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“Looks like charm is found ...”

Ben Lee
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| should have been at SLAC that morning,
for my first meeting as a PAC member.
SLAC Director Panofsky advised me:
The meeting will be purely ceremonial;
there is no business to decide;
out with the old (members), in with the new.
“If | were you, | would stay home.”
Two life lessons:
You can’t always trust a lab director.
Never miss a committee meeting.
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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
Labovratory for Nuclear Science and Depaviment of Physics, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139

and 242 Events

Y. Y. Lee

Brookhaven National Labovatory, Upton, New York 11973 SPECTROMETER
(Received 12 November 1974)

. . . ’ . At normal current
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 ¥+ ¢~ + x by []-10% current

measuring the e *e™ mass spectrum with a precise pair spectrometer at the Brookhaven
National Laboratory’s 30-GeV alternating-gradient synchrotron,
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http://dx.doi.org/10.1103/PhysRevLett.33.1404




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

J.-E. Augustin,{ 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. S. 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

Lawvence Berkeley Labovatory and Department of Physics, University of California, Bevkeley, Califovnia 94720
(Received 13 November 1974)

We have observed a very sharp peak in the cross section for e te™ —hadrons, e*e”, and
possibly u*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.
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http://dx.doi.org/10.1103/PhysRevLett.33.1406




Preliminary Result of Frascati (ADONE) on the Nature of a New 3.1-GeV Particle Volume 53B, number 4 PHYSICS LETTERS 23 December 1974

Produced in e*e” Annihilation*

C. Bacci, R. Balbini Celio, M. Berna-Rodini, G. Caton, R. Del Fabbro, M. Grilli, E, Iarocci,
M. Locci, C. Mencuccini, G. P, Murtas, G. Penso, G. S. M. Spinetti,
M, Spano, B, Stella, and V, Valente
The Gamma~Gamma Group, Labovatovi Nazionali di Frascaii, Frascati, Raly

A MEASUREMENT OF LARGE ANGLE e*e~ SCATTERING AT THE
3100 MeV RESONANCE

DASP - Collaboration
W. BRAUNSCHWEIG, C.L. JORDAN, U. MARTYN, H.G. SANDER

D. SCHMITZ, W. STURM, W. WALLRAFF
1. Physikalisches Institut der RWTH Aachen

and

B. Bartoli, D. Bisello, B. Esposito, F. Felicetti, P. Monacelli, M. Nigro, L. Paolufi, I, Peruzzi,
G, Piano Mortemi, M. Piccolo, F. Ronga, F, Sebastiani, L, Trasatti, and F, Vanoli
The Magnet Expevimental Group for ADONE, Laboratovi Nazionali di Frascati, Frascati, Raly
K. BERKELMAN¥*, D. CORDS, R. FELST, E. GADERMANN, G. GRINDHAMMER,
H. HULTSCHIG, P. JOOS, W. KOCH, U. KOTZ, H. KREHBIEL, D. KREINICK, J. LUDWIG,
K.-H. MESS, K.C. MOFFEITT, D. NOTZ **, G. POELZ, K. SAUERBERG, P. SCHMUSER,
G. VOGEL, B.H. WIIK, G. WOLF
Deutsches Elektronen-Synchrotron DESY and Il. Institut fiir Experimentalphysik der Universitdt Hamburg, Hamburg

and

G. Barbarino, G. Barbiellini, C. Bemporad, R. Biancastelli, F, Cevenini, M, Celvetti,
F. Costantini, P. Lariccia, P, Parascandalo, E. Sassi, C. Spencer, L. Tortora,
U. Troya, and S. Vitale
The Bavyon-Antibavyon Gvoup, Labovatori Nazionali di Frascati, Frascati, Raly
(Received 18 November 1374) G. BUSCHHORN, R. KOTTHAUS, U.E. KRUSE **, H. LIERL, H. OBERLACK,
S.ORITO, K. PRETZL, M. SCHLIWA

We report on the results at ADONE to study the properties of the newly found 3.1-BeV .
Max-Planck-Institut fur Physik und Astrophysik, Minchen

particle. :

