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  January	
  1965	
  	
  !	
  	
  I	
  joined	
  the	
  Adone	
  Team	
  

•  	
  AdA	
  had	
  successfully	
  completed	
  its	
  cycle	
  at	
  Orsay.	
  
	
  C.	
  Bernardini,	
  G.	
  Corazza,	
  G.	
  Giugno,	
  J.	
  Haissinski	
  	
  and	
  P.	
  Marin,	
  “Measurements	
  of	
  the	
  rate	
  of	
  
	
  interacIon	
  	
  between	
  stored	
  electrons	
  and	
  positrons”,	
  Nuovo	
  Cimento,	
  34(6),	
  1473	
  (Dec.1964).	
  

	
  
•  	
  	
  Adone	
  was	
  in	
  great	
  turmoil.	
  General	
  feeling	
  of	
  sharing	
  a	
  new	
  adventure.	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  F.	
  Amman	
  et	
  al.,	
  “Adone	
  -­‐	
  The	
  FrascaI	
  1.5	
  GeV	
  Electron	
  Positron	
  Storage	
  Ring”,	
  	
  5th	
  Int.	
  Conf.	
  on	
  High	
  	
  	
  	
  

	
  Energy	
  	
  Accelerators	
  (HEACC	
  ‘65,	
  FrascaI).	
  
	
  
	
  	
  

	
  	
  -­‐-­‐!	
   	
  C.	
  Pellegrini	
  asked	
  me	
  to	
  face	
  the	
  calculaIon	
  of	
  double	
  bremsstrahlung,	
  
	
  as	
  a	
  monitor	
  of	
  luminosity,	
  not	
  an	
  easy	
  task.	
  (Bayer	
  and	
  Galitsky,	
  Bander	
  differ	
  	
  by	
  a	
  factor	
  of	
  2).	
  	
  
	
  	
  
	
   	
  	
  
	
  B.T.	
  was	
  collaboraIng	
  with	
  C.	
  Pellegrini	
  and	
  E.	
  Ferlenghi	
  on	
  beam	
  instabiliIes.	
  
	
  First	
  meeIng	
  with	
  B.	
  Touschek.	
   	
  	
  
	
  B.T.	
  had	
  proposed	
  	
  to	
  P.	
  Di	
  Vecchia	
  	
  the	
  study	
  the	
  so^	
  photon	
  limit.	
  

	
  
	
  	
  

	
  StarIng	
  of	
  	
  a	
  long	
  collaboraIon	
  and	
  friendship.	
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LNF	
  -­‐	
  Theory	
  Group:	
  	
  	
  	
  	
  	
  (G.	
  De	
  Franceschi,	
  M.G.,	
  E.	
  EIm,	
  G.	
  Pancheri,	
  P.	
  Di	
  Vecchia,	
  
G.	
  Rossi,	
  F.	
  Drago,	
  P.	
  Di	
  Stefano)	
  

•  B.T.’s	
  main	
  problem:	
  	
  	
  	
  evaluate	
  radiaIve	
  	
  correcIons	
  for	
  Adone	
  exp.s	
  	
  	
  	
  (new	
  e+e-­‐	
  coll.)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
P.	
  Di	
  Vecchia	
  	
  !	
  	
  e+	
  e-­‐	
  +	
  2	
  so^	
  photons	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
E.	
  EIm	
  	
  !	
  	
  Proposal	
  for	
  the	
  administraIon	
  of	
  rad.	
  correcIons	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
G.	
  Rossi	
  	
  !	
  ApplicaIon	
  of	
  the	
  Bloch-­‐Nordsieck	
  theorem	
  to	
  rad.	
  correcIons	
  in	
  Adone	
  exps.	
  

•  Two	
  different	
  approaches	
  were	
  used:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  
	
  i)	
  StaIsIcal	
  one	
  using	
  Bloch-­‐Nordsieck	
  theor.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
   	
  E.	
  EIm.	
  G.	
  Pancheri	
  and	
  B.	
  Touschek	
  ,	
  Nuovo	
  Cimento	
  	
  B51	
  (1967)	
  

	
  
	
  ii)	
  Field	
  theory:	
  define	
  a	
  finite	
  S-­‐Matrix	
  using	
  realisIc	
  definiIon	
  of	
  iniIal	
  and	
  final	
  states.	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  IntroducIon	
  of	
  Coherent	
  States	
  in	
  QED.	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  M.Greco	
  and	
  G.	
  Rossi,	
  Nuovo	
  Cimento	
  50A	
  (1967)	
  

