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Figure 1 Initial evidence for the J/I/I. (a) Hadronic production in the reaction p+Be-+ 
e+e- + anything (II). (b) Hadronic formation cross section in electron-positron annihilations 
(12). 

mately, as a perturbative theory (16). The large mass of the c (me::::: 1.5 
GeV/c2) sets a mass scale high enough (and correspondingly implies a 
bound-state size small enough) to approach the asymptotically free regime. 
In analogy to positronium, the cc bound states were dubbed charmonium, 
and heavy-quark-antiquark bound states have come to be known as quar­
konium. Nonrelativistic potential models (18) successfully described and 
predicted many properties of the new system. 

Subsequently to the discovery of the IN, hadrons containing a single 
charmed quark were found ( 19). Their properties had been anticipated 
theoretically to a large extent (14, 15, 18, 20, 21), and, in retrospect, 
charmed hadrons had probably made their appearance several years earlier 
in cosmic-ray interactions (22). 

1.1.5 UPSILONS AND THEIR SIMILARITY TO PSIONS The discovery in 1977 
of the Y family of mesons was the first indication of the existence of a fifth 
quark, the b (beauty or bottom), with mass mb ::::: 5 GeVjc2 and charge 
-1/3. The Y and two of its excitations were first observed in the reaction 
p + (Cu, Pt) -+ p+ p- + . . . , as shown in Figure 2 (23, 24). The Y family 
was quickly identified as a set of bb levels. Comparison of bb and cc levels 
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e+e− → hadronsp + Be → e+e− + X
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proximately 1.0 ~ cm .
The most striking feature of J is the possibility

that it may be one of the theoretically suggested
charmed particles' or a' s' or Z, 's, ' etc. In or-
der to study the real nature of J,' measurements
are now underway on the various decay modes,
e.g. , an e~v mode would imply that J is weakly
interacting in nature.
It is also important to note the absence of an
e'e continuum, which contradicts the predic-
tions of parton models.
We wish to thank Dr. R. R. Rau and the alternat-

ing-gradient synchrotron staff who have done an
outstanding job in setting up and maintaining this
experiment. We thank especially Dr. F. Eppling,
B.M. Bailey, and the staff of the Laboratory for
Nuclear Science for their help and encourage-
ment. We thank also Ms. I. Schule, Ms. H. Feind,
N. Feind, D. Osborne, Q. Krey, J. Donahue, and

E. D. Weiner for help and assistance. We thank
also M. Deutsch, V. F. Weisskopf, T. T. Wu,
S. Drell, and S. Glashow for many interesting
conversations.

)Accepted without review under policy announced in
Editorial of 20 July 1964 I.Phys. Rev. Lett. 13, 79
(1964)].
'The first work onp+p p++p +x was done by L. M.

Lederman et al. , Phys. Rev. Lett. 25, 1523 (1970).
2S. L. Glashow, private communication.
3T. D. Lee, Phys. Rev. Lett. 26, 801 (1971).
4S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967), and

27, 1688 (1971), and Phys. Rev, D 5, 1412, 1962 (1972).
After completion of this paper, we learned of a sim-

ilar result from SPEAR. B.Richter and W, Panofsky,
private communication; J.-E. Augustin et gl. , following
Letter [Phys. Bev. Lett. 33, 1404 (1974)].
GS. D. Drell and T. M. Yan, Phys. Rev. Lett. 25, 316

(1970). An improved version of the theory is not in con-
tradiction with the data.

Discovery of a Narrow Resonance in e+ e Annihilation*

J.-E. Augustin, p A. M. Boyarski, M. Breidenbach, F. Bulos, J. T. Dakin, G. J. Feldman,
G. E. Fischer, D. Fryberger, G. Hanson, B. Jean-Marie, g R. R. Larsen, V. Liith,

H. L. Lynch, D. Lyon, C. C. Morehouse, J. M. Paterson, M. L. Perl,
B. Richter, P. Rapidis, R. F. Schwitters, W. M. Tanenbaum,

and F. Vannuccif.
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

Q. S. Abrams, D. Briggs, W. Chinowsky, C. E. Friedberg, G. Goldhaber, R. J. Hollebeek,
J. A. Kadyk, B. Lulu, F. Pierre, 5 Q. H. Trilling, J. S. Whitaker,

J. Wiss, and J. E. Zipse
Lau'rence Berheley Laboratory and Department of physics, Uninersity of California, gerheley, California g4 ping

(Received 13 November 1974)

We have observed a very sharp peak in the cross section for e+e -hadrons, e+e, and
possibly p, p at a center-of-mass energy of 3.105+0.003 GeV. The upper limit to the
full width at half-maximum is 1.3 MeV.

We have observed a very sharp peak in the
cross section for e'e - hadrons, e'e, and pos-
sibly p 'p. in the Stanford Linear Accelerator
Center (SLAC)-Lawrence Berkeley Laboratory
magnetic detector' at the SLAC electron-positron
storage ring SPEAR. The resonance has the
parameters

E = 3.105+0.003 GeV,
F&1.3 MeV

(full width at balf-maximum), where the uncer-
tainty in the energy of the resonance reflects the

uncertainty in the absolute energy calibration of
the storage ring. [We suggest naming this struc-
ture g(3105).] Tbe cross section for hadron pro-
duction at the peak of the resonance is ~ 2300
nb, an enhancement of about 100 times the cross
section outside the resonance. The large mass,
large cross section, and narrow width of this
structure are entirely unexpected.
Our attention was first drawn to the possibility

of structure in the e'e —hadron cross section
during a scan of the cross section carried out in
200-MeV steps. A 307o (6 nb) enhancement was
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http://dx.doi.org/10.1103/PhysRevLett.33.1406


3

Γ𝖾 = (𝟦 . 𝟪𝟢 ± 𝟢 . 𝟢𝟨) keV ⇝ (𝟧 . 𝟧𝟤 ± 𝟢 . 𝟣𝟦) keV

Γ = (𝟨𝟫 ± 𝟣𝟧) keV ⇝ (𝟫𝟤 . 𝟨 ± 𝟣 . 𝟧) keV

𝖬 = (𝟥𝟢𝟫𝟧 ± 𝟦) MeV ⇝ (𝟥𝟢𝟫𝟨 . 𝟫𝟢𝟢 ± 𝟢 . 𝟢𝟢𝟨) MeV

ψ: Soon known, treating ISR and resolution 
à la Jackson & Scharre:

J: Absence of continuum puzzling

http://dx.doi.org/10.1016/0029-554X(75)90768-5
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How could these results be wrong? 
Most things that seem too good to be true 

are too good to be true.
This was too good to be false! 

 
Every experimenter’s question: How can I get my hands on it?

Chapter 6: Revolution!

“Celebrating Quarkonium: The First Forty Years”

https://bit.ly/GraceSimplicity
https://zenodo.org/doi/10.5281/zenodo.5812403


5

VOr. UME 33, NUMBER 23 PHYSICAL REVIEW I.ETTKRS 2 DECEMBER 1974

fications system is not functioning and we there-
fore cannot separate muons from strongly inter-
acting particles. However, outside the peak the
data are consistent with our previously measured
p. -pair cross section. Since a large wg or EE
branching ratio would be unexpected for a reso-
nance this massive, the two-body enhancement
observed is probably but not conclusively in the
p, -pair channel.
The e'e - hadron cross section is presumed

to go through the one-photon intermediate state
with angular momentum, parity, and charge con-
jugation quantum numbers J~c = 1 . . It is dif-
ficult to understand how, without involving new
quantum numbers or. selection rules, a resonance
in this state which decays to hadrons could be so
nal row.
We wish to thank the SPEAR operations staff

for providing the stable conditions of machine
performance necessary for this experiment.
Special monitoring and control techniques were
developed on very short notice and performed ex-

cellently.

*%'ork supported by the U. S, Atomic Energy Com-
mission.
)Present address: Laboratoire de l'Accelerateur
Lineaire, Centre d'Orsay de 1'Universite de Paris, 91
Orsay, France.
)Permanent address: Institut de Physique Nucleaire,

Orsay, France.
5Permanent address: Centre d'Etudes Nucleaires de

Saclay, Saclay, France.
'The apparatus is described by J.-E. Augustin el' ai,

to be published.
The detection-efficiency determination will be de-

scribed in a future publication.
3While preparing this manuscript we were informed

that the Massachusetts Institute of Technology group
studying the reaction pp e+e +.x at Brookhaven Na-
tional Laboratory has observed an enhancement in the
e+e mass distribution at about 3100 MeV. J. J.Aubert
et al. , preceding Letter [Phys. Rev. Lett. 33, 1402
(1974)],
G. Bonneau and F. Martin, Nucl. Phys. B27, 381

(1971).

Preliminary Result of Frascati (ADONE) on the Nature of a New 3.1-GeV Particle
Produced in e'e Annihilation*

C. Bacci, R. Balbini Celio, M. Bema-Rodini, G. Caton, R. Del Fabbro, M. Grilli, E. Iarocci,
M. Locci, C. Mencuccini, G. P. Murtas, G. Penso, G. S. M. Spinetti,

M. Spano, B. Stella, and V. Valente
The Gamma-Gamma Croup, I-abomtom ¹zionali di Emscati, Fxascati, Italy

B. Bartoli, D. Bisello, B. Esposito, F. Felicetti, P. Monacelli, M. Nigro, L. Paolufi, I. Peruzzi,
G. Piano Mortemi, M. Piccolo, F. Ronga, F. Sebastiani, L. Trasatti, and F. Vanoli
The Magnet Experimental Group for ADONE, Laboratori ¹zionali di Prascati, Frascati, jta/ y

and

G. Barbarino, G. Barbiellini, C. Bemporad, R. Biancastelli, F. Cevenini, M. Celvetti,
F. Costantini, P. Lariccia, P. Parascandalo, E. Sassi, C. Spencer, L. Tortora,

U. Troya, and S. Vitale
The Ijaxyon-Antibaryon G~oNP, Labomto~ ¹zionali di I'mscati, I'wascati, Italy

iReceived 18 November 1974)

We report on the results at ADONE to study the properties of the newly found 3.1-BeV
particle.

Soon after the news that a particle of 3.4 GeV
with a width consistent with zero had been ob-
served at Brookhaven National Laboratory by the
Massachusetts Institute of Technology group, ' it
was immediately decided to push ADONE beyond
its nominal limit of energy (2 &1.5 GeV) to look

for this particle. On the following day the in-
formation had reached us that this particle had
also been observed at SPEAR at the energy of
exactly 3.10 GeV with a narrow width, &1.3 MeV. '
Three experiments' [the Gamma-Gamma Group,

the Magnet Experimental Group for ADONE

1408
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EVENTS/0. 3 nb" I UMINOSITY
TABLE I. Bate of events as a function of the total en-

ergy (MEA Group).

Total
energy
(MeV)

Total No. of
events/0. 6-nb '
luminosity

Hadronic events
(noncollinear
events)

50—-

40—-

30—-

20—-

3090
3092
3094.5
3096.5
3098.5
3100.5
3102.5
3104.5
3106.5
3108.5
3110.5
3112

2+2
4+3
4+2
4+2
4+2
26 +5
23 +4
10+3
. 4+2
5+2
4+2
4+3

0
2+2
0
3+2
3+2
20+5
15+3
6+2
0
1+1
2+1
0

10—-

I

I3090 I3095 I
3100 3105l

iENERGY
E(Mev)

3110 3112

FIG. 1. Result from the Gamma-Gamma Group, to-
tal of 446 events. The number of events per 0.3 nb ~

luminosity is plotted versus the total c.m. energy of the
machine.

