
	  	  	   	  	  From	  Adone’s	  mul.-‐hadron	  produc.on	  	  
	  	  	  	  	   	   	   	  	  to	  the	  J/ψ	  discovery.	  
	  
	  
	   	   	   	   	   	  	  
	   	   	   	  Mario	  Greco,	  INFN	  –	  Roma3	  



AdA	  

Feb.	  1960:	  	  	  Bruno	  Touschek’s	  seminar	  in	  Frasca.	  
	  
March	  1960:	  	  Proposal	  and	  INFN’s	  approval	  
	  
Feb.	  1961:	  	  First	  electrons	  accumulated	  
	  
July	  1961:	  	  AdA	  in	  Orsay	  	  
	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  G.	  Pancheri,	  The	  Making	  of	  AdA,	  Springer	  Proc.	  Phys.	  2023	  	  



Adone	  
November	  1960:	  	  	  Bruno	  Touschek’s	  notebook	  
	  





Adone	  

November	  1960:	  	  	  Bruno	  Touschek’s	  notebook	  
	  
1963:	  Beginning	  of	  the	  machine	  
	  
1967:	  First	  electron	  beams	  
	  
1969:	  First	  genera.on	  experiments	  (4)	  



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

	  

	  iii)	  Departures	  	  from	  VMD	  observed	  in	  radia.ve	  	  decays	  of	  mesons	  suggested 	  	  	  	  	  	  
	  possible	  existence	  of	  new	  vector	  mesons:	  	  	  A.	  Bramon,	  M.	  G.,	  Lee.	  N.	  Cimento	  	  	  	  
	  152,	  739	  (1971),	  	  as	  also	  suggested	  by	  Regge	  trajectories	  	  (G.	  Veneziano	  	  model)	  

	  

	  iv)	  DIS	  at	  Slac,	  	  Bjorken	  	  scaling,	  	  Feynman	  parton	  model,	  Drell-‐Yan	  	  pair	  prod.	  	  

 
R = N.	  Cabibbo,	  G.	  Parisi,	  M.	  Testa,	  	  

Lee.	  	  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	  -‐	  Frasca.	  (A.	  Zichichi	  et	  al.)	  
	  
	  	  	  	  -‐	  B–Bbar	  (Frasca.,	  Napoli,	  Pisa)	  
	  
	  	  	  	  -‐-‐-‐>>	  	  	  	  (i)	  	  High	  mul.-‐hadronic	  produc.on	  	  	  (σ	  	  ≈	  	  2	  σ(μμ))	  
	  

	   	  	  	  
	  
	  	  	  
	  
	  

	  (ii)	  	  Evidence	  for	  	  ρ	  ‘	  (1.6	  GeV)	  -‐-‐>	  4	  π+-‐	  	  (G.	  Barbarino	  et	  al.,	  	  Lee.	  N.	  Cimento	  	  	  	  
	  3,	  689	  (1972))	  

	  	  	  	  	  	  	  	  A.	  Bramon,	  M.G.	  	  Lee.	  N.	  Cimento	  	  3.	  693	  (1972))	  
	  	   	   	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  



	  	  
e+	  e-‐	  Physics	  at	  ADONE	  
C.	  Bernardini	  	  and	  	  L.	  Paoluzi	  1974.	  	  
Conference:	  C74-‐01-‐28,	  p.3-‐19	  Proceedings	  



	  	  	  	  	  	  



	  	  	  	  	  	  	  The	  Adone	  results	  +	  request	  of	  scaling	  (in	  DIS	  and	  e+	  e-‐	  ann.)	  mo.vated:	  
	  
(i)  Extended	  VMD	  approach	  to	  scale	  invariance.	  	  	  

	  Approach	  to	  scaling	  by	  summing	  ∞	  resonances	  (as	  in	  hadr.	  duality	  with	  Regge	  behav).	  
	  	  A.	  Bramon,	  E.E.m.	  M.G.	  	  Phys.	  Lees.	  B	  41	  (1972)	  609.	  
	  Also	  J.J.	  Sakurai	  Phys.	  Lees.	  B	  46	  (1973)	  207;	  
	  	  	  	  	  	  	  	  	  J.S.	  Bell,	  R.	  Bertlmann,	  Z.	  Phys.C4	  (1980)	  11;	  Nucl.Phys.B177	  (1981)	  218.	  	  