	
  	
  	
  
	
  

(	
  β	
  -­‐>	
  Bond	
  Factor	
  )	
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in very great detail in the case of collisions of electrons and positrons with production
of narrow resonances in the s channel like the J/Psi [8] and the Z boson [9]. Namely a

correction factor ∝ (Γ/M)(4α/π) log(2E/M) modifies the lowest order cross section, where
M and Γ are the mass and width of the s channel resonance, W = 2E is the total initial
energy and m is the initial lepton mass. Physically this is understood by saying that the
width provides a natural cut-off in damping the energy loss for radiation in the initial
state. To be more specific, defining

βi =
4α

π

[

log
W

mi
−

1

2

]

, (1)

where mi is the initial lepton mass,

y = W −M

tan δR(W ) =
1

2
Γ/(−y)

then the infrared factor Cres
infra due to the soft radiation emitted from the initial

charged leptons is given by [8]

Cres
infra =

(

y2 + (Γ/2)2

(M/2)2

)βi/2 [

1 + βi
y

Γ/2
δR

]

, (2)

so that the observed resonant cross section can be written as

σc = Cres
infraσres(1 +Cres

F ) . (3)

In the above eq. σres is the Born resonant cross section (of Breit - Wigner form) and
Cres
F is a finite standard correction of order α which we will neglect in the following.

In the case of Higgs production at a muon collider with W=2E = 125 GeV the factor
βi = 0.061 and at the resonance (y = 0) the factor Cres

infra = (Γ/M)βi = 0.53, assuming
the Higgs width Γ = 4 MeV, which gives a substantial reduction of the Born cross section
and therefore can mimic a smaller initial (and/or final) partial decay width of the Higgs.

As it is well known, since the produced resonance is quite narrow, one has to integrate
over the machine resolution, which is assumed to be

G(W ′ −W ) =
1√
2πσ

e−(W ′
−W )2/(2σ2) (4)

where σ is the machine dispersion, such that (∆W )FWHM = 2.3548σ. Then the experi-
mentally observed cross section into a final state |f > is given by

σ̃(W ) =

∫

G(W ′ −W )dW ′σ(W ′) , (5)

where

σ(W ′) =
4π

W ′2

ΓiΓf

Γ2
sin2 δR(W

′)

{

Γ

W ′ sin δR(W ′)

}βi

× (1− βiδR cot δR) (1 + Cres
F ) . (6)

2



	
  
•  Coherent	
  States	
  in	
  QED	
  played	
  a	
  major	
  role	
  in	
  the	
  descripIon	
  of	
  radiaIve	
  
	
  	
  	
  	
  	
  	
  	
  effects	
  in	
  J/Ψ	
  and	
  Z	
  producIon	
  	
  (see	
  later)	
  

•  Extension	
  of	
  Coherent	
  States	
  in	
  QCD.	
  	
  
	
  	
  	
  	
  	
  	
   	
  M.G,	
  F.	
  Palumbo,	
  G.	
  Pancheri	
  and	
  Y.	
  Srivastava,	
  Phys.	
  Lems.	
  77B	
  (1978)	
  

	
  M.	
  Ciafaloni,	
  S.	
  Catani,	
  …	
  
	
  	
  	
  	
  	
  	
  

-­‐!	
  Many	
  important	
  QCD	
  results,	
  	
  as	
  ExponenIaIon,	
  	
  ResummaIon	
  formulae,	
  	
  
	
  K-­‐	
  Factors,	
  	
  Pt-­‐distribuIons	
  in	
  DY	
  pairs,	
  	
  W/Z,	
  H	
  producIon,	
  have	
  their	
  roots	
  in	
  	
  	
  
	
  B.	
  T.	
  	
  ideas	
  on	
  exponenIaIon	
  and	
  resummaIons	
  in	
  QED. 	
  	
  
	
  G.	
  Curci,	
  and	
  M.G.;	
  	
  G.	
  Parisi;	
  	
  G.	
  Curci,	
  M.G.	
  and	
  Y.	
  Srivastava;	
  
	
  	
  G.Pancheri	
  and	
  Y.	
  Srivastava;	
  	
  G.	
  Parisi	
  and	
  R.	
  Petronzio;	
  
	
  G.	
  Altarelli,	
  K.	
  Ellis,	
  M.G.	
  and	
  G.	
  MarInelli;	
  …	
  

	
  

	
  	
  	
  	
  	
  	
  	
  	
  This	
  is	
  also	
  a	
  Bruno	
  Touschek’s	
  	
  legacy!	
  
