3 m distance 

from the beam crossing point. The position of  each 

shower is measured with a position detector located 

inside the calorimeter at a depth of  11 radiation 

lengths, i.e. after the first two segments. It consists of  

104 

Volume 122B, number 1 PHYSICS LETTERS 24 February 1983 
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emission of  gluons. In our search we have reduced the 

value o f k  by accepting only those events which show 

no evidence for associated jet structure in the detector. 

2. The detector. The UA1 apparatus has already 

been extensively described elsewhere [6]. Here we 

concentrate on those aspects of  the detector which 

are relevant to the present investigation. 

The detector is a transverse dipole magnet which 

produces a uniform field of  0.7 T over a volume of  

7 X 3.5 ! 3.5 m 3. The interaction point is surrounded 

by the central detector (CD): a cylindrical drift cham- 

ber volume, 5.8 m long and 2.3 m in diameter, which 

yields a bubble-chamber quality picture of  each p~ 

interaction in addition to measuring momentum and 

specific ionization of  all charged tracks. 

Momentum precision for high-momentum particles 

is dominated by a localization error inherent to the 

system (~< 100/am) and the diffusion of  electrons drift- 

ing in the gas (proportional to x,/-/and about 350/am 

after l = 22 cm maximum drift length). This results in 

a typical relative accuracy of  -+ 20% for a 1 m long 

track at p = 40 GeV/c, and in the plane normal to the 

magnetic field. The precision, of  course, improves con- 

siderably for longer tracks. The ionization of  tracks can 

be measured by the classical method of  the truncated 

mean of  the 60% lowest readings to an accuracy of  10%. 

This allows an unambiguous identification of  narrow, 

high-energy particle bundles (e+e - pairs or pencil jets) 

which cannot be resolved by the drift chamber digi- 

tizings. 

The central section of  electromagnetic and hadronic 

calorimetry has been used in the present investigation 

to identify electrons over a pseudorapidity interval 

1771 < 3 with full azimuthal coverage. Additional calo- 

rimetry, both electromagnetic and hadronic, extends 

to the forward regions of  the experiment, down to 

0.2 ° (for details, see table 1). 

The central electromagnetic calorimeters consist of  

two different parts: 

(i) 48 semicylindrical modules of  alternate layers 

of  scintillator and lead (gondolas), arranged in two 

cylindrical half-shells, one on either side of  the beam 

axis with an inner radius of  1.36 m. Each module ex- 

tends over approximately 180 ° in azimuth and mea- 

sures 22.5 cm in the beam direction. The light produced 

in each of  the four separate segmentations in depth is 

seen by wavelength shifter plates on each side of  the 

counter, in turn connected to four photomultipliers 

(PMs), two at the top and two at the bottom. Light 

attenuation is exploited in order to further improve 

the calorimetric information: the comparison of  the 

pulse heights of  the top and bot tom PM of each seg- 

ment gives a measurement of  the azimuthal angle ~b 

for localized energy depositions, A~b (rad) = 0.3/ 

[E(GeV)] 1/2. A similar localization along the beam 

direction is possible using the complementary pairing 

of  PMs. The energy resolution for electrons using all 

four PMs is AE/E = 0.15/[E(GeV)] 1/2. 
(ii) 64 petals of  end-cap electromagnetic shower 

counters (bouchons), segmented four times in depth, 

on both sides of  the central detector at 3 m distance 

from the beam crossing point. The position of  each 

shower is measured with a position detector located 

inside the calorimeter at a depth of  11 radiation 
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are further accelerated up to 270 GeV together with 

counterrotat ing protons.  Commissioning of  the SPS 

as p - I  5 collider started in June 1981 after a shutdown 

of  one year needed to modify  the SPS ring for this 

additional mode of  operat ion and to construct  two 
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We can now report  successful storage of  protons 

and ant iprotons at 270 GeV with lifetimes of  several 

hours. Typically two bunches of  5 ! 1010 protons 
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antiprotons,  giving an initial luminosity o f  2 ! 1025 

c m - 2 s  1 per interaction point  in these first runs. 
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in both experimental  areas. Fig. 2 shows the tracks of  

outgoing particles produced by a 540 GeV p-15 col- 

lision as seen by the UA5 streamer chambers. The UA5 

detector  [3] consists of  two 6 m long streamer cham- 

bers, situated immediately above and below the beam 

pipe and triggered by  external planes of  scintillation 

hodoscopes. From an analysis of  previous background 

runs and from the fact that  larger numbers of  tracks 

emerge in both directions from a vertex, which lies in- 

side the region where the bunches are known to cross, 

it is concluded that the event shown results from a 
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Fig. 2. Photograph of a p-1 ~ event as seen by the upper and lower UA5 streamer chambers. The chambers are mounted immediately 
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1. Introduction. It is generally postulated that the 

beta decay, namely (quark) ~ (quark) + e -+ + v is me- 

diated by one of  two charged Intermediate Vector 

Bosons (IVBs), W + and W-  of  very large masses. If  

these particles exist, an enhancement of  the cross sec- 

tion for the process (quark) + (antiquark) ~ e -+ + v 

should occur at centre-of-mass energies in the vicinity 

of  the IVB mass (pole), where direct experimental ob- 

servation and a study of  the properties of  such particles 

become possible. The CERN Super Proton Synchrotron 

(SPS) Collider, in which proton and antiproton colli- 

sions at x/s = 540 GeV provide a rich sample of  quark 

-ant iquark events, has been designed with this search 

as the primary goal [1]. 

Properties of  1VBs become better specified within 

the theoretical frame of  the unified weak and electro- 

magnetic theory and of  the Weinberg-Salam model 

[2]. The mass of  the IVB is precisely predicted [3] : 

MW_+ = (82 + 2.4) GeV/c 2 

for the presently preferred [4] experimental value of  

the Weinberg angle sin20w = 0.23 + 0.01. The cross 

section for production is also reasonably well antici- 

pated [5] 

o(p~ ~ W ~ --> e -+ + v) "~ 0.4 ! 10 -33 k cm 2 , 

where k is an enhancement factor of  ~ 1.5, which can 

be related to a similar well-known effect in the Drel l-  

Yan production of  lepton pairs. It arises from addi- 

tional QCD diagrams in the production reaction with 

emission of  gluons. In our search we have reduced the 

value o f k  by accepting only those events which show 

no evidence for associated jet structure in the detector. 

2. The detector. The UA1 apparatus has already 

been extensively described elsewhere [6]. Here we 

concentrate on those aspects of  the detector which 

are relevant to the present investigation. 

The detector is a transverse dipole magnet which 

produces a uniform field of  0.7 T over a volume of  

7 X 3.5 ! 3.5 m 3. The interaction point is surrounded 

by the central detector (CD): a cylindrical drift cham- 

ber volume, 5.8 m long and 2.3 m in diameter, which 

yields a bubble-chamber quality picture of  each p~ 

interaction in addition to measuring momentum and 

specific ionization of  all charged tracks. 

Momentum precision for high-momentum particles 

is dominated by a localization error inherent to the 

system (~< 100/am) and the diffusion of  electrons drift- 

ing in the gas (proportional to x,/-/and about 350/am 

after l = 22 cm maximum drift length). This results in 

a typical relative accuracy of  -+ 20% for a 1 m long 

track at p = 40 GeV/c, and in the plane normal to the 

magnetic field. The precision, of  course, improves con- 

siderably for longer tracks. The ionization of  tracks can 

be measured by the classical method of  the truncated 

mean of  the 60% lowest readings to an accuracy of  10%. 

This allows an unambiguous identification of  narrow, 

high-energy particle bundles (e+e - pairs or pencil jets) 

which cannot be resolved by the drift chamber digi- 

tizings. 

The central section of  electromagnetic and hadronic 

calorimetry has been used in the present investigation 

to identify electrons over a pseudorapidity interval 

1771 < 3 with full azimuthal coverage. Additional calo- 

rimetry, both electromagnetic and hadronic, extends 

to the forward regions of  the experiment, down to 

0.2 ° (for details, see table 1). 

The central electromagnetic calorimeters consist of  

two different parts: 

(i) 48 semicylindrical modules of  alternate layers 

of  scintillator and lead (gondolas), arranged in two 

cylindrical half-shells, one on either side of  the beam 

axis with an inner radius of  1.36 m. Each module ex- 

tends over approximately 180 ° in azimuth and mea- 

sures 22.5 cm in the beam direction. The light produced 

in each of  the four separate segmentations in depth is 

seen by wavelength shifter plates on each side of  the 

counter, in turn connected to four photomultipliers 

(PMs), two at the top and two at the bottom. Light 

attenuation is exploited in order to further improve 

the calorimetric information: the comparison of  the 

pulse heights of  the top and bot tom PM of each seg- 

ment gives a measurement of  the azimuthal angle ~b 

for localized energy depositions, A~b (rad) = 0.3/ 

[E(GeV)] 1/2. A similar localization along the beam 

direction is possible using the complementary pairing 

of  PMs. The energy resolution for electrons using all 

four PMs is AE/E = 0.15/[E(GeV)] 1/2. 
(ii) 64 petals of  end-cap electromagnetic shower 

counters (bouchons), segmented four times in depth, 

on both sides of  the central detector at 3 m distance 

from the beam crossing point. The position of  each 

shower is measured with a position detector located 

inside the calorimeter at a depth of  11 radiation 

lengths, i.e. after the first two segments. It consists of  
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shower is measured with a position detector located 
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CERN Super Proton Synchrotron (SPS), where they 

are further accelerated up to 270 GeV together with 

counterrotat ing protons.  Commissioning of  the SPS 

as p - I  5 collider started in June 1981 after a shutdown 

of  one year needed to modify  the SPS ring for this 

additional mode of  operat ion and to construct  two 

underground experimental  areas. 

We can now report  successful storage of  protons 

and ant iprotons at 270 GeV with lifetimes of  several 

hours. Typically two bunches of  5 ! 1010 protons 

each were colliding against one bunch o f  about  109 

antiprotons,  giving an initial luminosity o f  2 ! 1025 

c m - 2 s  1 per interaction point  in these first runs. 

P r o t o n - a n t i p r o t o n  collisions have been observed 

in both experimental  areas. Fig. 2 shows the tracks of  

outgoing particles produced by a 540 GeV p-15 col- 

lision as seen by the UA5 streamer chambers. The UA5 

detector  [3] consists of  two 6 m long streamer cham- 

bers, situated immediately above and below the beam 

pipe and triggered by  external planes of  scintillation 

hodoscopes. From an analysis of  previous background 

runs and from the fact that  larger numbers of  tracks 

emerge in both directions from a vertex, which lies in- 

side the region where the bunches are known to cross, 

it is concluded that the event shown results from a 

b e a m - b e a m  interaction. 

Fig. 2. Photograph of a p-1 ~ event as seen by the upper and lower UA5 streamer chambers. The chambers are mounted immediately 
above and below the beam pipe, so as to observe tracks down to less than 1 ° production angle. The sensitive volume per chamber is 
6X 1.25 X 0.5 m 3. 
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1. Introduction. It is generally postulated that the 

beta decay, namely (quark) ~ (quark) + e -+ + v is me- 

diated by one of  two charged Intermediate Vector 

Bosons (IVBs), W + and W-  of  very large masses. If  

these particles exist, an enhancement of  the cross sec- 

tion for the process (quark) + (antiquark) ~ e -+ + v 

should occur at centre-of-mass energies in the vicinity 

of  the IVB mass (pole), where direct experimental ob- 

servation and a study of  the properties of  such particles 

become possible. The CERN Super Proton Synchrotron 

(SPS) Collider, in which proton and antiproton colli- 

sions at x/s = 540 GeV provide a rich sample of  quark 

-ant iquark events, has been designed with this search 

as the primary goal [1]. 

Properties of  1VBs become better specified within 

the theoretical frame of  the unified weak and electro- 

magnetic theory and of  the Weinberg-Salam model 

[2]. The mass of  the IVB is precisely predicted [3] : 

MW_+ = (82 + 2.4) GeV/c 2 

for the presently preferred [4] experimental value of  

the Weinberg angle sin20w = 0.23 + 0.01. The cross 

section for production is also reasonably well antici- 

pated [5] 

o(p~ ~ W ~ --> e -+ + v) "~ 0.4 ! 10 -33 k cm 2 , 

where k is an enhancement factor of  ~ 1.5, which can 

be related to a similar well-known effect in the Drel l-  

Yan production of  lepton pairs. It arises from addi- 

tional QCD diagrams in the production reaction with 

emission of  gluons. In our search we have reduced the 

value o f k  by accepting only those events which show 

no evidence for associated jet structure in the detector. 

2. The detector. The UA1 apparatus has already 

been extensively described elsewhere [6]. Here we 

concentrate on those aspects of  the detector which 

are relevant to the present investigation. 

The detector is a transverse dipole magnet which 

produces a uniform field of  0.7 T over a volume of  

7 X 3.5 ! 3.5 m 3. The interaction point is surrounded 

by the central detector (CD): a cylindrical drift cham- 

ber volume, 5.8 m long and 2.3 m in diameter, which 

yields a bubble-chamber quality picture of  each p~ 

interaction in addition to measuring momentum and 

specific ionization of  all charged tracks. 

Momentum precision for high-momentum particles 

is dominated by a localization error inherent to the 

system (~< 100/am) and the diffusion of  electrons drift- 

ing in the gas (proportional to x,/-/and about 350/am 

after l = 22 cm maximum drift length). This results in 

a typical relative accuracy of  -+ 20% for a 1 m long 

track at p = 40 GeV/c, and in the plane normal to the 

magnetic field. The precision, of  course, improves con- 

siderably for longer tracks. The ionization of  tracks can 

be measured by the classical method of  the truncated 

mean of  the 60% lowest readings to an accuracy of  10%. 

This allows an unambiguous identification of  narrow, 

high-energy particle bundles (e+e - pairs or pencil jets) 

which cannot be resolved by the drift chamber digi- 

tizings. 

The central section of  electromagnetic and hadronic 

calorimetry has been used in the present investigation 

to identify electrons over a pseudorapidity interval 

1771 < 3 with full azimuthal coverage. Additional calo- 

rimetry, both electromagnetic and hadronic, extends 

to the forward regions of  the experiment, down to 

0.2 ° (for details, see table 1). 

The central electromagnetic calorimeters consist of  

two different parts: 

(i) 48 semicylindrical modules of  alternate layers 

of  scintillator and lead (gondolas), arranged in two 

cylindrical half-shells, one on either side of  the beam 

axis with an inner radius of  1.36 m. Each module ex- 

tends over approximately 180 ° in azimuth and mea- 

sures 22.5 cm in the beam direction. The light produced 

in each of  the four separate segmentations in depth is 

seen by wavelength shifter plates on each side of  the 

counter, in turn connected to four photomultipliers 

(PMs), two at the top and two at the bottom. Light 

attenuation is exploited in order to further improve 

the calorimetric information: the comparison of  the 

pulse heights of  the top and bot tom PM of each seg- 

ment gives a measurement of  the azimuthal angle ~b 

for localized energy depositions, A~b (rad) = 0.3/ 

[E(GeV)] 1/2. A similar localization along the beam 

direction is possible using the complementary pairing 

of  PMs. The energy resolution for electrons using all 

four PMs is AE/E = 0.15/[E(GeV)] 1/2. 
(ii) 64 petals of  end-cap electromagnetic shower 

counters (bouchons), segmented four times in depth, 

on both sides of  the central detector at 3 m distance 

from the beam crossing point. The position of  each 

shower is measured with a position detector located 

inside the calorimeter at a depth of  11 radiation 

lengths, i.e. after the first two segments. It consists of  
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no evidence for associated jet structure in the detector. 

2. The detector. The UA1 apparatus has already 

been extensively described elsewhere [6]. Here we 

concentrate on those aspects of  the detector which 
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by the central detector (CD): a cylindrical drift cham- 
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interaction in addition to measuring momentum and 
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system (~< 100/am) and the diffusion of  electrons drift- 

ing in the gas (proportional to x,/-/and about 350/am 

after l = 22 cm maximum drift length). This results in 

a typical relative accuracy of  -+ 20% for a 1 m long 

track at p = 40 GeV/c, and in the plane normal to the 

magnetic field. The precision, of  course, improves con- 

siderably for longer tracks. The ionization of  tracks can 

be measured by the classical method of  the truncated 

mean of  the 60% lowest readings to an accuracy of  10%. 
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high-energy particle bundles (e+e - pairs or pencil jets) 
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to identify electrons over a pseudorapidity interval 

1771 < 3 with full azimuthal coverage. Additional calo- 

rimetry, both electromagnetic and hadronic, extends 

to the forward regions of  the experiment, down to 

0.2 ° (for details, see table 1). 

