Charm Before (and Slightly After)
the Revolution

Incomplete & ldiosyncratic

First: A Brief Pre-History

G

J/Y 50" Anniversary
SLAC, November 8, 2024
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Harvard Particle Theory Group

SLAC Theory Group, July 1969 1970/71: Sydney Coleman
Sheldon Glashow } Away

Fall 1970 Joel Primack

1971/72: Helen Quinn
David Politzer (GS)
Erick Weinberg (GS)

1972/73: Howard Georgi
Michael Peskin (UG)

1973/74:. Steven Weinberg (from MIT)
Alvaro DeRujula
Michael Barnett
R. Shankar

Missing: Bj, Stan Brodsky, Joel Primack

Spring 1973: Yang-Mills Asymptotic Freedom
David Politzer, D. Gross and F. Wilczek

Color SU(3) QCD:
Fritszch, Gell-Mann as(q) ~ 1/ n(-g2/N?
1972 ICHEP




e+ e- > Hadrons: Howard Georgi & TA, June 1973
Tony Zee, June 1973

u,d,s,c:10/3

q

\ Slow Approach

From Above

RG Equations:

Peskin & Schroeder

-> Jets
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Figure 53.2: World data on the total cross section of ete™ — hadrons and the ratio B(s) = o(ete™ — hadrons,s)/c(ete” —
ptp=.s). olete” — hadrons,s) is the experimental cross section corrected for initial state radiation and electron-positron vertex
loops, o(ete™ — ptp~,s) = 4ma?(s)/3s. Data errors are total below 2 GeV and statistical above 2 GéV. 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 /4, 1/(25),
and ¥'(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 2021. Corrections by P. Janot (CERN) and M. Schmitt

(Northwestern U.))
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Charm
e | SU(3) » SU(4) u,d,s,c

® 1964, Bjorken and Glashow: B&® | «charm

“Similarity to the Leptons”

® Spring 1970, Glashow, Iliopoulos, Maiani (GIM)

Weak interactions: G;J,WJ
Expectation: G;J,"]y,
Hadrons: J.*=04, y*[d cosB_.+s sinB.] = JJM=8 y*d, sinB_cosB_ +...

But!! (K %>p*u)/T(KP~>all)~102° etc

JJH=u y[d cos6_+s sinB ]+c y[s cosBO.-d sinb_]

=  J ¥ =Flavor Neutral !
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@® M. K. Gaillard & B. Lee Spring 1974 .

Analysis of K Mesons

Higher order Effects
7

22

Progenitor: SO(3)

Lee, Primack, Treiman Abstract: m <5 GeV
1972

Am(K ,Kg): m.=1.5GeV !

® M.K. Gaillard, B. Lee, J. Rosner August,1974 :

“Search for Charm”™ | ®_(Cc): T (“oziRute”) & 2 MeV



https://en.wikipedia.org/wiki/Benjamin_W._Lee
https://www.google.com/imgres?q=jon%20rosner%20chicago&imgurl=https%3A%2F%2Fd3qi0qp55mx5f5.cloudfront.net%2Fkavlicosmo%2Fi%2Fpeople%2FRosnerJonathan600.jpg%3Fmtime%3D1557437856&imgrefurl=https%3A%2F%2Fkavlicosmo.uchicago.edu%2Fpeople%2Fprofile%2Fjonathan-l.-rosner%2F&docid=YKsnOC-0HNZ18M&tbnid=7kUaoi5t0vAJeM&vet=12ahUKEwjj5vGKgciHAxV3rokEHS-kBJAQM3oECEwQAA..i&w=600&h=600&hcb=2&ved=2ahUKEwjj5vGKgciHAxV3rokEHS-kBJAQM3oECEwQAA

ICHEP, London, July 1974

Burt Richter . i H | 1
z K{ }} * ¥y (ADONE)
> t BCF (ADONE) _|
| o } b cEa
“Subject of great intrinsic interest” _\( $ SI_,&*(CA—L_BLE}
-~ T DON -
’H( 4 l{diovosibirsk
“Results flatly contradict all known o : | |
models of hadron production O 0 e 20 30
e 15T

available up to about half a year ago.”
Fig. 4



Aspen Summer, 1974
QCD Workshop

David Politzer, TA

What happens at a cC threshold in e*e- annihilation?

C C

®Just Above2 m_ . Im MV“Q‘Y""' : gggg--- ~ o+ .,

*Below 2 m_: Im




® Orthocharmonium (1-)

~ a.3(2m,) Narrow !
° rorthoh . |LIJ(O)|2 |Mh|2 + ...
~ o2 =(1/137)?

® Monhou = W(0)% M2 = +...

Moo/ Tonnon= [18 0/ 5 (2= 9)] a2/ ad(2m,) + ...