	
  	
  	
  
	
  	
  	
   4	
  



ViolaIon	
  	
  	
  of	
  	
  QED	
  	
  ?	
  
•  	
  Apparent	
  viol.	
  of	
  QED	
  in	
  wide-­‐angle	
  e-­‐e+	
  pairs	
  prod.	
  (E	
  ≈	
  1-­‐6	
  GeV):	
  
	
  	
  	
  	
  	
  	
  R.B.	
  Blumenthal	
  et	
  al.	
  (Harvard),	
  Phys.Rev.Lem.	
  14,	
  660	
  (1965)	
  and	
  	
  	
  	
  	
  	
  	
  	
  

	
  Phys.Rev.	
  144,	
  1199	
  (1966).	
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DEVIATION FROM SIMPLE QUANTUM ELECTRODYNAMICS»

R. B. Blumenthal, D. C. Ehn, %. L. Faissler, P. M. Joseph,
L. J. Lanzerotti, F. M. Pipkin, and D. G. Stairs f

Harvard University, Cambridge, Massachusetts
(Received 23 February 1965)

Measurements of the photoproduction from
carbon of wide-angle electron-positron pairs
in the energy range from 1 to 6 BeV were made
at the Cambridge electron accelerator. This
experiment, which was proposed by Drell' and
discussed in detail by Bjorken, Drell, and
Frautschi, ' is a new test of quantum electro-
dynamics at high energies and small distances.
The object of the experiment is to study the
behavior of the electron propagator for large
spacelike virtual momenta by measuring the
cross section for the photoproduction of sym-
metr ical electron-positron pairs. The exper-
imental results do not agree with the predic-
tions of quantum electrodynamics for pair pro-
duction; they suggest a breakdown of the the-
ory or the presence of other processes.
The apparatus is shown in Fig. 1. A 10-mil

tungsten ribbon was used to produce the brems-
strahlung beam. A circular magnet bent charged
particles away from the gamma-ray beam so
that pairs with small opening angles could be
detected. The electrons and positrons were
detected and momentum analyzed by two mir-
ror-image magnet-counter systems. The mo-
mentum-analyzing magnet was one-half of a
conventional quadrupole to which was bolted
an iron plate as an image plane. The half quad-

eyrupoles focused in the vertical plane, and the
were used as spectrometers by placing lead
obstacles in their centers. The smallest pro-
duction angle which could be accepted was de-
termined by the height of the lead obstacle.

A brass mask at the front of each half-quadru-
pole defined the entrance aperture.
The particle trajectories were defined by

scintillation counters placed behind the quadru-
poles. On each arm a large, threshold-type,
gas Cerenkov counter set below the thresholds
of pions and muons was used to detect electrons.
Behind the cerenkov counters were scintilla-
tor-lead sandwiches in which electrons show-
ered; these counters provided additional dis-
crimination against pions and muons. The
Cerenkov counter, shower counter, and cer-
tain of the fast-coincidence pulses were dis-
played on a fast oscilloscope and photographed
for many of the events. Two methods were
used to determine the contamination due to
pion pairs; both methods yielded the same re-
sult. The total energy of the bremsstrahlung
beam was measured with a quantameter. The
calibration of the quantameter was checked
against two Cornell quantameters as well as
other quantameters in this laboratory.
Table I summarizes the experimental and

theoretical electron pair yields. All of the
yields have been normalized to the rate for
a —,'-in. -thick carbon target per unit charge
collected by the quantameter. The experimen-
tal data have been corrected for random coin-
cidences, counting-rate loss, and pion contam-
ination. The target thickness ranged from $
to —,
' in. and was selected so that the chance

electron-pair coincidences were always less
than 10% of the real rate. The average count-

/
0

I

40FEfT

FIG. 1. A drawing showing the eneral 1g r ayout of the apparatus and its relation hi t hions p o t e electron synchrotron.
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SU(3) MASS FORMULAS FOR MESONS

involving members of the 1 meson nonet of some as yet
undiscovered heavy multiplet of baryons or mesons.
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Wide-Angle Electron-Pair Production*t
R. B. BLUIIEHTHAL) D. C. KHH, W. L. FAIssLER, P. M. JosEPH, L. J. LAHSERQTTI, t

F. M. PIPEIH, Atm D. G. STAIES)
harvard University, Cambridge, M'assachlsetts

(Received 6 October 1965; revised manuscript received 19 January 1966)

