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Timeline of hardTimeline of hard--constituent Scatteringconstituent Scattering
• 1968--Deeply Inelastic scattering of electrons on protons observed at 
SLAC. First direct indication of sub-constituents of proton, “partons”
as explained by Bjorken scaling [J.D. Bjorken, Phys. Rev. 179, 1547 (1969)]

• 1971--High pT scattering of “partons” via QED predicted for p-p 
collisions by Bjorken, Berman, Kogut [BBK, Phys. Rev. D4, 3388 (1971)]

• 1972 First evidence of hard-scattering of constituents discovered at 
CERN ISR--attention turns from spectroscopy to “high pT physics”
• 1974--J/ψ discovered at BNL and SLAC-people start believing that 
partons are real and are the same as quarks. 

• 1972-1982 properties of hard-scattering and “Jets” mapped out at 
CERN-ISR for a decade 1975,1977-78 first theory papers on QCD 
applied to hard-scattering

• 1982-Constituent-scattering Angular distribution measured at ISR in 
agreement with QCD. (Rutherford scattering of quarks). SppS (UA2)-
first observation of unbiased Jets in hadron collisions. 
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They were searching for the W boson.

Why were some experiments looking Why were some experiments looking 
at 90at 90oo and not forward in pand not forward in p--p collisions? p collisions? 

• The first opportunity to study weak interactions at high energy was 
provided by the development of neutrino beams at the new 
accelerators in the early 1960’s CERN-SpS , BNL-AGS. 

• However, it was soon recognized that the intermediate (weak) boson 
W±, might be more favorably produced in nucleon-nucleon collisions. 
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The The ‘‘Zichichi Zichichi signaturesignature’’ for the W bosonfor the W boson
Proc. 12th ICHEP, Dubna 1964

UA1,UA2, CERN 1983 
W boson discovery

PHENIX+STAR 4.0σ Parity Violation
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Searches for W boson in pSearches for W boson in p--p collisionsp collisions
• 1965-1969 Beam dump experiments at ANL-ZGS and BNL-AGS 
looking for “large angle” muons didn’t find any.  [ZGS-Lamb, et al PRL 15, 
800 (1965), AGS-Burns, et al, ibid 830, AGS-Wanderer et al, PRL 23,729(1969)]

• How do you know how many W should have been produced?
• Chilton, Saperstein, Shrauner [PR148, 1380 (1966)] emphasize the 
importance of the timelike form factor, which is solved by 

• Y. Yamaguchi [Nuovo Cimento 43, 193 (1966)] Timelike form factor can 
be found by measuring the number of lepton pairs e+e- or μ+μ- “massive 
virtual photons” of the same invariant mass; BUT the individual leptons 
from these electromagnetically produced pairs might mask the leptons 
from the W±. 

• This set off a spate of single and di-lepton experiments, notably the 
discovery by Lederman et al of “Drell-Yan” production at the BNL-
AGS, E70 at FNAL and CCR at the CERN-ISR. 
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AGSAGS--19691969--71 Discovery of 71 Discovery of ‘‘DrellDrell--YanYan’’ and ??and ??

Christenson, Lederman…PRL 25,  1523 (1970) `Theory’ Altarelli, Brant Preparata PRL 26 42 (1971)

p+U→μ+μ-+X

√sNN=7.4 GeV 

This is why I 
NEVER plot 
theory curves 
on any of my 
data

long forgotten
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LML very excited in 1970: AGSLML very excited in 1970: AGS--didiμμ continuum continuum 
++Bj Bj scalingscaling→→W cross section at any W cross section at any √√ss

From Proposal E70 at FNAL

E70-(F)NAL

← π± yield exp -6pT

←worst imaginable background 

can suppress by 103 →

← pT=MW/2

+ addendum Dec 1970     →
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Other ProposalsOther Proposals--AGS549AGS549--not done !not done !

