THE SEARCH FOR CHARM
My RECOLLECTIONS*

e A BRIEF PRE-HISTORY

e T'HE CHARMED QUARK MASS

e GAILLARD, LEE & ROSNER

e THE NOVEMBER REVOLUTION

e THE INTERIM: WHERE IS OPEN CHARM?
e CHARM IS FOUND

*A detailed, carefully referenced, account of these developments can be found in

Jon Rosner, The Arrival of Charm AIP Conf. Proc. 459:9-27 (1999)



THE INTERPLAY OF THEORY AND EXPERIMENT

LOW ENERGY DATA
Spectroscopy, V-A, AS = AQ), ... = quark model

PGS G
SO

~ G%/\2 — ~ GFmW ~ gQ/m%V

Full renormalizability = GWS

MEANWHILE

soft pion theorems == chiral symmetr
P Y Y } — QCD

scaling in ee™, DIS = asymptotic freedom



FLASHBACK: SPECTROSCOPY BEFORE GAUGE THEORIES

MANY (INTEGRALLY CHARGED) 4-CONSTITUENT MODELS (GM)
Bjorken & Glashow 1964

e COINED THE WORD CHARM: NEW (Q-NO

e NOTED FLAVOR CONSERVING NEUTRAL CURRENT

“The baryon current us thus @Z’yﬂ(l — v5)W1p, with the 4 by 4 matrix W given

Y 0 0
0 0 sin COS

W (O 0 cos6 —SiﬂQ\
10 0 0 0

\O 0 0 0 )

The relation [W, W*] = 2Q — 1, independent independent of 6, suggests a

possible intimate connection between weak and electromagnetic interactions.”



STRANGENESS CHANGING NEUTRAL CURRENTS

ot < i G

K —uv T — K; — utu
8 g A ~ afew GeV(4)
Mohapatra, Subbba & Marshak 1968 also Am g

GIM 1970:
® 1, c CANCELLATION: A — m,

o IFr W+ — W=* W' NEUTRAL CURRENT CONSERVES FLAVOR

BIM 1972: ANOMALY CANCELLATION &



THE MASS OF THE CHARMED (QUARK

RARE K-DECAYS IN GWS/GIM MKG & BW Lee 1974
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Historical notes

e Al Vainstein & IB Khriplovich 1973: K — pu =, Amyg - Am o~ 1 GeV

Scooped! Ma 1974 K — 24,27y : m,. ~ 5GeV
o Kj — pup:
— 2 .2
T [ e
m?, me
cancellation: a = 0 = weak bound on Am? (K, — vy —

GL FOUND ALSO b=0: SYMMETRY? €"P7 — —el?P?  GL & Shrock



e GL Abstract: Dine UCSB-KITP 2006

TO EXPLAIN THE SMALL K;-K¢ MASS DIFFERENCE AND NONSUP-
PRESSION OF K — 77, IT IS FOUND NECESSARY TO ASSUME mp/mp << 1,
WHERE myp IS THE MASS OF THE PROTON QUARK AND mp/, THE
MASS OF THE CHARMED QUARK, AND mp < 5 GEV.

Text:

EQUATION (2.8) IS COMPATIBLE WITH EITHER WITH mp >~ mp AND
LARGE, AND mpr—mp >~ 1 GEV, OR mp < mpr AND mpr ~ 1.5 GEV.

MS version 1: 1.5 — 2 (J-M G) 2 — 1.5

Appendix:

K; — Kg: + — 1.5 —2

color factor 1/3

(London July 1974: 1.5)



GL & ROSNER FERMILAB-PUB-74-086-THY, Aug. 1974

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.

e SUB)r — SU4)r linear vs quadratic mass sum rules? m(3S;y) < 2mp

e Zweig rule — narrow °S;: [ ~ 2 MeV
AC = AQ = +1 production
AC =AS = —1 decay

e weak coupling selection rules: {

signal for v — charm
e chiral symmetry wrong F. = /2f.! L Quigg & R, QR

e parton model for DIS

Carlson & Freund 1972, Snow 1973, Glashow 1974



GLR Conclusions: Look for

e DIRECT LEPTON PRODUCTION

e LARGE NUMBERS OF STRANGE PARTICLES

e NARROW PEAKS IN MASS SPECTRA OF HADRONS

e APPARENT STRANGENESS VIOLATIONS (¢ — s, ¢ — d)