An experiment testing quantum electrodynamics at high energies and small distances is described. The
photoproduction from carbon of electron-positron pairs was measured at laboratory angles of 4.60', 6.23',
and 7.46'. Symmetrical electron-positron pairs in the energy range from 1 to 5 BeV were detected with a
magnet-counter system which consisted of two mirror-image arms. Extensive internal checks of the ap-
paratus were made and the results were reproducible. The theoretical values for the electron-pair yield
were calculated by integrating the differential pair-production cross section over the acceptance of the
apparatus using a Monte Carlo technique. The ratio R= (experimental yield)/(theoretical yield) was not
1.0. R was approximately given by

R=0.62{(1.00+0.05)+k'/ (4.31~0.17)'),
where k is the energy in BeV of the photon which produced the pair, and by

R=0.67( (1.00&0.04)—Qr'/ (313&13)'},
where QI is the four-momentum of the virtual fermion in (MeV)'. The apparatus studies and a comparison
of the measured single-electron yields with the theoretical yields suggest that an error exists in the absolute
normalization of the results. There are no indications that the observed variation of the electron-pair yields
with momentum or the large excess of wide-angle electron pairs at high energies is due to any systematic
error. The experimental results do not agree with the predictions of quantum electrodynamics; they indicate
a breakdown of the theory or the presence of other processes.

I. INTRODUCTION
~QUANTUM electrodynamics is one of the most
~firmly established theories of modern physics.
This theory describes the electromagnetic interactions
of electrons, muons, and photons, and, as far as is
known, it also describes correctly the structure of the
electron and the muon. The best evidence for the cor-
rectness of this theory comes from high-precision
measurements of the energy levels of simple atoms and
of the anomalous magnetic moments of the electron and
muon. However, these measurements are relatively
insensitive to the behavior of the theory at very small
distances and high momentum transfers. It is conceiv-
able that the theory correctly describes low-energy
phenomena such as the Lamb shift and the anomalous
*Research supported by the U. S. Atomic Energy Commission

under Contract No. AT(30-1)2752.
t This paper is based in part on material submitted by one of

the authors (R. B.Blumenthal) to Harvard University in partial
fulfillment of the requirements for the Doctor of Philosophy
degree.
f. Present address: Bell Telephone Laboratories, Murray Hill,¹w Jersey.
$ Present address: McGill University, Montreal, Canada.

moment of the electron but fails to describe correctly
the structure of the electron or electron-electron scat-
tering at high momentum transfers. It is also not clear
whether the present theory of quantum electrodynamics
(QED) arrived at by a renormalization procedure is a
Anal theory or whether it is a temporary solution to a
more involved problem. For these reasons, it is im-
portant to look for deviations from quantum electro-
dynamics in situations where the experiments are sensi-
tive to the behavior of the theory at high momentum
transfers or small distances.
This paper reports an experiment performed to study

the behavior of the electron propagator for large space-
like virtual momenta. This experiment studies the
photoproduction of electron-positron pairs at large
angles, and was 6rst proposed by Drell as a technique
for studying the behavior of quantum electrodynamics
at small distances. ' In the 6rst part of the paper, the
theory of the experiment is discussed; later sections
describe the apparatus, the mode of analysis, and the
results.

' S. D Drell, Ann. .Phys. 4, 75 (1958).
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FIG. 2. This figure summarizes the ratio, R, of the
experimental yields to the calculated yields. (a) R as
a function of the mass of the virtual fermion {-@~2)
and the mass of the outgoing electron-positron system
(QM ). (b) R as a function of the square of the total
energy (k =&+ +P ) of the electron-positron pair. The
assigned error in the ratio, R, is due entirely to the
errors in the measured yields and contains no esti-
mates of the theoretical uncertainty. The theoretical
yields were calculated using only the elastic form fac-
tor for the carbon, and they do not include any correc-
tion for inelastic processes. It is estimated that the
increase in the yield due to inelastic contributions is
less than 6% at those points at which the momentum
transfer to the nucleus is largest.
In a run taken to observe pairs with the mass
of the rho, 27 500 pion pairs' and only one elec-
tron pair were observed, where 1.5 electron
pairs were expected from Bethe-Heitler pair
production, and 1.6 from contamination. Thus
we find that

0 +
10-',p'- p++m

and that the electromagnetic decay of the rho
cannot explain our results. The difference
between the theory and experiment could also
be due to an insufficiency of the present the-
ory of quantum electrodynamics, a Compton
process, ' or to the presence of some new par-
ticle which is coupled to an electron and a gam-
ma ray x

