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QED requires that electrons have no measurable radius 
(Feynman, Schwinger, Tomonaga - 1948) 

The theory agreed well with all experiments until a 6 GeV electron accelerator 
provided a most sensitive measurement of the size of the electron.

The Harvard experiment was done by the world’s leading experts in the field 
who had spent many years to develop the technology.

Encounters with Particle Physics 
First Experiment: Measuring the size of electrons
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e+

Nucleus



Δp · Δr ≈ ħ

Harvard experiment measuring the size of the electron at the Cambridge Electron Accelerator
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Circumference 300 meters



This data shows that the electron has a radius of ~ 10-13 to 10-14 cm.
Most importantly, this experiment was independently 

confirmed by a group at the Cornell Electron Accelerator.
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Since those results touch upon the foundation of Modern Physics, 
I decided to perform the experiment with an independent method

At that time, I knew nothing about electron physics, 
so I received no support in the U.S.

In 1965, I decided to leave Columbia University and move to 
the newly built 6 billion electron-Volt electron accelerator (DESY) 

in Hamburg, Germany
to re-measure the size of the electron

It was during this time at Columbia that I went to 
the Brandeis Summer School for Theoretical Physics

and met with Luciano Maiani and Nicola Cabibbo   
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Luciano and I 
in New York 
and Columbia 
University 



1965-1972: First set of experiments at DESY
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Experiment at DESY measuring electron-positron pairs (1966) 

Unique features
1. Using Dipoles magnets and counters to measure the 

momentum (P).

2. Using two Cherenkov counters separated by 
magnets on each arm to identify e±.  
So that background e± produced from interactions 
in the first counter are swept away by the magnet 
and the e± identification of the two counters are 
independent.

3. Using calorimeters to measure the energy (E).

4. None of the detectors see the target so they are not 
exposed to neutrons or gamma-rays backgrounds.

5. The acceptance is defined by counters, 
not by the aperture of the magnet. 

6. To reject large pion background, require E=P

Scintillation
Counters

Dipole Magnets

6 GeV T 

Cherenkov

Hodoscopes

Target

QM

identify electrons
measure

 momentum

(P)

Calorimeter
measure energy

 (E) 
identify electrons

Cherenkov 

PRL  18, 65 (1967)
PRL 161, 1344 (1967)
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Experiment at DESY measuring 
electron-positron pairs (1966) 

The development of 
this type of 

pair spectrometer 
eventually led to the

 J-Particle experiment.
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In 1966, after 8 months, our group completed the experiment at DESY and discovered that:

The electron indeed has no measurable size: Radius < 10-14 cm

QED

Distance to the center of the electron

This result was first announced in 1966 at the “Rochester” conference at Berkeley
(now known as the International Conference on High Energy Physics). 

On this occasion I met W.K.H. Panofsky, Dick Feynman, and I.I. Rabi.  
I maintained close contact with them for many years.
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Early Control room at DESY 
with Miss I. Schulz, 

Graduate Students U. Becker, and M Rohde. 

The group was solely supported by DESY

First Publication
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Experimental Results on Photons and Heavy Photons
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Experimental question: what is the relationship between Photons & Heavy Photons?

Photons and Heavy Photons have the same quantum numbers

J = 1  C = -1  P = -1

This is known as the Vector Dominance Model
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Second Experiment: Photons and Heavy Photons



MIT Heavy Photon Experiments at DESY
with major improvements in coordinate and momentum resolution and in particle identification
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Observation of Coherent interference Pattern between 𝝆 𝒂𝒏𝒅 𝝎 𝑫𝒆𝒄𝒂𝒚𝒔 
   

(P.R.L. 25, 1373 1970)
𝝆 𝐢𝐬 𝐚 𝟐𝝅 𝐫𝐞𝐬𝐨𝐧𝐚𝐧𝐜𝐞, 𝝎 𝒊𝒔 𝒂 𝟑𝝅 𝒓𝒆𝒔𝒐𝒏𝒂𝒏𝒄𝒆 

they do not interfere in the 𝝅 final state



Observation of Coherent interference Pattern between 𝝆 𝐚𝐧𝐝 𝝎 𝐃𝐞𝐜𝐚𝐲𝐬
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Verification of Weinberg’s first sum rule
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Observation of Forbidden 𝛚 → 𝟐𝛑 Decays

S. L. Glashow,  P.R.L. 7, 469 (1961),

J. Bernstein and G. Feinberg, Nuovo Cimento 25, 1343  

M. Gordin, P.L. 30B, 347 (1969) 

R. G. Sachs, P.R. D2, 133 + …

J. Steinberger,  P.R.L. 12, 517 (1964), BR< 0.1%

No Interference

Interference

⊗

+
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I = 1 I = 0



P.R.L. 27, 888 (1971)
(MeV)P.R.L. 27, 888 (1971)

Observation of Forbidden 𝛚 → 𝟐𝛑 Decays
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We learned that photons and heavy photons 
are almost the same. 