The central electromagnetic calorimeters consist of  

two different parts: 
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of  scintillator and lead (gondolas), arranged in two 
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in each of  the four separate segmentations in depth is 

seen by wavelength shifter plates on each side of  the 
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attenuation is exploited in order to further improve 
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ment gives a measurement of  the azimuthal angle ~b 

for localized energy depositions, A~b (rad) = 0.3/ 

[E(GeV)] 1/2. A similar localization along the beam 

direction is possible using the complementary pairing 

of  PMs. The energy resolution for electrons using all 

four PMs is AE/E = 0.15/[E(GeV)] 1/2. 
(ii) 64 petals of  end-cap electromagnetic shower 

counters (bouchons), segmented four times in depth, 

on both sides of  the central detector at 3 m distance 

from the beam crossing point. The position of  each 

shower is measured with a position detector located 
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outgoing particles produced by a 540 GeV p-15 col- 
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detector  [3] consists of  two 6 m long streamer cham- 
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pipe and triggered by  external planes of  scintillation 

hodoscopes. From an analysis of  previous background 

runs and from the fact that  larger numbers of  tracks 

emerge in both directions from a vertex, which lies in- 
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We report the results of two searches made on data recorded at the CERN SPS Proton-Antiproton Collider: one for 
isolated large-E T electrons, the other for large-E T neutrinos using the technique of missing transverse energy. Both searches 
converge to the same events, which have the signature of a two-body decay of a particle of mass ~ 80 GeV/c 2 . The topology 
as well as the number of events fits well the hypothesis that they are produced by the process ~ + p ~ W e + X, with W e 
-~ e -+ + v; where W e is the Intermediate Vector Boson postulated by the unified theory of weak and electromagnetic inter- 
actions. 
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p(T e) = 13.3 GeV/c. Requiring (i) extrapolation to the 

energy of the events, (ii) fragmentation functions for 

leading lepton, and (iii) a detection hole for all remain- 

ing particles, makes the rate of these background 

events negligible. 

In conclusion, we have been unable to find a back- 

ground process capable of simulating the observed 

high-energy electrons. Thus we are led to the conclu- 

sion that they are electrons. Likewise we have searched 

for backgrounds capable of simulating large-E T neu- 

trino events. Again, none of the processes considered 

appear to be even near to becoming competitive. 

10. Comparison between events and expectations 

from W decays. The simultaneous presence of an elec- 

tron and (one) neutrino of approximately equal and 

opposite momenta in the transverse direction (fig. 8) 

suggests the presence of a two-body decay, W ~ e + v e. 

The main kinematical quantities of the events are given 

in table 3. A lower, model-independent bound to the 

W mass m w can be obtained from the transverse mass, 

m 2 = 2p~) p(Tv) (1 --cos ~bve),remarking that m w/> m T 

(fig. 9). We conclude that: 

m w > 73 GeV/c 2 (90% confidence level). 

A better accuracy can be obtained from the data if 

one assumes W decay kinematics and standard V - A 

couplings. The transverse momentum distribution of 

the W at production also plays a role. We can either 

(i) extract it from the events (table 3); or, (ii) use the- 

oretical predictions [8]. 
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Fig. 8. The missing transverse energy component parallel to 

the electron, plotted versus the transverse electron energy for 

the final six electron events without jets (5 gondolas, 1 bouchon) 

All the events in the gondolas appear well above the threshold 

cuts used in the searches. 

As one can see from fig. 10, there is good agreement 

between two extreme assumptions of a theoretical 

model [8] and our observations. By requiring no asso- 

ciated jet, we may have actually biased our sample to- 

wards the narrower first-order curve. Fitting of the in- 

Table 3 

Transverse mass and transverse momentum of a W decaying into an electron and a neutrino computed from the events of table 2. 

Run, event p(T e) of p(T v) = Transverse mass p(T w) ~) +n(,(.. v)' 
= [ P l  r l  ' 

electron missing E T (GeV/c) 2 (GeV) 

(GeV/c) (GeV) 

A 2958 24±0.6 24.4±4.6 48.4±4.6 0.6±4,6 
1279 

B 3522 17±0.4 10.9±4.0 26,5±4.6 10.8±4.0 
214 

C 3524 34±0.8 41.3±3.6 74.8±3.4 8.6±3.7 

197 

D 3610 38±1.0 40.0±2.0 78.0±2.2 2.1±2.2 
760 

E 3701 37±1.0 35.5±4.3 72.4±4.5 4.7±4.4 
305 

F 4017 36±0,7 32.3±2.4 68.2±2.6 3,8±2.5 
838 
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Fig. 9. The distribution of the transverse mass derived from the 
measured electron and neutrino vectors of the six electron events. 

clusive electron spectrum and using full QCD smearing 

gives m w = (74+_ 4) GeV/c 2 . The method finally used 

is the one of  correcting, on an event-to-event basis, for 

the transverse W motion from the (E v - Ee) imbalance, 

and using the Drell-Yan predictions with no smearing. 

The result of  a fit on electron angle and energy and 

neutrino transverse energy with allowance for system- 

atic errors, is 

m w = (81 +s - 5) GeV/c2 

in excellent agreement with the expectation of  the 

Weinberg-Salam model [2]. 

We find that the number of  observed events, once 

detection efficiencies are taken into account, is in 

N 
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Fig. 10. The transverse momentum distribution of the W de- 
rived from our events, using the electron and missing-energy 
vectors. This is compared with the theoretical predictions of 
Halzen et al. [8] for W production without [0(%)] and with 
QCD smearing. 

agreement with the cross-section estimates based on 

structure functions, scaling violations, and the Wein- 

berg-Salam parameters for the W particle [5]. 
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p(T e) = 13.3 GeV/c. Requiring (i) extrapolation to the 

energy of the events, (ii) fragmentation functions for 

leading lepton, and (iii) a detection hole for all remain- 

ing particles, makes the rate of these background 

events negligible. 

In conclusion, we have been unable to find a back- 

ground process capable of simulating the observed 

high-energy electrons. Thus we are led to the conclu- 

sion that they are electrons. Likewise we have searched 

for backgrounds capable of simulating large-E T neu- 

trino events. Again, none of the processes considered 

appear to be even near to becoming competitive. 

10. Comparison between events and expectations 

from W decays. The simultaneous presence of an elec- 

tron and (one) neutrino of approximately equal and 

opposite momenta in the transverse direction (fig. 8) 

suggests the presence of a two-body decay, W ~ e + v e. 

The main kinematical quantities of the events are given 

in table 3. A lower, model-independent bound to the 

W mass m w can be obtained from the transverse mass, 

m 2 = 2p~) p(Tv) (1 --cos ~bve),remarking that m w/> m T 

(fig. 9). We conclude that: 

m w > 73 GeV/c 2 (90% confidence level). 

A better accuracy can be obtained from the data if 

one assumes W decay kinematics and standard V - A 

couplings. The transverse momentum distribution of 

the W at production also plays a role. We can either 

(i) extract it from the events (table 3); or, (ii) use the- 

oretical predictions [8]. 
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Fig. 8. The missing transverse energy component parallel to 

the electron, plotted versus the transverse electron energy for 

the final six electron events without jets (5 gondolas, 1 bouchon) 

All the events in the gondolas appear well above the threshold 

cuts used in the searches. 

As one can see from fig. 10, there is good agreement 

between two extreme assumptions of a theoretical 

model [8] and our observations. By requiring no asso- 

ciated jet, we may have actually biased our sample to- 

wards the narrower first-order curve. Fitting of the in- 

Table 3 

Transverse mass and transverse momentum of a W decaying into an electron and a neutrino computed from the events of table 2. 

Run, event p(T e) of p(T v) = Transverse mass p(T w) ~) +n(,(.. v)' 
= [ P l  r l  ' 

electron missing E T (GeV/c) 2 (GeV) 

(GeV/c) (GeV) 

A 2958 24±0.6 24.4±4.6 48.4±4.6 0.6±4,6 
1279 

B 3522 17±0.4 10.9±4.0 26,5±4.6 10.8±4.0 
214 

C 3524 34±0.8 41.3±3.6 74.8±3.4 8.6±3.7 

197 

D 3610 38±1.0 40.0±2.0 78.0±2.2 2.1±2.2 
760 

E 3701 37±1.0 35.5±4.3 72.4±4.5 4.7±4.4 
305 

F 4017 36±0,7 32.3±2.4 68.2±2.6 3,8±2.5 
838 

114 

• isolated large ET electrons
• isolated large ET neutrinos 

Volume 122B, number 1 PHYSICS LETTERS 24 February 1983 

EXPERIMENTAL OBSERVATION OF ISOLATED LARGE TRANSVERSE ENERGY ELECTRONS 

WITH ASSOCIATED MISSING ENERGY AT x/s  = 540 GeV 

UA1 Collaboration, CERN, Geneva, Switzerland 

G. ARNISON J, A. ASTBURY J, B. AUBERT h, C. BACCI i, G. BAUER 1 , A. BI~ZAGUET d, R. BOCK d, 

T.J.V. BOWCOCK f, M. CALVETTI d, T. CARROLL d, p. CATZ b, p. CENNINI d, S. CENTRO d, 

F. CERADINI d, S. CITTOLIN d, D. CLINE 1, C. COCHET k, j .  COLAS b, M. CORDEN c, D. DALLMAN d, 

M. DeBEER k, M. DELLA NEGRA b, M. DEMOULIN d, D. DENEGRI k, A. Di CIACCIO i, 

D. DiBITONTO d, L. DOBRZYNSKI g, J.D. DOWELL c, M. EDWARDS c, K. EGGERT a, 

E. EISENHANDLER f, N. ELLIS d, p. ERHARD a, H. FAISSNER a, G. FONTAINE g, R. FREY h, 

R. FR[)HWIRTH 1, j .  GARVEY c, S. GEER g, C. GHESQUII~RE g, P. GHEZ b, K.L. GIBONI a, 

W.R. GIBSON f, Y. GIRAUD-HI~RAUD g, A. GIVERNAUD k, A. GONIDEC b, G. GRAYER J, 

P. GUTIERREZ h, T. HANSL-KOZANECKA a, W.J. HAYNES J, L.O. HERTZBERGER 2, C. HODGES h, 

D. HOFFMANN a, H. HOFFMANN d, D.J. HOLTHUIZEN 2, R.J. HOMER c, A. HONMA f, W. JANK d, 

G. JORAT d, P.I.P. KALMUS f, V. KARIM)~KI e, R. KEELER f, I. KENYON c, A. KERNAN h 

R. KINNUNEN e, H. KOWALSKI d, W. KOZANECKI h, D. KRYN d, F. LACAVA d, j..p. LAUGIER k, 

J.-P. LEES b, H. LEHMANN a, K. LEUCHS a, A. LI~VI~QUE k, D. LINGLIN b, E. LOCCI k, M. LORET k, 

J.-J. MALOSSE k, T. MARKIEWlCZ d, G. MAURIN d, T. McMAHON c, j..p. MENDIBURU g, 

M.-N. MINARD b, M. MORICCA i, H. MUIRHEAD d, F. MULLER d, A.K. NANDI J, L. NAUMANN d, 

A. NORTON d, A. ORKIN-LECOURTOIS g, L. PAOLUZI i, G. PETRUCCI d, G. PIANO MORTARI i, 

M. PIMI~, e, A. PLACCI d, E. RADERMACHER a, J. RANSDELL h, H. REITHLER a, J.-P. REVOL d, 

J. RICH k, M. RIJSSENBEEK d, C. ROBERTS J, J. ROHLF d, p. ROSSI d, C. RUBBIA d, B. SADOULET d, 

G. SAJOT g, G. SALVI f, G. SALVINI i, j .  SASS k, j .  SAUDRAIX k, A. SAVOY-NAVARRO k, 

D. SCHINZEL f, W. SCOTT J, T.P. SHAH J, M. SPIRO k, j .  STRAUSS 1, K. SUMOROK c, F. SZONCSO 1, 

D. SMITH h C. TAO d, G. THOMPSON f, J. TIMMER d, E. TSCHESLOG a, j .  TUOMINIEMI e, 

S. Van der MEER d, j. .p. VIALLE d, j .  VRANA g, V. VUILLEMIN d, H.D. WAHL 1, p. WATKINS c, 

J. WILSON c, Y.G. XIE d, M. YVERT b and E. ZURFLUH d 

a b c d e Aachen -Annecy (LAPP) -Birmingham -CERN -Helsinki -Queen Mary College, London f-Paris (Coll. de France) g 
-Riverside h-Rome i-Rutherford Appleton Lab. J-Saclay (CEN) k Vienna I Collaboration 

Received 23 January 1983 

We report the results of two searches made on data recorded at the CERN SPS Proton-Antiproton Collider: one for 
isolated large-E T electrons, the other for large-E T neutrinos using the technique of missing transverse energy. Both searches 
converge to the same events, which have the signature of a two-body decay of a particle of mass ~ 80 GeV/c 2 . The topology 
as well as the number of events fits well the hypothesis that they are produced by the process ~ + p ~ W e + X, with W e 
-~ e -+ + v; where W e is the Intermediate Vector Boson postulated by the unified theory of weak and electromagnetic inter- 
actions. 

1 University of Wisconsin, Madison, Wl, USA. 
2 NIKHEF, Amsterdam, The Netherlands. 

103 

w

Volume 122B, number 1 PHYSICS LETTERS 24 February 1983 

EXPERIMENTAL OBSERVATION OF ISOLATED LARGE TRANSVERSE ENERGY ELECTRONS 

WITH ASSOCIATED MISSING ENERGY AT x/s  = 540 GeV 

UA1 Collaboration, CERN, Geneva, Switzerland 

G. ARNISON J, A. ASTBURY J, B. AUBERT h, C. BACCI i, G. BAUER 1 , A. BI~ZAGUET d, R. BOCK d, 

T.J.V. BOWCOCK f, M. CALVETTI d, T. CARROLL d, p. CATZ b, p. CENNINI d, S. CENTRO d, 

F. CERADINI d, S. CITTOLIN d, D. CLINE 1, C. COCHET k, j .  COLAS b, M. CORDEN c, D. DALLMAN d, 

M. DeBEER k, M. DELLA NEGRA b, M. DEMOULIN d, D. DENEGRI k, A. Di CIACCIO i, 

D. DiBITONTO d, L. DOBRZYNSKI g, J.D. DOWELL c, M. EDWARDS c, K. EGGERT a, 

E. EISENHANDLER f, N. ELLIS d, p. ERHARD a, H. FAISSNER a, G. FONTAINE g, R. FREY h, 

R. FR[)HWIRTH 1, j .  GARVEY c, S. GEER g, C. GHESQUII~RE g, P. GHEZ b, K.L. GIBONI a, 

W.R. GIBSON f, Y. GIRAUD-HI~RAUD g, A. GIVERNAUD k, A. GONIDEC b, G. GRAYER J, 

P. GUTIERREZ h, T. HANSL-KOZANECKA a, W.J. HAYNES J, L.O. HERTZBERGER 2, C. HODGES h, 

D. HOFFMANN a, H. HOFFMANN d, D.J. HOLTHUIZEN 2, R.J. HOMER c, A. HONMA f, W. JANK d, 

G. JORAT d, P.I.P. KALMUS f, V. KARIM)~KI e, R. KEELER f, I. KENYON c, A. KERNAN h 

R. KINNUNEN e, H. KOWALSKI d, W. KOZANECKI h, D. KRYN d, F. LACAVA d, j..p. LAUGIER k, 

J.-P. LEES b, H. LEHMANN a, K. LEUCHS a, A. LI~VI~QUE k, D. LINGLIN b, E. LOCCI k, M. LORET k, 

J.-J. MALOSSE k, T. MARKIEWlCZ d, G. MAURIN d, T. McMAHON c, j..p. MENDIBURU g, 

M.-N. MINARD b, M. MORICCA i, H. MUIRHEAD d, F. MULLER d, A.K. NANDI J, L. NAUMANN d, 

A. NORTON d, A. ORKIN-LECOURTOIS g, L. PAOLUZI i, G. PETRUCCI d, G. PIANO MORTARI i, 

M. PIMI~, e, A. PLACCI d, E. RADERMACHER a, J. RANSDELL h, H. REITHLER a, J.-P. REVOL d, 

J. RICH k, M. RIJSSENBEEK d, C. ROBERTS J, J. ROHLF d, p. ROSSI d, C. RUBBIA d, B. SADOULET d, 

G. SAJOT g, G. SALVI f, G. SALVINI i, j .  SASS k, j .  SAUDRAIX k, A. SAVOY-NAVARRO k, 

D. SCHINZEL f, W. SCOTT J, T.P. SHAH J, M. SPIRO k, j .  STRAUSS 1, K. SUMOROK c, F. SZONCSO 1, 

D. SMITH h C. TAO d, G. THOMPSON f, J. TIMMER d, E. TSCHESLOG a, j .  TUOMINIEMI e, 

S. Van der MEER d, j. .p. VIALLE d, j .  VRANA g, V. VUILLEMIN d, H.D. WAHL 1, p. WATKINS c, 

J. WILSON c, Y.G. XIE d, M. YVERT b and E. ZURFLUH d 

a b c d e Aachen -Annecy (LAPP) -Birmingham -CERN -Helsinki -Queen Mary College, London f-Paris (Coll. de France) g 
-Riverside h-Rome i-Rutherford Appleton Lab. J-Saclay (CEN) k Vienna I Collaboration 

Received 23 January 1983 

We report the results of two searches made on data recorded at the CERN SPS Proton-Antiproton Collider: one for 
isolated large-E T electrons, the other for large-E T neutrinos using the technique of missing transverse energy. Both searches 
converge to the same events, which have the signature of a two-body decay of a particle of mass ~ 80 GeV/c 2 . The topology 
as well as the number of events fits well the hypothesis that they are produced by the process ~ + p ~ W e + X, with W e 
-~ e -+ + v; where W e is the Intermediate Vector Boson postulated by the unified theory of weak and electromagnetic inter- 
actions. 