*Research supported by the U. S. Atomic Energy
Commission.
)Part of the work reported in this Letter was sub-
mitted by one of the authors (R.B.B.) to Harvard Uni-
versity in partial fulfillment of the requirements for
the Doctor of Philosophy degree.
f.Present address: McGill University, Montreal,

Canada.
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J. H. Fregeau, Phys. Rev. 104, 225 (1956).
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Pagter, A. Boyarski, G. Glass, J. I. Friedman, H. W.
Kendall, M. Gettner, J. F. Larrabee, and R. Wein-
stein, Phys. Rev. Letters 12, 739 (1964)]. In that ex-
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perimental to the theoretical yield was not a function
of the mass of the virtual fermion. If we select from
our data electron-positron pairs of the same total en-
ergy, we find that the ratio of the theoretical to the
experimental yield does not depend upon the mass of
the virtual fermion.
S. M. Herman and S. D. Drell, Phys. Rev. 133,

B791 (1964).
~In a subsequent experiment we have shown that at

least 90% of these pion pairs come from the decay of
rho mesons.
F. E. Low has suggested that the pair anomaly

could be explained without contradicting other exper-
iments by postulating a heavy electron which can de-
cay into an ordinary electron and a gamma ray. Anoth-
er possible explanation is a massive photon which can
decay into an electron-positron pair [F.E. Low, Phys.
Rev. Letters 14, 238 (1965)].

663

6	
  



•  At	
  	
  FrascaI	
  	
  C.	
  Bernardini	
  	
  	
  starts	
  an	
  experiment	
  of	
  Wide-­‐Angle-­‐
Bremsstrahlung	
  (WAB).	
  (More	
  exps.	
  in	
  USA)	
  

•  B.	
  Touschek	
  	
  suggests	
  a	
  simple	
  model	
  of	
  modifying	
  QED	
  with	
  verIces	
  
	
  	
  	
  	
  	
  	
  eeγ	
  +	
  eeγγ	
  	
  	
  (N.	
  Kroll	
  -­‐>	
  ee-­‐nγ)	
  and	
  studying	
  constraints	
  from	
  other	
  exps.	
  
	
  

	
  	
  

!	
  	
  New	
  experiments	
  confirm	
  the	
  validity	
  of	
  QED.	
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Adone:	
  th.	
  framework	
  and	
  expectaIons	
  

	
  i)	
  	
  e.m.	
  properIes	
  of	
  hadrons	
  mediated	
  by	
  vector	
  mesons	
  ρ,	
  ω	
  and	
  ϕ  (VMD):       
   J.J.	
  Sakurai	
  
	
  ii)	
  T.D.Lee,	
  N.	
  Kroll	
  and	
  B.	
  Zumino	
  tried	
  to	
  give	
  a	
  field	
  th	
  approach	
  to	
  VMD	
  
	
   	
   	
  	
  
	
   	
   	
   	
   	
   	
   	
  σ	
  (s)	
  	
  ≈	
  	
  [	
  1/	
  s]	
  2	
  

	
  

	
  iii)	
  DIS	
  at	
  Slac	
  and	
  scaling,	
  	
  Feynman	
  parton	
  model,	
  Drell-­‐Yan	
  for	
  pair.	
  prod.	
  	
  

iv)	
  Departures	
  	
  from	
  VMD	
  observed	
  in	
  radiaIve	
  	
  decays	
  of	
  mesons	
  and	
  	
  
	
  	
  	
  	
  	
  	
  possible	
  existence	
  of	
  new	
  vector	
  mesons	
  (as	
  sugg.	
  by	
  Veneziano	
  model)	
  
    A.Bramon,	
  and	
  M.	
  G.	
  ,	
  Lem.	
  N.	
  Cimento	
  152,	
  739	
  (1971)	
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N.Cabibbo,	
  G.Parisi	
  and	
  M.Testa,	
  	
  
Lem.	
  	
  N.	
  Cimento	
  	
  4,	
  35	
  (1970)	
  
	
  



Adone:	
  experiments	
  
	
  	
  -­‐	
  Bosone	
  	
  	
  (C.	
  Bernardini	
  et	
  al.)	
  -­‐-­‐>	
  	
  MEA	
  
	
  
	
  	
  	
  -­‐	
  γ	
  γ	
  	
  (G.	
  Salvini	
  et	
  al.)	
  