They transform into each other.

    Question: Why should there be only three heavy photons
all at mass ~ 1 GeV?

To go to higher mass we moved to a higher energy accelerator

Third Experiment: Discovery of the J particle
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Page 4 of Proposal AGS E598 (1972) to Brookhaven National Lab
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Brookhaven experiment 
AGS E598

e+e- 
ππ ≤ 𝟏/𝟏𝟎𝟖

During a rainstorm over Rome there are 10 billion rain drops/sec.

Try to find the one drop that is red.

1012 protons/sec 10% 
target

1012  particles/sec

multiplicity 
10

Require  1/1010 rejection
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This experiment was not popular 
with the physics community:

(1) Most physicists believed that the search for heavy photons 
was not the most interesting research subject

(2) Few believed that such a difficult experiment could be 
carried out successfully

The proposal was rejected
by most of the leading laboratories.  

It was finally accepted by 
Brookhaven National Laboratory
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Top View

Side View measuring p

M0 and Ca measure 𝛑0 → e± and provide calibration of the detector with e± 

The detector follows the design of the first experiment at DESY 24

θ
C0

C0

Ce

Ce

p

M0, M1, and M2 are dipole magnets;  A0, A, B, and C are proportional chambers; a and b are counters; 
Ca, C0, and Ce are gas Cerenkov counters, S are shower counters. 

measuring θ
Experimental Layout



Shielding:
10,000 tons of concrete

1012 particles
are produced
each second + 5 tons of 238U

+ 100 tons of lead
+ 5 tons of soap

Brookhaven e+e− magnetic pair spectrometer

1012

Proton
/sec

Radiation Protection
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Shielding Arrangement with roof open
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Separate targets to reduce the background

27

Event distribution
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The Magnets

1. The field is measured with 3-D Hall probe, a total of 105 points.

2. The detector is smaller than the magnets aperture, the detector defines the 

acceptance.

3. The magnets bend charged particles to an angle such that the detectors are 

not exposed to photons or neutrons from the target.

Magnet

Side view

e–

e–
Detector

28

Neutrons, ɣ



𝝅

A0

Hadron Rejection of 1010

The Cherenkov counter in the magnet has large spherical mirror with a diameter of 1 m.  
This is followed by another Cherenkov counter behind the second magnet

The separation of the two counters by strong magnetic fields ensures that the minute number 
of knock-on electrons produced in the first counter are swept away and do not enter the 

second counter 29

Co or Ce
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Cherenkov Counter C0

125μm
125μm

Mirror

30

→

→

1 photoelectron

2 photoelectrons

Pulse height

The 𝛑-e separation was achieved by four extremely 
sensitive Cherenkov Counters Co, Ce

Designed by M. Vivargent, J. J. Aubert and S. Ting 
and manufactured at LAPP, Annecy, France



Detector calibration with a pure electron beam

M0

C0

CA

CA

31

M0



Ensure the efficiency of the Cherenkov counter is 100%
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J. J. Aubert, Professor of Physics, University of Marseille,

Director-General, IN2P3, France
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Exhibited at the Smithsonian Institute

There are 20 MHz of particles 

passing through these detectors.

To sort out multi-tracks: 

there are 3 planes 60o apart!

60°

a3

a1
a2

b1

b3

b2

Position Detectors
designed by the 

late Professor UJ Becker

a1+ a2 + a3 = b1 + b2 + b3
34
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Position Detectors



First data 
showing an 

unexpected peak 
at 3.1 GeV
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Important Check of the Detector 

Lower the magnetic field by 10%: 
Particles bend into different parts 

of the detector.

If the peak is false, it will shift away, 
but it did not.

The discovery is verified.

100%

90%

37



Members of the J-Particle Group
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November Revolution 1974
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1. Its lifetime is 10,000 times longer than other particles  
The significance of this is similar to suddenly discovering, in a remote region of the Earth, a village where 
people live to be, instead of 100 years old, about 1 million years old. 

2. The spectrum is similar to positronium
This implies the existence of a new kind of matter made out of a new kind of Quark-Antiquark.