1 University of Wisconsin, Madison, Wl, USA. 
2 NIKHEF, Amsterdam, The Netherlands. 

103 

Arnison, G. et al. (UA1 Collaboration). Experimental observation of isolated large transverse energy 
electrons with associated missing energy at s = 540 GeV. Phys. Lett. B 122, 103–116 (1983)

transverse electron energy [GeV]
Vector Boson Production at Hadron Colliders

! !"#$$%&'()*"+,-./0+()

! 1**1)'(,)2#3'/"+()-4#)**5'").+$$040+(4)/+)#(6'(.#)
(-75#")+8)3'$#(.#)'(/09-'":4

" ;<=)04)**)5-/)$'">#)'(/09-'":).+(/"05-/0+()8"+7)4#')
9-'":4)'/)$+?)@

! A$#./"+?#':)*"+,-./0+(B))."+44)4#./0+()7-.6)47'$$#")
/6'(),+70('(/)C=!)"'/#4

" ='()+($D)4##).$#'()40>('$4)8+")EFG)*"+,-./0+()
/6"+->6)$#*/+(0.),#.'D4

junk

junk

m
is

si
ng

 t
ra

ns
ve

rs
e 

en
er

gy
 [

G
eV

]



Lectures on Antimatter                                            Michael Doser / CERN

UA1 results
1) how to detect W

Volume 122B, number 1 PHYSICS LETTERS 24 February 1983 

E 
B A ~ ' - C  

I BBBBBB61 l k A A A A A A A A I  IF FF FF I ~ ' ~ ' ~ ]  

F [3 

I I | I 

20 40 60 80 

m r (GeVA 2) 

Fig. 9. The distribution of the transverse mass derived from the 
measured electron and neutrino vectors of the six electron events. 

clusive electron spectrum and using full QCD smearing 

gives m w = (74+_ 4) GeV/c 2 . The method finally used 

is the one of  correcting, on an event-to-event basis, for 

the transverse W motion from the (E v - Ee) imbalance, 

and using the Drell-Yan predictions with no smearing. 

The result of  a fit on electron angle and energy and 

neutrino transverse energy with allowance for system- 

atic errors, is 

m w = (81 +s - 5) GeV/c2 

in excellent agreement with the expectation of  the 

Weinberg-Salam model [2]. 

We find that the number of  observed events, once 

detection efficiencies are taken into account, is in 
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Fig. 10. The transverse momentum distribution of the W de- 
rived from our events, using the electron and missing-energy 
vectors. This is compared with the theoretical predictions of 
Halzen et al. [8] for W production without [0(%)] and with 
QCD smearing. 

agreement with the cross-section estimates based on 

structure functions, scaling violations, and the Wein- 

berg-Salam parameters for the W particle [5]. 
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p(T e) = 13.3 GeV/c. Requiring (i) extrapolation to the 

energy of the events, (ii) fragmentation functions for 

leading lepton, and (iii) a detection hole for all remain- 

ing particles, makes the rate of these background 

events negligible. 

In conclusion, we have been unable to find a back- 

ground process capable of simulating the observed 

high-energy electrons. Thus we are led to the conclu- 

sion that they are electrons. Likewise we have searched 

for backgrounds capable of simulating large-E T neu- 

trino events. Again, none of the processes considered 

appear to be even near to becoming competitive. 

10. Comparison between events and expectations 

from W decays. The simultaneous presence of an elec- 

tron and (one) neutrino of approximately equal and 

opposite momenta in the transverse direction (fig. 8) 

suggests the presence of a two-body decay, W ~ e + v e. 

The main kinematical quantities of the events are given 

in table 3. A lower, model-independent bound to the 

W mass m w can be obtained from the transverse mass, 

m 2 = 2p~) p(Tv) (1 --cos ~bve),remarking that m w/> m T 

(fig. 9). We conclude that: 

m w > 73 GeV/c 2 (90% confidence level). 

A better accuracy can be obtained from the data if 

one assumes W decay kinematics and standard V - A 

couplings. The transverse momentum distribution of 

the W at production also plays a role. We can either 

(i) extract it from the events (table 3); or, (ii) use the- 

oretical predictions [8]. 
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Fig. 8. The missing transverse energy component parallel to 

the electron, plotted versus the transverse electron energy for 

the final six electron events without jets (5 gondolas, 1 bouchon) 

All the events in the gondolas appear well above the threshold 

cuts used in the searches. 

As one can see from fig. 10, there is good agreement 

between two extreme assumptions of a theoretical 

model [8] and our observations. By requiring no asso- 

ciated jet, we may have actually biased our sample to- 

wards the narrower first-order curve. Fitting of the in- 

Table 3 

Transverse mass and transverse momentum of a W decaying into an electron and a neutrino computed from the events of table 2. 

Run, event p(T e) of p(T v) = Transverse mass p(T w) ~) +n(,(.. v)' 
= [ P l  r l  ' 

electron missing E T (GeV/c) 2 (GeV) 

(GeV/c) (GeV) 

A 2958 24±0.6 24.4±4.6 48.4±4.6 0.6±4,6 
1279 

B 3522 17±0.4 10.9±4.0 26,5±4.6 10.8±4.0 
214 

C 3524 34±0.8 41.3±3.6 74.8±3.4 8.6±3.7 

197 

D 3610 38±1.0 40.0±2.0 78.0±2.2 2.1±2.2 
760 

E 3701 37±1.0 35.5±4.3 72.4±4.5 4.7±4.4 
305 

F 4017 36±0,7 32.3±2.4 68.2±2.6 3,8±2.5 
838 
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We report the results of two searches made on data recorded at the CERN SPS Proton-Antiproton Collider: one for 
isolated large-E T electrons, the other for large-E T neutrinos using the technique of missing transverse energy. Both searches 
converge to the same events, which have the signature of a two-body decay of a particle of mass ~ 80 GeV/c 2 . The topology 
as well as the number of events fits well the hypothesis that they are produced by the process ~ + p ~ W e + X, with W e 
-~ e -+ + v; where W e is the Intermediate Vector Boson postulated by the unified theory of weak and electromagnetic inter- 
actions. 
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1. I n t r o d u c t i o n .  We have recent ly repor ted  the ob- 

servation o f  large invariant mass e l e c t r o n - n e u t r i n o  

pairs [ 1 ] ,1 produced  in high-energy collisions at the 

CERN Super Proton Synchro t ron  (SPS) [3].  The most  

l ikely in terpre ta t ion  o f  these events is that  they are the 

leptonic  decays o f  charged in termedia te  vector  bosons 

W + and W -  media t ing  ordinary weak interact ions.  

We have now ex tended  our  search to their neutral  

par tner  Z 0, responsible for neutral  currents.  As in our  

previous work,  p roduc t ion  o f  in te rmedia te  vector  

bosons is achieved with  p r o t o n - a n t i p r o t o n  collisions 

at x /~=  540 GeV in the UA1 detec tor  [4],  except  that  

now we search for e lectron and m u o n  pairs rather than 

for e l e c t r o n - n e u t r i n o  coincidences.  The process is then: 

~ + p ~ Z O + X  

L e  + e -  or /a + + / a - .  (1) 

The paper is based on an early analysis o f  a sample 

o f  collisions wi th  an integrated luminos i ty  o f  55 nb -1 .  

In this event  sample,  27 W -+ -~ e+-v events have been 

recorded [5] ,2 .  According  to minimal  SU(2)  ! U(1),  

the Z 0 mass is predic ted  to be [6] ,3 m z  ° = 94 -+ 2.5 

GeV/c  2. The react ion (1) is then approx imate ly  a :fac- 

tor  o f  10 less f requent  than the corresponding W e lep- 

tonic decay channels [9] ,4 .  A few events o f  type (1) 

are therefore  expec ted  in our  m u o n  or e lec t ron sam- 

pies. Evidence for the existence o f  the Z 0 in the range 

o f  masses accessible to the UA1 exper iment  can also 

be drawn from weak-elect romagnet ic  interference ex- 

per iments  at the highest P E T R A  energies, where 

deviations from point- l ike expecta t ions  have been 

repor ted  ,s  

,1 See also the corresponding result by the UA2 Collaboration 

[2]. 

,2 Since the run is at present continuing at the CERN SPS 

CoUider, the paper is likely to contain an event sample sig- 

nificantly larger than what is reported here. The result for 

the mass of the W is m w = (81 +- 2) GeV/c 2. 

,3 For latest parameters, see ref. [7]. The values used in this 

paper come from ref. [8]. The two-parameter fit to vg and 

Ota data yields o = 1.02 ± 0.026 and sin20w (mw) = 0.236 

± 0.030 at the W mass. The values for the W and Z masses 

are then m w = (79.3._+s:sT) GeV/c 2 and m z = (89.9 ± 4.4) 

GeV/c 2. Imoosing 0 = 0.99 (theoretical) gives m w = 
(83.0+_31°) GeV/c 2 and m Z +2 s = (93.8_2~4) GeV/c. 

,4 All cross sections are calculated in the leading log approxi- 

mation, assuming SU(2) X U(I). 
,s  For a summary of the results of the CELLO, JADE, 

MARK J and TASSO Collaborations, see ref. [10]. The 
+21 result quoted is rn z = (76 -11 ) GeV/c2, or a 2 SD effect 

from m z = .o. 

This paper deals wi th  four  e+e - pairs and one/a+/~ - 

pair, consis tent  wi th  a c o m m o n  value o f  invariant mass 

and wi th  the general expecta t ions  for l ep ton  pairs 

f rom Z 0 decay. 

2. Detec tor .  The UA1 apparatus has already been 

described [ 1 ]. We l imit  our discussion to those com- 

ponents  which are relevant to  the ident i f icat ion and 

measurement  o f  muons  and electrons.  

The m o m e n t a  o f  charged tracks are de termined  by 

def lect ion in the central  dipole magnet  generat ing a 

field o f  0.7 T over a vo lume of  7 ! 3.5 ! 3.5 m 3. 

Tracks are recorded by the central  de tec tor  (CD) [11],  

a cylindrical  vo lume of  drift chambers  5.8 m in length 

and 2.3 m in diameter ,  surrounding the beam crossing 

region. Accuracy  for h igh-momentum tracks is domi- 

nated by the local izat ion error o f  the electrons drift ing 

in the gas, it is about  100/am close to the anode wires 

and 350/~m after 22 cm, the longest drift  path.  At  this 

stage we find no evidence o f  significant addit ional  sys- 

temat ic  errors, even for the highest m o m e n t u m  

tracks * 6. Ionizat ion can be measured to an accuracy 

of  about  -+10% for a 1 m long track. This allows identi- 

f icat ion o f  narrow, high-energy particle bundles (e+e - 

pairs), even i f  they  cannot  be resolved by the digitiz- 

ings. 

The large-angle sect ion o f  e lect romagnet ic  and 

hadronic  ca lor imet ry  [ 1 ] extends  to angles o f  about  

5 ° wi th  respect to the beam pipe, and it consists o f  

lead/scint i l la tor  stacks fo l lowed by the ins t rumented  

iron o f  the magnet  yoke  used as a hadron calor imeter .  

Addi t ional  ca lor imetry  [1 ], bo th  e lect romagnet ic  and 

hadronic ,  extends  to forward regions, down to 0.2 °. 

Electrons o f  the present sample have been recorded by 

the central  section of  the e.m. ca lor imetry ,  consisting 

o f  48 semicylindrical  lead/scint i l la tor  modules ,  wi th  

an inner radius of  1.36 m, arranged in two cylindrical  

A large number of cosmic-ray muons traversing both the 

upper and the lower elements of the central detector were 

studied, comparing momenta determinations. Events were 

recorded continuously during the run and within the beam 

crossing gate (50 ns). Additional data were collected with 

beams off. This was done in order to ensure the absence of 

positive ion distortions in the tracks. Apart from the over- 

all timing, which is fitted from the track as long as there is 

at least one drift volume crossing, all other calibration con- 

stants are identical to those used for actual events. No evi- 

dence for systematic effects, beyond statistical contribu- 

tions from individual drift distance measurements, are 

needed to account for momentum measurements up to p 
> 50 GeV/c. 
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bosons is achieved with  p r o t o n - a n t i p r o t o n  collisions 

at x /~=  540 GeV in the UA1 detec tor  [4],  except  that  

now we search for e lectron and m u o n  pairs rather than 

for e l e c t r o n - n e u t r i n o  coincidences.  The process is then: 

~ + p ~ Z O + X  

L e  + e -  or /a + + / a - .  (1) 

The paper is based on an early analysis o f  a sample 

o f  collisions wi th  an integrated luminos i ty  o f  55 nb -1 .  

In this event  sample,  27 W -+ -~ e+-v events have been 

recorded [5] ,2 .  According  to minimal  SU(2)  ! U(1),  

the Z 0 mass is predic ted  to be [6] ,3 m z  ° = 94 -+ 2.5 

GeV/c  2. The react ion (1) is then approx imate ly  a :fac- 

tor  o f  10 less f requent  than the corresponding W e lep- 

tonic decay channels [9] ,4 .  A few events o f  type (1) 

are therefore  expec ted  in our  m u o n  or e lec t ron sam- 

pies. Evidence for the existence o f  the Z 0 in the range 

o f  masses accessible to the UA1 exper iment  can also 

be drawn from weak-elect romagnet ic  interference ex- 

per iments  at the highest P E T R A  energies, where 

deviations from point- l ike expecta t ions  have been 

repor ted  ,s  

,1 See also the corresponding result by the UA2 Collaboration 

[2]. 

,2 Since the run is at present continuing at the CERN SPS 

CoUider, the paper is likely to contain an event sample sig- 

nificantly larger than what is reported here. The result for 

the mass of the W is m w = (81 +- 2) GeV/c 2. 

,3 For latest parameters, see ref. [7]. The values used in this 

paper come from ref. [8]. The two-parameter fit to vg and 

Ota data yields o = 1.02 ± 0.026 and sin20w (mw) = 0.236 

± 0.030 at the W mass. The values for the W and Z masses 

are then m w = (79.3._+s:sT) GeV/c 2 and m z = (89.9 ± 4.4) 

GeV/c 2. Imoosing 0 = 0.99 (theoretical) gives m w = 
(83.0+_31°) GeV/c 2 and m Z +2 s = (93.8_2~4) GeV/c. 

,4 All cross sections are calculated in the leading log approxi- 

mation, assuming SU(2) X U(I). 
,s  For a summary of the results of the CELLO, JADE, 

MARK J and TASSO Collaborations, see ref. [10]. The 
+21 result quoted is rn z = (76 -11 ) GeV/c2, or a 2 SD effect 

from m z = .o. 

This paper deals wi th  four  e+e - pairs and one/a+/~ - 

pair, consis tent  wi th  a c o m m o n  value o f  invariant mass 

and wi th  the general expecta t ions  for l ep ton  pairs 

f rom Z 0 decay. 

2. Detec tor .  The UA1 apparatus has already been 

described [ 1 ]. We l imit  our discussion to those com- 

ponents  which are relevant to  the ident i f icat ion and 

measurement  o f  muons  and electrons.  

The m o m e n t a  o f  charged tracks are de termined  by 

def lect ion in the central  dipole magnet  generat ing a 

field o f  0.7 T over a vo lume of  7 ! 3.5 ! 3.5 m 3. 

Tracks are recorded by the central  de tec tor  (CD) [11],  

a cylindrical  vo lume of  drift chambers  5.8 m in length 

and 2.3 m in diameter ,  surrounding the beam crossing 

region. Accuracy  for h igh-momentum tracks is domi- 

nated by the local izat ion error o f  the electrons drift ing 

in the gas, it is about  100/am close to the anode wires 

and 350/~m after 22 cm, the longest drift  path.  At  this 

stage we find no evidence o f  significant addit ional  sys- 

temat ic  errors, even for the highest m o m e n t u m  

tracks * 6. Ionizat ion can be measured to an accuracy 

of  about  -+10% for a 1 m long track. This allows identi- 

f icat ion o f  narrow, high-energy particle bundles (e+e - 

pairs), even i f  they  cannot  be resolved by the digitiz- 

ings. 

The large-angle sect ion o f  e lect romagnet ic  and 

hadronic  ca lor imet ry  [ 1 ] extends  to angles o f  about  

5 ° wi th  respect to the beam pipe, and it consists o f  

lead/scint i l la tor  stacks fo l lowed by the ins t rumented  

iron o f  the magnet  yoke  used as a hadron calor imeter .  

Addi t ional  ca lor imetry  [1 ], bo th  e lect romagnet ic  and 

hadronic ,  extends  to forward regions, down to 0.2 °. 