	
  
	
  	
  	
  	
  -­‐	
  μ	
  π	
  (M.	
  Conversi	
  et	
  al.)	
  
	
  
	
  	
  	
  	
  -­‐	
  Bologna	
  -­‐	
  Cern	
  -­‐	
  FrascaI	
  (A.	
  Zichichi	
  et	
  al.)	
  
	
  
	
  	
  	
  	
  -­‐	
  B–Bbar	
  (FrascaI,	
  Napoli,	
  Pisa)	
  
	
  
	
  	
  	
  	
  -­‐-­‐-­‐>>	
  	
  (i)	
  	
  High	
  mulI-­‐hadronic	
  producIon	
  	
  	
  (σ	
  	
  ≈	
  	
  2	
  σ(μμ))	
  
	
  

	
   	
  	
  	
  
	
  
	
  
	
  
	
  

A.Bramon,	
  and	
  M.	
  G.,	
  	
  
	
  Lem.	
  N.	
  Cimento	
  	
  3.	
  693	
  (1972)	
  	
  (ii)	
  	
  Evidence	
  for	
  	
  ρ	
  ‘	
  (1.6	
  GeV)	
  -­‐-­‐>	
  4	
  π+-­‐	
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  Duality	
  in	
  e+e-­‐	
  annihilaIon	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  i)	
  	
  Adone	
  results	
  +	
  scaling	
  +	
  Veneziano’s	
  duality	
  ideas	
  led	
  us	
  to	
  propose	
  a	
  scheme	
  

	
  where	
  the	
  asymptoIc	
  scaling	
  is	
  reached	
  through	
  the	
  low	
  energy	
  resonances	
  	
  (∞)	
  	
  
	
  mediaIng	
  the	
  asymptoIc	
  behavior.	
  	
  	
  !	
  	
  	
  	
  R	
  is	
  also	
  related	
  to	
  low	
  energy	
  reson.	
  
	
  couplings.	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  A.	
  Bramon,	
  E.EIm	
  and	
  M.G.,	
  Phys	
  .	
  Lemers	
  B41	
  (1972)	
  609.	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  J.J.	
  Sakurai,	
  Phys.	
  Lemers	
  B46	
  (1973)	
  207;	
  
	
  	
  	
  	
  	
  	
   	
  	
  J.S.	
  Bell	
  and	
  R.	
  Bertlmann,	
  Z.	
  Phys.C4	
  (1980)11	
  and	
  Nucl.	
  Phys.B177(1981)218.	
  
	
  

	
  	
  	
  	
  	
  	
  	
  ii)	
  	
  e+e-­‐	
  duality	
  sum	
  rules	
  from	
  canonical	
  trace	
  anomaly	
  of	
  energy-­‐moment.	
  tensor	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  E.EIm	
  and	
  M.G.,	
  Lem.	
  N.Cimento	
  12	
  (1975)91	
  	
  	
  	
  	
  (earlier	
  of	
  the	
  russian	
  sum	
  rules)	
  

	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  	
  
	
  

6 A. BRAMON

In particular, for n = 0 the preceding equation takes a much more familiar and simple
form,

∫ s̄

s0

ds

(

ImΠ(s)−
αR

3

)

= 0,(16)

whose generalization to axial-vector channels and to channels with open strangeness was
also discussed by E. Etim, M. Greco and Y. Srivastava in [19].

As previously stated, both the general form of these sum rules and their extension to
different channels suggest that a part of the subsequent work leading to the extremely
successful SVZ- or QCD-sum rules of 1979 was done by a reduced group of people un-
der Mario’s direction. Certainly, this initial ideas developed around 1972 were quite
simple and naive –no gluons, no condensates could be invoked during those pre-QCD
days– but the central point, namely, the dual behaviour between quark- and resonance-
contributions, was already there. For the present author it has been a great pleasure to
remember those days as a postdoc member of the group enjoying a wonderful stay in
Frascati.

∗ ∗ ∗

Thanks are due to Gino Isidori for his kind invitation to participate in the special
Session Honoring Prof. Mario Greco and to the organizers of the meeting in La Thuile
2011 for the excellent atmosphere and organization.
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FROM VECTOR MESON DOMINANCE TO QUARK-HADRON DUALITY 5

name of ‘quark-hadron duality’ captures the essence of this ‘new’ kind of duality. On
the average, it is expected to work locally, i.e., for reasonable finite intervals of s, and
in a sense this ‘quark-hadron duality’ can be considered as a precursor of more accurate
and important developments such as the SVZ-sum rules that appeared once QCD was
proposed.