EVENT 5/0.3 nb! LUMINOSITY T.SUDA, Y. TOTSUKA and S. YAMADA

/N Unwersity of Tokyo, Tokyo
T Received 19 December 1974
Elastic ¢"e ™ scattering has been measured at total energies covering the newly found resonance at 3100 MeV. The
J angular distribution is consistent with spin-parity 17, and the cross section integrated over energy yields I‘%e/ Ciot =
60— > 0.23 = 0.05 keV for the resonance.
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IV-50

" THEORY

o~ o8 g g . |
The e e annihilation data contradict both the

simple quark-parton model and the Bjorken scaling
hypothesis. This has come as a shock for they were
both déing so well - giving an understanding of
multiplet structure, cross section relationships,
decay branching ratios, deep inelastic electron ,
neutrino, and muon scattering, etc. Indeed, scaling
was tested and found to work to 10% to 20 Z over
three orders of magnitude in the_structure functions
and for values of momentum transfer ranging up to

60 to 70 (GeV/c)2 and values of inelasticity out to
100 GeV. Most of the 6! theoretical contributions to
this session of the conference,which range from the
hbizarre to the ordinary, attempt to resolve the
contradiction between the success of simple models
in the space-like momentum transfer region and

their failure in the time-like momentum transfer

region.

B Richter
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http://slac.stanford.edu/pubs/slacpubs/1250/slac-pub-1478.pdf

Observation of Massive Muon Pairs in Hadron Collisions®

J. H. Christenson, G. 5. Hicks, L. M. Lederman, P. J. Limon, and B. G. Pope
Columbia Universily, New York, New York 10027, and Brookhaven National labovatory, Upten, New York 11973

and

E. Zavattinl
CERN Laboralory, Geneva, Switzerland
| Heceived B Seplember 19700
: ~32

Muon pairs in the mass range 1<m , <6.7 GeV /c* have been observed in collisions of
high-energy protons with uranium nuclei, At an incident energy of 29 GeV, the cross

= AT vy . -1 i =] 3 = i _3;- 8 2 ! r i - - c
section varies asmoothly as «r, dmr,J_ =110 ‘_rmw" em® (GeV/c)™? and exhibits no resonant

structure. The total cross section increases by a factor of 5 as the proton ene rgy rises — 33
from 22 to 29,5 GeV,
N
Q
3 -5
AR
5
B it |
Muons penetrated |0 feet of steel
L/ =35
=
=
“[l]n the mass region near 3.5 GeV, )
the observed spectrum may be _
! D
reproduced by a compomtg ] s
of a resonance and a steeper continuum. e
, -38
History: |. Rak & M. Tannenbaum,
High-pt Physics in the Heavy-lon Era,c. 7 & 8
-39
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https://cds.cern.ch/record/1516991?ln=en
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Newand Surprising Type

' |
L
A

Of Atomic Particle Found
. - By.WALTER SULLIVAN . .
Experiments conducted in-| “The theorists are working
dependently on the East and|frantically to fit it into the
West Coasts have disclosed -a{framework of our present
new type of atomic particle. knowledge of the elementary
Its properties are so-unex-\particle. ' We  experimenters
pected that there are differing|hope to keep them busy for
views as to how it might fit|some time to come.”
into current theories 0n the| goma geientists believe that
clementary nature of matter. |y o particle will prove to
The experiments . were done(pe the long-sought manifesta-
at the Stanford Linear Acceler-

> O : tion of the so-called  weak
ator in Palo Alto, .Calif., by a/force—one of the four basic
team under Dr. B

‘und urton Richter! forces in nature, The others are
and at the Bkahaven National gravity’ eleetromagnetism and

__L_aborgtory.in"Upton,' LI, by althe strong - force _that binds
%I_'DUD ?nf:fl' 131'- Sagmel tC° 11(1: together the atomic nucleus.
g of the Massachusetts In- It is also suspected that the

St';ute Otfafe?l};n:l?gﬁ. day. tne|PaTtiCle may be related to
twc? ranzn o df’ yesterday, 2 recently developed theory

- ' .. jequating two of those forces
covery coupled with the|yeqk force— as manifestations
totally unexpected properties|o¢ the same phenomenon, How-
of the particle are what make ever, the properiies of the
it so exciting. It is not like the|newly discovered particle are

particles we know and’ mustinot those predicted for either
have some new kinds of struc-

ture. | | Continued on Page 29, Column 1 |

Ehe New York Eimes
Published: November 17, 1974
Copyright © The New York Times
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http://dx.doi.org/10.1103/PhysRevLett.33.1453

Are the New Particles B'aryon-Antibaryon Nuclei?