	  
	  (ii)	  	  Duality	  sum	  rules	  in	  e+	  e-‐	  annihila.on	  (from	  Canonical	  Trace	  Anomaly)	  

	  E.	  E.m,	  M.G.	  	  Lee.	  N.	  Cimento	  12	  (1974)	  91 	   	  	  
	  
	  	  	  
	  
	  
	  
	  
	  	  	  
	  -‐! 	  	  Asympto.c	  value	  of	  R	  is	  related	  to	  low	  energy	  resonances	  (duality).	  	  With	  	  	  
	  	  	  	  	  	  	  	  	  u,	  d,	  s	  colored	  quarks: 	   	  	  

	  	  
	  

	  	  
	   	   	  	  

2.5	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (No	  	  QCD	  	  yet)	  
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the γγ Group [25], the µπ Group [26] and the Bologna-CERN-Frascati Collaboration 
[27], showed a clear evidence of a large multihadron production with R ≈ 2, pointing 
to the coloured quark model. On the other hand they also indicated evidence for a new 
vector meson ρ' (1.6) with a dominant decay in four charged pions, which had been 
suggested by A. Bramon and myself  [28]. The experimental data are shown in Figs. 
[2-3], taken from a review paper of C. Bernardini and L. Paoluzi [29]. 

The ADONE results together with the request of scaling, both in DIS and e+e- 
annihilation, and the Veneziano's duality idea led us to propose a new scheme where 
the asymptotic scaling is reached through the low energy resonances mediating the 
asymptotic behaviour [30]. Thus the value of R is also connected to the low energy 
resonances's couplings, and in the 3 coloured quark model, led us to the prediction       
R ≈ 2.4.  This scheme - named duality in e+e- annihilation - was immediately shared 
by  J. J. Sakurai [31]. Later J. Bell and collaborators also studied a potential model 
where the bound states could be solved analytically and verified this idea of duality 
[32].In addition a set of e+e- duality sum rules was derived from the canonical trace 
anomaly of the energy momentum tensor by E. Etim and myself [33], much earlier 
than the Russian sum rules of M. A. Shifman et al. [34]. The lowest order sum rules 
gives 

      

                                                                                         
where ImΠ (s) = s σhad(s) / 4πα, and clearly it relates the asymptotic value of R to the 
low energy behaviour. One has to stress here that QCD wasn't there yet at that time.  
Fifty years later, by comparing now the value of R from the Particle Data Group with 
all the experimental information, as shown in Fig. [4], with the theoretical prediction 
of QCD with o (αs), o (αs

2) and o (αs
3) corrections included - as indicated by the 

continuous red line - one easily concludes the duality is very well satisfied. The 
average value of R in particular, in the ADONE region, is about 2.4 as it was also 
confirmed by the SPEAR data at the c.m. energy just below the J/Ψ. 

Let's consider in detail the J/Ψ discovery, or what was called the November 
Revolution, from a Frascati point of perspective. As it's well known, on November 
11th 1974, B. Richter and S.C.C. Ting jointly announced in Stanford the discovery of 
the J/Ψ both at SLAC and at Brookhaven [35,36]. I had the terrific chance of arriving 
at SLAC the day after, with an invitation by Sid Drell to give a seminar on our duality 
works, on the way for a visit of a few weeks to Mexico City.  Sid had been on a 
sabbatical leave the year before at Frascati and Rome, so we knew each other pretty 
well. There was a great excitement in the theory discussion room and once I was 
informed of the details of the discovery I realized immediately that the J/Ψ could be 
seen possibly also at ADONE. I asked Sid to let me call Frascati, and from his 
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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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	   	   	   	   	   	   	  CEA	  and	  SPEAR:	  	  
	  	  	  	  	  	  	  

	  	  New	  intriguing	  data	  	  were	  showing	  R	  increasing	  	  for	  √s	  ≥	  3	  GeV	  





November	  Revolu.on	  

•  Stanford,	  November	  11,	  1974	  

	  	  	  	  	  	  B.	  Richter	  and	  S.	  Ting	  	  announced	  the	  	  discovery	  of	  the	  J/Ψ	  	  at	  Brookhaven	  and	  SPEAR	  



November	  Revolu.on	  

•  Stanford,	  November	  12,	  1974	  
	  
	  	  	  	  	  	  M.G.	  arrived	  at	  SLAC	  	  invited	  by	  Sid	  Drell	  to	  give	  a	  seminar	  on	  the	  duality	  works.	  
	  	  	  	  	  	  Lot	  of	  excitement	  in	  th.	  discussion	  room.	  
	  	  	  	  	  	  From	  the	  details	  of	  the	  SLAC	  discovery,	  I	  realized	  that	  the	  J/Ψ	  could	  be	  seen	  at	  	  ADONE.	  
	  	  	  	  	  	  I	  called	  Giorgio	  	  Belle|ni	  at	  LNF	  from	  the	  confiden.al	  office	  of	  	  Drell	  and	  gave	  him	  the	  exact	  	  
	  	  	  	  	  	  posi.on	  of	  J/Ψ.	  	  	  	  	  	  	  
	  	  	  	  	  	  The	  night	  a~er	  	  the	  resonance	  was	  observed	  at	  Frasca..	  
	  