(MEA), and the Baryon-Antibaryon Group],
ready prepared to analyze systematically the 1.5-
to 3.0-GeV c.m. energy region, started to analyze
the energy interval between 3.08 and 3.12 GeV in
0.5-MeV steps, A striking increase in the total
counting rate was observed soon afterwards in
all three experiments, and the film analysis was
immediately started. We report in the following
the preliminary results that have been obtained.
Results of the Gamma-Gamma Group The ap. —-

paratus, which covers a solid angle of approx-
imately 0.75&4m, consists of optical spark cham-
bers and wire chambers and is particularly suit-
ed to analyze the neutral and electromagnetic
components (y rays and electrons). The number
of events in this reaction, e'e —&3 bodies (tracks
or showers), is plotted in Fig. 1 in the region
3.090 to 3.112 GeV. The analysis of the events
indicates an average charged multiplicity of 3.4
+0.5, with a maximum of 8. The presence of K
and a rather abundant photon component (average
number of observed photons per event is 1.6*0.1
with a maximum of 7) have been established.
The experimental cross section a.t the top of the

peak is found to be approximately 800 nb. The
energy resolution of ADQNE is approximately
+1.5 MeV; this has so far prevented a direct
measurement of the cross section at the peak.
Results of the MBA GrouP.—This group has

concentrated on studying the reaction e'+ e
—e'e, p 'p. , and hadrons. The experimental
setup includes a large magnet with the field per-
pendicular to the beam direction and optical wide-
gap spark chambers and narrow-gap shower
spark chambers. The effective detection solid
angle is 0.35&&4g. The trigger requires at least
two tracks of particles .of 120 and 180 MeV/c,
respectively. The observed rate of multihadron
events and the total production rate are given in
Table I as a function of the total energy. The in-
tegrated luminosity has been measured by the
ADQNE accelerator group with a monitor based
on small-angle Bhabha scattering and is 0.6 nb '
for each point. The multihadron events exhibit
large multiplicity of both charged and neutral
particles. Evidence for E production is also ob-
tained.
Results of the Baryon Antibaryon Gro-uP This.—

group has also seen a clear signal in the trigger
of events with two relativistic collinear tracks;
a sixfold coincidence between two opposite col-
linear telescopes viewing the intersection was
used in the trigger. The cosmic-ray background
was rejected on line.
The observed cross section in this running con-

dition can be related, under the assumption that
the resonance has spin 1 and that the decay width
for ee pairs is equal to the decay width for p p,

1409
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Fig. 2. Spectrum of total shower pulse height for ac- 
cepted events. The minimum pulse height requited 
was 1400 MeV. 
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Fig. 3. The observed e+e - scattering cross section for 40 ° < e < 140 ° 
plotted against the total energy. The dashed lines show the best f i t  
Gaussian plus nonresonant background. 

through a lead-scintillator shower counter'8 radiation 
lengths thick. Both detectors were calibrated for inci- 
dent energies between 50 MeV and 3 GeV using a well 
defined monochromatic electron and photon beam at 
the DESY synchrotron. The angular resolution of each 
detector is about -+ 1 dpgree. 

In this experiment the trigger in each detector re- 
quired a coincidence between the shower counter and 
one of the two preceding scintillation counters. The 
energy loss required was well below the measured energy 
loss of a 1.5 GeV electron traversing the detector. The 
event trigger was defined by demanding a coincidence 
between the two detectors. 

Data were collected at closely spaced total energies 
between 3081 and 3099 MeV. The total luminosity 
integrated over the duration of the experiment was 
5 × 1034cm -2. To separate the Bhabha events from 
the background due to cosmic rays and beam-gas inter- 
actions the following criteria were used in the analysis: 

1) The energy deposited in each detector should be 
at least 100 MeV, and the total should be more than 
1400 MeV for both detectors. 

2) At least 35 proportional tubes should be set (at 
3 GeV 90 + 18 tubes are set on the average). 

3) The time difference between pulses from the 
two detectors should be less than 3.5 nsec. 

4) The final particles should be collinear within 6 °. 
Relaxing these conditions did not significantly 

change the results. The limits on the scattering angles 
0 and ~b, defined in the upper detector, were chosen 
to be 40 ° to 140 ° and -+ 12 °, respectively. The corre- 
sponding member of the pair was then well within 
the detection aperture of the lower detector. We find 
that 1037 events satisfy all the selection criteria. 
Fig. 2 shows the distribution in the sum of pulse heights 
from the two shower counters for these events. 

Fig. 3 shows the dependence on total energy E of 
the yield of e+e - scatters between 40 ° and 140 °. 
The shape of the peak is well fit by a Gaussian with 
a root-mean-square width of 1.3 MeV. Since the energy 
of the rings was not exactly reproduceable, this width 
is larger than the 0.9 MeV expected from the spread 
in energy of the beams. The value of the peak energy, 
3090 MeV, observed here is in reasonable agreement 
with values reported for other storage rings [1]. 

The angular distributions (summed for 0 and Tr-0, 
since we do not distinguish e + and e -  in the final state) 
are plotted separately in fig. 4a and b for energies out- 
side the peak and inside the peak. The absolute cross 
sections in figs. 3 and 4 have been determined by 
fitting the distribution outside the peak to the nonre. 
sonant Bhabha scattering differential cross section, 
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A M E A S U R E M ENT  O F  L A R G E  A N G L E  e + e -  S C A T T E R I N G  AT T H E  
3100  MeV R E S O N A N C E  

DASP - Collaboration 

W. BRAUNSCHWEIG, C.L. JORDAN, U. MARTYN, H.G. SANDER 
D. SCHMITZ, W. STURM, W. WALLRAFF 

L Physikalisches Instztut tter R WTH Aachen 

K. BERKELMAN*, D. CORDS, R. FELST, E. GADERMANN, G. GRINDHAMMER, 
H. HULTSCHIG, P. JOOS, W. KOCH, U. KOTZ, H. KREHBIEL, D. KREINICK, J. LUDWIG, 

K.-H. MESS, K.C. MOFFEITT, D. NOTZ **, G. POELZ, K. SAUERBERG, P. SCHMOSER, 
G. VOGEL, B.H. WIIK, G. WOLF 

Deutsches Elektronen-Synchrotron DESY and II. lnstitut flir Experimentalphysik der Universitiit Hamburg, Hamburg 

G. BUSCHHORN, R. KOTTHAUS, U.E. KRUSE **, H. LIERL, H. OBERLACK, 
S. ORITO, K. PRETZL, M. SCHLIWA 

Max-Planck-Instztut J~ur Physik und Astrophystk, Mimchen 

T. SUDA, Y. TOTSUKA and S. YAMADA 
Umverslty of Tokyo, Tokyo 

Received 19 December 1974 

Elastic e+e- scattering has been measured at total energies covering the newly found resonance at 3100 MeV. The 
angular distribution is consistent with spin-parity 1 -, and the cross section integrated over energy yields r2ee/I~to t = 
0.23 +- 0.05 keV for the resonance. 

The new 3100 MeV resonances [1] has been stu- 
died in the reaction e+e - ~ e+e - at the DESY collid- 
ing beam facility DORIS using a non-magnetic spec- 
trometer. The rings were normally filled every 6 hours, 
and the luminosity averaged over one fill was about 
2 X 1029cm -2. The luminosity was monitored by ob- 
serving the rate of small angle Bhabha scattering using 
a set of four counter telescopes located in the horizon- 
tal plane symmetrically with respect to the interaction 
point. Each telescope consists of three scintillation 
counters and one shower counter. The scintillation 
counters define the direction of the scattered electron 
or positron, a the shower counter measures its energy. 
A Bhabha event is defined as a coincidence between 
two such telescopes located on opposite sides of the 
beam pipe at a mean scattering angle of 8 °. With the 

* On leave from Cornell University, Ithaca, N.Y. 
** Now at CERN, Geneva. 
*** On leave from the University of Illinois, Urbana, Illinois. 

threshold of the shower counter set at 500 MeV the 
accidental rate is negligible. For this experiment the 
luminosity monitor was used as a relative monitor 
only. 

The apparatus shown in fig. 1 is a part of the 
Double Arm Spectrometer (DASP) and consists of 
two identical detectors mounted above and below 
the beams. Events were accepted for 0 between 40 ° 
and 140 ° in a total solid angle of 1.2 sterad. The basic 
unit of this detector is made of a scintillation counter 
hodoscope, a sheet of lead 5 mm thick, and a propor- 
tional tube chamber [2]. Each chamber (see insert of 
fig. 1) has three layers of brass tubes, 10 mm in diam- 
eter and with 0.25 mm wall thickness, oriented at 0 ° 
and -+ 30 ° with respect to the beam axis. The efficiency 
for detecting one charged particle is 95% per plane, 
a value consistent with the geometric efficiency. Each 
of the scattered particles passes through a layer of scin- 
tillation counters surrounding the beam pipe, then 
through four of the units just described, and finally 
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http://dx.doi.org/10.1103/PhysRevLett.33.1453


8Published: November 17, 1974
Copyright © The New York Times

https://www.nytimes.com/1974/11/17/archives/new-and-surprising-type-of-atomic-particle-found.html?unlocked_article_code=1.8E0.HU1N.QCC-kR8LSSqj&smid=url-share
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J. L. Rosner, “The Arrival of Charm”

https://doi.org/10.1103/PhysRevLett.34.46
https://journals.aps.org/prl/issues/34/1
https://doi.org/10.1103/PhysRevLett.34.52
https://doi.org/10.1103/PhysRevLett.34.41
https://doi.org/10.1103/PhysRevLett.34.38
https://doi.org/10.1063/1.57782
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sion more intuitive.
~ H. D. Politzer, Phys. Rev. Lett. 26, 1346 (1973);
D. Qross and F. Wilczek, Phys. Bev. Lett. 26, 1343
(1973).
~3Q. Zweig, unpublished. An example of Zweig's rule
in action is the observed suppression of A2 '1/
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Possible Interactions of the J Particle*
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We discuss some possible interaction schemes for the newly discovered particle J and
their experimental implications, as well as the possible existence of two J 's like the Its-
~I, case. Of particular interest is the case where the J particle has strong interactions
with the hadrons. In this case J can be produced by associated production in hadron-had-
ron collisions and also singly in relative abundance in ep and pp collisions.

A new particle Jwith a mass of 3.1 GeV was
recently discovered. ' ' We shall analyze in this
note the properties of J. In view of its small
width we shall assume that J is not coupled sing-
ly to hadrons. That is, we assume that there are
no strong couplings of the form J(hadrons). How-
ever, strong couplings of the form JJ(hadrons)
may be present, causing J to interact strongly
with hadrons. We discuss the cases where J
does not and does have such strong interactions.
Our analysis is mostly phenomenological, with a
minimum of theoretical prejudices about specific
schemes of hadron structure.
I.etM~, I"„, I'», . . . , 1 be the mass, the par-

tial widths, and the total width of J. We shall
assume that it is coupled to the ee, ILL, p. , and oth-
er fields through the effective Hamiltonians

&= ig«k'Y z(~ +Y3)e ~ ~z

+ig&&[V'Yy(i+0'3)P ~~X++o~her~

or

p, .=(4&) 'g, .', p„„=(«) 'a„„'.
The integrated resonance cross section (ee —all)
1S

)o~J'(ee - a,ll)dE =br'MJ 'I „. (5)
Notice that the cross section atMJ for (channel

(2)

J~ is chosen Hermitian and all g's are real. We
assumed the spin of J to be 1. However, we do
not speculate in this paper about the origin of
these effective Hamiltonians. In particular, we
do not assume that (2) is necessarily electromag-
netic in origin. The decay widths are

eg 3MJPge) +
pQ 3MJPppp for (l);

I ee 3MJpeep I pp MJp3ppp for (2)9
where
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calculation. It may be remarked that, in gener-
al, quintets are much more likely to contain
mixing-induced higher-order terms than are
quartets, because cancelations due to approxi-
mate mirror symmetry do not occur. In quartets,
mixing with T= 2 states contributes chiefly to
the T, ' term, but in a quintet, mixing with T=O
or 1 states immediately causes a T, ' dependence.
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tion and the U. S. Atomic Energy Commission.
f Present address: Lawrence Livermore Laboratory,
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'R. G. H. Robertson, S. Martin, W. R. Falk, D. Ing-

ham, and A. Djaloeis, Phys. Rev. Lett. 32, 1207 (1974).
E. Kashy, W. Benenson, and J.A. Nolen, Jr. , Phys.

Rev. C 9, 2102 (1974); W. Benenson and E. Kashy,
Phys. Rev. C 10, 2688 (1974).
G. Bertsch and S. Kahana, Phys. Lett. BSB, 198

(19VO).
J. Cerny, Lawrence Berkeley Laboratory Report

No. LBL-2988 (unpublished) .