4. – Quark-hadron duality, sum rules and the ‘new’ Vector Mesons

Up to now, our discussion of quark-hadron duality has been restricted to processes
involving u, d and s quarks and the corresponding nonets of SU(3) vector mesons. New
applications appeared as soon as new flavours were discovered and the value of R was
correspondingly increased. Just after the discovery of the J/ψ resonances, M. Greco
with C. A. Domı́nguez [15] –and some time later with J. Pancheri and Y. Srivastava [16],
taken now radiative corrections into account– applied quark-hadron duality to estimate
the averaged increase in R produced by the new charmed quark. The results of these
papers,

R = Ru,d,s +Rcharm

≃ 2.5 + 1.2 (no rad. corrections)

≃ 2.5 + 1.8 (with rad. corrections),(11)

are in good agreement with the available data for R in the
√
s region between around 3

GeV (where the charmed channel opens) and 10 GeV (where the b-channel starts).
In 1978, when the Υ resonances appeared above

√
s ≃ 10 GeV but the electric charge

of the b-quark was not firmly established, M. Greco [17] used again duality ideas to
estimate the further increase in R in the new energy region predicting the decay width

Γ
(

Υ(bb̄) → e+e−
)

≃ 1.2 keV,(12)

which favours a b-quark electric charge of -1/3.
Other, more formal developments were also considered. From canonical trace anoma-

lies of the energy-momentum tensor, E. Etim and M. Greco [18] derived the following
general, n-valued family of quark-hadron duality sum rules

∫ s̄

s0

dssnImΠ(s) =
αR

3

s̄n+1

n+ 1
−

cn
n+ 1

,(13)

where the limits of integration define the region where the two dual contributions are
averaged and the imaginary part of the vacuum polarization function is related to the
e+e− annihilation cross section into hadrons via

ImΠ(s) =
s

4πα
σhad(s)(14)

= 4π2α
m2

ρ

f2
ρ

∑

n

δ(s−m2
n)(15)

if one adopts the narrow width approximation for vector resonances in the final expres-
sion.

where	
  

QCD	
  was	
  not	
  there	
  yet!	
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Radiative corrections for J/ψ, Z, H  line-shapes 	
  
	
  

	
  i)	
  	
  Crucial	
  role	
  for	
  precision	
  physics	
  played	
  by	
  the	
  th	
  ideas	
  of	
  early	
  Imes	
  	
  
	
  	
  	
  	
  (ExponenIaIon,	
  Coherent	
  States,	
  …)	
  	
  

	
  	
  	
  	
  	
  J/ψ:	
  	
  M.G.	
  ,	
  G.	
  Pancheri	
  and	
  Y.	
  Srivastava,	
  Phys.	
  Lems.	
  and	
  Nucl.	
  Phys.	
  (1975).	
  
	
  	
  	
  	
  	
  Comment	
  by	
  B.T.	
  
	
  	
  	
  	
  	
  CorrecIon	
  factor	
  	
  	
  	
  
	
  	
  
	
  ii)	
  SLAC	
  data	
  had	
  been	
  analyzed	
  with	
  wrong	
  rad.	
  corrs.	
  formulae	
  for	
  >10	
  years.	
  
	
  	
  	
  	
  	
  Change	
  in	
  1988	
  in	
  ParIcle	
  Data	
  Group	
  properIes	
  of	
  charmed	
  parIcles.	
  

	
  

	
  iii)	
  First	
  study	
  of	
  rad.	
  corrs.	
  for	
  the	
  	
  Z	
  	
  line-­‐shape	
  (LEP/SLC).	
  	
  
	
  	
  	
  	
  	
  	
  	
  M.G.	
  ,	
  G.	
  Pancheri	
  and	
  Y.	
  Srivastava,	
  	
  Nucl.	
  Phys.	
  (1979)	
  

	
  

	
  iv)	
  H	
  	
  line-­‐shape	
  in	
  a	
  muon	
  collider	
  Higgs	
  factory.	
  