AGS-P549

It would have found the J/ψ but with NAL, 
ISR starting up, AGS μ-scattering program 
doing DIS, potential authors were very busy...
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μμ--A DIS at AGS (1973)A DIS at AGS (1973)----HardHard--Scattering isScattering is pointlike pointlike 

M. May, et al, (M.Murtagh, T.Kirk, MJT) PRL 35, 407 (1975)
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M. May, M. May, et al.,et al.,
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A Brief History of the EMC effect A Brief History of the EMC effect μμ+A DIS+A DIS
A1.00

M.May, et al, PRL 35 (1975) 
407. Plot is online result shown 
by Gabathuler at Electron/Photon 
1973

EMC, J.J.Aubert, et al, PLB 
123(1983) 275-278 

NMC, M.Arneodo, et al, 
NPB 481(1996) 23-39 

note disagreement

RHIC range

F2
A (x,Q2) ≈ AF2

p (x,Q2) TAB the overlap integral of the nuclear profile 
functions, as a function of impact parameter b 
but no such measurements YET in DIS
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?? explained by J/?? explained by J/ψψ in 1974 at AGS + SLACin 1974 at AGS + SLAC
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The whole truthThe whole truth----‘‘Applied HEPApplied HEP’’

NA50 PLB 477, 28 (2000)

E70 PRL 39 252 (1977) 
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The CERN ISR was the firstThe CERN ISR was the first Hadron Hadron 
Collider Collider and made many discoveries and and made many discoveries and 

developed many techniques which are in use developed many techniques which are in use 
in Au+Au and pin Au+Au and p--p collisions at RHIC today. p collisions at RHIC today. 

• Proof using same-side and away side two particle correlations that 
high pT particles in p-p collisions are produced from states with two 
roughly back-to-back jets which are the result of scattering of 
constituents of the nucleons as described by QCD, which was 
developed during the course of these measurements. 

G. Giacomelli and M. Jacob, Phys. Rept. 55 (1979) 1-132 
M. Jacob and K. Johnsen, CERN Yellow Report 84-13

• The rapidity plateau (although several of my RHI colleagues  don’t 
believe in a plateau). Will not be discussed in this talk. 
• Hard scattering in p-p collisions via particle production at large pT
which proved that the partons of DIS strongly interacted with each 
other. xT scaling measurements to find the underlying physics.
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CERNCERN--ISR Discoveries, contISR Discoveries, cont’’dd
• direct lepton (e±) production from the decay of (unknown at that 
time-1974) particles composed of b and c quarks. 
• first and only J/Psi cross section measurement for all pair pT ≥ 0 at 
a hadron collider, until PHENIX at RHIC [PRL 92 (2004) 051802]   
and CDF [PRD 71(2005) 032001 (15 years after their first publication)]
• direct photon production

J/J/Psi Psi suppression has been the gold plated signature for the quark glusuppression has been the gold plated signature for the quark gluon plasma in AAon plasma in AA
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Bjorken Bjorken Scaling in Deeply Inelastic Scaling in Deeply Inelastic 
Scattering and theScattering and the Parton Parton ModelModel------19681968

ν =
Q2

2Mx

Phys. Rev. 179, 1547 (1969)

Phys. Rev. 185, 1975 (1969)
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BBK 1971BBK 1971
S.M.Berman, J.D.Bjorken and J.B.Kogut, Phys. Rev. D4, 3388 (1971)

• BBK calculated for p+p collisions, the inclusive reaction 
A+B →C + X when particle C has pT>> 1 GeV/c

• The charged partons of DIS must scatter electromagnetically “which may be 
viewed as a lower bound on the real cross section at large pT.”
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CCR at the CERNCCR at the CERN--ISRISR
Discovery of highDiscovery of high ppTT ππ00 production in pproduction in p--p p 

• e-6pT breaks to a power law at high pT with characteristic √s dependence
• Large rate indicates that partons interact strongly (>> EM) with other.
• Data follow xT=2pT/√s scaling but with neff=8!, not neff=4 as expected for QED

F.W. Büsser, et al., 
CERN, Columbia, Rockefeller 
Collaboration
Phys. Lett. 46B, 471  (1973)

Bjorken scaling PR179(1969)1547 →
BermanBjKogut scaling PRD4(71)3388 
→ Blankenbecler, Brodsky, Gunion 
xT=2pT/√s Scaling PL 42B, 461 (1972)

neff gives the form of the force-law 
between constituents: neff=4 for QED 
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CCOR 1978CCOR 1978----Discovery of Discovery of 
““REALLY highREALLY high ppTT>7>7 GeVGeV/c/c”” at ISRat ISR

CCOR A.L.S. Angelis, et al, 
Phys.Lett. 79B, 505 (1978)

neff=5 (=4++) as predicted for QCD

QCD: Cahalan, Geer, Kogut,
Susskind, PRD11, 1199 (1975)