Electrons o f  the present sample have been recorded by 

the central  section of  the e.m. ca lor imetry ,  consisting 

o f  48 semicylindrical  lead/scint i l la tor  modules ,  wi th  

an inner radius of  1.36 m, arranged in two cylindrical  

A large number of cosmic-ray muons traversing both the 

upper and the lower elements of the central detector were 

studied, comparing momenta determinations. Events were 

recorded continuously during the run and within the beam 

crossing gate (50 ns). Additional data were collected with 

beams off. This was done in order to ensure the absence of 

positive ion distortions in the tracks. Apart from the over- 

all timing, which is fitted from the track as long as there is 

at least one drift volume crossing, all other calibration con- 

stants are identical to those used for actual events. No evi- 

dence for systematic effects, beyond statistical contribu- 

tions from individual drift distance measurements, are 

needed to account for momentum measurements up to p 
> 50 GeV/c. 
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3. Event selection and data analysis. The present 

work is based on a four-week period of  data-taking 

during the months of  April and May 1983. The inte- 

grated luminosity after subtraction of  dead-time and 

other instrumental inefficiencies was 55 nb -1  . As in 

our previous work [1], four types of  trigger were 

operated simultaneously: 

(i) An "electron trigger", namely at least 10 GeV 

of  transverse energy deposited in two adjacent elements 

of  the electromagnetic calorimeters covering angles 

larger than 5 ° with respect to the beam pipes. 

(ii) A "muon trigger", namely at least one penetrat- 

ing track detected in the muon chambers with pseudo- 

rapidity Ir~l ~< 1.3 and pointing in both projections to 

the interaction vertex within a specified cone of  aper- 

ture + 150 mrad. This is accomplished by a dedicated 

set of  hardware processors filtering the patterns of  the 

muon tube hits. 

(iii) A "jet trigger", namely at least 20 GeV of  

transverse energy in a localized calorimeter cluster * a. 

(iv) A global "E T trigger", with > 5 0  GeV of  total  

transverse energy from all calorimeters with IrTI < 1.4. 

Events for the present paper were further selected 

by the so-called "express line", consisting of  a set of  

four 168E computers [13] operated independently in 

real time during the data-taking. A subsample of  

events with E T ~> 12 GeV in the electromagnetic calo- 

rimeters and dimuons are selected and writ ten on a 

dedicated magnetic tape. These events have been fully 

processed off-line and further subdivided into four 

main classes: (i) single, isolated electromagnetic clus- 

ters with E T > 15 GeV and missing energy events with 

Emiss > 15 GeV, in order to extract  W +- ~ e -+ v events 

[ 1,5] ; (ii) two or more isolated electromagnetic clus- 

ters w i t h e  T > 25 GeV for Z 0 ~ e+e - candidates; 

(iii) muon pair selection to find Z 0 ~/a+M - events; 

and (iv) events with a track reconstructed in the cen- 

tral detector,  of  transverse momentum within one 

standard deviation, PT ~> 25 GeV/c, in order to evalu- 

ate some of  the background contributions. We will 

discuss these different categories in more detail. 

4. Events with two isolated electron signatures. An 

electron signature is defined as a localized energy 

a The jet cluster is defined as in ref. [1], namely six electro- 
magnetic cells and two hadronic cells immediately behind. 
Energy responses of calorimeters for hadrons and electrons 
are somewhat different. 
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Fig. 1. Invariant mass distribution (uncorrected) of two elec- 
tromagnetic clusters: (a) with E T > 25 GeV; (b) as above and 

a track with PT > 7 GeV/c and projected length >40 cm 
pointing to the cluster. In addition, a small energy deposition 
in the hadron calorimeters immediately behind (< 0.8 GeV) 
ensures the electron signature. Isolation is required with ~ PT 
< 3 GeV/c for all other tracks pointing to the cluster. (c) The 
second cluster also has an isolated track. 

deposition in two contiguous cells of  the electromag- 

netic detectors with E T > 25 GeV, and a small (or no) 

energy deposit ion (~<800 MeV) in the hadron calori- 

meters immediately behind them. The isolation require- 

ment  is defined as the absence of  charged tracks with 

momenta  adding up to more than 3 GeV/c of  transverse 

momentum and pointing towards the electron cluster 

cells. The effects of  the successive cuts on the invari- 

ant e lec t ron-e lec t ron  mass are shown in fig. 1. Four 

e+e - events survive cuts, consistent with a common 

value of  (e+e - )  invariant mass. They have been care- 

fully studied using the interactive event display facil- 

i ty MEGATEK. One of  these events is shown in figs. 

2a and 2b. The main parameters of  the four events are 

listed in tables 1 and 3. As one can see from the ener- 

gy deposition plots (fig. 3), their dominant feature is 

of  two very prominent  electromagnetic energy deposi- 

tions. All events appear to balance the visible total  

transverse energy components;  namely, there is no 

evidence for the emission of  energetic neutrinos. Ex- 
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1. I n t r o d u c t i o n .  We have recent ly repor ted  the ob- 

servation o f  large invariant mass e l e c t r o n - n e u t r i n o  

pairs [ 1 ] ,1 produced  in high-energy collisions at the 

CERN Super Proton Synchro t ron  (SPS) [3].  The most  

l ikely in terpre ta t ion  o f  these events is that  they are the 

leptonic  decays o f  charged in termedia te  vector  bosons 

W + and W -  media t ing  ordinary weak interact ions.  

We have now ex tended  our  search to their neutral  

par tner  Z 0, responsible for neutral  currents.  As in our  

previous work,  p roduc t ion  o f  in te rmedia te  vector  

bosons is achieved with  p r o t o n - a n t i p r o t o n  collisions 

at x /~=  540 GeV in the UA1 detec tor  [4],  except  that  

now we search for e lectron and m u o n  pairs rather than 

for e l e c t r o n - n e u t r i n o  coincidences.  The process is then: 

~ + p ~ Z O + X  

L e  + e -  or /a + + / a - .  (1) 

The paper is based on an early analysis o f  a sample 

o f  collisions wi th  an integrated luminos i ty  o f  55 nb -1 .  

In this event  sample,  27 W -+ -~ e+-v events have been 

recorded [5] ,2 .  According  to minimal  SU(2)  ! U(1),  

the Z 0 mass is predic ted  to be [6] ,3 m z  ° = 94 -+ 2.5 

GeV/c  2. The react ion (1) is then approx imate ly  a :fac- 

tor  o f  10 less f requent  than the corresponding W e lep- 

tonic decay channels [9] ,4 .  A few events o f  type (1) 

are therefore  expec ted  in our  m u o n  or e lec t ron sam- 

pies. Evidence for the existence o f  the Z 0 in the range 

o f  masses accessible to the UA1 exper iment  can also 

be drawn from weak-elect romagnet ic  interference ex- 

per iments  at the highest P E T R A  energies, where 

deviations from point- l ike expecta t ions  have been 

repor ted  ,s  

,1 See also the corresponding result by the UA2 Collaboration 

[2]. 

,2 Since the run is at present continuing at the CERN SPS 

CoUider, the paper is likely to contain an event sample sig- 

nificantly larger than what is reported here. The result for 

the mass of the W is m w = (81 +- 2) GeV/c 2. 

,3 For latest parameters, see ref. [7]. The values used in this 

paper come from ref. [8]. The two-parameter fit to vg and 

Ota data yields o = 1.02 ± 0.026 and sin20w (mw) = 0.236 

± 0.030 at the W mass. The values for the W and Z masses 

are then m w = (79.3._+s:sT) GeV/c 2 and m z = (89.9 ± 4.4) 

GeV/c 2. Imoosing 0 = 0.99 (theoretical) gives m w = 
(83.0+_31°) GeV/c 2 and m Z +2 s = (93.8_2~4) GeV/c. 

,4 All cross sections are calculated in the leading log approxi- 

mation, assuming SU(2) X U(I). 
,s  For a summary of the results of the CELLO, JADE, 

MARK J and TASSO Collaborations, see ref. [10]. The 
+21 result quoted is rn z = (76 -11 ) GeV/c2, or a 2 SD effect 

from m z = .o. 

This paper deals wi th  four  e+e - pairs and one/a+/~ - 

pair, consis tent  wi th  a c o m m o n  value o f  invariant mass 

and wi th  the general expecta t ions  for l ep ton  pairs 

f rom Z 0 decay. 

2. Detec tor .  The UA1 apparatus has already been 

described [ 1 ]. We l imit  our discussion to those com- 

ponents  which are relevant to  the ident i f icat ion and 

measurement  o f  muons  and electrons.  

The m o m e n t a  o f  charged tracks are de termined  by 

def lect ion in the central  dipole magnet  generat ing a 

field o f  0.7 T over a vo lume of  7 ! 3.5 ! 3.5 m 3. 

Tracks are recorded by the central  de tec tor  (CD) [11],  

a cylindrical  vo lume of  drift chambers  5.8 m in length 

and 2.3 m in diameter ,  surrounding the beam crossing 

region. Accuracy  for h igh-momentum tracks is domi- 

nated by the local izat ion error o f  the electrons drift ing 

in the gas, it is about  100/am close to the anode wires 

and 350/~m after 22 cm, the longest drift  path.  At  this 

stage we find no evidence o f  significant addit ional  sys- 

temat ic  errors, even for the highest m o m e n t u m  

tracks * 6. Ionizat ion can be measured to an accuracy 

of  about  -+10% for a 1 m long track. This allows identi- 

f icat ion o f  narrow, high-energy particle bundles (e+e - 

pairs), even i f  they  cannot  be resolved by the digitiz- 

ings. 

The large-angle sect ion o f  e lect romagnet ic  and 

hadronic  ca lor imet ry  [ 1 ] extends  to angles o f  about  

5 ° wi th  respect to the beam pipe, and it consists o f  

lead/scint i l la tor  stacks fo l lowed by the ins t rumented  

iron o f  the magnet  yoke  used as a hadron calor imeter .  

Addi t ional  ca lor imetry  [1 ], bo th  e lect romagnet ic  and 

hadronic ,  extends  to forward regions, down to 0.2 °. 

Electrons o f  the present sample have been recorded by 

the central  section of  the e.m. ca lor imetry ,  consisting 

o f  48 semicylindrical  lead/scint i l la tor  modules ,  wi th  

an inner radius of  1.36 m, arranged in two cylindrical  

A large number of cosmic-ray muons traversing both the 

upper and the lower elements of the central detector were 

studied, comparing momenta determinations. Events were 

recorded continuously during the run and within the beam 

crossing gate (50 ns). Additional data were collected with 

beams off. This was done in order to ensure the absence of 

positive ion distortions in the tracks. Apart from the over- 

all timing, which is fitted from the track as long as there is 

at least one drift volume crossing, all other calibration con- 

stants are identical to those used for actual events. No evi- 

dence for systematic effects, beyond statistical contribu- 

tions from individual drift distance measurements, are 

needed to account for momentum measurements up to p 
> 50 GeV/c. 
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Fig. 7. Transverse momentum spectra: (a) for W ~ eu events, 

and (b) Z ° --* ~+~- candidates. The lines represent QCD predic- 
tions (ref. [20]). 

with transverse energy ~--25 GeV in a sample corre- 

sponding to 30 nb -1 . Including the probabil i ty  that 

this track simulates either a muon ( ~ 2  X 10 - 3 )  or an 

electron ( ~ 6  X 10-3) ,  we conclude that this effect is 

negligible ,1o. Note that two tracks (rather than one) 

are needed to simulate our events (probabilit ies must 

be squared!) and that the invariant mass of  the events 

is much higher than the background. The background 

is expected to fall approximately like m -5  according 

to the observed j e t - j e t  mass distributions [ 16]. 

(ii) Heavy-flavoured jets with subsequent decay 

into leading muons or electrons. In the 1982 event 

sample (11 n b ± l ) ,  two events have been observed with 

a single isolated muon of PT > 15 GeV and one elec- 

tron event with PT > 25 GeV/c. Some jet  activity in 

the opposite hemisphere is required. One event exhib- 

its also a significant missing energy. Once this is taken 

,10 Electron-pion discrimination has been measured in a test 

beam in the full energy range and angles of interest. The 
muon tracks have the following probabilities: (i) no inter- 
action: 2 ! 10 -s (4 ! 10-s); (ii) interaction but undetect- 
ed by the calorimeter and geometrical cuts: 10 --4 (4 X 
104); (iii) decay: 10 -3 (0.7 X 10-3). Numbers within 

parenthesis refer to negative tracks. 
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into account they all have a total ( j e t+ je t+ lep ton+  

neutrino) transverse mass of  around 80 GeV/c 2, which 

indicates that they are most likely due to heavy-flavour 

decay of  W particles. This background will be kine- 

matically suppressed at the mass of  our five events. 

Nevertheless, if  the fragmentation of  the other jet  is 

also required to give a leading lepton and no other 

visible debris, this background contributes at most to 

10 - 4  events. Monte Carlo calculations using ISAJET 

lead to essentially the same conclusion [9]. 

(iii) Dre l l -Yan  continuum. The estimated number 

and the invariant mass distribution make it negligible 

[17,9]. 

(iv) W+W - pair product ion is expected to be en- 

tirely negligible at our energy [ 18,9]. 

(v) Onium decay from a new quark, of  mass com- 

patible with the observation (~95  GeV/c2). Cross sec- 

tions for this process have been estimated by different 

authors [19], and they appear much too small to ac- 

count for the desired effect. 

In conclusion, none of  the effects listed above can 

produce either the number or the features of  the ob- 

served events. 

7. Dilepton events as Z 0 leptonic decays. All the 

observations are in agreement with the hypothesis that 

events are due to the product ion and decay of  the 

neutral intermediate vector boson Z ° according to 

reaction (1). The transverse momentum distribution 

is shown in fig. 7, compared with the observed distri- 

butions for the W ± + ev events [5] and with QCD cal- 

culations [20]. The muon event and one of  the elec- 

tron events (event B) have visible jet  structure. Other 

events are instead apparently structureless. 

From our observation, we deduce a mass value for 
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3. Event selection and data analysis. The present 

work is based on a four-week period of  data-taking 

during the months of  April and May 1983. The inte- 

grated luminosity after subtraction of  dead-time and 

other instrumental inefficiencies was 55 nb -1  . As in 

our previous work [1], four types of  trigger were 

operated simultaneously: 

(i) An "electron trigger", namely at least 10 GeV 

of  transverse energy deposited in two adjacent elements 

of  the electromagnetic calorimeters covering angles 

larger than 5 ° with respect to the beam pipes. 

(ii) A "muon trigger", namely at least one penetrat- 

ing track detected in the muon chambers with pseudo- 

rapidity Ir~l ~< 1.3 and pointing in both projections to 

the interaction vertex within a specified cone of  aper- 

ture + 150 mrad. This is accomplished by a dedicated 

set of  hardware processors filtering the patterns of  the 

muon tube hits. 

(iii) A "jet trigger", namely at least 20 GeV of  

transverse energy in a localized calorimeter cluster * a. 

(iv) A global "E T trigger", with > 5 0  GeV of  total  

transverse energy from all calorimeters with IrTI < 1.4. 

Events for the present paper were further selected 

by the so-called "express line", consisting of  a set of  

four 168E computers [13] operated independently in 

real time during the data-taking. A subsample of  

events with E T ~> 12 GeV in the electromagnetic calo- 

rimeters and dimuons are selected and writ ten on a 

dedicated magnetic tape. These events have been fully 

processed off-line and further subdivided into four 

main classes: (i) single, isolated electromagnetic clus- 

ters with E T > 15 GeV and missing energy events with 

Emiss > 15 GeV, in order to extract  W +- ~ e -+ v events 

[ 1,5] ; (ii) two or more isolated electromagnetic clus- 

ters w i t h e  T > 25 GeV for Z 0 ~ e+e - candidates; 

(iii) muon pair selection to find Z 0 ~/a+M - events; 

and (iv) events with a track reconstructed in the cen- 

tral detector,  of  transverse momentum within one 

standard deviation, PT ~> 25 GeV/c, in order to evalu- 

ate some of  the background contributions. We will 

discuss these different categories in more detail. 

4. Events with two isolated electron signatures. An 

electron signature is defined as a localized energy 

a The jet cluster is defined as in ref. [1], namely six electro- 
magnetic cells and two hadronic cells immediately behind. 
Energy responses of calorimeters for hadrons and electrons 
are somewhat different. 
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Fig. 1. Invariant mass distribution (uncorrected) of two elec- 
tromagnetic clusters: (a) with E T > 25 GeV; (b) as above and 

a track with PT > 7 GeV/c and projected length >40 cm 
pointing to the cluster. In addition, a small energy deposition 
in the hadron calorimeters immediately behind (< 0.8 GeV) 
ensures the electron signature. Isolation is required with ~ PT 
< 3 GeV/c for all other tracks pointing to the cluster. (c) The 
second cluster also has an isolated track. 

deposition in two contiguous cells of  the electromag- 

netic detectors with E T > 25 GeV, and a small (or no) 

energy deposit ion (~<800 MeV) in the hadron calori- 

meters immediately behind them. The isolation require- 

ment  is defined as the absence of  charged tracks with 

momenta  adding up to more than 3 GeV/c of  transverse 

momentum and pointing towards the electron cluster 

cells. The effects of  the successive cuts on the invari- 

ant e lec t ron-e lec t ron  mass are shown in fig. 1. Four 

e+e - events survive cuts, consistent with a common 

value of  (e+e - )  invariant mass. They have been care- 

fully studied using the interactive event display facil- 

i ty MEGATEK. One of  these events is shown in figs. 