® Paracharmonium (0)

/ ~ a 2m,) Less Narrow

°r W(0)[? M| +...

para h =

°r

paraW= L3

L orthon/ 1 =[5 (m*-9)/27 ] a4(2m,) * ...

parah —

October,1974 Seminars: Cornell, MIT




Discovery of a Narrow Resonance in ¢ * ¢~ Annihilation*

J.-E. Augustin,f A, M, Boyarski, M, Breidenbach, F. Bulos, J, T, Dakin, G. J, Feldman,
G. E. Fischer, D. Fryberger, G. Hanson, B, Jean-Marie, 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, Vannuccii
Stanford Linear Accelevator Center, Stanford Univevsity, Stanford, California 94305

and

G. 8. Abrams, D. Briggs, W. Chinowsky, C. E. Friedberg, G, Goldhaber, R.J. Hollebeek,
J. A, Kadyk, B, Lulu, F. Pierre,§ G, H, Trilling, J. S. Whitaker,
J. Wiss, and J. E, Zipse

Lawrence Berkeley Labovatory and Depaviment of Physics, Univevsity of California, Bevkeley, California 54720

{Received 13 November 1974)

We have observed a very sharp peak in the cross section for ¢ *e™ —hadrons, %", and
possibly p*u" 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.

J /Y Discovery
November 11, 1974

Experimental Observation of a Heavy Particle J¥

J. J. Aubert, U, Becker, P. J, Biggs, J. Burger, M. Chen, G. Everhart, P. Goldhagen,
J. Leong, T. McCorriston, T. G. Rhoades, M. Rohde, Samuel C. C. Ting, and Sau Lan Wu
Laboratory for Nuclear Science and Depaviment of Physics, Massachusetts Institute of Technology,
Cambyridge, Massachusetls 02139

and

Y. Y. Lee
Brookhaven National Labovatory, Upton, New York 11973
(Received 12 November 1974)

We report the observation of a heavy particle J, with mass m =3,1 GeV and width ap-
proximately zero, The observation was made from the reaction p +Be—e*+¢” + 2 by
measuring the %" mass speetrum with a precise pair spectrometer at the Brookhaven
National Laboratory’s 30-GeV alternating-gradient synchrotron,

This experiment is part of a large program to daily with a thin Al foil. The beam spot size is

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,
r'=1,3 MeV

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

1408

uncertainty in the absolute energy calibration of
the storage ring. [We suggest naming this struc-
ture (3105).] The 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 30% (6 nb) enhancement was

study the behavior of timelike photons in p+p~¢*  3X6 mm?, and is monitored with closed-circuit

+e " +x reactions and to search for new particles
which decay into e*e” and p*p” pairs,

We use a slow extracted beam from the Brook-
haven National Laboratory’s alternating-gradient
synchrotron, The beam intensity varies from
10 to 2x 10" p/pulse, The beam is guided onto
an extended target, normally nine pieces of 70-
mil Be, to enable us to reject the pair acciden-
tals by requiring the two tracks to come from the
same origin. The beam intensity is monitored
with a secondary emission counter, calibrated

television, Figure 1(a) shows the simplified side
view of one arm of the spectrometer, The two
arms are placed at 14,6° with respect to the inci-
dent beam; bending (by M1, M2) is done vertical-
Iy to decouple the angle () and the momentum (p)
of the particle.

The Cherenkov counter C, is filled with one at-
mosphere and C, with 0.8 atmosphere of H,, The
counters C, and C, are decoupled by magnets M1
and M2, This enables us to reject knock-on elec-
trons from C,. Extensive and repeated calibra-



November 15, 1974: ;#—E,E_,_

“Orthocharmonium and e+e- Annihilation” + ﬁ____?E—
PRL 34 (1975) —_—

m,=1.5GeV Q,.=2/3 v
a.(2m,) = 0.2

Non-Relativistic, Non-Coulombic

2024 Actuals:

Fortno it/ Torthon  0.09 5.5 keV / 60 keV % 0.09
Morthon/ T oaran = 0.07 60 keV / 32 MeV ~ 0.002
> T owan®™ 6-8 MeV\\ /

Long Literature



VoLome 3, Nusses G PHYSI{CAL REVIEYW LEFTTIERS 10 Frpze aky 1973

“Charmonium Spectroscopy”

Spectroscopy of the New Mesons®

Thaotnas Appelqeial, T4, De Rijula, awd I David Dolitzeri
Foveom Falaoreivry o Phpsivs, Berveeed Tirfversite, Cemniborkiyy, Maseachesrila 02058

ungl

&, L. (Flasfiowh
Conlar for Thaovotleal Meyades Massechuncits Tastliute of Tochuolagy, Cancheidpe, Mrssaciesety 00120
Dezelved 11 Decenibor 1574