	  Frasca.,	  	  November	  18,	  1974	  
	  
	  	  	  	  	  Giorgio	  Salvini	  communicated	  the	  results	  of	  LNF	  to	  PRL	  on	  the	  phone	  and	  the	  paper	  was	  	  	  	  	  	  	   	  	  	  	  	  
	  	  	  	  	  published	  in	  the	  same	  	  issue	  of	  the	  American	  results:	  Phys.Rev.Le,.	  33	  (1974)	  1408.	  
	  
	  	  	  	  	  	  I	  le~	  SLAC	  	  a~er	  2	  days	  flying	  to	  Mexico	  City	  with	  the	  J/Ψ	  	  data	  and	  some	  hints	  for	  the	  Ψ’.	  
	  



Theore.cal	  interpreta.on	  of	  J/Ψ	  
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	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  A.	  De	  Rujula,	  	  Int.	  J.	  Mod.	  Phys.	  A	  34	  (2019)	  32	  .	  



	  	  	  	  	  	  	  	  	  	  	  Sam	  	  Ting	  at	  Frasca.	  for	  	  BTML	  2013	  	  	  



Theore.cal	  interpreta.on	  of	  J/Ψ	  

•  Theore.cal	  interpreta.on	  of	  J/Ψ	  



Our	  th.	  interpreta.on	  of	  J/Ψ	  

•  	  J/Ψ	  ,	  Ψ’	  indicate	  a	  new	  series	  of	  resonances,	  	  related	  to	  the	  
apparent	  rise	  of	  R	  for	  s	  >	  ≈	  10	  GeV	  2	  

•  From	  the	  duality	  sum	  rule	  
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the γγ Group [25], the µπ Group [26] and the Bologna-CERN-Frascati Collaboration 
[27], showed a clear evidence of a large multihadron production with R ≈ 2, pointing 
to the coloured quark model. On the other hand they also indicated evidence for a new 
vector meson ρ' (1.6) with a dominant decay in four charged pions, which had been 
suggested by A. Bramon and myself  [28]. The experimental data are shown in Figs. 
[2-3], taken from a review paper of C. Bernardini and L. Paoluzi [29]. 

The ADONE results together with the request of scaling, both in DIS and e+e- 
annihilation, and the Veneziano's duality idea led us to propose a new scheme where 
the asymptotic scaling is reached through the low energy resonances mediating the 
asymptotic behaviour [30]. Thus the value of R is also connected to the low energy 
resonances's couplings, and in the 3 coloured quark model, led us to the prediction       
R ≈ 2.4.  This scheme - named duality in e+e- annihilation - was immediately shared 
by  J. J. Sakurai [31]. Later J. Bell and collaborators also studied a potential model 
where the bound states could be solved analytically and verified this idea of duality 
[32].In addition a set of e+e- duality sum rules was derived from the canonical trace 
anomaly of the energy momentum tensor by E. Etim and myself [33], much earlier 
than the Russian sum rules of M. A. Shifman et al. [34]. The lowest order sum rules 
gives 

      

                                                                                         
where ImΠ (s) = s σhad(s) / 4πα, and clearly it relates the asymptotic value of R to the 
low energy behaviour. One has to stress here that QCD wasn't there yet at that time.  
Fifty years later, by comparing now the value of R from the Particle Data Group with 
all the experimental information, as shown in Fig. [4], with the theoretical prediction 
of QCD with o (αs), o (αs

2) and o (αs
3) corrections included - as indicated by the 

continuous red line - one easily concludes the duality is very well satisfied. The 
average value of R in particular, in the ADONE region, is about 2.4 as it was also 
confirmed by the SPEAR data at the c.m. energy just below the J/Ψ. 