2a and 2b. The main parameters of  the four events are 

listed in tables 1 and 3. As one can see from the ener- 

gy deposition plots (fig. 3), their dominant feature is 

of  two very prominent  electromagnetic energy deposi- 

tions. All events appear to balance the visible total  

transverse energy components;  namely, there is no 

evidence for the emission of  energetic neutrinos. Ex- 
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1. I n t r o d u c t i o n .  We have recent ly repor ted  the ob- 

servation o f  large invariant mass e l e c t r o n - n e u t r i n o  

pairs [ 1 ] ,1 produced  in high-energy collisions at the 

CERN Super Proton Synchro t ron  (SPS) [3].  The most  

l ikely in terpre ta t ion  o f  these events is that  they are the 

leptonic  decays o f  charged in termedia te  vector  bosons 

W + and W -  media t ing  ordinary weak interact ions.  

We have now ex tended  our  search to their neutral  

par tner  Z 0, responsible for neutral  currents.  As in our  

previous work,  p roduc t ion  o f  in te rmedia te  vector  

bosons is achieved with  p r o t o n - a n t i p r o t o n  collisions 

at x /~=  540 GeV in the UA1 detec tor  [4],  except  that  

now we search for e lectron and m u o n  pairs rather than 

for e l e c t r o n - n e u t r i n o  coincidences.  The process is then: 

~ + p ~ Z O + X  

L e  + e -  or /a + + / a - .  (1) 

The paper is based on an early analysis o f  a sample 

o f  collisions wi th  an integrated luminos i ty  o f  55 nb -1 .  

In this event  sample,  27 W -+ -~ e+-v events have been 

recorded [5] ,2 .  According  to minimal  SU(2)  ! U(1),  

the Z 0 mass is predic ted  to be [6] ,3 m z  ° = 94 -+ 2.5 

GeV/c  2. The react ion (1) is then approx imate ly  a :fac- 

tor  o f  10 less f requent  than the corresponding W e lep- 

tonic decay channels [9] ,4 .  A few events o f  type (1) 

are therefore  expec ted  in our  m u o n  or e lec t ron sam- 

pies. Evidence for the existence o f  the Z 0 in the range 

o f  masses accessible to the UA1 exper iment  can also 

be drawn from weak-elect romagnet ic  interference ex- 

per iments  at the highest P E T R A  energies, where 

deviations from point- l ike expecta t ions  have been 

repor ted  ,s  

,1 See also the corresponding result by the UA2 Collaboration 

[2]. 

,2 Since the run is at present continuing at the CERN SPS 

CoUider, the paper is likely to contain an event sample sig- 

nificantly larger than what is reported here. The result for 

the mass of the W is m w = (81 +- 2) GeV/c 2. 

,3 For latest parameters, see ref. [7]. The values used in this 

paper come from ref. [8]. The two-parameter fit to vg and 

Ota data yields o = 1.02 ± 0.026 and sin20w (mw) = 0.236 

± 0.030 at the W mass. The values for the W and Z masses 

are then m w = (79.3._+s:sT) GeV/c 2 and m z = (89.9 ± 4.4) 

GeV/c 2. Imoosing 0 = 0.99 (theoretical) gives m w = 
(83.0+_31°) GeV/c 2 and m Z +2 s = (93.8_2~4) GeV/c. 

,4 All cross sections are calculated in the leading log approxi- 

mation, assuming SU(2) X U(I). 
,s  For a summary of the results of the CELLO, JADE, 

MARK J and TASSO Collaborations, see ref. [10]. The 
+21 result quoted is rn z = (76 -11 ) GeV/c2, or a 2 SD effect 

from m z = .o. 

This paper deals wi th  four  e+e - pairs and one/a+/~ - 

pair, consis tent  wi th  a c o m m o n  value o f  invariant mass 

and wi th  the general expecta t ions  for l ep ton  pairs 

f rom Z 0 decay. 

2. Detec tor .  The UA1 apparatus has already been 

described [ 1 ]. We l imit  our discussion to those com- 

ponents  which are relevant to  the ident i f icat ion and 

measurement  o f  muons  and electrons.  

The m o m e n t a  o f  charged tracks are de termined  by 

def lect ion in the central  dipole magnet  generat ing a 

field o f  0.7 T over a vo lume of  7 ! 3.5 ! 3.5 m 3. 

Tracks are recorded by the central  de tec tor  (CD) [11],  

a cylindrical  vo lume of  drift chambers  5.8 m in length 

and 2.3 m in diameter ,  surrounding the beam crossing 

region. Accuracy  for h igh-momentum tracks is domi- 

nated by the local izat ion error o f  the electrons drift ing 

in the gas, it is about  100/am close to the anode wires 

and 350/~m after 22 cm, the longest drift  path.  At  this 

stage we find no evidence o f  significant addit ional  sys- 

temat ic  errors, even for the highest m o m e n t u m  

tracks * 6. Ionizat ion can be measured to an accuracy 

of  about  -+10% for a 1 m long track. This allows identi- 

f icat ion o f  narrow, high-energy particle bundles (e+e - 

pairs), even i f  they  cannot  be resolved by the digitiz- 

ings. 

The large-angle sect ion o f  e lect romagnet ic  and 

hadronic  ca lor imet ry  [ 1 ] extends  to angles o f  about  

5 ° wi th  respect to the beam pipe, and it consists o f  

lead/scint i l la tor  stacks fo l lowed by the ins t rumented  

iron o f  the magnet  yoke  used as a hadron calor imeter .  

Addi t ional  ca lor imetry  [1 ], bo th  e lect romagnet ic  and 

hadronic ,  extends  to forward regions, down to 0.2 °. 

Electrons o f  the present sample have been recorded by 

the central  section of  the e.m. ca lor imetry ,  consisting 

o f  48 semicylindrical  lead/scint i l la tor  modules ,  wi th  

an inner radius of  1.36 m, arranged in two cylindrical  

A large number of cosmic-ray muons traversing both the 

upper and the lower elements of the central detector were 

studied, comparing momenta determinations. Events were 

recorded continuously during the run and within the beam 

crossing gate (50 ns). Additional data were collected with 

beams off. This was done in order to ensure the absence of 

positive ion distortions in the tracks. Apart from the over- 

all timing, which is fitted from the track as long as there is 

at least one drift volume crossing, all other calibration con- 

stants are identical to those used for actual events. No evi- 

dence for systematic effects, beyond statistical contribu- 

tions from individual drift distance measurements, are 

needed to account for momentum measurements up to p 
> 50 GeV/c. 
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with transverse energy ~--25 GeV in a sample corre- 

sponding to 30 nb -1 . Including the probabil i ty  that 

this track simulates either a muon ( ~ 2  X 10 - 3 )  or an 

electron ( ~ 6  X 10-3) ,  we conclude that this effect is 

negligible ,1o. Note that two tracks (rather than one) 

are needed to simulate our events (probabilit ies must 

be squared!) and that the invariant mass of  the events 

is much higher than the background. The background 

is expected to fall approximately like m -5  according 

to the observed j e t - j e t  mass distributions [ 16]. 

(ii) Heavy-flavoured jets with subsequent decay 

into leading muons or electrons. In the 1982 event 

sample (11 n b ± l ) ,  two events have been observed with 

a single isolated muon of PT > 15 GeV and one elec- 

tron event with PT > 25 GeV/c. Some jet  activity in 

the opposite hemisphere is required. One event exhib- 

its also a significant missing energy. Once this is taken 

,10 Electron-pion discrimination has been measured in a test 

beam in the full energy range and angles of interest. The 
muon tracks have the following probabilities: (i) no inter- 
action: 2 ! 10 -s (4 ! 10-s); (ii) interaction but undetect- 
ed by the calorimeter and geometrical cuts: 10 --4 (4 X 
104); (iii) decay: 10 -3 (0.7 X 10-3). Numbers within 

parenthesis refer to negative tracks. 
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into account they all have a total ( j e t+ je t+ lep ton+  

neutrino) transverse mass of  around 80 GeV/c 2, which 

indicates that they are most likely due to heavy-flavour 

decay of  W particles. This background will be kine- 

matically suppressed at the mass of  our five events. 

Nevertheless, if  the fragmentation of  the other jet  is 

also required to give a leading lepton and no other 

visible debris, this background contributes at most to 

10 - 4  events. Monte Carlo calculations using ISAJET 

lead to essentially the same conclusion [9]. 

(iii) Dre l l -Yan  continuum. The estimated number 

and the invariant mass distribution make it negligible 

[17,9]. 

(iv) W+W - pair product ion is expected to be en- 

tirely negligible at our energy [ 18,9]. 

(v) Onium decay from a new quark, of  mass com- 

patible with the observation (~95  GeV/c2). Cross sec- 

tions for this process have been estimated by different 

authors [19], and they appear much too small to ac- 

count for the desired effect. 

In conclusion, none of  the effects listed above can 

produce either the number or the features of  the ob- 

served events. 

7. Dilepton events as Z 0 leptonic decays. All the 

observations are in agreement with the hypothesis that 

events are due to the product ion and decay of  the 

neutral intermediate vector boson Z ° according to 

reaction (1). The transverse momentum distribution 

is shown in fig. 7, compared with the observed distri- 

butions for the W ± + ev events [5] and with QCD cal- 

culations [20]. The muon event and one of  the elec- 

tron events (event B) have visible jet  structure. Other 

events are instead apparently structureless. 

From our observation, we deduce a mass value for 
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the Z 0 particle, 

mzo = (95.2 -+ 2.5) GeV/c 2 . 

The half width based on the four electron events is 

3.1 GeV/c 2 (<5.1 GeV/c 2 at 90% CL), consistent with 

expectation from the experimental resohition and the 

natural Z 0 width [6 -8] ,  Fzo = 3.0 GeV. At this point 

it is important to stress that the final calibration of the 

electromagnetic calorimeters is still in progress and that 

small scale shifts are still possible, most likely affecting 

both the W +- and Z 0 mass values. No e.m. radiative cor- 

rections have been applied to the masses [ 14,15]. 

We now compare our result with the prediction of 

standard SU(2) ! U(1). Employing the renormalized 

weak mixing angle sin20 w (mw) defined by modified 

minimal subtraction, we find to O(a): 

sin20 w (row) = (38.5 GeV/mw) 2 . 

From our preliminary result [5] we find 

sin20 w (mw) = 0.226 + 0.011, 

in excellent agreement with the extrapolation from 

the world low-energy data ,3 sin20w (mw) = (0.236 

+ 0.030). If  we then parametrize the Z ° mass with the 

well-known formula m2o = m2W/p cos20w (mw), we 

find 19 = 0.94 +- 0.06 (see fig. 9), in excellent agreement 

with the prediction of the minimal model, where one 
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usually assumes that p = 1. Potential deviations from 

this value could come from higher Higgs representa- 

tions, additional fermion generations, dynamical sym- 

metry effects, etc. Within the accuracy of our result, 

none of these effects needs to be invoked. 
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3. Event selection and data analysis. The present 

work is based on a four-week period of  data-taking 

during the months of  April and May 1983. The inte- 

grated luminosity after subtraction of  dead-time and 

other instrumental inefficiencies was 55 nb -1  . As in 

our previous work [1], four types of  trigger were 

operated simultaneously: 

(i) An "electron trigger", namely at least 10 GeV 

of  transverse energy deposited in two adjacent elements 

of  the electromagnetic calorimeters covering angles 

larger than 5 ° with respect to the beam pipes. 

(ii) A "muon trigger", namely at least one penetrat- 

ing track detected in the muon chambers with pseudo- 

rapidity Ir~l ~< 1.3 and pointing in both projections to 

the interaction vertex within a specified cone of  aper- 

ture + 150 mrad. This is accomplished by a dedicated 

set of  hardware processors filtering the patterns of  the 

muon tube hits. 

(iii) A "jet trigger", namely at least 20 GeV of  

transverse energy in a localized calorimeter cluster * a. 

(iv) A global "E T trigger", with > 5 0  GeV of  total  

transverse energy from all calorimeters with IrTI < 1.4. 

Events for the present paper were further selected 

by the so-called "express line", consisting of  a set of  

four 168E computers [13] operated independently in 

real time during the data-taking. A subsample of  

events with E T ~> 12 GeV in the electromagnetic calo- 

rimeters and dimuons are selected and writ ten on a 

dedicated magnetic tape. These events have been fully 

processed off-line and further subdivided into four 

main classes: (i) single, isolated electromagnetic clus- 

ters with E T > 15 GeV and missing energy events with 

Emiss > 15 GeV, in order to extract  W +- ~ e -+ v events 

[ 1,5] ; (ii) two or more isolated electromagnetic clus- 

ters w i t h e  T > 25 GeV for Z 0 ~ e+e - candidates; 

(iii) muon pair selection to find Z 0 ~/a+M - events; 

and (iv) events with a track reconstructed in the cen- 

tral detector,  of  transverse momentum within one 

standard deviation, PT ~> 25 GeV/c, in order to evalu- 

ate some of  the background contributions. We will 

discuss these different categories in more detail. 

4. Events with two isolated electron signatures. An 

electron signature is defined as a localized energy 

a The jet cluster is defined as in ref. [1], namely six electro- 
magnetic cells and two hadronic cells immediately behind. 
Energy responses of calorimeters for hadrons and electrons 
are somewhat different. 
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Fig. 1. Invariant mass distribution (uncorrected) of two elec- 
tromagnetic clusters: (a) with E T > 25 GeV; (b) as above and 

a track with PT > 7 GeV/c and projected length >40 cm 
pointing to the cluster. In addition, a small energy deposition 
in the hadron calorimeters immediately behind (< 0.8 GeV) 
ensures the electron signature. Isolation is required with ~ PT 
< 3 GeV/c for all other tracks pointing to the cluster. (c) The 
second cluster also has an isolated track. 

deposition in two contiguous cells of  the electromag- 

netic detectors with E T > 25 GeV, and a small (or no) 

energy deposit ion (~<800 MeV) in the hadron calori- 

meters immediately behind them. The isolation require- 

ment  is defined as the absence of  charged tracks with 

momenta  adding up to more than 3 GeV/c of  transverse 

momentum and pointing towards the electron cluster 

cells. The effects of  the successive cuts on the invari- 

ant e lec t ron-e lec t ron  mass are shown in fig. 1. Four 

e+e - events survive cuts, consistent with a common 

value of  (e+e - )  invariant mass. They have been care- 

fully studied using the interactive event display facil- 

i ty MEGATEK. One of  these events is shown in figs. 

2a and 2b. The main parameters of  the four events are 

listed in tables 1 and 3. As one can see from the ener- 

gy deposition plots (fig. 3), their dominant feature is 

of  two very prominent  electromagnetic energy deposi- 

tions. All events appear to balance the visible total  

transverse energy components;  namely, there is no 

evidence for the emission of  energetic neutrinos. Ex- 
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1. I n t r o d u c t i o n .  We have recent ly repor ted  the ob- 

servation o f  large invariant mass e l e c t r o n - n e u t r i n o  

pairs [ 1 ] ,1 produced  in high-energy collisions at the 

CERN Super Proton Synchro t ron  (SPS) [3].  The most  

l ikely in terpre ta t ion  o f  these events is that  they are the 

leptonic  decays o f  charged in termedia te  vector  bosons 

W + and W -  media t ing  ordinary weak interact ions.  

We have now ex tended  our  search to their neutral  

par tner  Z 0, responsible for neutral  currents.  As in our  

previous work,  p roduc t ion  o f  in te rmedia te  vector  

bosons is achieved with  p r o t o n - a n t i p r o t o n  collisions 

at x /~=  540 GeV in the UA1 detec tor  [4],  except  that  

now we search for e lectron and m u o n  pairs rather than 

for e l e c t r o n - n e u t r i n o  coincidences.  The process is then: 

~ + p ~ Z O + X  

L e  + e -  or /a + + / a - .  (1) 

The paper is based on an early analysis o f  a sample 

o f  collisions wi th  an integrated luminos i ty  o f  55 nb -1 .  

In this event  sample,  27 W -+ -~ e+-v events have been 

recorded [5] ,2 .  According  to minimal  SU(2)  ! U(1),  

the Z 0 mass is predic ted  to be [6] ,3 m z  ° = 94 -+ 2.5 

GeV/c  2. The react ion (1) is then approx imate ly  a :fac- 

tor  o f  10 less f requent  than the corresponding W e lep- 

tonic decay channels [9] ,4 .  A few events o f  type (1) 

are therefore  expec ted  in our  m u o n  or e lec t ron sam- 

pies. Evidence for the existence o f  the Z 0 in the range 

o f  masses accessible to the UA1 exper iment  can also 

be drawn from weak-elect romagnet ic  interference ex- 

per iments  at the highest P E T R A  energies, where 

deviations from point- l ike expecta t ions  have been 

repor ted  ,s  

,1 See also the corresponding result by the UA2 Collaboration 

[2]. 

,2 Since the run is at present continuing at the CERN SPS 

CoUider, the paper is likely to contain an event sample sig- 

nificantly larger than what is reported here. The result for 

the mass of the W is m w = (81 +- 2) GeV/c 2. 