Alfred S. Goldhaber
Institute for Theovetical Physics,* State University of New Yovk, Stony Brook, New York 11794

and

Maurice Goldhaber

Physics Departmént, Byookhaven National Labovatory,i Upton, New Yovk 11973
(Received 25 November 1974)

Baryon-antibaryon bound states and resonances could account for the new particles,
as well as narrow states near nucleon-antinucleon threshold, which were reported ear-

lier.
Interpretation of a Narrow Resonance in e*e” Annihilation*®

Julian Schwinger
University of California at Los Angeles, Los Angeles, California 90024
(Received 25 November 1974)

A previously published unified theory of electromagnetic and weak interactions proposed
a mixing between two types of unit-spin mesons, one of which would have precisely the
characteristics of the newly discovered neutral resonance at 3.1 GeV, With this interpre-
tation, a substantial fraction of the small hadronic decay rate can be accounted for, It is
also remarked that other long-lived particles should exist in order to complete the analogy

with p° o, and ¢.

Possible Interactions of the J Particle®

H. T. Nieh
Institute for Theovetical Physics, State University of New Yovk, Stony Brook, New York 11794

and

Tai Tsun Wu
Govdon McKay Labovatory, Havvavd University, Cambvidge, Massachusetts 02138

and

Chen Ning Yang
Institute for Theovretical Physics, State University of New Yovk, Stony Brook, New Yovk 11794
(Received 25 November 1974)

We discuss some possible interaction schemes for the newly discovered particle J and
their experimental implications, as well as the possible existence of two J%’s like the Kg~
Ky, case. Of particular interest is the case where the J particle has strong interactions
with the hadrons. In this case J can be produced by associated production in hadron-had-
ron collisions and also singly in relative abundance in ep and up collisions.



http://dx.doi.org/10.1103/PhysRevLett.34.49
http://dx.doi.org/10.1103/PhysRevLett.34.36
http://dx.doi.org/10.1103/PhysRevLett.34.37
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Fermilab E8/7 — Broadband Photon Beam

20 3.0
mass (GeV) i
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http://dx.doi.org/10.1103/PhysRevLett.34.1040

R:O”O/O‘t
g=0°

0.70
0.80
.00

3
w=v/Q%in(Bev)”

Quark model, parton model ...
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http://dx.doi.org/10.1016/0370-2693(73)90499-1

Search for charm
Mary K. Gaillard* and Benjamin W. Lee

Fermi National Accelerator Laboratory, Batavia, Illinois 60510

Jonathan L. Rosner

University of Minnesota, Minneapolis, Minnesota 55455

A systematic discussion of the phenomenology of charmed particles is presented

with an eye to experimental searches for these states. We begin with an attempt
to clarify the theoretical framework for charm. We then discuss the S U (4)
spectroscopy of the lowest lying baryon and meson states, their masses, decay
modes, lifetimes, and various production mechanisms. We also present a brief
discussion of searches for short-lived tracks. 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.

dc(cT) 1 M(¢e) =3 GeV  T(¢c) ~ 2 MeV
BR(¢p. — eTe™) =~ 1%

22


http://dx.doi.org/10.1103/RevModPhys.47.277

Evolution of the strong coupling “constant”




Heavy Quarks and ¢ * ¢~ Annihilation*

Thomas Appelquistf and H. David Politzert
Lyman Labovatovy of Physics, Havvavd Univevsity, Cambwvidge, Massachusetts 02138
(Received 19 November 1974)

The effects of new, heavy quarks are examined in a colored quark-gluon model. The
e"e” total cross section scales for energies far above any quark mass. However, it is
much greater than the scaling prediction in a domain about the nominal two—heavy-quark

threshold, despite Og+o- Deing a weak-coupling problem above 2 GeV. We expect spikes
at the low end of this domain and a broad enhancement at the upper end.