8

5
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19781978--nneffeff((xxTT, , √√s) WORKS s) WORKS nneffeff→→5=45=4++++

C.Kourkoumelis, et al 
Phys.Lett. 84B, 279 (1979)

cross sections vary 
by factor of 2

But n(xT,√s) agrees

A.Adare, et al, PHENIX 
PRD79 (2009) 012003
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CCRSCCRS--1974 Discovery of direct 1974 Discovery of direct ee±±~10~10--44ππ±± at ISR at ISR 
not due to internal conversion of direct photonsnot due to internal conversion of direct photons

CCRS PLB53(1974)212; NPB113(1976)189 Data points (e++e-)/2 lines 10-4 (π++π-)/2

•Farrar and Frautschi PRL36(1976)1017 proposed that direct leptons are due to 
internal conversion of direct photons with γ/π~10-20% to e+e- (dσ/dm~1/m) for
pT>1.3 GeV/c. CCRS looks, finds very few events, sets limits excluding this.  

p.s. these direct e± are due to semi-leptonic 
decay of charm particles not discovered 
until 1976, 2 year later: Hinchliffe and 
Llewellyn-Smith NPB114(1976)45
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A later look at directA later look at direct--γγ via internal via internal 
conversion provides most stringent limitconversion provides most stringent limit

• L.~Yuan, E.~Amaldi Rome, BNL, CERN PLB 77 (1978) 240 set a limit on real 
photons using  PbGl: γ/π0=0.021±0.012 3.5<pT<5.0 GeV/c
• This corrected a notoriously wrong result of γ/π0=0.20±0.06 ± 0.07 for 
2.8<pT<3.8 GeV/c also using PbGl P.Darriulat et al, NPB110 (1976) 365
• The most stringent limit came from 
(non observation) of low mass e+e- pairs 
from internal conversion BNL CERN 
SyracuseYale, J. Cobb et al, PLB78 (1978) 519 
γ/π0=0.006±0.009  2<pT<3 GeV/c

Measured e+ e- spectrum

e+ e- from π0 η Dalitz→

↓ internal conversions if γ/π0=0.10

←ρ, ω



Progress in High-pT Physics at RHIC M. J. Tannenbaum   23/48  

J/J/Psi Psi and direct and direct ee±±

CSZ NPB142(1978)29 
〈pT〉=1.10±0.05 GeV/c

CCRS NPB113(1976)189 
direct e± not due to J/Ψ

First Best Not cause of direct e±

CCRS PLB56(1975)482 
2nd J/Ψ in Europe
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Correlations pTtrig>6 GeV/c

ISR direct photon production + correlationsISR direct photon production + correlations
QCD Fritzsch and Minkowski, PLB 69 (1977) 316-320--ISR discovery R806-A2BC-PLB 87(1979)292.   

q

qg

γ

q

q g

γ

isolated
photonsCompton

Annihilation

Cross Section γ/π0

No evidence for bremss. contribution to 
direct γ--same side correlation is zero--
see CMOR NPB327, 541 (1989) for full 
list of references.
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Status of ISR single particle Status of ISR single particle 
measurements 1978measurements 1978

kT is what made n=4++ → n=8
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Status of QCD Theory in 1978Status of QCD Theory in 1978
• The first modern QCD calculation and prediction for high pT single 
particle inclusive cross sections including non-scaling and initial state 
radiation was done in 1978 by J. F. Owens, E. Reya, M.Gluck, PRD 
18, 1501 (1978), “Detailed quantum-chromodynamic predictions for 
high-pT processes,” and J.F. Owens, J. D. Kimel, PRD 18, 3313 
(1978), “Parton-transverse-momentum effects and the quantum-
chromodynamic description of high-pT processes”.

• This work was closely followed and corroborated by Feynman, 
Field, Fox PRD 18, 3320 (1978), “Quantum-chromodynamic 
approach for the large-transverse-momentum production of particles 
and jets.”

• Unfortunately jets in 4π Calorimeters at ISR energies or lower are 
invisible below                   GeV, which led to considerable  
confusion in the period 1980-1982.