,3 For latest parameters, see ref. [7]. The values used in this 

paper come from ref. [8]. The two-parameter fit to vg and 

Ota data yields o = 1.02 ± 0.026 and sin20w (mw) = 0.236 

± 0.030 at the W mass. The values for the W and Z masses 

are then m w = (79.3._+s:sT) GeV/c 2 and m z = (89.9 ± 4.4) 

GeV/c 2. Imoosing 0 = 0.99 (theoretical) gives m w = 
(83.0+_31°) GeV/c 2 and m Z +2 s = (93.8_2~4) GeV/c. 

,4 All cross sections are calculated in the leading log approxi- 

mation, assuming SU(2) X U(I). 
,s  For a summary of the results of the CELLO, JADE, 

MARK J and TASSO Collaborations, see ref. [10]. The 
+21 result quoted is rn z = (76 -11 ) GeV/c2, or a 2 SD effect 

from m z = .o. 

This paper deals wi th  four  e+e - pairs and one/a+/~ - 

pair, consis tent  wi th  a c o m m o n  value o f  invariant mass 

and wi th  the general expecta t ions  for l ep ton  pairs 

f rom Z 0 decay. 

2. Detec tor .  The UA1 apparatus has already been 

described [ 1 ]. We l imit  our discussion to those com- 

ponents  which are relevant to  the ident i f icat ion and 

measurement  o f  muons  and electrons.  

The m o m e n t a  o f  charged tracks are de termined  by 

def lect ion in the central  dipole magnet  generat ing a 

field o f  0.7 T over a vo lume of  7 ! 3.5 ! 3.5 m 3. 

Tracks are recorded by the central  de tec tor  (CD) [11],  

a cylindrical  vo lume of  drift chambers  5.8 m in length 

and 2.3 m in diameter ,  surrounding the beam crossing 

region. Accuracy  for h igh-momentum tracks is domi- 

nated by the local izat ion error o f  the electrons drift ing 

in the gas, it is about  100/am close to the anode wires 

and 350/~m after 22 cm, the longest drift  path.  At  this 

stage we find no evidence o f  significant addit ional  sys- 

temat ic  errors, even for the highest m o m e n t u m  

tracks * 6. Ionizat ion can be measured to an accuracy 

of  about  -+10% for a 1 m long track. This allows identi- 

f icat ion o f  narrow, high-energy particle bundles (e+e - 

pairs), even i f  they  cannot  be resolved by the digitiz- 

ings. 

The large-angle sect ion o f  e lect romagnet ic  and 

hadronic  ca lor imet ry  [ 1 ] extends  to angles o f  about  

5 ° wi th  respect to the beam pipe, and it consists o f  

lead/scint i l la tor  stacks fo l lowed by the ins t rumented  

iron o f  the magnet  yoke  used as a hadron calor imeter .  

Addi t ional  ca lor imetry  [1 ], bo th  e lect romagnet ic  and 

hadronic ,  extends  to forward regions, down to 0.2 °. 

Electrons o f  the present sample have been recorded by 

the central  section of  the e.m. ca lor imetry ,  consisting 

o f  48 semicylindrical  lead/scint i l la tor  modules ,  wi th  

an inner radius of  1.36 m, arranged in two cylindrical  

A large number of cosmic-ray muons traversing both the 

upper and the lower elements of the central detector were 

studied, comparing momenta determinations. Events were 

recorded continuously during the run and within the beam 

crossing gate (50 ns). Additional data were collected with 

beams off. This was done in order to ensure the absence of 

positive ion distortions in the tracks. Apart from the over- 

all timing, which is fitted from the track as long as there is 

at least one drift volume crossing, all other calibration con- 

stants are identical to those used for actual events. No evi- 

dence for systematic effects, beyond statistical contribu- 

tions from individual drift distance measurements, are 

needed to account for momentum measurements up to p 
> 50 GeV/c. 
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with transverse energy ~--25 GeV in a sample corre- 

sponding to 30 nb -1 . Including the probabil i ty  that 

this track simulates either a muon ( ~ 2  X 10 - 3 )  or an 

electron ( ~ 6  X 10-3) ,  we conclude that this effect is 

negligible ,1o. Note that two tracks (rather than one) 

are needed to simulate our events (probabilit ies must 

be squared!) and that the invariant mass of  the events 

is much higher than the background. The background 

is expected to fall approximately like m -5  according 

to the observed j e t - j e t  mass distributions [ 16]. 

(ii) Heavy-flavoured jets with subsequent decay 

into leading muons or electrons. In the 1982 event 

sample (11 n b ± l ) ,  two events have been observed with 

a single isolated muon of PT > 15 GeV and one elec- 

tron event with PT > 25 GeV/c. Some jet  activity in 

the opposite hemisphere is required. One event exhib- 

its also a significant missing energy. Once this is taken 

,10 Electron-pion discrimination has been measured in a test 

beam in the full energy range and angles of interest. The 
muon tracks have the following probabilities: (i) no inter- 
action: 2 ! 10 -s (4 ! 10-s); (ii) interaction but undetect- 
ed by the calorimeter and geometrical cuts: 10 --4 (4 X 
104); (iii) decay: 10 -3 (0.7 X 10-3). Numbers within 

parenthesis refer to negative tracks. 
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into account they all have a total ( j e t+ je t+ lep ton+  

neutrino) transverse mass of  around 80 GeV/c 2, which 

indicates that they are most likely due to heavy-flavour 

decay of  W particles. This background will be kine- 

matically suppressed at the mass of  our five events. 

Nevertheless, if  the fragmentation of  the other jet  is 

also required to give a leading lepton and no other 

visible debris, this background contributes at most to 

10 - 4  events. Monte Carlo calculations using ISAJET 

lead to essentially the same conclusion [9]. 

(iii) Dre l l -Yan  continuum. The estimated number 

and the invariant mass distribution make it negligible 

[17,9]. 

(iv) W+W - pair product ion is expected to be en- 

tirely negligible at our energy [ 18,9]. 

(v) Onium decay from a new quark, of  mass com- 

patible with the observation (~95  GeV/c2). Cross sec- 

tions for this process have been estimated by different 

authors [19], and they appear much too small to ac- 

count for the desired effect. 

In conclusion, none of  the effects listed above can 

produce either the number or the features of  the ob- 

served events. 

7. Dilepton events as Z 0 leptonic decays. All the 

observations are in agreement with the hypothesis that 

events are due to the product ion and decay of  the 

neutral intermediate vector boson Z ° according to 

reaction (1). The transverse momentum distribution 

is shown in fig. 7, compared with the observed distri- 

butions for the W ± + ev events [5] and with QCD cal- 

culations [20]. The muon event and one of  the elec- 

tron events (event B) have visible jet  structure. Other 

events are instead apparently structureless. 

From our observation, we deduce a mass value for 
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the Z 0 particle, 

mzo = (95.2 -+ 2.5) GeV/c 2 . 

The half width based on the four electron events is 

3.1 GeV/c 2 (<5.1 GeV/c 2 at 90% CL), consistent with 

expectation from the experimental resohition and the 

natural Z 0 width [6 -8] ,  Fzo = 3.0 GeV. At this point 

it is important to stress that the final calibration of the 

electromagnetic calorimeters is still in progress and that 

small scale shifts are still possible, most likely affecting 

both the W +- and Z 0 mass values. No e.m. radiative cor- 

rections have been applied to the masses [ 14,15]. 

We now compare our result with the prediction of 

standard SU(2) ! U(1). Employing the renormalized 

weak mixing angle sin20 w (mw) defined by modified 

minimal subtraction, we find to O(a): 

sin20 w (row) = (38.5 GeV/mw) 2 . 

From our preliminary result [5] we find 

sin20 w (mw) = 0.226 + 0.011, 

in excellent agreement with the extrapolation from 

the world low-energy data ,3 sin20w (mw) = (0.236 

+ 0.030). If  we then parametrize the Z ° mass with the 

well-known formula m2o = m2W/p cos20w (mw), we 

find 19 = 0.94 +- 0.06 (see fig. 9), in excellent agreement 

with the prediction of the minimal model, where one 
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usually assumes that p = 1. Potential deviations from 

this value could come from higher Higgs representa- 

tions, additional fermion generations, dynamical sym- 

metry effects, etc. Within the accuracy of our result, 

none of these effects needs to be invoked. 
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3. Event selection and data analysis. The present 

work is based on a four-week period of  data-taking 

during the months of  April and May 1983. The inte- 

grated luminosity after subtraction of  dead-time and 

other instrumental inefficiencies was 55 nb -1  . As in 

our previous work [1], four types of  trigger were 

operated simultaneously: 

(i) An "electron trigger", namely at least 10 GeV 

of  transverse energy deposited in two adjacent elements 

of  the electromagnetic calorimeters covering angles 

larger than 5 ° with respect to the beam pipes. 

(ii) A "muon trigger", namely at least one penetrat- 

ing track detected in the muon chambers with pseudo- 

rapidity Ir~l ~< 1.3 and pointing in both projections to 

the interaction vertex within a specified cone of  aper- 

ture + 150 mrad. This is accomplished by a dedicated 

set of  hardware processors filtering the patterns of  the 

muon tube hits. 

(iii) A "jet trigger", namely at least 20 GeV of  

transverse energy in a localized calorimeter cluster * a. 

(iv) A global "E T trigger", with > 5 0  GeV of  total  

transverse energy from all calorimeters with IrTI < 1.4. 

Events for the present paper were further selected 

by the so-called "express line", consisting of  a set of  

four 168E computers [13] operated independently in 

real time during the data-taking. A subsample of  

events with E T ~> 12 GeV in the electromagnetic calo- 

rimeters and dimuons are selected and writ ten on a 

dedicated magnetic tape. These events have been fully 

processed off-line and further subdivided into four 

main classes: (i) single, isolated electromagnetic clus- 

ters with E T > 15 GeV and missing energy events with 

Emiss > 15 GeV, in order to extract  W +- ~ e -+ v events 

[ 1,5] ; (ii) two or more isolated electromagnetic clus- 

ters w i t h e  T > 25 GeV for Z 0 ~ e+e - candidates; 

(iii) muon pair selection to find Z 0 ~/a+M - events; 

and (iv) events with a track reconstructed in the cen- 

tral detector,  of  transverse momentum within one 

standard deviation, PT ~> 25 GeV/c, in order to evalu- 

ate some of  the background contributions. We will 

discuss these different categories in more detail. 

4. Events with two isolated electron signatures. An 

electron signature is defined as a localized energy 

a The jet cluster is defined as in ref. [1], namely six electro- 
magnetic cells and two hadronic cells immediately behind. 
Energy responses of calorimeters for hadrons and electrons 
are somewhat different. 
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Fig. 1. Invariant mass distribution (uncorrected) of two elec- 
tromagnetic clusters: (a) with E T > 25 GeV; (b) as above and 

a track with PT > 7 GeV/c and projected length >40 cm 
pointing to the cluster. In addition, a small energy deposition 
in the hadron calorimeters immediately behind (< 0.8 GeV) 
ensures the electron signature. Isolation is required with ~ PT 
< 3 GeV/c for all other tracks pointing to the cluster. (c) The 
second cluster also has an isolated track. 

deposition in two contiguous cells of  the electromag- 

netic detectors with E T > 25 GeV, and a small (or no) 

energy deposit ion (~<800 MeV) in the hadron calori- 

meters immediately behind them. The isolation require- 

ment  is defined as the absence of  charged tracks with 

momenta  adding up to more than 3 GeV/c of  transverse 

momentum and pointing towards the electron cluster 

cells. The effects of  the successive cuts on the invari- 

ant e lec t ron-e lec t ron  mass are shown in fig. 1. Four 

e+e - events survive cuts, consistent with a common 

value of  (e+e - )  invariant mass. They have been care- 

fully studied using the interactive event display facil- 

i ty MEGATEK. One of  these events is shown in figs. 

2a and 2b. The main parameters of  the four events are 

listed in tables 1 and 3. As one can see from the ener- 

gy deposition plots (fig. 3), their dominant feature is 

of  two very prominent  electromagnetic energy deposi- 

tions. All events appear to balance the visible total  

transverse energy components;  namely, there is no 

evidence for the emission of  energetic neutrinos. Ex- 
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1. I n t r o d u c t i o n .  We have recent ly repor ted  the ob- 

servation o f  large invariant mass e l e c t r o n - n e u t r i n o  

pairs [ 1 ] ,1 produced  in high-energy collisions at the 

CERN Super Proton Synchro t ron  (SPS) [3].  The most  

l ikely in terpre ta t ion  o f  these events is that  they are the 

leptonic  decays o f  charged in termedia te  vector  bosons 

W + and W -  media t ing  ordinary weak interact ions.  

We have now ex tended  our  search to their neutral  

par tner  Z 0, responsible for neutral  currents.  As in our  

previous work,  p roduc t ion  o f  in te rmedia te  vector  

bosons is achieved with  p r o t o n - a n t i p r o t o n  collisions 

at x /~=  540 GeV in the UA1 detec tor  [4],  except  that  

now we search for e lectron and m u o n  pairs rather than 

for e l e c t r o n - n e u t r i n o  coincidences.  The process is then: 

~ + p ~ Z O + X  

L e  + e -  or /a + + / a - .  (1) 

The paper is based on an early analysis o f  a sample 

o f  collisions wi th  an integrated luminos i ty  o f  55 nb -1 .  

In this event  sample,  27 W -+ -~ e+-v events have been 

recorded [5] ,2 .  According  to minimal  SU(2)  ! U(1),  

the Z 0 mass is predic ted  to be [6] ,3 m z  ° = 94 -+ 2.5 

GeV/c  2. The react ion (1) is then approx imate ly  a :fac- 

tor  o f  10 less f requent  than the corresponding W e lep- 

tonic decay channels [9] ,4 .  A few events o f  type (1) 

are therefore  expec ted  in our  m u o n  or e lec t ron sam- 

pies. Evidence for the existence o f  the Z 0 in the range 

o f  masses accessible to the UA1 exper iment  can also 

be drawn from weak-elect romagnet ic  interference ex- 

per iments  at the highest P E T R A  energies, where 

deviations from point- l ike expecta t ions  have been 

repor ted  ,s  

,1 See also the corresponding result by the UA2 Collaboration 

[2]. 

,2 Since the run is at present continuing at the CERN SPS 

CoUider, the paper is likely to contain an event sample sig- 

nificantly larger than what is reported here. The result for 

the mass of the W is m w = (81 +- 2) GeV/c 2. 

,3 For latest parameters, see ref. [7]. The values used in this 

paper come from ref. [8]. The two-parameter fit to vg and 

Ota data yields o = 1.02 ± 0.026 and sin20w (mw) = 0.236 

± 0.030 at the W mass. The values for the W and Z masses 

are then m w = (79.3._+s:sT) GeV/c 2 and m z = (89.9 ± 4.4) 

GeV/c 2. Imoosing 0 = 0.99 (theoretical) gives m w = 
(83.0+_31°) GeV/c 2 and m Z +2 s = (93.8_2~4) GeV/c. 

,4 All cross sections are calculated in the leading log approxi- 

mation, assuming SU(2) X U(I). 
,s  For a summary of the results of the CELLO, JADE, 

MARK J and TASSO Collaborations, see ref. [10]. The 
+21 result quoted is rn z = (76 -11 ) GeV/c2, or a 2 SD effect 

from m z = .o. 

This paper deals wi th  four  e+e - pairs and one/a+/~ - 

pair, consis tent  wi th  a c o m m o n  value o f  invariant mass 

and wi th  the general expecta t ions  for l ep ton  pairs 

f rom Z 0 decay. 

2. Detec tor .  The UA1 apparatus has already been 

described [ 1 ]. We l imit  our discussion to those com- 

ponents  which are relevant to  the ident i f icat ion and 

measurement  o f  muons  and electrons.  

The m o m e n t a  o f  charged tracks are de termined  by 

def lect ion in the central  dipole magnet  generat ing a 

field o f  0.7 T over a vo lume of  7 ! 3.5 ! 3.5 m 3. 

Tracks are recorded by the central  de tec tor  (CD) [11],  

a cylindrical  vo lume of  drift chambers  5.8 m in length 

and 2.3 m in diameter ,  surrounding the beam crossing 

region. Accuracy  for h igh-momentum tracks is domi- 

nated by the local izat ion error o f  the electrons drift ing 

in the gas, it is about  100/am close to the anode wires 

and 350/~m after 22 cm, the longest drift  path.  At  this 

stage we find no evidence o f  significant addit ional  sys- 

temat ic  errors, even for the highest m o m e n t u m  

tracks * 6. Ionizat ion can be measured to an accuracy 

of  about  -+10% for a 1 m long track. This allows identi- 

f icat ion o f  narrow, high-energy particle bundles (e+e - 

pairs), even i f  they  cannot  be resolved by the digitiz- 

ings. 

The large-angle sect ion o f  e lect romagnet ic  and 

hadronic  ca lor imet ry  [ 1 ] extends  to angles o f  about  

5 ° wi th  respect to the beam pipe, and it consists o f  

lead/scint i l la tor  stacks fo l lowed by the ins t rumented  

iron o f  the magnet  yoke  used as a hadron calor imeter .  