Positronium transitions J/psi transitions

The unique properties of the J particle are:
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It has been 50 years since: The discovery of a new form of matter
New York Times, Nov 17, 1974, page 1.
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Tau-Charm Factories in the World  

ADONE

BEPCII

CESRcBEPC

SPEAR

DORIS I

By Yifang Wang

VEPP-4M
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𝑱/𝚿 Continuously Studied for 40 years at BEPC
(Beijing Electron-Positron Collider)

𝐽 events: 9 million 𝐽 events: 58 million 𝐽 events: 10 billion

1984 1988 1995 1998 2004 2008                                                                                  2030

BES

Construction Data taking Upgrade Data taking Construction Data taking 

BESII BESIII

BEPCII

BESIII Project leader: Academician Yifang Wang

BESIII detector
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Hadron Spectroscopy at BESIII 

58 million

225 million

10 billion 

Structure

More structures

Fine structures

PRL 106 (2011) 072002 

PRL 129 (2022) 042001 

X(1835) from 𝑱/𝚿 decays

30 new hadrons discovered at BESIII from 
charmed meson production and decays

PRL 95 (2005) 262001  
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e
−

e+MARK J
Experiment

Electrons at Higher Energy

46 Billion Electron Volt Collider at DESY, Germany
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+

P.R.L. 48, 25 (21 June 1982)

QED

The earliest confirmation of electroweak theory
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Physics Today, February 1980 (p.17)
Discovery of Gluons at PETRA, Germany

There are many sources of three jets events
By measuring many three jets events, we discovered that their distribution agrees with QCD predictions 49



100 GeV
Electron

100 GeV
Positron

L3 Experiment at CERN (1982-2003)

L3

CERN

L3

50





L3 Publications

Dependence of the coupling “constants” on energy


 -

1
(Q

2
)

Model independent 
measurement

of the number of neutrinos

N = 2.98  0.064

e+ e– →

Phys. Lett. B 587 (2004) 16 Phys. Lett. B 536 (2002) 217Phys. Lett. B 476 (2000) 40
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To measure cosmic ray
charge and momentum requires 

a magnetic spectrometer in space  

Charged cosmic rays have mass, 
they are absorbed by the 100 km of Earth’s atmosphere 

(10m of water) 
The properties (±Z, P) of charged cosmic rays cannot be 

studied on the ground.

Electrons and Positrons in the Cosmos: AMS on the Space Station: 

100km

Atmosphere

Shower 53
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9

5-6

AMS was constructed in Europe and Asia, 
assembled and tested at CERN and ESA with NASA support  
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New 4+4m2 Silicon Tracker Planes
AMS 2026-2030

Acceptance increased to 300%



Cosmic Ray

e+, p
from Collisions

Dark Matter

Dark Matter
e+, p, … 

from Dark Matter

e+ from Pulsars

AMS

Cosmic Ray 

Pulsars

Latest Results on cosmic elementary particles: e+, e−, and p

55

Interstellar 
Medium p, He, … Supernovae



Low-energy positrons come from cosmic ray collisions
High-energy positrons must come from a new source

?

Energy [GeV]

Cosmic Ray 
Collisions

e+
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The positron flux is the sum of low-energy part from cosmic ray collisions 
plus a high-energy part from pulsars or dark matter with a cutoff energy

Energy [GeV]

Cosmic Ray 
Collisions

e+

Dark 
Matter

Dark Matter
e+

e+

Pulsars

57

Collisions Pulsars or Dark MatterSolar

Empirical model:
𝜒2/dof = 63/66

ES = 778 GeV 
at 4.8 σ 



58

Positrons from 
Cosmic Ray Collisions

AMS Current Data

Dark Matter (1.5 TeV)

Positrons from
Dark Matter

Positrons from 
Cosmic Ray Collisions

Dark Matter 

AMS 2030

Positrons from
Dark Matter

200

Astrophysical Journal 729, 106 (2011) 

Astrophysical Journal 729, 106 (2011) 

J. Kopp, PRD 88, 076013 (2013) 

J. Kopp, PRD 88, 076013 (2013) 

By 2030, AMS will ensure that the high energy positron spectrum drops off quickly in the 0.2-2 TeV region and the 
highest energy positrons only come from cosmic ray collisions as predicted for dark matter collisions

Positron spectrum to 2030



AMS Result on the electron spectrum
The spectrum fits well with two power laws (a, b) and a source term like positrons

59

6.2x107 e– Positrons

Power law b

New sources, like Dark Matter or Pulsars, produce equal amounts of e+ and e– 

Solar Power law a Power law b

𝜱𝒆− 𝑬 =
𝑬𝟐

෡𝑬𝟐
(𝑪𝒂 

෡𝑬𝜸𝒂 + 𝑪𝒃
෡𝑬𝜸𝒃 + 𝐏𝐨𝐬𝐢𝐭𝐫𝐨𝐧 𝐒𝐨𝐮𝐫𝐜𝐞 𝐓𝐞𝐫𝐦)Empirical model:

𝜒2/dof = 47/67

98.8% CL 

99.99% CL 
by 2030

e– from collisions negligible 



p are not produced by pulsars nor by cosmic ray collisions above 60 GV

Cosmic Antiprotons

60

തp

Cosmic Ray
  Collisions

?