R. Kouzes, private communication.
F. D. Becchetti, L. Chua, J. W. Janecke, and

A. VanderMolen, to be published.
E. Kashy, W. Benenson, I. D. Proctor, P. Hauge,

and G. Bertsch, Phys. Rev. C 7, 2251 (1978).
The uncertainty in the last digit(s) of a number is

placed in parentheses; i.e., 10.619(9) MeV means
10.619 +0.009 MeV.
The measured quantity is the ratio of the Q value

for this reaction to that for C( He, He)~C, which is
0.8v2 11(24).
J. L. Black, W. J. Caelli, D. L. Livesey, and R. B.

Watson, Phys. Lett. BOB, 100 (1969).
D. R. Goosman, Nucl. Instrum. Methods 116, 445

(1974) .
J. Cerny and R. H. Pehl, Phys. Rev. Lett. 12, 619

(1964).
~~D. G. Fleming, J. Cerny, C. C. Maples, and N. K.
Glendenning, Phys. Rev. 166, 1012 (1968).
~ G. F. Trentelman, B. M. Preedom, and E. Kashy,
Phys. Rev. C 8, 2205 {1971).
5A. H. Wapstra and N. B.Gove, Nucl. Data Tables

9, 26V (19V1).
F,. C. Barker and N. Kumar, Phys. Lett. BOB, 108

(1969).

Are the New Particles Baryon-Antibaryon Nuclei?

Alfred S. Goldhaber
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Baryon-antibaryon bound states and resonances could account for the new particles,
as well as narrow states near nucleon-antinucleon threshold, which were reported ear-
lier.

The recent discoveries of exceedingly sharp
particles decaying to e'e, probably p.'p, and
multihadron final states' draw attention to ear-
lier reports of narrow states in the nucleon-anti-
nucleon (NN) channel. ' ' Could these phenomena
be connected~ If so, a possible common explana-
tion would be that all of these are primarily ba, ry-
on-antibaryon (BB) bound states or resonances.
There are three main predictions which follow

from such a model. (1) Branching ratios for de-
cay to channels including a baryon pair should be
high. (2) Such states should be found in the vicin-
ity of every BB threshold. (3) There should be
many new states which do not couple to e'e .
Some of the new states might be produced in

the reaction E', 7t'+ "y"-I, where the virtual y
comes from the Coulomb field of a high-~ target.
Using 400-GeV meson beams, resonance states
with masses up to 3 GeV would be open to study.
Shapiro and co-workers' have proposed just

such bound states to explain relatively broad
bumps in meson spectra, and later' have argued
that the widths in some cases could be as small
a,s a, few MeV. Their width estimates seem hard
to reduce further, in view of the observed large
cross section for PP annihilation at low energies. "
Therefore, if these narrow states are BB bound
states, there is something about their dynamics
which is not revealed in the free cross sections.
Somehow the internal coordinates of the baryons
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particle
has norm

al electroma
gnetic couplings

,

but is very
weakly coupled

to hadron
s (r'/r~

- IO ').
A family of unit-sp

in particles
with just these

characteri
stics had been

anticipate
d in a new

- unified theory of electro
magnetic

and weak inte
r-

actions,
' one that was

designed
to accoun

t for the

empirical
absence

of DY= I
neutral currents by

abandonin
g the Cabib

bo rotation
that creat

es the

theoretica
l problem.

It was rep
laced by a mix

ing

between
two types

of unit-sp
in mesozs that is

produced
by the SU

(3) symm
etry-break

ing inter-

action, combined
with the hypot

hesis that the
sec-

ond, prim
ed, set is only

weakly coupled
to the

familiar
low-lying

hadrons.
That hypo

thesis has

now received
impressiv

e support
from the new

experimen
tal discovery

.

This inte
rpretation

of the new particle
also

enables one to go
further and to ass

ign a substan
-

tial fracti
on of the ob

served hadronic
decay rate

,

I „', to the
effect of

electroma
gnetic mixing

with

the "normal"
spin-1 mesons.

A short cal
cula-

tion, bas
ed on the co

uplings
introduced

in Ref. 2,

which could be
characteri

zed as a gener
alized

vector-do
minance

model,
leads to

the result
that

the branc
hing ratio between

hadronic
and e'e

de-

cay ls

r„/r, ~, =z(m'),

where A(m') is
the nonre

sonant branching
ratio

between
hadronic

and p'p
productio

n in e'e
™col-

lisions at
the cente

r-of-mass
energy

m'= 3.1

GeV. The expe
rimental

values that have
been

found for
the latter

are in the int
erval 3-4,

which

is less than
, but not o

f a differe
nt order

of mag-

nitude than the decay
branching

ratio. Since

neither the experi
ments nor the th

eoretical
model

have a de
finitive status, this rough coinciden

ce

raises, but does
not settle,

the intere
sting ques-

tion of w
hether all of the

hadronic
decay can be

attributed
to electrom

agnetic
mixing.

'

Another
consequen

ce of this int
erpretatio

n is

the anticip
ated existence

of other
such long-lived

particles,
constitutin

g all the co
unterparts

of p',

~, and y.
Perhaps

these have alrea
dy been seen

in the Br
ookhaven

National
Laborator

y experi-

ments.
Note add

ed.—The public announce
ment by the

Stanford
I inear Ac

celerator
group of a secon

d

very sharp resonance
at 3.7 GeV

lends additional

support
to this in

terpretatio
n, and dimin

ishes the

appeal o
f any alte

rnative interpreta
tion that does

not provid
e a natural

setting for more
than one

such parti
cle.

*Work sup
ported in part by

the National
Science

Foun-

dation.
All the n

umbers cited are
inferred

from J.-E. Au
gus-

tin et al. ,
Phys. Re

v. Lett. 88
, 1406 (19

74).

J. Schwinger,
Phys. He

v. D 8, 96
0 (1978).

Nothing
in the orig

inal conceptio
n excludes

a resid-

ual hadro
nic coupling.

But, even
then, the

re is the

possibility
that such

coupling
could be

an indirec
t con-

sequence
of electrom

agnetic
interaction

.

Possible
Explanati

on of the New
Resonanc

e in e+ e Annihilati
on'R

S. Borcha
rdt, V. S. Math

ur, and S. Oku
bo

University
of Roches

ter, Rochester
, Nero York 146

23

(Received
18 Novem

ber 1974)

We propos
e that the re

cently discovere
d resonance

in e+e annihilatio
n is a memb

er of

the 1561 d
imensiona

l representa
tion of the SU(

4) group,
This hypo

thesis is consiste
nt

with the variou
s experimen

tal features
reported

for the res
onance.

In addition
, we make

a predicti
on for the m

asses of the cha
rmed vector me

sons belonging
to the sam

e repre-

sentation.

Very recently
a new type of resona

nce which

couples
to the had

rons and the lepton
s has been

discovere
d' both at S

tanford Linear A
ccelerator

Center (SLAC)
and at Brookh

aven National
Lab-

oratory.
Denoting

this struc
ture as g(3105)

,

SLAC has quote
d the mass

and width of this re
so-

nance as

M~
= 3.105+0.0

03 GeV,

I'] &l.3 Me
V,

In this note, we discus
s the theore

tical inter-

10
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must be rearranged during close approach, in a
way different from that in a usual BB collision.
For the present viewpoint to be useful, the rear-
rangement should keep the baryon degrees of
freedom recognizable. A possible example would
be strong coupling of the baryons to a massive
scalar field, as in the model of Lee and Wick, "
so that decay is inhibited by the need to destroy
the scalar mesons along with the baryons.
If one supposes that the BIT system relevant to

the new particles is ~', the lower state would
be bound and the upper would be a resonance.
The triple strangeness of the constituents might
then account for the long lifetimes observed.
This conservative explanation for the new par-

ticles suggests potentially fruitful directions for
experiment. "

*Work supported in part by the National Science Foun-
dation under Grant No. P4P265-00.
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Interpretation of a Narrow Resonance in e'e Annihilation*

Julian Schw1nger
University of California at Los Angeles, Los Angeles, California 90024

(Received 25 November 1974)

A previously published unified theory of electromagnetic and weak interactions proposed
a mixing between two types of unit-spin mesons, one of which would have precisely the
characteristics of the newly discovered neutral resonance at 3.1 GeV. With this interpre-
tation, a substantial fraction of the small hadronic decay rate can be accounted for. It is
also remarked that other long-lived particles should exist in order to complete the analogy
with p', ~, and y.

Recently, a joint Stanford Linear Accelerator
Center-Brookhaven National Laboratory public
announcement disclosed the discovery of a new
spin-I neutral particle that decays, with a very
long lifetime, into hadrons and e'e and p, 'p.
pairs. The mass of the particle is'

m'= 3.105+0.003 GeV,
the hadron-e+e branching ratio is -10, and the
maximum value of the hadronic cross section,
observed with an effective homogeneous mass
spread of

AM=1. 4 MeV,

The latter is roughly evaluated, on the justified
assumption that the total width I'« ~, as

where 1",' is the e'e partial decay width, and the
resonance shape has been approximately repre-
sented as

Hence,

I",' = l.3 keV,
ls

o'DIay= 2.3 x 10 nb.

which is of the same general order as the partial
decay widths of the 1 mesons p', &u, and y (I', &0
=6.3 keV, I, =0.74 keV, 1,~=1.3 keV); the new
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Is the 3104 MeV Vector Meson the 9c or the W0? 

G. ALTARELLI, N. CABIBBO a n d  R. PETRONZIO 

Is t i tuto  di .Fisica dell' Universi th - R o m a  
Is t i tuto  :Vazionale di F i s ica  Nuc lea te  - Sezione di t~oma 

L. MAIA~I 

Laboratori  di .Fisica, l s t i tu to  Superiore di  S a n i t h  - R o m a  
Ist i tuto 2(azionale di F i s i ca  Nuclea te  - Sezione San i t~  di R o m a  

G. PARISI 

Is t i tuto  Naz ionale  di F i s i ca  Nuc lea te  - .Laboratorio di  Frascat i  

( r i cevu to  il 20 N o v e m b r e  1974) 

The  exc i t i ng  d i s c o v e r y  (~.2) of a new n e u t r a l  v e c t o r  m e s o n  a t  a mass  M = 3 1 0 4  MeV (~), 
conf i rmed a t  F r a s c a t i  (3), is a t u r n i n g  p o i n t  i n  our  u n d e r s t a n d i n g  of f u n d a m e n t a l  in te r -  
ac t ions .  W a i t i n g  for  m o r e  def in i te  e x p e r i m e n t a l  i n f o r m a t i o n ,  we sha l l  base  our  discus- 
s ion  on  t h e  fo l lowing  va lues  for  t h e  decay  r a t e s :  

(1) 

(2) 

re(= r~) = 5 keY, 

Fto~, 1 _~ F h = 50 k e V ,  

w h e r e  F e a n d  F~ a r e  t h e  decay  r a t e s  i n t o  e+e - a n d  ~+~- pa i r s  a n d  F h is t h e  decay  ra t e  
i n to  h a d r o n s .  

The  on ly  e x p e c t e d  n a r r o w - w i d t h  h a d r o n i c  1 - -par t i c le  is t h e  %,  ~.e. a b o u n d  s t a t e  
of c h a r m e d  q u a r k s  (4) (% _~p,p,). 

Th i s  i den t i f i c a t i on  leads  to  ser ious  diff icul t ies  in  t h a t  t h e  e x p e c t e d  w i d t h  for  % 
is in  t h e  (1- -10)  1VIeV r a n g e  or  more ,  i.e. a t  l e a s t  a f a c t o r  of t w e n t y  l a r g e r  t h a n  eq. (2). 

A more  exc i t i ng  a l t e r n a t i v e ,  s t r o n g l y  sugges t ed  b y  eqs. (1) a n d  (2), is to i d e n t i f y  
t h i s  pa r t i c l e  w i t h  t h e  i n t e r m e d i a t e  boson  w h i c h  m e d i a t e s  w e a k  n e u t r a l  c u r r e n t s  (Wo). 

(1) Brookhaven, lepton pair production experiment (private communication). 
(2) SPEAR (private communication). 
(3) Frascati, 7"(2, )IEA, pp groups (pri~rate communications to be published). 
(4) J .  D .  BJOR~ZE~ and S. L. GLASrIOW: Phys. Left., 11, 225 (1964); S. GLASHOW, J. ILIOPOULOS and 
IJ..~[AIA~I: Phys. Rev. D, 2, 1285 (1970). 