Addi t ional  ca lor imetry  [1 ], bo th  e lect romagnet ic  and 

hadronic ,  extends  to forward regions, down to 0.2 °. 

Electrons o f  the present sample have been recorded by 

the central  section of  the e.m. ca lor imetry ,  consisting 

o f  48 semicylindrical  lead/scint i l la tor  modules ,  wi th  

an inner radius of  1.36 m, arranged in two cylindrical  

A large number of cosmic-ray muons traversing both the 

upper and the lower elements of the central detector were 

studied, comparing momenta determinations. Events were 

recorded continuously during the run and within the beam 

crossing gate (50 ns). Additional data were collected with 

beams off. This was done in order to ensure the absence of 

positive ion distortions in the tracks. Apart from the over- 

all timing, which is fitted from the track as long as there is 

at least one drift volume crossing, all other calibration con- 

stants are identical to those used for actual events. No evi- 

dence for systematic effects, beyond statistical contribu- 

tions from individual drift distance measurements, are 

needed to account for momentum measurements up to p 
> 50 GeV/c. 
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with transverse energy ~--25 GeV in a sample corre- 

sponding to 30 nb -1 . Including the probabil i ty  that 

this track simulates either a muon ( ~ 2  X 10 - 3 )  or an 

electron ( ~ 6  X 10-3) ,  we conclude that this effect is 

negligible ,1o. Note that two tracks (rather than one) 

are needed to simulate our events (probabilit ies must 

be squared!) and that the invariant mass of  the events 

is much higher than the background. The background 

is expected to fall approximately like m -5  according 

to the observed j e t - j e t  mass distributions [ 16]. 

(ii) Heavy-flavoured jets with subsequent decay 

into leading muons or electrons. In the 1982 event 

sample (11 n b ± l ) ,  two events have been observed with 

a single isolated muon of PT > 15 GeV and one elec- 

tron event with PT > 25 GeV/c. Some jet  activity in 

the opposite hemisphere is required. One event exhib- 

its also a significant missing energy. Once this is taken 

,10 Electron-pion discrimination has been measured in a test 

beam in the full energy range and angles of interest. The 
muon tracks have the following probabilities: (i) no inter- 
action: 2 ! 10 -s (4 ! 10-s); (ii) interaction but undetect- 
ed by the calorimeter and geometrical cuts: 10 --4 (4 X 
104); (iii) decay: 10 -3 (0.7 X 10-3). Numbers within 

parenthesis refer to negative tracks. 
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into account they all have a total ( j e t+ je t+ lep ton+  

neutrino) transverse mass of  around 80 GeV/c 2, which 

indicates that they are most likely due to heavy-flavour 

decay of  W particles. This background will be kine- 

matically suppressed at the mass of  our five events. 

Nevertheless, if  the fragmentation of  the other jet  is 

also required to give a leading lepton and no other 

visible debris, this background contributes at most to 

10 - 4  events. Monte Carlo calculations using ISAJET 

lead to essentially the same conclusion [9]. 

(iii) Dre l l -Yan  continuum. The estimated number 

and the invariant mass distribution make it negligible 

[17,9]. 

(iv) W+W - pair product ion is expected to be en- 

tirely negligible at our energy [ 18,9]. 

(v) Onium decay from a new quark, of  mass com- 

patible with the observation (~95  GeV/c2). Cross sec- 

tions for this process have been estimated by different 

authors [19], and they appear much too small to ac- 

count for the desired effect. 

In conclusion, none of  the effects listed above can 

produce either the number or the features of  the ob- 

served events. 

7. Dilepton events as Z 0 leptonic decays. All the 

observations are in agreement with the hypothesis that 

events are due to the product ion and decay of  the 

neutral intermediate vector boson Z ° according to 

reaction (1). The transverse momentum distribution 

is shown in fig. 7, compared with the observed distri- 

butions for the W ± + ev events [5] and with QCD cal- 

culations [20]. The muon event and one of  the elec- 

tron events (event B) have visible jet  structure. Other 

events are instead apparently structureless. 

From our observation, we deduce a mass value for 
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the Z 0 particle, 

mzo = (95.2 -+ 2.5) GeV/c 2 . 

The half width based on the four electron events is 

3.1 GeV/c 2 (<5.1 GeV/c 2 at 90% CL), consistent with 

expectation from the experimental resohition and the 

natural Z 0 width [6 -8] ,  Fzo = 3.0 GeV. At this point 

it is important to stress that the final calibration of the 

electromagnetic calorimeters is still in progress and that 

small scale shifts are still possible, most likely affecting 

both the W +- and Z 0 mass values. No e.m. radiative cor- 

rections have been applied to the masses [ 14,15]. 

We now compare our result with the prediction of 

standard SU(2) ! U(1). Employing the renormalized 

weak mixing angle sin20 w (mw) defined by modified 

minimal subtraction, we find to O(a): 

sin20 w (row) = (38.5 GeV/mw) 2 . 

From our preliminary result [5] we find 

sin20 w (mw) = 0.226 + 0.011, 

in excellent agreement with the extrapolation from 

the world low-energy data ,3 sin20w (mw) = (0.236 

+ 0.030). If  we then parametrize the Z ° mass with the 

well-known formula m2o = m2W/p cos20w (mw), we 

find 19 = 0.94 +- 0.06 (see fig. 9), in excellent agreement 

with the prediction of the minimal model, where one 
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usually assumes that p = 1. Potential deviations from 

this value could come from higher Higgs representa- 

tions, additional fermion generations, dynamical sym- 

metry effects, etc. Within the accuracy of our result, 

none of these effects needs to be invoked. 
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3. Event selection and data analysis. The present 

work is based on a four-week period of  data-taking 

during the months of  April and May 1983. The inte- 

grated luminosity after subtraction of  dead-time and 

other instrumental inefficiencies was 55 nb -1  . As in 

our previous work [1], four types of  trigger were 

operated simultaneously: 

(i) An "electron trigger", namely at least 10 GeV 

of  transverse energy deposited in two adjacent elements 

of  the electromagnetic calorimeters covering angles 

larger than 5 ° with respect to the beam pipes. 

(ii) A "muon trigger", namely at least one penetrat- 

ing track detected in the muon chambers with pseudo- 

rapidity Ir~l ~< 1.3 and pointing in both projections to 

the interaction vertex within a specified cone of  aper- 

ture + 150 mrad. This is accomplished by a dedicated 

set of  hardware processors filtering the patterns of  the 

muon tube hits. 

(iii) A "jet trigger", namely at least 20 GeV of  

transverse energy in a localized calorimeter cluster * a. 

(iv) A global "E T trigger", with > 5 0  GeV of  total  

transverse energy from all calorimeters with IrTI < 1.4. 

Events for the present paper were further selected 

by the so-called "express line", consisting of  a set of  

four 168E computers [13] operated independently in 

real time during the data-taking. A subsample of  

events with E T ~> 12 GeV in the electromagnetic calo- 

rimeters and dimuons are selected and writ ten on a 

dedicated magnetic tape. These events have been fully 

processed off-line and further subdivided into four 

main classes: (i) single, isolated electromagnetic clus- 

ters with E T > 15 GeV and missing energy events with 

Emiss > 15 GeV, in order to extract  W +- ~ e -+ v events 

[ 1,5] ; (ii) two or more isolated electromagnetic clus- 

ters w i t h e  T > 25 GeV for Z 0 ~ e+e - candidates; 

(iii) muon pair selection to find Z 0 ~/a+M - events; 

and (iv) events with a track reconstructed in the cen- 

tral detector,  of  transverse momentum within one 

standard deviation, PT ~> 25 GeV/c, in order to evalu- 

ate some of  the background contributions. We will 

discuss these different categories in more detail. 

4. Events with two isolated electron signatures. An 

electron signature is defined as a localized energy 

a The jet cluster is defined as in ref. [1], namely six electro- 
magnetic cells and two hadronic cells immediately behind. 
Energy responses of calorimeters for hadrons and electrons 
are somewhat different. 
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Fig. 1. Invariant mass distribution (uncorrected) of two elec- 
tromagnetic clusters: (a) with E T > 25 GeV; (b) as above and 

a track with PT > 7 GeV/c and projected length >40 cm 
pointing to the cluster. In addition, a small energy deposition 
in the hadron calorimeters immediately behind (< 0.8 GeV) 
ensures the electron signature. Isolation is required with ~ PT 
< 3 GeV/c for all other tracks pointing to the cluster. (c) The 
second cluster also has an isolated track. 

deposition in two contiguous cells of  the electromag- 

netic detectors with E T > 25 GeV, and a small (or no) 

energy deposit ion (~<800 MeV) in the hadron calori- 

meters immediately behind them. The isolation require- 

ment  is defined as the absence of  charged tracks with 

momenta  adding up to more than 3 GeV/c of  transverse 

momentum and pointing towards the electron cluster 

cells. The effects of  the successive cuts on the invari- 

ant e lec t ron-e lec t ron  mass are shown in fig. 1. Four 

e+e - events survive cuts, consistent with a common 

value of  (e+e - )  invariant mass. They have been care- 

fully studied using the interactive event display facil- 

i ty MEGATEK. One of  these events is shown in figs. 

2a and 2b. The main parameters of  the four events are 

listed in tables 1 and 3. As one can see from the ener- 

gy deposition plots (fig. 3), their dominant feature is 

of  two very prominent  electromagnetic energy deposi- 

tions. All events appear to balance the visible total  

transverse energy components;  namely, there is no 

evidence for the emission of  energetic neutrinos. Ex- 
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e+e- colliders up to LEP

Z Production in e+e- Annihilation

! At M(Z) cross section dominated by Z production
! Can study hadronic decays as well as leptonic ones

ALEPH, DELPHI, L3, OPAL, SLD collaborations, LEP Electroweak Working Group, the 
SLD Electroweak and Heavy Flavour Groups. Precision electroweak measurements 
on the Z resonance. Phys. Rep. 427, 257–454 (2006)
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W-Pair Production at LEP-2

! !"#$%&'"#&()*+,)"-&(."#/(0(1"(&"2
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W pair production (LEP2)
W mass measurement and LEP2

! W mass measurement is important 

because:

! direct vs indirect measurements: EW 

radiative correction test

! improve indirect Higgs boson mass 

determination

" optimum:  !m
W

 ~ 0.007 !m
top

! W boson at LEP2 e+e- collider

! E
CM

> 2M
W

: WW pair production

! ~ 700 pb-1/exp " ~10000 WW evts

! Final states

" ~45% qqqq

" ~44% l#qq

" ~11% l#l#

" High purities and efficiencies

W mass measurement and LEP2

! W mass measurement is important 

because:

! direct vs indirect measurements: EW 

radiative correction test

! improve indirect Higgs boson mass 

determination

" optimum:  !m
W

 ~ 0.007 !m
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! W boson at LEP2 e+e- collider

! E
CM

> 2M
W

: WW pair production

! ~ 700 pb-1/exp " ~10000 WW evts

! Final states

" ~45% qqqq

" ~44% l#qq

" ~11% l#l#

" High purities and efficiencies

Andrea Venturi  
http://lepewwg.web.cern.ch/LEPEWWG/misc/av_zero04.ppt   

  

many (confirming) results.....
but the t was still missing....
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Interference effects in 

1 Introduction

The differential cross section for fermion pair productions, e+e− → f f̄ , can be

written in the following form in the massless limit:

dσff̄

d cos θ
=

3

8
σff̄ (1 + cos2 θ +

8

3
Af

FB cos θ),

where σff̄ and Af
FB are the total cross section and the forward-backward charge asym-

metry, respectively, while θ is the polar-angle of the final-state fermion f with respect

to the direction of the initial-state electron.

In the standard model[1], Af
FB is given by

Af
FB =

3

4
·

−2Qfaeaf#(χ) + 4aeveafvf |χ|2

Q2
f − 2Qfvevf#(χ) + (v2

e + a2
e)(v

2
f + a2

f )|χ|2

with

χ =
s

16 sin2 θW cos2 θW (s − M2
Z0 + iMZ0Γ0

Z0)
,

where ve(vf ) and ae(af) are the vector and axial-vector coupling constants of the elec-

tron (final-state fermion) to the Z0 boson, Qf is the charge of the final-state fermion,

and MZ0 and Γ0
Z0 are the mass and the total width of the Z0 boson, respectively. The

standard model predicts

vf = 2(If
3 − 2Qf sin2 θW )

and

af = 2If
3 ,

where If
3 is the third component of the weak isospin of the fermion (f) and θW is the

Weinberg angle.

The above formula tells us that Af
FB attains to its maximum in the TRISTAN energy

region and that its measurement there is sensitive to af and therefore to the structure of

3
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Figure 1: e+e− → f f̄ at Born level (neglecting Higgs boson exchange).

The inclusion of higher-order corrections in general leads to a modification of this

simple structure. At the one-loop level one can easily classify the corrections into QED,

QCD and electroweak corrections. Supplementing the Born-level diagrams (see figure 1)

with an additional photon line gives the one-loop QED corrections. They form a gauge-

invariant, UV-finite, but IR-divergent subset of loop corrections to the process e+e− → f f̄ .

IR finiteness is obtained by taking real Bremsstrahlung contributions into account (e+e− →
f f̄ + γ). This implies that the QED corrections are dependent on the experimental setup.

The situation is similar for the QCD corrections. At one-loop order these corrections occur

for quark pair production (e+e− → qq̄) and contain corrections due to virtual gluon and

gluino exchange, as well as real gluon emission, the latter again leading to a dependence

on the experimental setup. Beyond one-loop order a clean distinction between QCD and

electroweak corrections is no longer possible. Mixed O(ααs) corrections appear for instance

as gluon- and gluino-exchange contributions in virtual quark loops of the W and Z boson

propagators. In the following we will explicitly indicate final-state QCD corrections and

initial- and final-state QED corrections where relevant, while we use a common notation

for all other contributions. The self energy, vertex and box contributions can be expressed

in terms of complex form factors Fef
ij . These form factors depend on the Mandelstam

variables s and t, where the t dependence enters only via box contributions.

At the Z boson resonance those contributions that are not enhanced by a resonant

Z propagator are relatively small. In particular, box diagrams contribute only a fraction of

less than 10−4 at the one-loop level. It is therefore convenient for describing physics at the

Z boson resonance to treat the non-resonant higher-order corrections separately as part of

a “deconvolution” procedure (see the discussion in section 3.2 below) and to express the

dominant contributions in terms of a Born-type matrix element. The effective couplings in

this matrix element are given by the form factors Fef
ij (i, j = V,A) in the approximation

where higher-order non-resonant contributions are neglected, so that they only depend on

the Mandelstam variable s,

Meff ∝
1

s

{

α(s) (γα ⊗ γα) + χ
[

Fef
V V (s) (γα ⊗ γα) − Fef

V A(s) (γα ⊗ γαγ5) (3.5)

−Fef
AV (s)(γαγ5 ⊗ γα)+Fef

AA(s)(γαγ5 ⊗ γαγ5)
]

}

.

As the only relevant contribution to the form factor of the photon-exchange part, the

– 8 –
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Figure 1: e+e− → f f̄ at Born level (neglecting Higgs boson exchange).
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the multiplet to which the fermion belongs. The measurement of the forward-backward

charge asymmetry thus provides a good test of the standard model. The predicted

asymmetries for charm- and bottom-quark pair productions are

Ac
FB = −0.47,

Ab
FB = −0.59

at
√

s=58.01GeV for MZ0 = 91.1888GeV/c2, ΓZ0 = 2.4974GeV, and sin2 θW = 0.2321

[2]. The Ab
FB is, however, reduced by the B-B̄ mixing, whose probability χ is given by

χ = Rdχd + Rsχs, where Ri, and χi are the fraction and the mixing probability of Bd

or Bs, respectively. Their measured values[3] are

χd = 0.16, Rd =
1.0

2.3

and

χs = 0.53, Rs =
0.3

2.3
,

so that the expected Ab
FB value becomes −0.43.

In this energy region, only the data from the TRISTAN experiments are available

and the TRISTAN average values of Ac
FB[4, 5, 6] and Ab

FB[7, 8, 9, 5, 10] have been

Ac
FB = −0.56 ± 0.09,

Ab
FB = −0.59 ± 0.09.

The Ac
FB is consistent with the standard model predictions and the Ab

FB is slightly

deviated from it.

The TRISTAN data include our previous measurement[4] of the forward-backward

charge asymmetry for the charm-quark pair production through both exclusive and

inclusive reconstructions of D∗± → π±D0: Ac
FB = −0.49+0.14

−0.13(stat.) ± 0.06(sys.), con-

sistent with the standard model prediction.

4

axial+vector couplings of leptons, quarks to Zinterference from presence of

e−

e+

γ, Z

f̄

f

Figure 1: e+e− → f f̄ at Born level (neglecting Higgs boson exchange).
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AFB depends on weak isospin, charge of quarks.  At TRISTAN (60 GeV):

Effects small and swamped by huge Z exchange cross section on Z pole 
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4 Conclusion

We have measured the forward-backward asymmetries of charm- and bottom-

quark pair productions via e+e− annihilations through an inclusive electron analysis

at 〈
√

s〉=58.01GeV. The number of hadronic events used for this analysis is 23,783,

corresponding to an integrated luminosity of 197pb−1.