.t s (37}

3
2R,

23P'. 32ns{Ly-a)

3
2 PO

1.0ns(27)
140 ns (3Y)

043ns(27)
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http://dx.doi.org/10.1103/PhysRevLett.34.43

Spectroscopy of the New Mesons*

Thomas Appelquist,f A. De Rdjula, and H. David Politzer}
Lyman Labovatory of Physics, Havvavrd University, Cambridge, Massachusetts 02138

and

S. L. Glashow$§

Centev for Theovetical Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 11 December 1974)

The interpretation of the narrow boson resonances at 3.1 and 3.7 GeV as charmed
quark-antiquark bound states implies the existence of other states. Some of these should
be copiously produced in the radiative decays of the 3.7-GeV resonance, We estimate
the masses and decay rates of these states and emphasize the importance of y-ray spec-

troscopy.

Spectrum of Charmed Quark-Antiquark Bound States®

E. Eichten, K. Gottfried, T. Kinoshita, J. Kogut, K. D. Lane, and T.-M. Yant

Labovatory of Nucleay Studies, Covnell University, Ithaca, New Yovk 14853
(Received 17 December 1974)

The discovery of narrow resonances at 3.1 and 3.7 GeV and their interpretation as
charmed quark-antiquark bound states suggest additional narrow states between 3.0 and
4.3 GeV. A model which incorporates quark confinement is used to determine the quan-
tum numbers and estimate masses and decay widths of these states. Their existence
should be revealed by y-ray transitions among them.

25


http://dx.doi.org/10.1103/PhysRevLett.34.365
http://dx.doi.org/10.1103/PhysRevLett.34.369

Cornell group (Eichten et al.)
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Volume 57B, number 4 PHYSICS LETTERS

OBSERVATION OF THE TWO PHOTON CASCADE 3.7 - 3.1 +yy

VIA AN INTERMEDIATE STATE P,
DASP-Collaboration

Received 22 July 1975

The two photon cascade decay of the 3.7 GeV resonance into the 3.1 GeV resonance has been observed in two
nearly independent experiments. The clustering of the photon energies around 160 MeV and 420 MeV observed in
the channel 3.7 — (3.1 — utu—) + ¥y indicates the existence of at least one intermediate state with even charge con-
jugation at a mass around 3.52 GeV or 3.26 GeV.

21 July 1975

PHYSICAL REVIEW
LETTERS

VOLUME 35 29 SEPTEMBER 1975 NUMBER 13
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¥ (3684) Radiative Decays to High-Mass States*

G. J. Feldman, B. Jean-Marie, B. Sadoulet, F. Vannucci,f G. S. Abrams, A. M. Boyarski,
M. Breidenbach, F. Bulos, W. Chinowsky, C. E. Friedberg, G. Goldhaber, G. Hanson,
D. L. Hartill,{ A. D. Johnson, J. A. Kadyk, R. R. Larsen, A. M. Litke, D. Liike,$
B. A. Lulu, V. Luth, H. L. Lynch, C. C. Morehouse, J. M. Paterson, M. L. Perl,

F. M. Pierre,ll T. P. Pun, P. Rapidis, B. Richter, R. F. Schwitters,

W. Tanenbaum, G. H. Trilling, J. S. Whitaker,

F. C. Winkelmann, and J. E. Wiss

Lawrence Berkeley Labovatory and Department of Physics, Univervsity of Califovnia, Bevkeley, California 94720

and Stanford Linear Accelevator Center, Stanford Univevsity, Stanford, California 94305
(Received 11 August 1975)

We present experimental evidence for the existence of the decay ¥(3684) — yx, x— 47,
67", m1" K*K~, wtr”, and K*K"~. There is clear evidence for at least two X states,

one at 3.41 £0.01 GeV/c? and the other at 3.53+0.02 GeV/c?. The x(3410) decays into 7
and KK and thus must have even spin and parity.