	
  	
  	
  	
  	
  	
  M.G.,	
  T.	
  Han	
  and	
  Z.	
  Liu,	
  Phys.	
  Lems.	
  B763	
  	
  (2016)	
  

	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  	
  	
  Strong	
  constraints	
  on	
  the	
  beam	
  energy	
  spread.	
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known and has been discussed in very great detail in the case of collisions of electrons and
positrons with production of narrow resonances in the s channel like the J/Psi [8] and

the Z boson [9]. Namely a correction factor / (�/M)(4↵/⇡) log(2E/m) modifies the lowest
order cross section, where M and � are the mass and width of the s channel resonance,
W = 2E is the total initial energy and m is the initial lepton mass. Physically this is
understood by saying that the width provides a natural cut-o↵ in damping the energy
loss for radiation in the initial state. To be more specific, defining

�i =
4↵

⇡


log

W

mi
� 1

2

�
, (1)

where mi is the initial lepton mass,

y = W �M

tan �R(W ) =
1

2
�/(�y)

then the infrared factor Cres
infra due to the soft radiation emitted from the initial

charged leptons is given by [8]

Cres
infra =

✓
y2 + (�/2)2

(M/2)2

◆�i/2 
1 + �i

y

�/2
�R

�
, (2)

so that the observed resonant cross section can be written as

�c = Cres
infra�res(1 + Cres

F ) . (3)

In the above eq. �res is the Born resonant cross section (of Breit - Wigner form) and
Cres
F is a finite standard correction of order ↵ which we will neglect in the following.

In the case of Higgs production at a muon collider with W=2E = 125 GeV the factor
�i = 0.061 and at the resonance (y = 0) the factor Cres

infra = (�/M)�i = 0.53, assuming
the Higgs width � = 4 MeV, which gives a substantial reduction of the Born cross section
and therefore can mimic a smaller initial (and/or final) partial decay width of the Higgs.

As it is well known, since the produced resonance is quite narrow, one has to integrate
over the machine resolution, which is assumed to be

G(W 0 �W ) =
1p
2⇡�

e�(W 0�W )

2/(2�2
) (4)

where � is the machine dispersion, such that (�W )FWHM = 2.3548�. Then the experi-
mentally observed cross section into a final state |f > is given by

�̃(W ) =

Z
G(W 0 �W )dW 0�(W 0) , (5)

where

�(W 0) =
4⇡

W 02
�i�f

�2

sin2 �R(W
0)

⇢
�

W 0 sin �R(W 0)

��i

⇥ (1� �i�R cot �R) (1 + Cres
F ) . (6)

2
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known and has been discussed in very great detail in the case of collisions of electrons and
positrons with production of narrow resonances in the s channel like the J/Psi [8] and

the Z boson [9]. Namely a correction factor / (�/M)(4↵/⇡) log(2E/m) modifies the lowest
order cross section, where M and � are the mass and width of the s channel resonance,
W = 2E is the total initial energy and m is the initial lepton mass. Physically this is
understood by saying that the width provides a natural cut-o↵ in damping the energy
loss for radiation in the initial state. To be more specific, defining

�i =
4↵

⇡


log

W

mi
� 1

2

�
, (1)

where mi is the initial lepton mass,

y = W �M

tan �R(W ) =
1

2
�/(�y)

then the infrared factor Cres
infra due to the soft radiation emitted from the initial

charged leptons is given by [8]

Cres
infra =

✓
y2 + (�/2)2

(M/2)2

◆�i/2 
1 + �i

y

�/2
�R

�
, (2)

so that the observed resonant cross section can be written as

�c = Cres
infra�res(1 + Cres

F ) . (3)

In the above eq. �res is the Born resonant cross section (of Breit - Wigner form) and
Cres
F is a finite standard correction of order ↵ which we will neglect in the following.

In the case of Higgs production at a muon collider with W=2E = 125 GeV the factor
�i = 0.061 and at the resonance (y = 0) the factor Cres

infra = (�/M)�i = 0.53, assuming
the Higgs width � = 4 MeV, which gives a substantial reduction of the Born cross section
and therefore can mimic a smaller initial (and/or final) partial decay width of the Higgs.

As it is well known, since the produced resonance is quite narrow, one has to integrate
over the machine resolution, which is assumed to be

G(W 0 �W ) =
1p
2⇡�

e�(W 0�W )

2/(2�2
) (4)

where � is the machine dispersion, such that (�W )FWHM = 2.3548�. Then the experi-
mentally observed cross section into a final state |f > is given by

�̃(W ) =

Z
G(W 0 �W )dW 0�(W 0) , (5)

where

�(W 0) =
4⇡

W 02
�i�f

�2

sin2 �R(W
0)

⇢
�

W 0 sin �R(W 0)

��i

⇥ (1� �i�R cot �R) (1 + Cres
F ) . (6)
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