ˆ s ≈ ET ≤ 25
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QQCCDD and Jets and Jets 
are now a cornerstone of the standard modelare now a cornerstone of the standard model
• Incredibly at the famous Snowmass conference in 

July 1982, many if not most people were skeptical
e.g. MJT Seminar 3/22/82

• The International HEP conference in Paris, three weeks 
later, July 26--31, 1982 changed everything. 
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Why nobody (in the U.S.) believed in jetsWhy nobody (in the U.S.) believed in jets
• In 1972-73, soon after hard-scattering was discovered in p-p 

collisions, Bjorken PRD8 (1973) 4098 and Willis (ISABELLE 
Physics Prospects-BNL-17522) proposed 4π hadron calorimeters 
to search for jets from fragmentation of scattered partons with 
large pT realizing that a substantial increase in rate would be 
expected in measuring the entire jet at a given pT rather than just 
the leading fragment. (Bjorken’s parent-child effect)

• It took until 1980 to get a full azimuth Δη~±0.88 (ΔΘ~±45o) 
calorimeter but meanwhile experiments were done with smaller 
back-to-back calorimeters each with aperture ΔΦ~±45o

Δη~±0.55 and many new trigger biases were discovered, for 
instance, jets wider than the calorimeter aperture would deposit
less energy than narrow jets of the same pT and be suppressed by 
the steeply falling spectrum⇒jet structure is dominated by the 
calorimeter geometry  [e.g. see M. Dris NIM 158 (1979) 89] 
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Willis Willis ‘‘impactometerimpactometer’’ from Isabelle Study 1972from Isabelle Study 1972
4π hadron calorimeter non-magnetic detector. Sound familiar?

←ET
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(In)famous FNAL E260 found (In)famous FNAL E260 found ““JetsJets”” (1977) (1977) 
• In each of 2 back to back 
calorimeters with ΔΦ~±45o

Δη~±0.36 (same as PHENIX) 
the invariant cross section of 
several particles with a vector 
sum pT is much larger than a 
single particle of the same pT. 
The authors took this as 
evidence for the exactly back-
to-back in azimuth jets of 
constituent scattering⇒Never 
let an interested theorist 
collaborate on an experiment.

C.Bromberg et al E260, PRL 38 
(1977)1447, NPB134 (1978) 189
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But, experiments with different apertures got But, experiments with different apertures got 
different resultsdifferent results

• The first 4π experiment was a bubble chamber(!) 110 GeV/c K- on p 
[M. Deutschmann, et al, ABCCLVW collab, NPB155 (1979)307]

• multiparticle cross 
section for pT> 1.5 GeV/c 
>> single particle

• Data extrapolate nicely 
to those of E260 [8] in 
slope and magnitude.

• But ``principal axis”
analysis of the data shows 
“the vast majority of 
events with large pT
multiparticle systems DO 
NOT exhibit jet-like 
structure.”

For more (confusion): see MJT AIP Conf Proc 59, 263-309 on scitation.aip.org
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NA5NA5--the coupthe coup--dede--grâce to jets (1980)grâce to jets (1980)
• Full azimuth calorimeter -0.88<η*<0.67 (→ NA35, NA49)

• plus triggered in two smaller apertures 
corresponding to E260. 
• No jets in full azimuth data
•All data way above QCD predictions
• The large ET observed is the result of 
“a large number of particles with a 
rather small transverse momentum”--the 
first ET measurement in the present 
terminology. 
K. Pretzl, Proc 20th ICHEP (1980) 
C. DeMarzo et al NA5, PLB112(1982)173

For more on ET see MJT IJMPA 4 (1989)3377
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Back toBack to--THE UA2 JetTHE UA2 Jet--Paris 1982Paris 1982
From 1980--1982 most high energy physicists doubted jets existed 
because of the famous NA5 ET spectrum which showed NO JETS. 
This one event from UA2 in 1982 changed everybody’s opinion. 
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LOLO--QQCCDD in 1 sliin 1 sliddee

A

B

a
b

c

d

C

f a
A ( x1) D cC /

f b
B ( x 2 ) D dD /

dσ
d ˆ t X
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DATA: CCOR NPB 209, 284 (1982)

Also Paris1982Also Paris1982--first measurement of QCDfirst measurement of QCD
subprocess subprocess angular distribution using      angular distribution using      

ππ00--ππ00 correlationscorrelations

QQCCDD
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At the CERN ISR from At the CERN ISR from 
19751975--1982  two1982  two--particle particle 

correlations showed correlations showed 
unambiguously unambiguously 

that high that high ppTT particles particles 
come from jetscome from jets
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How everything you want to know about JETS How everything you want to know about JETS 
was measured with 2was measured with 2--particle correlationsparticle correlations

CCOR, A.L.S.Angelis, et al 
Phys.Lett. 97B, 163 (1980)
PhysicaScripta 19, 116 (1979)

pTt > 7 GeV/c vs pT

xE pTt

pout=pT sinΔφ

pTt pT
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kkTT is not a parameter, it can be measuredis not a parameter, it can be measured
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Feynman Feynman Field & FoxField & Fox to the rescueto the rescue
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kkTT and NLO are distinctand NLO are distinct------e.g.e.g. Drell YanDrell Yan

A.S.Ito, et al, PRD23,604 (1981)
Note Gaussian shape, no power-law tail!