e SHORT TRACKS, ...LIFETIME ~ 107! SEC

e DI-LEPTON PRODUCTION IN NEUTRINO REACTIONS

e NARROW PEAKS IN e"e” OR p' '~ SPECTRA

e TRANSIENT THRESHOLD PHENOMENA IN DI LEPTOPRODUCTION

e APPROACH OF (e'e” — hadrons)/(e"e™ — p'pu™) RATIO TO 33,
PERHAPS FROM ABOVE

e ANY OTHER PHENOMENA THAT MAY INDICATE A MASS SCALE
OF 2-10 GEV



| Christenson et al. 1970

HINTS OF CHARM? | ,
p+U —pum+pu +X
Abstract: MUON PAIRS IN THE MASS RANGE ‘

1 < my, < 6.7 GEV/c*> HAVE BEEN OBSERVED o
...THE CROSS SECTION ...EXHIBITS NO —
RESONANT STRUCTURE. | N

Text: INDEED. IN THE MASS REGION NEAR 3.5 ? "',
GEV/¢*. THE OBSERVED SPECTRUM MAY BE i g-“ \ |
REPRODUCED BY A COMPOSITE OF A ][
RESONANCE AND A STEEPER CONTINUUM. = |

| S SR

X Projection Y Projection

Niu et al. 1971

X—al4rxt
mx = 1.78 GeV
Ty = 2.2 x 10714 gec.
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Fig. 3(a). Fig. 8(b).



Rubbia for Aubert et al. London, July, 1974

HINTS OF CHARM? | )
v+Z - pu+ X

TWO EVENTS HAVE BEEN OBSERVED IN WHICH THERE IS AN
APPARENT SIMULTANEOUS PRODUCTION OF TWO PENETRATING
PARTICLES OF OPPOSITE SIGN (MUONS).

Litke et al. 1973 § cead)

1 b
Tarnopolsky et al. 1973 ¢ e [
Richter et al. 1974 )| /R.g[.+§ sl |
ete” — hadrons 1 -
g

er ' o

(from GLR) Re z[“%m] l

th *ayaball” ## 10 lowenergy data®

2 Yo % o

Fi1G. 8. Data on the ratio R = o(e# — hadrons)/o(e8 — pg), and |

predictions of the asymptotically free quark model without charm '
(lower curve) and with charm (upper curve). (a) CEA data: Litke ‘

at od., 1973, Tornopolsky o al., 1973. (b) SLAC-LBL data: Richter,
£974. (c) Thig is taken from Ad!ar 1974,




November 1974
Aubertetal. p+ 2 — 35+ X Augustinet al. e +e~ — 9]

GLR Appendix: m(*S;) = 3.1 GeV, decay widths, excited states =

more precise predictions for spectrum, couplings

Enter QCD
Zweig rule = asymptotic freedom Appelquist & Politzer Dec 1974
1Sy : X g 3811~ X g 14(0)] o< g°

['~ .6 MeV

SU(4) mass sum rules == quarks in coulomb-like chromomagnetic field

Better predictions for fermion masses De Rujula, Georgi & Glashow March 1975



Waiting for open charm: a view from Europe

CoOLOR vs CHARM (CERN):  WaRD (LRG) vs ELLIS & GAILLARD

CERN TOWER
CARGESE 1975: WHERE ARE P-WAVE CHARMONIUM STATES? Rudaz

o(hadrons)

= o)

too high 7 confusion!

WHERE IS D — K + 77

GLR wrong [, LQR, QR resonance production  Einhorn & Q etc

CoUuNTING K’S IN eTe~™ — HADRONS

When will you stop believing in charm? CERN cafeteria



Charm is found

AS = —A( observed
Cazzoli et al, March 1975
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IN MEMORIAM

Benjamin W. Lee 1935-1977

Bruce Winstein 1943-2011



CONCLUSIONS

WELL, THOSE WERE GREAT DAYS. THE 1960S AND 1970S WERE A
TIME WHEN EXPERIMENTALISTS AND THEORISTS WERE REALLY
INTERESTED IN WHAT EACH OTHER HAD TO SAY, AND MADE GREAT
DISCOVERIES THROUGH THEIR MUTUAL INTERCHANGE. WE HAVE NOT
SEEN SUCH GREAT DAYS IN ELEMENTARY PARTICLE PHYSICS SINCE
THAT TIME, BUT I EXPECT THAT WE WILL SEE GOOD TIMES RETURN
AGAIN IN A FEW YEARS, WITH THE BEGINNING OF A NEW GENERATION
OF EXPERIMENTS AT THIS LABORATORY.

The Making of the Standard Model
S. Weinberg

Eur. Phys. J. C 34, 5 (2004)

LET’S HOPE SO!
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HAPPY RETIREMENT JON!
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