609 

612 G. ALTARELLI ,  N. CABIBB0, R. PETRONZIO, L. MAIANI and G. PARISI  

where M is the W 0 mass, a :  1.137, W :  ~/s, 

(13) F ( w )  = 
M2 

(W--  M) 2 + T'2/4 

and 0 is the angle between the incoming e+ and the outgoing ~+. In the case a = b 
(pure vector interaction) there is obviously no asymmetry and the only way to distin- 
guish this resonance from a very narrow-width hadron would be through the relation 

(14) r > r ~ +  to+ r~ 

due to the presence of sizeable ~ decays. It  is an amusing possibility that ,  apart  
from Fv, and / ~ ,  F could receive contributions from yet unobserved light neutral  
leptons. 

In  the case a = - - b  (pure axial interaction) the asymmetry has only a dispersive 
component which changes sign in  passing through the resonant mass. In  the general 
case a 2 r  2 both dispersive and resonant components are present, this being the 
easiest case to detect. 

What  about %? If our proposal is right, 7c is still to be found. A possible identifica- 
t ion (~o) of the corresponding pseudoscalar meson (Be) with the E(1420) resonance leads 
to two possible values for % mass, by using broken-SU4 mass formulae. These values 
are 1300 ~eV and 1700 HeV. The corresponding masses for the D-mesons (~) are 
760 ~eV or 1100 ~eV, respectively. 

A search for % in e+e - colliding beams is obviously needed. Note that, with either 
value for the D mass given above, charmed-particle pairs should be present among 
hadronic-decay products of TWo. 

We are grateful to the members of the experimental  and machine groups of the 
Fraseati  National Laboratories for many exciting discussions. We are also grateful 
to the Administrat ion of the Telephone Service in I ta ly  and abroad for efficiently 
conveying the many exciting rumours about Brookhaven and SPEAR results. 

(~0) L. 5IAL~rZI: Elementary Processes at High Energy, edi te4  by  A. ZICHICHI (]N~ew York,  N. Y., 1971). 
We  a re  g ra t e fu l  to Prof.  R. SAL.'VIEROX for  poin t ing  out  t h a t  t h i s  possibi l i ty  is t i l l  open. 
(11) N. C~BIBBO" tO be publishe4.  Fol lowing the  no ta t ions  of rcf. (4), D+_~ p,~, DoE p,~.  

http://dx.doi.org/10.1103/PhysRevLett.34.49
http://dx.doi.org/10.1103/PhysRevLett.34.36
http://dx.doi.org/10.1103/PhysRevLett.34.37
http://link.springer.com/article/10.1007/BF02763153
https://doi.org/10.1103/PhysRevLett.34.56
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The discovery of charmonium 
catalyzed a phase transition 

in our understanding 
of the natural world.



Which, if any, of the particles that have so far been 
discovered, is, in fact, elementary, and is there any validity in 
the concept of "elementary" particles?  

What new particles can be made at energies that have not yet 
been reached? Is there some set of building blocks that is still 
more fundamental than the neutron and the proton?  

Is there a law that correctly predicts the existence and 
nature of all the particles, and if so, what is that law?  

Will the characteristics of some of the very short-lived 
particles appear to be different when they are produced at 
such higher velocities that they no longer spend their entire 
lives within the strong influence of the particle from which 
they are produced?  

Do new symmetries appear or old ones disappear for high 
momentum-transfer events?  

What is the connection, if any, of electromagnetism and 
strong interactions?  

Do the laws of electromagnetic radiation, which are now 
known to hold over an enormous range of lengths and 
frequencies, continue to hold in the wavelength domain 
characteristic of the subnuclear particles?  

What is the connection between the weak interaction that is 
associated with the massless neutrino and the strong one 
that acts between neutron and proton?  

Is there some new particle underlying the action of the 
"weak" forces, just as, in the case of the nuclear force, there 
are mesons, and, in the case of the electromagnetic force, 
there are photons? If there is not, why not?  

In more technical terms: Is local field theory valid? A failure 
in locality may imply a failure in our concept of space. What 
are the fields relevant to a correct local field theory? What 
are the form factors of the particles? What exactly is the 
explanation of the electromagnetic mass difference? Do 
"weak" interactions become strong at sufficiently small 
distances? Is the Pomeranchuk theorem true? Do the total 
cross sections become constant at high energy? Will new 
symmetries appear, or old ones disappear, at higher energy? 

13

Questions for the National Accelerator Laboratory “200-BeV Machine” (January 1968)

https://inspirehep.net/files/24bc7774b74c973066cb43db9e3f8723
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Panofsky, ICHEP Vienna (1968)

Bjorken scaling ⇝ charged, pointlike constituents ≡ partons

ep → e′￼+X

https://inspirehep.net/files/e46854c4ae372458abd76cfb9d45fb43
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Construction of a Crossing-Simmetric, Regge-Behaved Amplitude 
for Linearly Rising Trajectories. 

G. VENEZIA~O (*) 

C E R N -  Geneva 

(ricevuto il 29 Luglio 1968) 

Crossing has been the first ingredient used to make Regge theory a predict ive 
concept in high-energy physics. However, a complete and satisfactory way of imposing 
crossing and crossed-channel uni ta r i ty  is still  lacking. We can look at  the recent inves- 
t igat ions on the properties of Reggeization at  t ~ 0  as giving a first encouraging set of 
results along this line of thinking (1). A technically different approach, based on super- 
convergence, has been also recently invest igated (2), and the possibil i ty of a self-con- 
sistent determinat ion of the physical  parameters,  through the use of sum rules, has 
been stressed. 

In this note we propose a quite simple expression for the relativist ic scattering am- 
pli tude,  tha t  obeys the requirements of Regge asymptotics  and crossing symmetry  in 
the case of l inearly rising trajectories.  I ts  explicit  form is suggested by the work of 
ref. (z) and contains only a few free parameters  (**). 

Our expression contains automat ical ly  Regge poles in families of parallel  t rajectories 
(at all t) with residue in definite ratios. I t  furthermore satisfies the conditions of super- 
convergence (4) and exhibits in a nice fashion the dual i ty  between Regge poles and 
resonances in the scattering ampli tude.  

(*) On  l eave  of absence  f r o m  t h e  W e i z m a n n  I n s t i t u t e  of Science,  R c h o v o t h .  A d d r e s s  a f t e r  1 Sep- 
t e m b e r  1968:  D e p a r t m e n t  of Phys ic s ,  M.I .T . ,  C a m b r i d g e ,  Mass.  

(1) F o r  a g e n e r a l  r ev i ew  of these  p r o b l e m s  see L. BERTOCCHI: Proe. o! the Heidelberg International 
Conference on Elementary Particles ( A m s t e r d a m ,  1967). 

(2) Such  a n  a p p r o a c h  w a s  p r o p o s e d  i n d e p e n d e n t l y  by" M. AD]~MOLLO, I~. ]:~. RUBINSTEIN', G. VE" 
NEZIANO a n d  M. A.  VIRASORO: Phys. Rev. Left., 19, 1402 (1967) a n d  Phys. Left., 27, B 99 (1968), a n d  
b y  S. MANDELSTAM: Phys. Rev., 166, 1539 (1968). F u r t h e r  d e v e l o p m e n t s  a n d  a n u m b e r  of r e fe rences  
to  r e l a t e d  w o r k s  c a n  be  f o u n d  in  ref .  (3). 

(a) ~r ADEMOLLO, H .  R .  RUBINSTEIN, G. VENEZIANO a n d  M. A.  VIRASORO: ~Veizmann I n s t i t u t e  
p r e p r i n t  (1968), s u b m i t t e d  to  Phys. Rev. 

(**) W e  s h a l l  m o s t l y  w o r k  he re  in  t h e  a p p r o x i m a t i o n  of rea l ,  l i n e a r  t r a j e c to r i e s  a n d  c o n s e q u e n t l y  
of n a r r o w  resonanceS.  W e  br ief ly  d i scuss  t h e  effects of a nonz e ro  i m a g i n a r y  p a r t  in  t h e  t r a j e c t o r y  
f u n c t i o n  w h i c h ,  in  a n y  case ,  we d e m a n d  to  h a v e  a l i n e a r l y  r i s i n g  r ea l  p a r t .  

(4) F o r  s u p e r c o n v c r g e n c e  we m e a n  b o t h  t h e  o r ig ina l  s u m  ru les  p r o p o s e d  b y  V. DE ALFARO, S. FU* 
BINI, G. FURLAI~ a n d  C. ROSSETTI: Phys. Left., 21, 576 (1966), a n d  t h e  m o r e  r e c e n t  g e n e r a l i z e d  super* 
c o n v e r g e n c e  ( f in i te -energy)  s u m  ru les  (see rc f .  (*) for  d e t a i l e d  re fe rences) .  A uni f ied  t r e a t m e n t  of a l l  
s u p e r c o n v c r g e n c c  s u m  ru l e s  h a s  b e e n  g i v e n  b y  S. FUBINI: NUOVO Cimento, 52 A,  224 (1967). 

(Another sensation of ICHEP 1968)

The seed of string theories

https://doi.org/10.1007/BF02824451
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(1969)

Bjorken & Paschos (1969) 
quark-parton model 
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sūsd̄

ud̄dū
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Gargamelle cross sections, momentum fraction (1973)
Volume 46B, number 2 PHYSICS LETTERS 17 September 1973 
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Fig. 1. Total neutrino and antineutnno cross-sections as a 
function of energy. 

have also been determined, and are shown in fig. 2. 
For  this analysis an elastic v event is de'fined as one 
containing a single f accompanied by  not  more than 
one proton of  kinetic energy > 30 MeV. 

An elastic antineutrino event is defined as one con- 
taining a single/a ÷, no proton > 30 MeV and not  more 
than one neutron > 30 MeV. A special scan assured 
that  the scanning efficiency for this type of  event 
was "~ 100%. 

As stated above the flux between 1 - 2  GeV is not  
known with precision. Above 2 GeV the measured 
value of  both the v and ~ cross-sections are compatible 
with those expected using electromagnetic nucleon 
form-factors. 

0 8  
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Fig. 2. Elastic neutrino and antineutrino cross-sections as a 
function of energy. 

The curves shown in fig. 2 are the best fits for the 
elastic cross-section corrected for nuclear effects [3] 
for energies above 2 GeV. 

From discrepancy of  the neutrino elastic cross-sec- 
tion observed below 2 GeV, it is concluded that the 
extrapolation of  the v flux in this region is incorrect. 
Therefore the total cross-section measurements be- 
low 2 GeV have been corrected using the observed dif- 
ference between the measured and expected elastic v 
cross-section. 

For the total v and ~ cross.section data in fig. 1, 
best straight-lines have been fitted. In this fit account 
has been taken of  the distortion expected for a linear- 
ly rising v, ~ cross section due to very rapidly falling 
v, ~ spectra and the measurement errors. The correc- 
tion is of the order of -+ 3%, except at 6 GeV where 
the cross-section is over-estimated by 10%. The best 
linear fits to the cross-sections are shown in table 3. 

Table 3 

one parameter two parameter 
fit fit 

v (0.74±0.02)E (0.70±0.07)E + (0.14±0.18) 
E > 1 GeV b (0.28±0.01)E (0.26±0.04)E + (0.05±0.09) 

E > 2 ~ V  
v (0.74±0.03)E 
ff (0.27+0.01)E 

(0.77±0.09)E - (0.11 ±0.25) 
(0.32±0.06)E - (0.13±0.17) 

277 

https://doi.org/10.1016/0370-2693(73)90702-8
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Accumulated insights from (light-)hadron spectroscopy

SU(3) flavor symmetry, SU(6) flavor-spin symmetry

mass formulas (later, QCD-informed)

“OZI rule”: dissociation + dressing allowed, annihilation suppressed – ϕ(𝟣𝟢𝟤𝟢)



Issues in the air approaching ν’72 
 

Remarkable success of  V–A effective theory (“four-fermion”) 

Status and origin of ΔI =½ rule 
Existence of Intermediate Vector Bosons, W±

Testing lepton universality: 
σ(νee) ≤ 40σV–A; σ(νēe) ≤ 4σV–A 

Existence, properties of Neutral Currents 
 

Mystery of CP Violation 
Search for second-class currents 

Implications of Bjorken scaling, partons 
 Electroweak Theory

K𝖫 → μ+μ− puzzle

𝖲𝖴(𝟤)𝖫 ⊗ 𝖴(𝟣)Y
21
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30” bubble chamber: 205-GeV pp (1972) + ISR
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Slow to penetrate the common consciousness

https://doi.org/10.1143/PTP.49.652
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Ultraviolet Behavior of Non-Abelian Gauge Theories*

David J.Gross t and Frank Wilczek
Joseph Henry Laboratories, Princeton University, Princeton, Nese J'casey 08540

(Received 27 April 1973)

It is shown that a wide class of non-Abelian gauge theories have, up to calculable loga-
rithmic corrections, free-field-theory asymptotic behavior. It is suggested that Bjorken
scaling may be obtained from strong-interaction dynamics based on non-Abelian gauge
symmetry.