Curvature of potential
gives order of levels

>


http://dx.doi.org/10.1103/PhysRevLett.35.821
http://inspirehep.net/search?ln=en&ln=en&p=find+a+martin%2Ca+and+t+levels+order&of=hb&action_search=Search&sf=earliestdate&so=d&rm=&rg=25&sc=0

Charmonium: hadronic transitions
BR((2S) — ntn~ JA)) ~ 34%
BR(v(2S) — w27 JAp) ~ 18%

Soft-pion theorems
Gottfried’s color multipole expansion

Good understanding of 2S-1S;
other Y transitions, not so simple
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http://dx.doi.org/10.1103/PhysRevLett.35.1
http://dx.doi.org/10.1103/PhysRevLett.40.598
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Nearly coincident thresholds for T and charm
J. L. Rosner;“The Arrival of Charm,” hep-ph/981 1359
M. L. Perl,“Reflections on the Discovery of the Tau Lepton™

B.W. Lee & CQ,“An Experimental Fable” — u, T discovery in e*e”
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http://arxiv.org/pdf/hep-ph/9811359.pdf
http://www.nobelprize.org/nobel_prizes/physics/laureates/1995/perl-lecture.pdf
http://lss.fnal.gov/archive/1976/pub/Pub-76-017-T.pdf

Charmonium Issues

What is it? Open charm
Spectrum
Transitions: EM, hadronic
Decays: Y*, gg, ggg; new forces or products!?
Production: direct, cascade, B-decays, ...

30



JAp — v 4 Gluonium?

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C38, 090001 (2014) (URL: http://pdg.Ibl.gov)

Non-gqg Candidates

OMITTED FROM SUMMARY TABLE

For a review on gluonium and other non-gq candidates see PDG 06,
Journal of Physics (generic for all A,B,E,G) G33 1 (2006). See also
the “Note on scalar mesons” in the f;(500) Particle Listings, our note

“New charmonium-like states” in PDG 08, Physics Letters B667 1
(2008), and the extensive chapter on Spectroscopy in N. Brambilla
et al. (Quarkonium Working Group), The European Physical Journal

C71 1534 (2011).

BRAMBILLA 11 EPJ C71 1534 N. Brambilla et al. (Quarkonium Working Group)
PDG 08 PL B667 1 C. Amsler et al. (PDG Collab.)
PDG 06 JP G331 W.-M. Yao et al. (PDG Collab.)

E. Bloom, 1982:“... the experimental search for such states has
proven to be a difficult and confusing one, with a number of
guiding principles losing credibility as the field has matured.”


http://www-public.slac.stanford.edu/sciDoc/docMeta.aspx?slacPubNumber=SLAC-PUB-2976
http://dx.doi.org/10.1088/0954-3899/40/4/043001

Initial Charmonium Lessons

Quarks are real mechanical objects
Constituents are spin-1/2
Charm exists; P(3770)
Asymptotic freedom gains support
Nonrelativistic quantum mechanics applies
Confining potential implicated
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A Study of Di-Lepton Production in Proton Collisions at NAL
Lederman et al.

Observe and measure the spectrum of virtual photons emitted

» » . » - - + Yy
in p-nucleon collisions via the mass distribution of e e

pairs: p+p * e e + anything. L

- —

.Study characéeristics, é.g. ﬁéfity viblatiéﬁf~piubéﬁéﬁior.
Search for structures in fhe above spectrum, publish these
and become famous, e.g. W®, B°.
Qualitatively study the mass spectrum of hadron pairs
(¥w, mp, etc). This is an interesting background for (1).
It uses a crude hadron calorimeter, also required for
hadron rejection in (1l).
Check pe universality by looking, in the same arrangement
but with the addition of a pion filter, at u u~ pairs.
Extend the Experiment #70 study of single leptons in the
double arm arrangement, i.e. w* etc. Publish these and
become famous.

6. Look at m°r° pairs by double conversion of w°- y's in thin
aluminum radiators. This data comes free since one adds
0.1 radiation length to enable an extrapolation to zero

target thickness in (1).
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mass (GeV)

E288 M(T") — M(T) | M(T")— M(T)
Two-level fit 650 = 30 MeV
Three-level fit | 610 4+ 40 MeV | 1000 £+ 120 MeV
M(y") — M(1)) ~ 590 MeV
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http://dx.doi.org/10.1103/PhysRevLett.39.1240

3

420 MeV

—E(IS) =

E(2S)

3

(A2W) AOH3NI NOILVLIOX3
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Why choose 5 GeV!?

Excess events at high inelasticity in

VN — ™ + ..

HPWEF “high-y anomaly” explained by

( Z ) m, =~ (4 —5) GeV Barnett
R

Also at Budapest ...