Let's consider in detail the J/Ψ discovery, or what was called the November 
Revolution, from a Frascati point of perspective. As it's well known, on November 
11th 1974, B. Richter and S.C.C. Ting jointly announced in Stanford the discovery of 
the J/Ψ both at SLAC and at Brookhaven [35,36]. I had the terrific chance of arriving 
at SLAC the day after, with an invitation by Sid Drell to give a seminar on our duality 
works, on the way for a visit of a few weeks to Mexico City.  Sid had been on a 
sabbatical leave the year before at Frascati and Rome, so we knew each other pretty 
well. There was a great excitement in the theory discussion room and once I was 
informed of the details of the discovery I realized immediately that the J/Ψ could be 
seen possibly also at ADONE. I asked Sid to let me call Frascati, and from his 
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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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Predic.ons:	  

	  	  	  	  	  	  	  (i)	  	  	  Q=2/3	  for	  the	  charge	  of	  the	  new	  quark	  !	  charm	  

	  	  	  	  	  	  	  	  	  	  	  	  	  (ii)	  	  The	  new	  series	  of	  	  c-‐cbar	  resonances	  gives:	  	  	  
	  	  

	  	  	  	  	  	  	  	  	  	  	  	  R	  =	  R	  normal	  +	  R	  charm	  ≈	  3.7	  
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Limits	  of	  our	  J/Ψ’s	  paper.	  

	  -‐	  	  	  	  No	  understanding	  of	  the	  smallness	  of	  the	  width	  Γ.	  
	  Asympto.c	  freedom.	  (T.	  Appelquist	  and	  D.	  Politzer)	  

	  
	  	  	  
-‐	   	  Naïve	  assump.on	  on	  the	  Ψ’s	  mass	  spectum	  (linear).	  

	  Internal	  dynamics	  of	  Charmonium	  states	  was	  given	  by	  
	  A.	  De	  Rujula	  and	  S.	  L.	  Glashow	  

	  
-‐	   	  Similar	  analysis	  for	  Υ	  	  produc.on	  	  !	  	  beauty	  

	  M.G,	  Phys.	  Lees.	  (1978)	  



Radiative corrections for J/ψ,  Z, H  line-shapes 	  
	  

	  i)	  	  Crucial	  role	  for	  precision	  physics	  was	  played	  by	  the	  th.	  ideas	  of	  early	  .mes	  with	  B.	  Touschek	  
	  	  	  	  (Exponen.a.on,	  Coherent	  States,	  …).	  	  Full	  study	  of	  rad.	  correc.ons	  for	  	  J/ψ	  to	  all	  orders:	  	  
	  	  	  	  	  M.G.	  ,	  G.	  Pancheri,	  Y.	  Srivastava,	  	  Phys.	  Lees.	  and	  Nucl.	  Phys.	  (1975).	  

	  
	  	  	  	  	   	  Correc.on	  factor	  	  
	   	  for	  narrow	  reson.	  
	  	  
	  ii)	  SLAC	  data	  had	  been	  analyzed	  with	  wrong	  rad.	  corrs.	  formulae	  for	  ≈	  15	  years.	  
	  	  	  	  	  (D.R.	  Yennie,	  PRL	  (1975),	  	  	  J.D.	  Jackson	  and	  D.L	  Scharre,	  Nucl.Instr.Meth.(1975)	  )	  
	  	  	  	  	  Right	  rad.corrs.	  	  -‐>	  change	  in	  1988	  in	  Par.cle	  Data	  Group	  proper.es	  of	  charmed	  par.cles.	  

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

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Applied	  to	  all	  LEP	  experiments.	  
	  

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

	  	  	  	  	   	  	  	  	  	  	  	  Strong	  constraints	  on	  the	  beam	  energy	  spread	  	  !	  	  Problem	  for	  resonant	  Higgs-‐factories	  
	  	  	  	  	   	  	  
	  

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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Data	  from	  SPEAR	  and	  ADONE	  
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Conclusions	  

	  	  
	  

	  From	  AdA/ADONE	  to	  LEP/LHC	  the	  seminal	  idea	  of	  Bruno	  Touschek	  	  
	  	  	  	  	  	  	  has	  contributed	  with	  so	  many	  discoveries	  to	  the	  progress	  	  of	  the	  

	  Standard	  Model	  of	  Par.cle	  Physics.	  
	  In	  addi.on	  some	  of	  	  his	  sugges.ons	  	  have	  also	  strongly	  
	  contributed	  to	  the	  	  precision	  assessment	  of	  the	  S.	  M.	  

	  
	  Duality	  	  has	  been	  a	  very	  powerful	  tool	  for	  the	  interpreta.on	  of	  e+e-‐	  	  
	  colliding	  beams	  results	  and	  in	  par.cle	  phenomenology.	  

	  	  	  
	  	  
	  