Non-Abelian gauge theories have received much attention recently as a means of constructing unified
and renormalizable theories of the weak and electromagnetic interactions. ' In this note we report on
an investigation of the ultraviolet (UV) asymptotic behavior of such theories. We have found that they
possess the remarkable feature, perhaps unique among renormalizable theories, of asymptotically ap-
proaching free-field theory. Such asymptotically free theories will exhibit, for matrix elements of
currents between on-mass-shell states, Bjorken scaling. We therefore suggest that one should look to
a non-Abelian gauge theory of the strong interactions to provide the explanation for Bjorken scaling,
which has so far eluded field-theoretic understanding.
The UV behavior of renormalizable field theories can be discussed using the renormalization-group

equations, "which for a theory involving one field (say gq') are
[m&/em+ P(g) 8/Sg -ny(g)11",»~"i(g; P„..., P„)=0. (1)

is the asymptotic part of the one-particle-irreducible renormalized r&-particle Green's function,
P(g) and y(g'j are finite functions of the renormalized coupling constant g, and m is either the renor-
malized mass or, in the case of massless particles, the Euclidean momentum at which the theory is
renormalized. ' If we set P, =Aq, ', whe. re q.o are (nonexceptional) Euclidean momenta, then (1) deter-
mines the A dependence of r "~:
r " (g; P,.) = ~'I ~" (g(g, f); q;) exp [-n f, y (g(g, t')) dt'], (2)

dg/d ~ = P(g), g(g, o) =g.
The UV behavior of I" ~ i (A. -+ ~) is determined by the large-f behavior of g which in turn is controlled
by the zeros of P: P(g&)=0. These fixed points of the renormalization-group equations are said to be
UV stable [infrared (IR) stable] if g -g~ as f -+~ (—~) for g(0) near g~. If the physical coupling con-
stant is in the domain of attraction of a UV-stable fixed point, then

I' " (g P,) = A~ "& ~&I' " (g q, )exp{-n. f, [y(g(g, f))—y(gz)]dt]; (4)

where t=lnA. , D is the dimension (in mass units) of I ~"', and g, the invariant coupling constant, is the
solution of

so that y(g&) is the anomalous dimension of the
field. As Wilson has stressed, the UV behavior
is determined by the theory at the fixed point (g
=g,).'
In general, the dimensions of operators at a

fixed point are not canonical, i.e., y(gz) e0. If
we wish to explain Bjorken scaling, we must as-
sume the existence of a tower of operators with
canonical dimensions. Recently, it has been ar-
gued for all but gauge theories, that this can only
occur if the fixed point is at the origin, g&= 0, so
that the theory is asymptotically free." In that
case the anomalous dimensions of all operators

vanish, one obtains naive scaling up to finite and
calculable powers of ink. , and the structure of
operator products at short distances is that of
free-field theory. ' Therefore, the existence of
such a fixed point, for a theory of the strong in-
teractions, might explain Bjorken scaling and the
success of naive light-cone or parton-model rela-
tions. Unfortunately, it appears that the fixed
point at the origin, which is common to all theo-
ries, is not UV stable. " The only exception
would seem to be non-Abelian gauge theories,
which hitherto have not been explored in this re-
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~4Y. Nambu and G. Jona-Lasino, Phys. Rev. 122, 345
(1961); S. Coleman and E.Weinberg, Phys. Rev. D 7,
1888 (1973).
' K. Symanzik (to be published) has recently suggested
that one consider a A. @4 theory with a negative A, to
achieve UV stability at A=0. However, one can show,
using the renormalization-group equations, that in such
theory the ground-state energy is unbounded from below
(S. Coleman, private communication) .

'6W. A. Bardeen, H. Fritzsch, and M. Gell-Mann,
CERN Report No. CERN-TH-1538, 1972 {to be pub-
lished) .
' H. Georgi and S. L. Glashow, Phys. Rev. Lett. 28,
1494 (1972); S.Weinberg, Phys, Rev. D 5, 1962 (1972).
' For a review of this program, see S. L. Adler, in
Proceedings of the Sixteenth International Conference
on High Energy Physics, National Accelerator Labora-
tory, Batavia, Illinois, 1972 (to be published).

Reliable Perturbative Results for Strong Interactions?*

H. David Politzer
Jefferson Physical I.aboxatomes, Hazard University, Cambridge, Massachusetts 02138

(Received 3 May 1973)

An explicit calculation shows perturbation theory to be arbitrarily good for the deep
Euclidean Green's functions of any Yang-Mills theory and of many Yang-Mills theories
with fermions. Under the hypothesis that spontaneous symmetry breakdown is of dynami-
cal origin, these symmetric Green's functions are the asymptotic forms of the physical-
ly significant spontaneously broken solution, whose coupling could be strong.

Renormalization-group techniques hold great
promise for studying short-distance and strong-
coupling problems in field theory. " Symanzik'
has emphasized the role that perturbation theory
might play in approximating the otherwise un-
known functions that occur in these discussions.
But specific models in four dimensions that had
been investigated yielded (in this context) dis-
appointing results. ' This note reports an in-
triguing contrary finding for any generalized
Yang-Mills theory and theories including a wide
class of fermion representations. For these
one-coupling-constant theories (or generaliza-
tions involving product groups) the coefficient
function in the Callan-Symanzik equations com-
monly called P(g) is negative near g=0.
The constrast with quantum electrodynamics

(QED) might be illuminating. Renormalization
of QED must be carried out at off-mass-shell
points because of infrared divergences. For
small e', we expect perturbation theory to be
good in some neighborhood of the normalization
point. But what about the inevitable logarithms
of momenta that grow as we approach the mass
shell or as some momenta go to infinity? In
QED, the mass-shell divergences do not occur
in observable predictions, when we take due
account of the experimental situation. The re-
normalization-group technique' provides a some-
what opaque analysis of this situation. Loosely
speaking, ' the effective coupling of soft photons

goes to zero, compensating for the fact that
there are more and more of them. But the large-
r' divergence represents a real breakdown of
perturbation theory. It is commonly said that
for momenta such that e'1n(p'/m') -1, higher
orders become comparable, and hence a calcu-
lation to any finite order is meaningless in this
domain. The renormalization group technique
shows that the effective coupling grows with mo-
me nta.
The behavior in the two momentum regimes is

reversed in a Yang-Mills theory. The effective
coupling goes to zero for large momenta, but
as p"s approach zero, higher-order corrections
become comparable. Thus perturbation theory
tells nothing about the mass-shell structure of
the symmetric theory. Even for arbitrarily
small g, there is no sense in which the interact-
ing theory is a small perturbation on a free mul-
tiplet of massless vector mesons. The truly
catastrophic infrared problem makes a sym-
metric particle interpretation impossible. Thus,
though one can well approximate asymptotic
Green's functions, to what particle states do
they refer?
Consider theories defined by the Lagrangian

2 = —4Eq,'E'"'+i iy, y D;; g;,
where

s ~ o++f ~&~~ &~ ~

302 • CHAPTER 8

1/
α S 

8

11

5

9

6

10

7

4

2

3

1 10 102 103

Q (GeV)

Figure 8.22. Measurements of the strong coupling 1/αs(Q2) as a function of the energy scale
lnQ, compared with the evolution predicted in QCD [27].

very short distances (i.e, when examined by very high Q2 probes) quarks may behave
nearly as free particles within hadrons. By contrast, the growth of the coupling
constant at large distances implies the existence of a domain in which the strong
interactions become formidable. This strong-coupling regime is of key importance
for quark—or color—confinement.

The decrease of αs with Q has been demonstrated by measurements in many
experimental settings [24] . Over the past decade, the precision of αs determinations
has improved dramatically, thanks to a plethora of results from various processes
aided by improved calculations at higher orders in perturbation theory [25]. The
scale dependence of αs itself has been computed [26] to order α5s . A representative
selection of experimental determinations is shown in figure 8.22. The trend toward
asymptotic freedom is clear, and the agreement with the predicted evolution is
excellent, within the uncertainties in the measurements. An interesting challenge for
the future will be to measure αs(Q2) with precision sufficient to detect the expected
change of slope at the top-quark threshold. Problems 9.15 and 9.16 offer additional
insights into the effect of the spectrum on the evolution of αs.

It is conventional, and enlightening, to rewrite the evolution equation (8.3.29)
in the form

1
αs(Q2)

= 33− 2nf
12π

ln

(
Q2

#2
QCD

)

, (8.3.30)

where #QCD is the QCD scale parameter, with dimensions of energy. Several
subtleties attend this simple and useful parametrization. First, if we enforce the
requirement that αs(Q2) be continuous at flavor thresholds, then #QCD must depend

Asymptotic FreedomNon-Abelian gauge theory ⇝

1/α𝗌(Q) = 1/α𝗌(μ) +
33 − 2n𝖿

6π
ln (Q/μ)



25

Gargamelle (CERN, 1973)
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Fact and fancy in neutrino physics*
A. De. Rujula, Howard Georgian, S. L. Glashow, and Helen R. Quinn
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02138

This paper reviews the success of the quark model in describing deep-inelastic lepton scattering. The
neutral current predictions of a variety of unified gauge models are given and it is shown how
experiment may distinguish among them. All the models involve new hadronic quantum numbers
(charm or fancy). Their eff'ects at high energy are explored.

predicts all inclusive charged-current neutrino and anti-
neutrino data in terms of electroproduction information.
Many of these predictions are already well known (Bjork-
en and Paschos, 1969, 1970).'
By the naive quark model, I mean the assertion that

the nucleon —probed by weak or electromagnetic interac-
tions in the deep-inelastic region—behaves as if it were
composed exclusively of free pointlike p-type and n-type
quarks (but no antiquarks), with a possible neutral back-
ground Unseen by the probe. Deep-inelastic lepton scat-
tering is described in terms of the quark distributions p(x)
and n(x) They . are the probability densities to find a
given type of quark carrying a fraction x of the proton's
longitudinal momentum, in the infinite momentum
frame. ' With this hypothesis, I can express the cross
sections in terms of the distributions and the weak and
electromagnetic properties of free quarks.
I assume, as do their inventors, that the quarks have

fractional electric charges. Whether there is just one pair
of quarks or a pair of color triplets will not matter. For
muonic weak cross sections

CONTENTS

396
397
400
403

These are the proceedings of an imagined mund-table
discussion of fact and fiction in neutrino physics, per-
formed at Harvard on December 3, 1973. The partici-
pants are Moderator —an experimentalist; Speaker a-
conservative theorist; Mode/ Builder—a not-so-conserva-
tive theorist; and Computer —a talking computer. The
reader is warned that all the participants are partisans of
quarks and gauge theories, and that their discussion is
not a critical review of the status of weak-interaction
theory or experiment. We have divided the discussion
into six sections and an appendix:

Speaker Presents the Naive Quark Model Predictions
for Neutrino Experiments. 391

II. In Which Neutral-Current Events are Considered. 394
III. Speaker Discusses Experiments on Proton, Neutron,

and Electron Targets.
IV. Computer Interprets the Success of the Naive Quark
V Model Model Builder Builds Models
VI. In Which Surprises at High Energy are Predicted
Appendix. Computer Reveals Techniques for Deriving Optimal

Sets of Inequalities 406

I. SPEAKER PRESENTS THE NAIVE QUARK
MODEL PREDICTIONS FOR NEUTRINO
EXPERIMENTS
Moderator: In recent months, we have seen rapid devel-
opments in both weak-interaction theory and experiment.
%'e now have renormalizable theories of weak interac-
tions (Weinberg, 1967, 1973; Salam, 1968) which make
striking new experimental predictions. Neutrino experi-
ments which can test these theories have been done and
are now in progress (Musset, 1973). Our round-table
discussion is concerned with these developments, with
what has already been learned, and with what can be
learned in the near future.
Sleeker will begin the discussion with a brief talk
about deep-inelastic lepton scattering in the context of
the naive quark model.
Speaker: Imagine the triumphs of the naive quark model)
How else can we see why hadron states occur just in
those SU(8) multiplets built from three quarks oi a
quark —antiquark pair'? What simpler explanation of the
observed 3/2 ratio for baryon —baryon/meson —baryon
total cross sections? These are but two examples of how
well the naive quark model describes strong-interaction
phenomena.
This remarkable success extends to predictions for

deep-inelastic lepton scattering. The model accurately

*Work supported in part by the Air Force Ofhce of Scientific
Research under contract F44620—70—C—0030 and in part by the
National Science Foundation under grant GP40397X.
Junior Fellow, Society of Fellows, Harvard University.