The imtarpreetatian af fha marrae azan mennsnras & 51 and 57 38V a3 casrmal
ungra=acligon th ool slalos ioplivs (be oadsbence ol s elales. Juows ol Hess sboudd
B cepiowsly produced in e talialive cecaps af (e 2,900V roworaoce,  We esfimode
the riesses ond decey rates aof fiean atrtes ane? e phnaltza the v partaews of g—rar apan-
troacapy,

Twe aarlier paperch? pregent ous cage that the .
peenlly discuve red?= .uﬁ! eprliroed® resonanes Moss (e
£t 3105 OeV ia the ground soate of a charmend qj.l3 6863" HJ L
tuark bound to its andlquarlsy by colored shuyge :
gluime: arthocharmenium I, More recently, a
rocond etato o 3.806 GeV has been reported® e
T G e with of 0,5-2.7 MeV and a
pardal decay rate -2 keV inlc ete *, We inte--
pret this state as wn §-wave racial exeitation,
orthorharmonivm T, with 717 anpd 3% <4,
Here are three Indiestlona ol lhe correelovss of 34
qur interpretadon: (1) Much of the dme, nrthn
charmonium IT decays inte orthecharmonior
snd two plong. Tlie bebavior Sugosls But ortho- .L.‘||.
clizragnium IT §s an excited state of orthncbar-
momdur L7 (& The leplonin with of atpehsr- i
mgriure T is ahout hall thet of orlischal oo, Rt ]
T ool wnexpected for an exelted stace whnze wave | \ \\\. | \II
funciian st the orizin is smaller, (3] Orshochar- 4 I\d
momium I is it seen in the Prockhaven N:uH-}mll/lIﬁ' . 097omu-:.

[
M-

Luaboratory=assachuseis Instituiz of Tecbugl-

cgy experiment,” In & thernodvnamiz model,’ 30
the producton ex0aa section of a badern of 3,7

Gay 1e auppressod by ~ 107 palative to thatol 2 !
hadron 3f 3.1 GeV. Moreosver, the leplonic hroneh- 'Q:'_'F -- e .
Ing ratie of grihecharioniam 11 18 smalle: than o -

tut of arthorharmoniom Ihe o factee of 10,

HELELE

We predicl e exislence of otice sutes of FIE, L, Muskes aad meiadye frimsttlans of charmn-

chairmoninm with maeses lera tan 5.7 Gy, - s

ROM'’s

n, 3.670 3 638
PARA II

P-states
~ 3.500

N, 3.050

PARA | 2.984

@® Hadronic Decay
Via Gluons

@® Radiative Transitions

® Ortho Il () “Below
Charm Threshold”

® Higher Excitations
“Above Threshold”



The C

“Spectrum of Charmonium”

Vinure 34, Nusmem G

PHYSICAL REVIEW LETIERE

T Imany 197§

7 de—exeitEtisn of pRracharmaalin -

Thr il of o,— wk 1B eV wae ablained ie
Saf, 1 from tha lagtoris Franching roda of arthoehny—
acauivan T, Aepaopiolic Jecedr oeduges ths value w
0,22 0k 8,9 Gov,

Elehom of af., Fhye. lev, Lall. a EBE 11975
ithis izaue), 46 pomlsd aul by thesa autrare in i
ransition orthacharwendur 11— parneha s s 1
b W ertogueal iy ol U waee Dol ey owke
aur upper et 4 grmoss sveresimuots,

Spectrum of Charmed Quark-Antliquark Bound States®

E. Eichteun, K. Guilliied, T, Kinusaila, T Eogue, K, D, Laos, ol T.-M, Vant

atnveborn af Munfe

The disc ol EATTYY YOSOnAn

Sfedles, Careali
(M v 17 Daes:

Endmeseadby, Fhoew, Meor Food Ddsss
- 11 74

soat 8.1 aoed 0.7 FeV end el iiberprelntion us

charmed gas rk-sutiguark boanrl soacan suggese »dlitonal nareew statas banwean 4.0 and

4.5 GeW, A wealul wldol ncorsveales guack clolliaimail @8 Gl B oo
e AarmbeTd a0l s2inials rassed and Jecsy widihg of thaas statas,

Lws izl
Tholy exatonss

should be reveale] by p-roy lransilions neeng ez,

Fecently Iwo astonshingly narrow resoninces
have beer discoveredh? al 5105 and 5885 Gov.
In arar viess the most plansble essalaralion of Lhis
pheccmenun is that of Appelauist aad Polizer ®
to wit, that they are ¢-bound scates of eharmed
quarks ¢ which Ue beload the tareshold 29
the produclion af a mir of chaemed halo
cause af (te rimilarity co poaitooniem thia sws—
tom has bosa called charmenivm,” This uote is
devored b bhe specirum of charmopinm.? Many
ol the phenomena thal we ahall diacues ar? ac—
eessible fo exisling caperimonial technigues.