J.K.Yoh, et al,                
CFS, PRL 41, 684 (1978)

A.L.S.Angelis, et al,     
CCOR, PLB 87, 398 (1979)
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<<ppTT>(=>(=√√2k2kTT)) vs vs √√s ins in DrellDrell--YanYan
CMOR, NPB348, 1 (1991)
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Feynman, Field and Fox said that Feynman, Field and Fox said that xxEE distribution distribution 
from single particle or Jet measures D(z)from single particle or Jet measures D(z)

“There is a simple relationship
between experiments done with 
single-particle triggers and those 
performed with jet triggers. The 
only difference in the opposite 
side correlation is due to the fact 
that the ‘quark’, from which a 
single-particle trigger came, 
always has a higher p⊥ than the 
trigger (by factor 1/ztrig). The 
away-side correlations for a 
single-particle trigger at p⊥ should 
be roughly the same as the away 
side correlations for a jet trigger at 
p⊥ (jet)= p⊥ (single particle)/ 
<ztrig>”.

FFF Nucl.Phys. B128(1977) 1-65
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As measured at the ISR by As measured at the ISR by DarriulatDarriulat, etc., etc.
P. Darriulat, et al,  Nucl.Phys. B107 (1976) 429-456

Figures from P. Darriulat, ARNPS 30 (1980) 
159-210 showing that Jet fragmentation 
functions in νp, e+e- and pp (CCOR) are the 
same with the same dependence of b
(exponential slope) on “ ”ˆ s 
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Bit first, CCHK discovered Bit first, CCHK discovered kkTT by lack of by lack of xxEE scalingscaling

Cern-College de France, Heidelberg, Karlsruhe (CCHK) collab. found that xE
distributions were not universal for 2<pTt<4 GeV/c and attributed this to the large 
out of plane momentum pout which was not constant with xE as in fragmentation but 
increased with increasing xE as if the di-jets were not collinear due to initial state kT

xE=px/pTtxE=px/pTt

CCHK 
NPB127(1977) 1-42
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CCOR <|pCCOR <|poutout|>|>22 vs vs xx22
EE ----kkTT not constantnot constant

〈⏐pout⏐〉2 =xE
2[2 〈⏐ kTy ⏐〉2 + 〈⏐ jTy ⏐〉2]+ 〈⏐ jTy ⏐〉2

CCOR PLB 97 (1980) 163 
kT varies with pTt and √s            
Not intrinsic !
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But But jjTT is constantis constant--independent ofindependent of ppTtTt and and √√s s 
Characteristic of jet fragmentationCharacteristic of jet fragmentation

• it took the e+ e-

people several 
more years to get 
this correct---
because they 
didn’t understand 
the seagull effect:  
(jT < pT) 
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British French Scandinavian British French Scandinavian ““RidgeRidge””

Split Field magnet, horrible magnetic field 
uniformity. Track recon took ~5 yrs to 
develop + 1 hour of CDC7600 per hour of 
data! Great acceptance when it finally worked. BFS   

NPB145(1978) 308
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For the past decade these For the past decade these 
single and twosingle and two--particle particle 
techniques were used techniques were used 

exclusively at RHIC for exclusively at RHIC for 
hardhard--scattering, with scattering, with 
outstanding results...outstanding results...
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xxEE distribution measures fragmentation fn.distribution measures fragmentation fn.

xE ~ z/<ztrig>

⇒Dq
π(z)~e-6z

• independent of pTt

<ztrig>=0.85 measured

Regarding George Sterman’s talk, this 
plot from 1979 showed that there were 
NO di-jets each of a single particle as 
claimed by another ISR exp’t (p511) 
since there was no peak at xE=1

See M. Jacob’s talk Proc. EPS 1979 
Geneva (CERN). p512
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First prediction using First prediction using ‘‘QQCCDD’’ 19751975