~(~) + & I (r) + .

v(v) + x -+ v(r) + (2)

and I use Weinberg-Salam (Weinberg, 1967; Salam,
1968) model to describe them. The electromagnetic cou-
pling and the relevant effective charged and neutral weak
couplings are:

E(electromag. ) = (e'/q')(ey e) (—s'py y ——sny n), (3a)

i'(charged) = (G/~2)[py (1 + y, )p][py (1+ys)n]
+ h.c., (3b)

P(neutral) = (G/~2)[vy (1 + y, )p]

&& I&y«[a(1 + ys) + &(1 —ys)] p
+ ny. [b(1 + ys) + d(1 —ys)]n). (3c)

In the Weinberg model the quantities a, b, c, d are of
order 1,

' For a review see Llewellyn-Smith, 1972.' See, for example, Feynman, 1972.

I use the conventional model of weak interaction. I
interpret the recently reported muonless cross sections
(Hasert et al. , 1973b; Benvenuti er al. , 1974a) as neutral-
current effects

Reviews of Modern Physics, Vol. 46, No. 2, April 1974 Copyright Oc 1974 American Physical Society

Harvard Magazine, January 1974
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387 

CHARM: AN INVENTION AWAITS DISCOVERY* 

Sheldon Lee Glashow 
Harvard University, Cambridge, Massachusetts 02138 

A most important question in experimental meson 
spectroscopy is to determine what are the hadronic quant- 
um numbers. Charm, a conjectured strong interaction 
quantum number for which the theoretical raison d'etre is 
is all but compelling, has not yet been found in the 
laboratory. I would bet on charm's existence and dis- 
covery, but I am not so sure it will be the hadron 
spectroscopist who first finds it. Not unless he puts 
aside for a time his fascination with such bumps, reson- 
ances, and Deck-effects as have been discussed at length 
at this meeting. Charm will not come so easily as 
strangeness, yet no concerted, deliberate search has 
been launched. 

WHAT IS CHARM? 

It is a new hadronic quantum number suggested in '64 
and not yet found which should lead to a new level of 
associated production. Well above threshold for the pro- 
duction of two oppositely charmed hadrons, the production 
cross sections for charmed hadrons should be comparable 
to those for strange hadrons: at high energies charm is 
not a small effect. 

In other words, charm is a fourth kind of quark. 
Nucleons and pions are made up of p and n quarks and 
antiquarks. Strange particles contain one or more k 
quarks which each carry the same electric charge as the 
n quark and one unit of strangeness. Analogously, 
charmed hadrons contain one or more p' quarks which each 
carry the same electric charge as the p quark and one 
unit of charm. Similarity of the masses of p and n 
quarks shows itself as approximate isospin invariance; 
a higher h quark mass leads to broken but still observ- 
able SU(3) symmetry; an even higher p' quark mass leads 
to an SU(4) symmetry so badly broken as not yet to have 
been seen in nature. 

The lowest-lying charmed hadrons are those contain- 
just one p' or ~' quark. The lightest charmed baryons 
(pnp', etc.) are a Q = 1 isosinglet and a Q = 2,1,0 iso- 
triplet, and may be produced in association with 
*Work supported in part by the NSF under grant GP40397X. 
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WHAT TO EXPECT AT EMS-76 

There are just three possibilities: 
I. Charm is not found, and I eat my hat. 
2. Charm is found by hadron spectroscopers, and 

we celebrate. 
3. Charm is found by outlanders, and you eat your 

hats. 
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Experimental Meson Spectroscopy (April 1974)

https://doi.org/10.1063/1.2947397
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Search for chare~i
Mary K. Gaillard* and Benjamin W. Lee
Fermi Nationa/ Accelerator Laboratory, Batavia, I/linois 60510

Jonathan L. Rosner
University of Minnesota, Minneapolis, Minnesota 55455

A systematic discussion of the phenomenology of charmed particles is presented
with an eye to experimental searches for these states. We begin with an attempt
to clarify the theoretical framework for charm. We then discuss the S U(4)
spectroscopy of the lowest lying baryon and meson states, their masses, decay
modes, lifetimes, and various production mechanisms. We also present a brief
discussion of searches for short-lived tracks. Our discussion is largely based on
intuition gained from the familiar —but not necessarily understood—
phenomenology of known hadrons, and. predictions must be interpreted only as
guidelines for experimenters.
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et al. , 1974;Barish et ul. , 1974a, b; Lee et al , 1974) .of neutral
277 currents point in the direction of a unified, renormalizable
279 theory of weak interactions. How'ever, other ingredients are

necessary for the successful realization of such a theory; one
possibility involves a fourth "charmed" quark, (Amati et al. ,
1964a; Bjorken and Glashow, 1964; Maki and Ohnuki,
1964; Hara, 1964; Glashow et cl., 1970; steinberg, 1971;

282 Bouchiat et al , 1972). implying the existence of a new
spectrum of hadron states.

283
Let us review' the current status of the theoretical back-

ground on charmed particles. In order to present convicting
2g4 views (which exist even among ourselves), we shall utilize
284 a 6ctitious dialogue between two researchers —an enthusiast

and a devil's advocate.
285

A: So if one adopts the view that the Weinberg —Salam
model (Weinberg, 1967; Salam, 1968) is essentially correct,
a viewpoint consonant with the observations of neutral

2g6 current effects at various laboratories (Hasert et al , 1973;.
287 Benvenuti et al. , 1974; Aubert et aI, 1974; Barish et aI.,

1974a, b; Lee ei al, 1974), then one seems to be driven to
288 the conclusion that some new degrees of freedom —new

6elds—must be present in the theory, in order to accom-
29p modate the absence of strangeness-changing neutral current.

I understand that a four-quark scheme will do. Please
explain this to me.

29P
B: Forget about the strong interactions for the moment,
and consider weak and electromagnetic interactions as

296 manif estations of a single "weak" force. Then all fields are
characterized by weak isospin and weak hypercharge. The
world consists of the left-handed isodoublets

298

I. PROLOGUE
Both theoretical developments' in the study of sponta-

neously broken gauge theories and the experimental observa-
tion (Hasert ef al. , 1973; Benvenuti et cl , 1974; Au.bert

*On leave of absence from Laboratoire de Physique Th&orique et
Particules E16mentaires, Orsay (Laboratoire assoc' au CNRS) .

~ For reviews see Lee, 1972; and steinberg, 1974a.
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and the right-handed 6elds are isosinglets. Leptons and
hadrons are distinguished by their weak hypercharge. When
Higgs couplings are turned off, all these Q.elds are massless
and couple to massless vector bosons: a triplet which couples
to weak isospin and a singlet which couples to weak hyper-
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FIG. 2. (a) Observed events as a function of the effective mass of the muon pair. (b) Cross section as a function
of the effective mass of the muon pair (these data include the wide-angle counters). (c) Cross section as a func-
tion of the laboratory momentum of the muon pair,

eidenee between the left and right halves of the
first hodoscope. About 10' muons (from pion and
kaon decay) passed through this hodoscope per
AGS cycle, resulting in -2000 accidental eoin-
cldences pel pulse. To facllltate removal of
this large background, the following system was
devised: Two precisely adjusted coincidence
circuits (resolving times -2.7 nsec) triggered
the electronics, one sensitive to in-time or si-
multaneous pairs, the other to muons arriving
5 nsec apart in time. Between AGS pulses, co-
axial relays interchanged the roles of these two
circuits thereby canceling the error arising from
slight differences in their resolving times. A
third broad coincidence monitored the accidental
rate for each relay position and permitted cor-
rections due to fluctuations in beam intensity and
duty cycle. The system was adjusted and tested
by means of a set of radioactive sources distrib-
uted among the hodoscope counters to provide
realistic rates. The numbers of in-time and
delayed coincidences recorded in these tests
were always the same within 0.03%.
For each muon pair detected, the status of all

counters was ascertained and electronic logic
performed quality checks on the event, rejecting
those containing incomplete muon trajectories
or extraneous counter firings. In the coux'se of
the experiment, some 300 million events were
recorded, most being unwanted accidentals. The

Brookhaven PDP-6 computer received these
events on-line and reduced the large bulk of data
to a con1pact form in real time,
Subtraction of the delayed events from those

in-time revealed a definite residue of real muon
pairs comprising some 4% of the in-time data
sample. The effect varied with dimuon mass
from -2% at 1.5 GeV/c' to 40% at 5 GeV/c'. As
seen in Fig. 2(a), the events appear as a broad
eontlnuuDl ln dlDluon effective Dlass extencllng
over the entixe mass aperture of the experiment.
Since the signal-to noise ratio is very small,

exhaustive tests were performed to ensure that
the real mass spectrum was not distorted by the
background subtraction. One che.ck that probed
the electronics and computer system in depth
was made by inserting 5-nsec relative delays in
both coincidence circuits and accumulating data
in an otherwise normal fashion. The two mass
spectra should be identical within statistics and
should yield a null result on subtraction. The
result was indeed consistent with zero, yielding
a X' of 18 for 20 degrees of freedom. The total
numbers of events in the two categories were
the same to 0.3%, contributing an uncertainty in
the final absolute cross section of ~10%. Further
tests ruled out any mass bias induced by timing
correlations. Lack of systematic variation of
the 1 eal muon-pair cross section with proton
intensity further indicates that all accidentals

Muons penetrated 10 feet of steel 
 

“[I]n the mass region near 3.5 GeV, 
the observed spectrum may be  

reproduced by a composite  
of a resonance and a steeper continuum.”

History: J. Rak & M. Tannenbaum, 
High-pT Physics in the Heavy-Ion Era, c. 7 & 8

http://dx.doi.org/10.1103/PhysRevLett.25.1523
https://cds.cern.ch/record/1516991?ln=en
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2. This is independent of P T from 1.5 to 5 GeV/c. 

3. This is independent of nucléon target size. 

4. This is independent of CM viewing angle. 

5. This is independent of s from /s = 7 to /s = 53 

(See Fig. 1 ) . 

All'of these statements may be true to within a factor 

of 2 or so. 

(A BNL point is taken from a comment by R Adair). The 

implications are that leptons and pions have a 

common origin. Statement 5 implies the source mass 

must be less than 3-4 GeV (no threshold effects) for 

p + p -> X + anything 

^—• leptons 

or less than 1.5-2 GeV for pion production e.g. 

Charmed particles. Statement (1) in its lack of 

charge asymmetry is discouraging for charmed meson 

sources analogous to K-mesons. The agreement of the 

ISR with NAL rules out low masses (M > few hundred 
x 

MeV) because narrow angle leptons are vetoed in the 

ISR measurements. 

The ISR muons and NAL electrons set limits on the 

± 

production of single leptons e.g. from W up to the 

kinematic limit. However, it is out of .fashion to 

convert these limits to mass limits because the 

necessary models are currently discredited. 

The lack of Pj_ "bumps" means there are no significant 

heavy objects (M from 3 -> 10 GeV) decaying into two 

leptons. 