I the sirnng interactions are descritesd br an
agymptoclcally free theory, one may hope” that
the shore-diatance stroctere of ehermonham {in
particular, its cecay inte lEptnng, and probably
alze badrone) e adeguately descrilbed by parwar-
bation thecry in terms of a small “roonieg™ cou-
pling constant, In this regime the of nioreodon
would be Coulomble, wirth 8 amall acrong “fiae-
erructurs’ conatant o, . At largee =T separarion,
on the sther haod. there are rache rcompelliog
arpuments That g ariss proside ne quark
coufinement,”

Tf v small snr the sheervad lewels doe onnd
T L elow U Mireshold M, aoncelaliv
quantum mechactes should provide a sound zeroth-
order guide, Given® the aizable clectrarie widihs
T, of (36551 and 18105, it 35 nateral® lo assizr
ther to the states 228, ond 139, respectively.
This being sald, 1t 18 at onee clear tnat there
shouald 5 other levels helaw 7 Ear anr condin-
inz potential will ralse™ the 25 Caulomh level
shove 172 previoosly degenarate pariner 2R, e

i

mnsl Ltherefoee expect a4 muitipled of oarrew P
staree below L3BHG]. fad from the lattar by L1

v OTPETEICIONS, BRd CoeHTINE In barh into {31055
TF 5.7 0eV 15 nor toa elose to M, hoard O ststos
rauld also exiat,

It goes withowr eagping fhat many qualicative fea-
lures o the specurcom e be sucmosed wihoon
=eEnHing tnoa d leri meniel,  Meverbheless, e
hawe fowud it informative we somulate e Solei-
ecate & intaraction by a simople potentizl that in=
corpurates bolh the Ocalomb and confingment
forees:

Virte = (o, WL (2P 111

That the iotcraction le far from Coulombiz fol-
deps Trom lhe lege 25-15 mage didferencs, snd
the fact thott

Al ”‘.5-:-—IJ:-“_'“.';Tz I, 13105}

sy -al ClaR) Tsees
in eontrast Ly Ret, & In-a Coolor b field M T
analogy with elostrodyiamics there mus: aleo e
spin-spin, spia-echit, and terser fsrees, ot
hopefully they play a secoodary role, Near W, a
treacmen: that accounce for ccupling to dacay
rhannals 18 necessary,

We derermined x,. &, and the charmed-
quirk THags 1. by solving the wave wquatinn mu-
merieally  and by imposing the constralrta
AR — M1 78] - 0,68 GaVy (b) T, (178:-5.5
WV, (el 1,0 GV e e s B G GEV, and [d) 1w,
w4, Congreatse (o) de the requivement that the
e noncelallvislic, and bl @(3893) e
Dbelow A2, naive coark phensreenalngy wonld set

Sat

L4, d21

R4

ornell Group

Similar Spectrum
More Work

V(r) =-a/r[1-r%/a?]

“Cornell Potential”
Fit: m_=1.600
a, =0.2
a=0.2fm

® Avoided:
Hadronic Decay via Gluons
Spin Dependent ROM’s

@® P States = 3.450

@® Radiative Transitions

® Charm Threshold “Nearby”

Coupling to Decay
Channels (D, D)




Charm(onium) Theory After the Revolution

M. B. Voloshin 2008: “Charmonium” 0711.4556

1. Spectrum

Spin-Dependence Nora Brambilla
NRQCD 50 Years of QCD” 2212.11107

Lattice Calculations

. . . Feng, Jia, Sang 1707.05758
2. Hadronic Width via Gluons £ e 0

in Higher Orders: = 2.984 GeV

[(J/y) Looks Under Control/' rnc) %1:

[(n.) Large Increase

[(n,)Looks Much Better ——
[(ny) © | . 9.399 GeV




Early Spring 1975

Charm Status Near Horizon
® Hidden Charm Established. Quarks Real ! e 1975: P States, Lepton-Photon Conference, August
® m,in Gaillard-Lee Range e 1976: Charmed Particles, G. Goldhaber et al, August
® Non-Relativistic but Non- Coulombic Hadrons e 1977: Paracharmonium n, W. Braunschweig et al

(Charmonium) J/g, ¢
( Asymptotic Freedom, Confinement

uark Jets: December 1975
Modeling, Textbook Quantum Mechanics Q

o — Tau Lepton: December 1975
® Predictions for Many Other cc States >

Upsilon (bb): 1977



Summary

1. Early > Mid Seventies .
Depressing in Many Ways

2. Stunning Experimental Discoveries

3. Emergence of the Standard Model

& Effective-Field-Theory Framework
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