CDHS Experiment ruled out high-y anomaly
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http://cds.cern.ch/record/1730228/files/vol17-issue7-8-p225-e.pdf?version=1
http://dx.doi.org/10.1103/PhysRevLett.36.1478
http://dx.doi.org/10.1103/PhysRevD.14.70
http://dx.doi.org/10.1103/PhysRevLett.39.433

1978: DORIS leptonic widths imply Qp = -1/3
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http://dx.doi.org/10.1103/PhysRevLett.44.1111
http://dx.doi.org/10.1103/PhysRevLett.44.1108
http://dx.doi.org/10.1103/PhysRevLett.46.84

Quarkonium decay into new particles!?

BaBar light-Higgs & dark-photon searches

Mode Mass range (GeV) BF upper limit (90% CL)
1(2S,35) - yA", A" - utu 0.21 <my <9.3 (0.3 -8.3) x 10~

T(3S) - yA?, A — 71~ 4.0 <my < 10.1 (1.5 -16) x 107>
7(2S,35) — yA°, A — hadrons 0.3 <my <7.0 (0.1 -8)x 107>
T(1S) — yA?, A — vy m, < 4.5GeV (0.5 -24)x 107>
T(1S) — yA®, A — invisible my < 9.2GeV (1.9 -37)x 107
T(3S) — yA®, A — invisible my < 9.2GeV (0.7 -31)x 107
T(1S) = yAY, AY - gg my < 9.0 GeV 107 - 1072
T(1S) = yA®, A? — s5 my < 9.0 GeV 107> -1073




BaBar 7¢(15), xc0(1P), xc2(1P), 7c(25) in vy

—_
NO
N~
>
Q
O
<
o
=]
o

N’
N
(7))
jd
c
(<))
>
LL

3.4 3.6 3.8
m(K*K =*wn°) (GeV/c?)
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http://dx.doi.org/10.1103/PhysRevD.84.012004
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mTr~ + MM at Y(5S)

Y(28)=Y(1S)
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http://dx.doi.org/10.1103/PhysRevLett.108.032001

Initial Upsilon Lessons

Requires one new quark species
Interquark interaction is flavor-independent
Potential shape measured

Y (4S) is a fountain of B mesons
Y decays allow new-particle searches
Y(5S) a source of Bs mesons

43



Spectrum of B, Mesons

4P ————
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Quarkonium transmutation
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2012-04/fig_02b.png

NORTH-HOLLAND PUBLISHING COMPANY
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© 1978, Chris Greene
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http://dx.doi.org/10.1016/0370-1573(79)90095-4

Early example, no dynamical quarks
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Quarkonium production: many scales

Mo, N\acp, factorization, renormalization, ...
and multiple mechanisms
direct, via P-states, fragmentation, B decay ...

Mq > p ~ 1/{r) ~ Mqv > E ~ Mqv?

Important instrumental development: CDF SVX
separate prompt component
begin controlled polarization studies

0



Effective field theories: NRQCD, pNRQCD

Caswell & Lepage, “Effective lagrangians for bound state
problems in QED, QCD, and other field theories”

Applications to Lattice QCD, prefigured SCET

Bodwin, Braaten, Lepage, Rigorous QCD analysis of inclusive
annihilation and production of heavy quarkonium”

Brambilla, Pineda, Soto, Vairo, ‘‘Potential NRQCD: an effective
theory for heavy quarkonium”
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http://dx.doi.org/10.1016/0370-2693(86)91297-9
http://dx.doi.org/10.1103/PhysRevD.51.1125
http://10.1016/S0550-3213(99)00693-8

Quarkonium as a tool:
Determining parameters of QCD Lagrangian
that we will need to make the most of
precision Higgs-boson studies

(g Mp M

Higgs-boson couplings to fermions:
only have evidence for 3rd generation, t, b, T

Can H — (J&), )~ probe HQQ?
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http://dx.doi.org/10.1103/PhysRevD.78.054513
http://dx.doi.org/10.1103/PhysRevD.80.074010
http://dx.doi.org/10.1103/PhysRevD.90.074038

J/y SUPPRESSION BY QUARK-GLUON PLASMA FORMATION *

T. MATSUI Y(l S)

Center for Theoretical Physics, Laboratory for Nuclear Science, Massachusetts Institute of Technology,
Cambridge, MA 02139, USA

and Xb(lp)