I I I I I I I 
10 20 30 4 0 50 60 

is-

Fig. 1 lepton/pion ratio vs /s compared to pion 

production (P x <v»3 G e V ) . Errors are estimated freely. 
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I

Positive Muons g Negative Muons
4K4.0—

CO
4

TABLE III. Ratio of directly produced muons to
pions in the proton-nucleus collision. The number of
observed pions emerging from the 0.4-interaction-
length target is multiplied by a. factor 1.25 to account
for absorption in the target itself.

' Cn
CD
CD

I'q
(Gev/c)

10 xp/m (target)
Positive Negative

.01
I 1 I

.05 .05 .01
I/P I(GeV/0} 'j

~ (-0.6+09}

.05 .05

FIG. 2. Plot of observed slope and calculated slope
versus reciprocal of the muon momentum. Points, ex-
perimentally measured slopes; solid line, calculated
slope. The slope as a function of 1/P is expected to
be a parabola. The decrease in the E/w ratio towards
low momentum distorts the parabolic shape.

as effective as pions in producing detected muons.
Thus the slope is sensitive to the E/s ratio at the
target. Figure 2 shows for both charges the pre-
dicted and observed slopes plotted against the in-
verse of the muon momentum.
The agreement between calculated and observed

slopes is a significant verification of the correc-
tions which are quite different in nature for the
two absorbers. The W absorber is more sensi-
tive to the broadening of the acceptance because
of its proximity to the target, but is less sensi-
tive to multiple scattering for the same reason.
The inverse is true for the Fe absorber.
Table III gives the ratio of direct muons to

pions at the target for all conditions. The most
striking aspect of these results is the constancy
of the ratio p/s. The constancy for different tar-
get materials is particularly interesting. In a
separate experiment, to be reported in a sub-
sequent publication, we have found the yield of
pions per interacting proton at 3-GeV/c P~ to
be 3.5 times larger from a W target than a Be
target. This effect is believed to be due to sec-
ondary scattering in the nucleus. Since the direct
muons follow the same pattern, a strongly inter-
acting, short-lifetime source is suggested for the
muons.
One such source can be the knomn vector mes-

ons. For example, if p and y were each produced
with the same cross section as g, me mould ex-
pect a ratio ()t/s) &&10' of 0.68, 0.46, and 0.33 at
P, of 1.5, 3.0, and 4.5 GeV/z, respectively.
In Figure 3 me plot the invariant cross section

1.62
2.38
3.15
8.15
8.15
8.91
4.67
5.44

0.66 + 0.25 (Cu)
0.72 ~ 0.11 (Cu)
0.88+ 0.18 (Be)
0.94+0.16 (Cu)
0.60+ 0.15 (W)
0.98+0.23 (Cu)
0.87+0.80 (Cu)
0.94+ 0.47 (Cu)

0.86 +0.20 (W)
0.67 +0.12 (W)

~ ~ ~

0.88 +0.12 (CQ)
0.74+0.16 (W)
0.88+0.26 (W)
1.02+0.84 (W)
1.20 ~ 0.46 (W)

Ip 32

IO 33
~ p+ nucleon p+
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0~ l0-35
I
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1
Q 37
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parton model-~
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4

Transverse momentum (GeV/c)

FIG. 3. Plot of the invariant cross section for direct
muon production versus P. Also shown is the pion
cross section multiplied by 10 and the cross section
predicted by a parton model.

per nucleon for inclusive muon production. Also
plotted is the inclusive pion cross section multi-
plied by 10 ' and the inclusive muon cross sec-
tion expected from a model based on parton-anti-
parton annihilation. " It is clear that the yield of
muons is everywhere in excess of the parton-
model prediction. "
We wish to thank thy staff of the Proton Section

300-GeV pN at 90° c.m.
Chicago–Princeton
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FOREWARD: A WARNING 

An ass crossing a river with a load of salt lost his 

footing and slipped into the water, so that the salt 

was dissolved. He was mightily pleased at finding 

* Laboratoire propre du CNRS, associe à l'Ecole 
Normale Supérieure et à l'Université Paris Sud. 

himself relieved of his burden when he got upon his 

legs again. So the next time he came to a river with 

a load on his back, he let himself go under on purpose. 

But this time he was loaded with sponges which 

absorbed so much water that he could not keep his head 

up and was drowned.^ 

INTRODUCTION 

I was asked to report on the progress made recently 

in trying to apply the field theoretic methods, which 

have been proven so useful in quantum electrodynamics, 

to other areas of physics. I shall concentrate mainly 

on the most recent developments of the last year, 

since the earlier ones have already been reviewed 

, (2 to 9) several times 

The idea of unifying the weak and electromagnetic 

interactions is as old as the weak interactions them-

selves and already by the late 1950's several models 

were proposed which incorporated most of the 

features that we find in present day theories. In 

particular the Yang-Mills couplings were used with 

the photon, as one of the neutral gauge bosons. How 

ever at that time the gauge symmetry had to be 

explicitly broken by the vector meson mass terms and, 

as a result, these theories were not renormalizable. 

The last ingredient was discovered in 1964 with the 

. (12) 
study of spontaneously broken gauge symmetries 

It is remarkable that these two ingredients, namely 

Yang-Mills gauge invariance and spontaneously broken 

symmetries, each one taken separately, seem useless 

for weak interactions, both being hopelessly inflicted 

with zero mass bosons. However, when combined together 

in a spontaneously broken gauge symmetry, the two 

+ Iliopoulos DIS 2024
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Heavy Quarks and e+ e Annihilation*

Thomas Appelquist1 and H. David Politzerf
I-yrnan I.aboxatoxy of Physics, Ha~axd University, Cambridge, Massachusetts 02138

{Received 19 November 1974)

The effects of new, heavy quarks are examined in a colored quark-gluon model. The
e+e total cross section scales for energies far above any quark mass. However, it is
much greater than the scaling prediction in a domain about the nominal two-heavy-quark
threshold, despite 0 + - being a weak-coupling problem above 2 GeV. We expect spikes
at the low end of this domain and a broad enhancement at the upper end.

We report some theoretical work on e'e a.nni-
hilation in asymptotically free, colored quark-
gluon models of hadronic matter. Our fundamen-
tal assumption is that in addition to the light
quarks that make up ordinary hadrons, there is
a heavy quark, such as the charmed 6". This has
been suggested in several other contexts' and is
consistent with the observed scaling and success-
ful sum rules of inelastic lepton-hadron scatter-
ing. We argue that at energies well above the
6"(P' threshold ("threshold" and "mass" having
technical definitions which in no way imply the
existence of physical quarks), the total hadronic
cross section scales as in the free-quark model
because of the smallness of the asymptotic effec-
tive coupling. Scaling also holds in a region well
above the A,A. threshold and well below the 6"6"
threshold, with the magnitude set by the light-
quark charges. However, there are large en-
hancements in a finite region above and below the
6"6" threshold. We examine the behavior in this
region and the approach to the asymptotic region
a,bove it.
Consider the Lagrangian —4E""E„,+4(ip -m)%',

where FI ~ is the non-Abelian gauge-covariant
curl; 4 is several quark color multiplets: e.g. ,+ =6'„n„A.„6',', where i runs over colors; D„ is

' the gauge-covariant derivative; and m is the
quark mass ma.trix. We take the color gauge
symmetry to be exact, giving rise to strong forc-
es at large distances. Hence the gauge fields are
massless, and each quark color multiplet has a
given mass. We imagine m~, m~, and mz to be
small (& 1 GeV) while mq. & 1 GeV.
In renormalizing the theory, we define g in

terms of the two- and three-point functions at
some Euclidean momentum configuration of scale
M. If asymptotic freedom is to explain Bjorken
scaling, then forM=2 GeV, a, =g'/4s must be
small. m is related to the bare mass matrix m,
by m =Zm„where Z is adjusted so that the 6"
propagator has a pole at P'=mq. to any finite or-
der of perturbation theory.
The renormalization-group apparatus implies

that in the one-photon approximation o(e 'e —had-
rons) is of the form o(s, g, m, M) =o(s, g(s), m(s),s'"), where s is the square of the center-of-mass
energy, g=g[1+g bin(s/M )] '~', and m=m[1+g'5
x in(s/M )]" for small g, with 5 and d positive
group-theoretic constants. In particular, the to-
tal cross section, a function of a single energy,
is governed by g(s). Such is not the case for any
partial rate. If we are interested in a range of
s such that ln(s/M') = 0(1), perturbation theory in
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suggests that the binding force is formidable, but the success of the quark parton model [8] in describing
hard scattering processes argues that quarks nevertheless behave within hadrons as if quasi-free.
Although it has not been proved to yield quark confinement, quantum chromodynamics (QCD)t4, the
non-Abelian gauge theory of quarks interacting via massless vector quanta called gluons, promises to
explain this paradoxical circumstance through the property of asymptotic freedomt5. Asymptotic
freedom refers to the fact that in QCD, the strong interaction becomes feeble at large momentum
transfers (short distances) so that quarks are weakly bound at small separations, but feel an increasingly
strong restoring force at large separations.
On the basis of asymptotic freedom arguments, it was anticipated [13] that bound states of then

conjectural heavy quarks might be described by a nonrelativistic analog of the bound e~e system,
positroniumt6. The spectrum of positronium (Ps) is shown schematically in fig. 1. The ground state, a
favorite textbook example [16],is split by the hyperfine interaction into the J~= 1~orthopositronium
and J~= 0 parapositronium components with lifetimes that differ by a factor of 1120. We refer to
the hadronic counterpart of positronium generically as quarkonium.
At the end of 1974, the t/i/J (3095 MeV/c

2) was discovered [17, 18] in experiments at SLAC and
Brookhaven. It was immediately recognized as exceptional because of its tiny decay width (67 keV),
which may be understood [13] by analogy with the metastability of orthopositronium. The ~fi is
composed of a charmed quark and antiquark (cë). In addition to the second-order electromagnetic
decays illustrated in fig. 2(a), two sorts of strong decays may be contemplated. The first of these,

PS

T

(a) 4’ hadrOflSor
GHz C

2’Ii I
~ 3.2ns(Ly-a) 4’

21 S 23P
0 0 ns (2Y) (b) charmed mesons

— . Energetically forbidden

2430A

t40ns (3Y)

1~s1

Q.l3ns(2Y) (c) ‘P hadrons

Fig. 1. A schematic representation of the spectrum of positronium. Fig. 2. (a) Second-order electromagnetic decay of 4’. (b) Energetically
Principal decay modes are indicated. Here and elsewherewe shall use forbidden dissociation of 4’ into charmed mesons. (c) Inhibited strong
the spectroscopic notation N

2-~L
1,where N = n + 1 is the principal decay of 4’ into ordinary hadrons.

quantum number, n is the radial quantum number, S is the spin (0 or
I), L(=S, P. D, F.. . .) deonotesthe orbital angularmomentum 1(=0. I.
2, 3, . . .), and J is the total angular momentum.

t4For a review, see ref. [9].
I~Asymptotic freedom has been reviewed in ref. [10].For further applications see refs. [111and [12].
t6 For a general review of positronium. see ref. [14].A review of hyperfine structure is given in ref. [15].

http://dx.doi.org/10.1103/PhysRevLett.34.43
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— I ~ —

a: __

Fig. 12. Quark-mass-dependence of the wavefunction at the origin for Fig. 13. The quantity (E25 — E2~)/(E25— E15) for power-law potentials
the n = 1 and n = 2 quarkonium levels. The data are from table 9 for V(r) = An”, —1 <p <2. The datum is the value in the charmonium
the ç143.O

95)•, çfi’(3.684)U, Y(9.46)O, and Y’(10.02)LJ. The mass system [6].
dependence characteristic of several simple potentials is indicated by
the slopes of the straight lines.