The measured forward-backward asymmetries are Ac
FB = −0.49 ± 0.20(stat.) ±

0.08(sys.) and Ab
FB = −0.64 ± 0.35(stat.) ± 0.13(sys.), consistent with the standard

model prediction and our previous measurements. Combining the results from our

previous D∗± measurement, we obtained Ac
FB = −0.49 ± 0.12 and ac

v = 1.07+0.42
−0.31.

The obtained branching fractions are Br(c → e) = 13.1 ± 1.5(stat.) ± 1.3(sys.)% and

Br(b → e) = 10.9 ± 2.5(stat.) ± 1.6(sys.)%, which are in good agreement with the

previously measured values of 9.6 ± 0.9%[16] and 10.8 ± 0.5%[16, 17], respectively.

16

TRISTAN at KEK (60 GeV)
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Figure 5. The measurements of the combined
LEP+SLD Al (vertical band), SLD Ab (horizon-
tal band) and LEP Ab, 0

FB (diagonal band), com-
pared to the Standard Model expectation (ar-
row). For more details see [12].

The correlated systematic error arises from
mainly physics like QCD correction and light
quark fragmentation and turns out to be very
small, as quoted in Fig. 3.

According to Eqn. 1 the measurement of Ab, 0
FB

can be used together with direct lepton AFB

measurements and ALR from SLD to determine
sin2θ lept

eff . This combination is illustrated in Fig. 4
and shows that the lepton and heavy quark re-
sults are not very consistent with each other: the
probability for the fit is 6%. The electroweak fit
however gives no clear hint of a problem in the
Standard Model: For example Fig. 5 shows that
LEP and SLD are not inconsistent if both Ab and
Al are free parameters, there is a region of com-
mon overlap. Although this agrees poorly with
the Standard Model expectation, a single result
like LEP’s Ab, 0

FB can still be well compatible.

Via higher order corrections to sin2θ lept
eff , Ab, 0

FB is
sensitive to mh. Interestingly it is the only quan-
tity that prefers a high higgs mass, thus making
the electroweak fit more compatible with the di-
rect exclusion limit on mh [12,13].

There is just as little ground for a theoreti-
cal as there is for an experimental problem: It is
the careful work on model-independence and self-
calibration methods that has led to continued pre-
liminarity or only very recent publication of the
Ab

FB results. Additionally, final detector calibra-
tions are only available for a few years, and the
tools like the charge neural networks have been
developed lately, with feedback from analyses.

5. Concluding remarks

Heavy flavour foward-backward asymmetries
have been measured at LEP with various powerful
and sophisticated techniques, giving very precise
and consistent results. Partly motivated by the
fact that their final results will not be superseded
by new experiments for many years, they are still
very interesting to study and are often dealt with
by papers on the electroweak fit in the light of
theories beyond the Standard One.
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Figure 1.3 The Feynman diagram of qq̄′ → WH → !νbb̄ process.

the TEVATRON. A search for WH → !νbb̄ shown in Fig.1.3 was performed previously

with an integrated luminosity of 319 pb−1 at CDF RUN2[8, 9]. The work described in

this thesis is intended to improve the technique for the search and use the full data set

collected at this point.

This thesis is organized as follows. The next chapter begins with theoretical aspects

of the Standard Model and the results of the Higgs boson searches in the past. Chapter

3 describes the experimental apparatus of TEVATRON and CDF detector in detail.

In chapter 4, methods of bottom quark identification is discussed. In chapter 5, the

data set and event selection criteria used in the analysis are mentioned. The method

of the Standard Model background estimation and the estimated background are shown

in Chapter 6. As a cross check of background estimation, tt̄ production cross section

measurement is also performed there. The study of the WH signal detection efficiency

and systematic uncertainties are performed in Chapter 7. In Chapter 8, the method and

the result of the Higgs boson search in WH process are shown. Furthermore, to improve

the constraint on Higgs boson production, the combination of results from other channels

is also discussed and the result is shown. Finally, the works in this thesis are concluded

and the future prospect of the Higgs boson search is mentioned in Chapter 9.
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Abstract. The contribution to the cross section for the 

production of pairs of Higgs bosons from quark 

antiquark annihilation is determined. This contri- 

bution comes entirely from box graphs of vector 

bosons and is significantly smaller than the production 

of pairs of Higgs by gluon fusion or vector boson 

fusion. 

The symmetry breaking sector of the electroweak 

interaction will be tested in the next generation of 

accelerators by attempting to find and study one or 

more light (less than 1 TeV) scalar bosons. Various 
reactions for producing scalar bosons have been 

studied. The couplings of the scalar bosons to other 

particles and to themselves depend on the particular 

model being considered but, at least in the standard 

model with one Higgs boson, the cross sections 

for producing one or more Higgs through various 

reactions is usually small. Given the probable lumi- 

nosity of future machines such as the Superconducting 

Supercollider (SSC) or the Large Hadron Collider 

(LHC), and the difficulty of detecting the Higgs boson, 

a cross section not too much smaller than 1 picobarn 

seems to be needed. At Super Collider energies the 

production cross section for a pair of Higgs bosons 

by vector boson fusion [1, 2] is less than 1/10 picobarns 

for a small Higgs mass and much smaller still if the 

Higgs mass should turn out to be large. The production 

through the parton subprocess of gluon fusion may 

be larger [2, 3] but only if the top quark has a mass 

in excess of 100 GeV and even then the cross section 

is less than one picobarn. Only if other, heavier, quarks 

exist, and the Higgs is not too massive, can the gluon 

fusion cross section exceed one picobarn. Thus it seems 

useful to investigate other mechanisms for producing 
Higgs bosons, even if, naively, one would expect these 

mechanisms also to give small cross sections. 
In this paper we calculate the contribution to the 

cross section for the production of a pair of Higgs 
bosons, pp--* H H  + X,  from the patton subprocess of 

quark antiquark annihilation, q~I--*HH. Since the 

quarks are massless the tree graphs are zero and the 

lowest order nonzero graphs are the box diagrams 

shown in Fig. 1. This type of calculation has been done 

for e + e-  annihilation by Gaemers and Hoogeveen [4]. 

As they point out the contributions from the vertex 

corrections are all zero. The coupling of the Higgs to 

the fermions (Fig. lb) is zero to all orders because of 

the exact chiral symmetry for the massless quarks 

(Recall that the scalar charged pion prefers to decay 

to a muon rather than an electron.) The corrections 

at the Higgs vertex, shown in Fig. lc, are zero by CP 

conservation. Thus only the box diagrams of Fig. la 

contribute. 

W,Z J t / /  H 

~ W,Z + crossed 

f W,Z " . .  
"H q (a) 

f / --"------<:... 
q (b) H 

q (c) "H 

Fig. la-c. One loop diagrams for q?I~HH 
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flux-tube models in particular predict the masses [8] and the decays [9] of mesons with sur-

prising accuracy. With the increase in available computing power, lattice QCD calculations

have also improved significantly in recent years. In the meantime, a whole spectrum of glue-

balls with different quantum numbers has been predicted (Fig. 2) [10]. Because of the LEAR
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But of course, there are gluons, virtual quark-antiquark pairs, leading to a whole 
cryptozoology of exotics (glueballs, hybdrids, pentaquarks, ... )

3 quarks: SU(3)  3 x 3 = 8 + 1  symmetry breaking through quark mass difference
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The simplest process in which to look for scalar resonances (JPC=0++) is antiproton-proton

annihilation at rest into 3 pseudoscalars. In such a process, the scalar resonance 0+→ 0–0–

decays into 2 pseudoscalars and the third recoiling pseudoscalar removes the excess energy.

No angular momentum barrier is present. Such processes have been investigated in the past,

mainly involving charged pions; but the annihilation process into charged pions is dominated

by the production of the ρ(770), which complicates the analysis of the underlying scalar reso-

nances. 

Before the Crystal Barrel experiment came into operation, the channel pp → 3π° had a data

sample containing only 2100 events from optical spark chambers [11]. Crystal Barrel, on the

other hand, obtained extremely high statistics of ~700,000 events for this reaction [12].

Besides the known resonances f0(980), f2(1270) and f2(1565), the Dalitz plot in Fig. 3 shows

two new resonances:

f0(1370): m = 1330 ± 50 MeV Γ = 300 ± 80 MeV

f0(1500): m = 1500 ± 15 MeV Γ = 120 ± 25 MeV.

The f0(1500) has also been seen by Crystal Barrel in its decay modes into 4π° (pp → 5π°), ηη
(pp → ηηπ°), ηη' (pp → ηη'π°), and KLKL (pp → KLKLπ°). An analysis of these channels,
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The properties of the a0(1450) make it likely to be the qq isovector state of the scalar nonet

that contains the well established K0*(1430). The a0(1450) would thus replace the a0(980),

which is probably a KK molecule rather than a qq state. The closeness in mass of the f0(1370)

Figure 2: The glueball spectrum predicted by lattice calculations [10]. Exotic quantum 

numbers are marked as boxes.
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Gluons exist:

Ulrich Wiedner

Evidence for gluons: e+e- annihilation

TASSO experiment at DESY (PETRA, 1978) 

The idea of searching for gluon jets had actually been 
proposed by John Ellis, Mary Gaillard and Graham Ross 
in a seminal paper that appeared in 1976. Under the 
apparently imperative title "Search for Gluons in e+-e- 
Annihilation", the authors suggested the existence of 
"hard-gluon bremsstrahlung", which should give rise to 
events with three jets in the final state. According to the 
laws of field theory, the outgoing quarks can radiate field 
quanta of the strong interaction, i.e. gluons, which should 
in turn fragment into hadrons and thus create a third 
hadron jet forming a plane with the other two (see 
figure 1).  At the particle energies of up to 15GeV per 
beam delivered by DESY's newly built PETRA electron-
positron storage ring, the probability for such hard-gluon 
bremsstrahlung processes to occur might amount to a 
few percent.
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m2 is relativistically invariant;
plot m212   vs. m223

energy-momentum conservation 
= limits of contour

no resonances = uniform population
intermediate states = structures

http://superweak.wordpress.com/2006/07/31/dalitz-plots/

Antiproton-proton annihilation (at rest)

Available energy = 2 mp     <annihilation> ~ 3 
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standard (known) mesons
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DALITZ PLOT ANALYSIS FORMALISM

Written January 2006 by D. Asner (Carleton University)

Introduction: Weak nonleptonic decays of D and B mesons

are expected to proceed dominantly through resonant two-body

decays [1]; see Ref. [2] for a review of resonance phenomenology.

The amplitudes are typically calculated with the Dalitz-plot

analysis technique [3], which uses the minimum number of

independent observable quantities. For three-body decays of a

spin-0 particle to all pseudo-scalar final states, D or B → abc,

the decay rate [4] is

Γ =
1

(2π)332
√

s3
|M|2 dm2

ab dm2
bc , (1)

where mij is the invariant mass of particles i and j. The

coefficient of the amplitude includes all kinematic factors, and

|M|2 contains the dynamics. The scatter plot in m2
ab versus m2

bc

is the Dalitz plot. If |M|2 is constant, the kinematically allowed

region of the plot will be populated uniformly with events. Any

variation in the population over the Dalitz plot is due to

dynamical rather than kinematical effects. It is straightforward

to extend the formalism beyond three-body final states. For

N -body final states with only spin-0 particles, phase space

has dimension 3N − 7. Other decays of interest include one

vector particle or a fermion/anti-fermion pair (e.g., B → D∗ππ,

B → Λcpπ, B → K##) in the final state. For the first case,

phase space has dimension 3N − 5, and for the latter two the

dimension is 3N − 4.

Formalism: The amplitude for the process, R → rc, r → ab

where R is a D or B, r is an intermediate resonance, and a, b,

c are pseudo-scalars, is given by

Mr(J, L, l, mab, mbc) =
∑

λ

〈ab|rλ〉Tr(mab) 〈crλ|RJ〉 (2)

= Z(J, L, l, $p, $q)BR
L (|$p|)Br

L(|$q|)Tr(mab) .

The sum is over the helicity states λ of r, J is the total angular

momentum of R (for D and B decays, J=0), L is the orbital

angular momentum between r and c, l is the orbital angular

CITATION: C. Amsler et al. (Particle Data Group), PL B667, 1 (2008) (URL: http://pdg.lbl.gov)

July 16, 2008 11:11

Dalitz plot formalism
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DALITZ PLOT ANALYSIS FORMALISM

Written January 2006 by D. Asner (Carleton University)

Introduction: Weak nonleptonic decays of D and B mesons

are expected to proceed dominantly through resonant two-body

decays [1]; see Ref. [2] for a review of resonance phenomenology.

The amplitudes are typically calculated with the Dalitz-plot

analysis technique [3], which uses the minimum number of

independent observable quantities. For three-body decays of a

spin-0 particle to all pseudo-scalar final states, D or B → abc,

the decay rate [4] is

Γ =
1

(2π)332
√

s3
|M|2 dm2

ab dm2
bc , (1)

where mij is the invariant mass of particles i and j. The

coefficient of the amplitude includes all kinematic factors, and

|M|2 contains the dynamics. The scatter plot in m2
ab versus m2

bc

is the Dalitz plot. If |M|2 is constant, the kinematically allowed

region of the plot will be populated uniformly with events. Any

variation in the population over the Dalitz plot is due to

dynamical rather than kinematical effects. It is straightforward

to extend the formalism beyond three-body final states. For

N -body final states with only spin-0 particles, phase space

has dimension 3N − 7. Other decays of interest include one

vector particle or a fermion/anti-fermion pair (e.g., B → D∗ππ,

B → Λcpπ, B → K##) in the final state. For the first case,

phase space has dimension 3N − 5, and for the latter two the

dimension is 3N − 4.

Formalism: The amplitude for the process, R → rc, r → ab

where R is a D or B, r is an intermediate resonance, and a, b,

c are pseudo-scalars, is given by

Mr(J, L, l, mab, mbc) =
∑

λ

〈ab|rλ〉Tr(mab) 〈crλ|RJ〉 (2)

= Z(J, L, l, $p, $q)BR
L (|$p|)Br

L(|$q|)Tr(mab) .

The sum is over the helicity states λ of r, J is the total angular

momentum of R (for D and B decays, J=0), L is the orbital

angular momentum between r and c, l is the orbital angular

CITATION: C. Amsler et al. (Particle Data Group), PL B667, 1 (2008) (URL: http://pdg.lbl.gov)

July 16, 2008 11:11

helicity states

dynamical function 
descr. resonance
= Breit-Wigner or
K-matrix or ...

momenta in r rest frame barrier factors

angular distribution

http://pdg.lbl.gov/2010/reviews/rpp2010-rev-dalitz-analysis-formalism.pdf

http://pdg.lbl.gov/2010/reviews/rpp2010-rev-dalitz-analysis-formalism.pdf
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with relative P-wave between the two mesons. The mass and width of this 1–+ resonance are:

π1(1400): m = 1400 ± 30 MeV Γ = 310 ± 70 MeV

The resonance draws 11% of the total intensity of the Dalitz plot, so its production rate in

pp annihilation is comparable with those of normal mesons like the a2(1320) (15%). The

quantum numbers of this state are exotic and it could be a hybrid state or a four-quark reso-

nance.

Beside the spectroscopy of states containing gluonic degrees of freedom, all LEAR experi-

ments have contributed to many aspects of meson spectroscopy. If we do not consider open

strangeness mesons, for almost every meson below 2 GeV there is an entry from antiproton

experiments in the newest edition of the Particle Data Book [27] as shown in Fig. 5 .

Conclusions

The LEAR experiments have collected orders of magnitude more antiproton-proton annihi-

lation data than previous experiments. The high-statistics data samples allowed the discovery

of several new resonances. One of them, the f0(1500), is a prime candidate for the long-

awaited glueball ground state. In addition, Crystal Barrel has established a resonance with

clearly exotic quantum numbers JPC = 1–+which cannot be a normal qq meson.

Clearly therefore a new type of spectroscopy seems to evolve, the spectroscopy of QCD

exotics. It might be exactly this spectroscopy that will enlarge our knowledge about the “con-

stituent gluon,” at least to me no other way is known. Since the gluons are associated with con-

finement, QCD-exotic spectroscopy could play a key role for solving this important question

of nature.

Previous antiproton experiments have proved that the annihilation process is an extremely

rich source of gluons, and gluonic states like glueballs and hybrids are formed in similar num-

Figure 5: Contributions of LEAR experiments to the RPP2000.
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contributions from LEAR experiments

significant contributions, but:

• mass range limited

• states are broad

• need input from other 
  production mechanisms

• no good theory predictions
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... in spite of many years of efforts, no clean 
understanding of low energy QCD. It is still a field 

with many open questions... 

HEP however has mostly moved on ...
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The end

(Actually, not really. Rather, the beginning:
tomorrow, we go back to the Big Bang)

... in spite of many years of efforts, no clean 
understanding of low energy QCD. It is still a field 

with many open questions... 

HEP however has mostly moved on ...