G. Jóhannesson et al ApJ 824, 16 (2016)

1.2x106 

|Rigidity| [GV]

• Antiproton 1.2x106



p

e+

Energy [GeV]

e+ p

p

e+

60

Above 60 GeV, the p and e+ fluxes have identical rigidity dependence
Cosmic Antiprotons and Positrons

• 1.2M p
• 4.2M e+

61



The positron-to-antiproton flux ratio is independent of energy. 
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The identical behavior of positrons and antiprotons above 60 GeV 

excludes the pulsar origin of positrons

Precision comparison of the e+ and p spectra 

p

e+

Energy [GeV]

e+ p

p

e+

60

63

Antiproton to 2030



Nuclei fusion 
in stars

Supernova
explosion

Helium

Carbon

Oxygen

Silicon

Proton

Primary cosmic rays p, He, C, O, ..., Si, …, Fe 
are produced during the lifetime of stars and accelerated by supernovae. 

They propagate through interstellar medium before they reach AMS.

Iron

Interstellar 
medium

Measurements of primary cosmic ray fluxes are fundamental to understanding the origin, 
acceleration, and propagation processes of cosmic rays in the Galaxy.

AMS Results on Primary Cosmic Rays

64



Light elements He-C-O and Heavier elements Ne-Mg-Si 
each have their own rigidity dependence

Rigidity [GV]

Primary cosmic rays have two classes 
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Nuclei fusion 
in stars

Supernova
explosion

Helium

Carbon

Oxygen

Silicon

Proton

Secondary Li, Be, B, and F nuclei in cosmic rays are produced by the collision of 
primary cosmic rays C, O, Ne, Mg, Si, …, Fe,with the interstellar medium.

Iron

Interstellar 
medium

Lithium

Beryllium 

Boron

Fluorine

Measurements of the secondary cosmic ray nuclei fluxes are important in 
understanding the propagation of cosmic rays in the Galaxy.

AMS Results on Secondary Cosmic Ray Nuclei
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Secondary cosmic rays have two classes of rigidity dependence
Li-Be-B and F
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Light Nuclei 2 ≤ Z ≤ 8
He-C-O primaries compared 

with Li-Be-B secondaries

68

Heavier Nuclei 9 ≤ Z ≤ 14
Ne-Mg-Si primaries compared 

with F secondaries

Light and heavy nuclei each have two distinct classes



Abundance of elements in the Solar System

AMS 10 Year 1 TV

Solar System
Solar System

AMS 10 Year [2.97-3.29] GV

Elements in the Solar System measured from 
the Sun wavelength analysis and meteorites.
Normalized to Si (103)

Li

Be

B

H

He

N

O

F

Ne

Na

Mg

Al

FeSi

C

S

P
Cl

Ar

K

Ca

Sc

Ti

V

Cr
Ni

Mn Zn

Co

Cu

ASi/AS = 2.4 

AO/ANe = 4.8 

AFe/ANi = 17.3 

O, Si, and Fe are characteristic primary cosmic rays
Li, Be, B, F, and Sc are characteristic secondary cosmic rays

Z
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Further Surprising Results:
Before AMS, taking into account the long-standing idea that C is pure primary and B is pure 

secondary, the (B/C) ratio has been used in models to describe cosmic ray propagation

= 0.83 × O

= 0.70 × B 

The spectrum of carbon        is the composition 
of a primary flux               identical to                  oxygen and 

a secondary flux              identical to                boron xB 

xO 

70But C is NOT pure primary. Question: how to use (B/C) in cosmic ray models?
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Even-Z nuclei and Odd-Z nuclei have
distinctly different primary and secondary composition
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Odd-Z nuclei have more secondaries than even-Z

Even-Z nuclei are dominated by primaries 

Carbon Neon Magnesium Sulfur
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Progress on 21 of 28 elements:
Decomposition of Primary and Secondary Cosmic Ray Fluxes
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An Anti-Deuteron Candidate from ~100 million deuterons and ~10 billion protons

X

Y

Z

Bending Plane

Anti-deuteron Candidate
Charge = −1.02 ± 0.05
Mass = 1.9±0.1 GeV/c2 

Deuteron 
Charge = +1
Mass = 1.88 GeV/c2Cherenkov cone in RICH 74



Z

X

Y

bending plane

Cherenkov cone in RICH
4He:  Mass   =    3.73 GeV/c2

        Charge  =  +2
        

Charge      = −2.05 ± 0.05
Mass      =    3.81 ± 0.29 GeV/c2

Anti-4HeliumCandidate
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76

Scientific American, May 2011

AMS results contradict current cosmic ray theories and 
require the development of a new Standard Model of the cosmos.

76

Space is the ultimate laboratory.  Space provides particles with much higher energies than 
accelerators. AMS provides a first small step in uncovering the mysteries of cosmic rays. 
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