Table 10
Effective power-law potentials deduced

from 4, and Y leptonic widths

\mO/m~
n 3 4

1 —0.53±0.14 —0.14±0.17
2 +0.15±0.47 +0.72±0.59

for a power-law potential, where y(~)= y
0(~)is given by (4.63). Thus the quantity (E3— E2)/(E2—

which has been determined for the i/n and Y systems, can be used to determine the shape of the
potential. For the i/n family we find

v(i/i)” 0.20 ±0.06 (5.10)

while for the Y family we conclude that

~(Y) 0.33 ±0.23. (5.11)

The two determinations of the effective power are compatible, as is to be expected from the similarity
of (E3 — E2)/(E2 — E1) for the two families. It is interesting that present data on level densities do not by
themselves support the idea that the Y system is more Coulombic than the i/s system. Such a trend might
be expected if the short-range interquark force were a Coulomb force.
The ratio (E2~— E2~)/(E2~— E1~)= 0.28 for the charmonium family is compared with exact cal-

Potential less singular than 1/r ⟹ 2P below 2S ⟹ E1 transitions

http://www.sciencedirect.com/science/article/pii/0370157379900954#
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Spectroscopy of the New Mesons*

Thomas Appelquist, j A. De Rujula, and H. David Politzerf.
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02188

and

S. I . Glashow0
Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

(Received ll. December 1974)

The interpretation of the narrow boson resonances at 3.1 and 3.7 GeV as charmed
quark-antiquark bound states implies the existence of other states, Some of these should
be copiously produced in the radiative decays of the 3.7-GeV resonance. We estimate
the masses and decay rates of these states and emphasize the importance of y-ray spec-
troscopy.

Two earlier papers" present our case that the
recently discovered" and confirmed' resonance
at 3.105 GeV is the ground state of a charmed
quark bound to its antiquark, by colored gauge
gluons: orthocharmonium I. More recently, a
second state at 3.695 GeV has been reported'
with an estimated width of 0.5-2.7 MeV and a
partial decay rate -2 keV into e e . We inter-
pret this state as an 8-wave radial excitation,
orthocha. rmonium II, with J =1 and I =0
Here are three indications of the correctness of
our interpretation: (1) Much of the time, ortho-
charmonium II decays into orthocharmonium I
and two pions. This behavior suggests that ortho-
charmonium II is an excited state of orthochar-
monium I.' (2) The leptonic width of orthochar-
monium II is about half that of orthocharmonium
I, not unexpected for an excited state whose wave
function at the origin is smaller. (3) Qrthochar-
monium II is not seen in the Brookhaven National
I.aboratory-Massachusetts Institute of Technol-
ogy experiment. ' In a thermodynamic model, '
the production cross section of a hadron of 3.7
GeV is suppressed by -10 ' relative to that of a
hadron of 3.1 GeV. Moreover, the leptonic branch-
ing ratio of orthocharmonium D is smaller than
that of orthocharmonium I by a factor of 10.
We predict the existence of other states of

charmonium with masses less than 3.7 GeV, a

Mass (GeV)

37— ORTHO jT.

RA E
i
I
)

3.5—

3.4—

3.0— )( PARA I

p ++ )++p++7 7

JPC

FIG. 1. Masses and radiative transitions of charmo-
nlum.
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27t de-excitation of paracharmonium II.
4The value of e = 0.26 at 3.1 GeV was obtained in

Ref. 1 from the leptonic branching ratio of orthochar-
monium I. Asymptotic freedom reduces this value to
0.22 at 3.7 GeV.

' E. Eichten et al. , Phys. Hev. Lett. 34, 369 (&975)
(this issue). As pointed out by these authors in the
transition orthocharmonium II paracharmonium I
+y, the orthogonality of the wave functions may make
our upper limit a gross overestimate.

Spectrum of Charmed Quark-Antiquark Bound States*

E. Eichten, K. Gottfried, T. Kinoshita, J. Kogut, K. D. Lane, and T.-M. Yang
Laboratory of Nuclear Studies, Cornell University, 1tkaca, Nero Y'ork 14858

(Received 17 December 1974)

The discovery of narrow resonances at 3.1 and 3.7 GeV and their interpretation as
charmed quark-antiquark bound states suggest additional narrow states between 3.0 and
4.3 GeV. A model which incorporates quark confinement is used to determine the quan-
tum numbers and estimate masses and decay widths of these states. Their existence
should be revealed by y-ray transitions among them

Recently two astonishingly narrow resonances
have been discovered" at 3.105 and 3.695 GeV.
In our view the most plausible explanation of this
phenomenon is that of Appelquist and Politzer,
to wit, that they are cc-bound states of charmed
quarks c which lie below the threshold I, for
the production of a pair of charmed hadrons. " Be-
cause of its similarity to positronium this sys-
tem has been called charmonium. 3 This note is
devoted to the spectrum of charmonium. ' Many
of the phenomena that we shall discuss are ac-
cessible to existing experimental techniques.
If the strong interactions are described by an

asymptotically free theory, one may hope' that
the short-distance structure of charmonium (in
particular, its decay into leptons, and probably
also hadrons) is adequately described by pertur-
bation theory in terms of a small "running" cou-
pling constant. In this regime the cV interaction
would be Coulombic, with a small strong "fine-
structure" constant n, . At larger cV separation,
on the other hand, there are rather compelling
arguments that gauge theories provide for quark
confinement. '
If a, is small and the observed levels do not

lie far below the threshold M, , nonrelativistic
quantum mechanics should provide a sound zeroth-
order guide. Given' the sizable electronic widths
I", of P(3695) and $(3105), it is naturals to assign
them to the states 2'S, and 1'S„respectively.
This being said, it is at once clear that there
should be other levels below M, , for any confin-
ing potential will raise" the 2S Coulomb level
above its previously degenerate partner 2P. One

p(1 sSr=0) ~ 3 1 2 I' (3105)
q(2'S; r = 0) S.V I', (S695) (2)

in contrast to Ref. 8 for a Coulomb field. " In
analogy with electrodynamics there must also be
spin-spin, spin-orbit, and tensor forces, but
hopefully they play a secondary role. Near M, a
treatment that accounts for coupling to decay
channels is necessary.
We have determined 0, , a, and the charmed-

quark mass m, by solving the wave equation nu-
merically, "and by imposing the constraints
(a) M(2'S) -M(1'S) =0.59 GeV; (b) I', (1'S)=5.5
keV; (c) 1.5 GeVsm, s 2.0 GeV; and (d) 0.1 s o.,
~ 0.4. Constraint (c) is the requirement that the
system be nonrelativistic, and that $(3695) lie
below M, ; naive quark phenomenology would set

must therefore expect a multiplet of narrow I'
states below g(3695), fed from the latter by El
p transitions, and decaying in turn into g(3105).
If 3.7 GeV is not too close to M, , bound D states
could also exist.
It goes without saying that many qualitative fea-

tures of the spectrum can be surmized without
resorting to a detailed model. Nevertheless, we
have found it informative to simulate the intri-
cate cV' interaction by a simple potential that in-
corporates both the Coulomb and confinement
forces:

V(r) = —(o./r)ll —( / r)'a]
That the interaction is far from Coulombic fol-
lows from the large 2S-1S mass difference, and
the fact that'

Charmonium Spectroscopy

The Spectrum of Charmonium

http://dx.doi.org/10.1103/PhysRevLett.34.365
http://dx.doi.org/10.1103/PhysRevLett.34.369
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5 52. Plots of Cross Sections and Related Quantities

52.3 ‡ and R in e+e≠
Collisions
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Figure 52.2: World data on the total cross section of e+e≠ æ hadrons and the ratio R(s) = ‡(e+e≠ æ
hadrons, s)/‡(e+e≠ æ µ+µ≠, s). ‡(e+e≠ æ hadrons, s) is the experimental cross section corrected for initial state
radiation and electron-positron vertex loops, ‡(e+e≠ æ µ+µ≠, s) = 4fi–2(s)/3s. Data errors are total below 2 GeV
and statistical above 2 GeV. The curves are an educative guide: the broken one (green) is a naive quark-parton model
prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section of this
Review, Eq. (9.7) or, for more details [99], Breit-Wigner parameterizations of J/Â, Â(2S), and Ã (nS), n = 1, 2, 3, 4
are also shown. The full list of references to the original data and the details of the R ratio extraction from them can
be found in [100]. Corresponding computer-readable data files are available at http://pdg.lbl.gov/current/xsect/.
(Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, August 2019. Corrections by P. Janot
(CERN) and M. Schmitt (Northwestern U.))
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There is a huge apparent distance between the equations that theorists play with at their 
desks, and the practical reality of atomic spectra and collision processes. It takes a certain 
cour age to bridge this gap, and to realize that the products of thought and mathemat ics 
may actually have something to do with the real world. Of course, when a branch of 
science is well under way, there is continual give and take between theory and experiment, 
and one gets used to the idea that the theory is about something real. Without the pressure 
of experimental data, the realization comes harder. The great thing accomplished by the 
discovery of the Lamb shift was not so much that it forced us to change our physical 
theories, as that it forced us to take them seriously. — S. Weinberg (via J. Iliopoulos)

Finding that Nature takes our ideas more seriously than we do.

http://www.fafnir.phyast.pitt.edu/py3765/WeinbergQFThistory.pdf
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The discovery of J/ψ launched a revolution. 
 

The revolution is not yet ended.

https://doi.org/10.5281/zenodo.13285474
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bj (1934–2024) 
 
Professor James Bjorken is one of the most broadly influential theoretical physicists of our time. His 
originality, backed by prodigious analytical skills, has provided ideas and frameworks that are nothing less 
than “enabling technologies” for many areas in nuclear and particle physics. Experimental investigations are 
richer and more incisive by far as a result of the directions Bjorken has set. He is a gifted teacher, not only for 
the legendary Bjorken & Drell volumes on quantum mechanics and quantum field theory, but also for his 
many inspiring lectures. He was a mentor and role model for theorists of my generation, encouraging an 
engagement with the raw facts of experiments as well as lofty principles, and demonstrating an intellectual 
courage and integrity of the highest order. His gift for stripping a problem to its essentials, capturing those in 
accessible physical pictures, and then creating a mathematical framework that reveals all the consequences is 
unmatched. His collection of conference summaries, In Conclusion: A Collection of Summary Talks in High Energy 
Physics, shows his uncanny perception and impressive range. 
 
Bjorken’s most celebrated contribution is his insight into what might be learned from highly inelastic lepton–
nucleon collisions: the notion of “Bjorken scaling” that is one of the wellsprings of the parton model that set 
the stage for Quantum Chromodynamics, the modern theory of the strong interactions. With due 
acknowledgement to the gifts of Jerome Friedman, Henry Kendall, Richard Taylor, and their colleagues, it is 
plain that the lessons of their landmark experiments would have been drawn much more slowly had Bjorken 
not set the expectations and suggested insightful ways to look at the data. Once the outline of the discovery 
was clear, the Feynman–Bjorken dialogue showed the way to the insight that the proton is composed of small 
parts that behave as independent, even while they cannot be isolated from the proton. The work of Bjorken 
& Paschos showed how to test the conjecture that the electrically charged parts are quarks. 
 
As theorists groped toward a field theory of the strong interactions, Bjorken was among the first to recognize 
that the behavior observed in deep-inelastic lepton-nucleon scattering strongly suggested copious production 
of pions (and other particles) at large transverse momentum in hadron-hadron collisions and in electron-
positron annihilations. At the same time, he was a leader in the new study of inclusive reactions, providing 
many novel ideas for experimental analysis. When the states we now know as charmonium were discovered in 
1974, Bjorken—a co-inventor, with Glashow, of the charmed quark—worked against a rush to (positive) 
judgment about the charm hypothesis, insisting that every aspect of the observations be understood before 
charm was implicated. In the 1980s, Bjorken turned his attention to the development of a physical picture for 
highly relativistic nucleus–nucleus collisions. It is no overstatement to say that his work completely recast that 
young field. 
 
Bjorken’s lively curiosity is further exemplified by his work on intrabeam scattering—the mutual repulsion of 
same-sign charged particles within accelerator beams. The resulting growth in beam emittances severely limits 
luminosity lifetimes in hadron colliders and compromises the performance of intense electron storage rings. 
Building on foundational work by Anton Piwinski and others, Bjorken and Sekazi Mtingwa gave the definitive 
treatment of intrabeam scattering, which was crucial for the discoveries of the top quark at Fermilab, the 
Higgs boson at CERN, the perfect-liquid quark–gluon plasma at Brookhaven’s Relativistic Heavy Ion 
Collider, and is empowering many transformational discoveries in multiple disciplines at advanced light 
sources. 
 
In summary, James Bjorken has profoundly influenced the development of many aspects of particle and 
nuclear physics. Nearly everywhere he has worked, he has helped to create a new and rich area of 
experimental analysis, and he has left a theoretical framework that others have mined for decades. He has 
enriched the scientific culture of countless colleagues. He is one of the great physicists of our day … 
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