H. SATZ
Fakulrdt fiir Physik, Universitét Bielefeld, D-4800 Bielefeld, Fed. Rep. Germany

and Physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA J / 'lp ( 1 S ) Y( 2 5)

Received 17 July 1986

%o (2P) Y'(35)

in the deconfined interior of the interaction region. To study this effect, the temperature dependence of the screening radius, as X (IP) W, (2 S)
obtained from lattice QCD, is compared with the J/y radius calculated in charmonium models. The feasibility to detect this effect &

clearly in the dilepton mass spectrum is examined. It is concluded that J/i suppression in nuclear collisions should provide an
unambiguous signature of quark-gluon plasma formation.

If high energy heavy ion collisions lead to the formation of a hot quark-gluon plasma, then colour screening prevents ¢¢ binding
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http://dx.doi.org/10.1016/0370-2693(86)91404-8
http://dx.doi.org/10.1140/epjc/s10052-008-0847-4
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CMS PbPb |5, = 2.76 TeV

Cent. 0-100%, |y| < 2.4
pi >4 GeV/c
L, = 150 ub™

e data
total fit
background

9 10 11 12
Mass(utp) [GeV/c?]

CMS pp Vs = 2.76 TeV

ly| <2.4
pi > 4 GeV/c
L =230nb"

int

e data
total fit
background

10 11 12
Mass(utp) [GeV/c?]

Y(2S)/Y(1S)|pppy
Y(28)/Y(1S)I,,

Y(3S)/Y(LS)|pppo

= 0.21 = 0.07(stat) = 0.02(syst),

= (.06 = 0.06(stat) = 0.06(syst
Y(3S)/Y(1S)], (stat) (syst

< 0.17(95%CL).

Decades of effort at
SPS & RHIC
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http://link.aps.org/doi/10.1103/PhysRevLett.109.222301
http://dx.doi.org/10.1140/epjc/s2005-02245-6
http://dx.doi.org/10.1016/j.physrep.2008.04.002

Belle discovers 7). in B — KKsKT 7=~ (2002)
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~ Look for other missing levels, e.g., Nco(*D2),12(°D»), 93(°D3)
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http://dx.doi.org/10.1103/PhysRevLett.89.162002

Belle: X(3872) in B* — K= 77~ Ji) (2003)
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JPC€ = I**; not simple charmonium or anything else?
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State M (MeV) T (MeV) Process (decay mode) Experiment

X (3872) 3871.68+0.17 < 1.2 B— K+ (J/ypntn) Belle [82, 89] , BaBar [85], LHCb [90]
pp— (J/prtan™) +.. CDF [83, 91, 92, 125], DO [84]
B— K + (J/pntnx°) Belle [94] , BaBar [59]
B — K + (D°D°x°) Belle [95] , BaBar [96]
B — K + (J/v¥7) BaBar [126], Belle [127] , LHCb [128]
B— K+ (¢¥'7) BaBar [126], Belle [127] , LHCb [128]
p— (J/prta™) + .. LHCb [86], CMS [87]

X(3915) 39174427 28%'9 0t* B K+ (J/Yw) Belle [58] , BaBar [59]
ete” s ete” + (J/Ypw) Belle [60] , BaBar [61]

xe2(2P) 39272426 2446 2ttt ete” w5 ete” +(DD) Belle [64] , BaBar [65]

X (3940) 394279 37, ()~ O eie_ — J/¥ + (D*D) Belle [27]
ete = J/b+(...) Belle [26]

G(3900) 3043421 52411 17— ete” -4+ (DD) BaBar [129], Belle [130]

Y (4008) 40081120 226+£97 17~ etem w4+ (J/pwtw) Belle [32]

Y (4140) 4144 +3 1749 7 B K+ (J/ve) CDF [74, 75], CMS [77]

X (4160) 4156122 139F113 o(?)~Mt etem = T/ + (D*D) Belle [27]

4260 426373 95+14 1™~ ete” =+ ata~ aBar [30, 131], 132] , Belle [32

Y 5 = J/pnt BaB CLEO Bell
ete” = (J/pnta™) CLEO [133]
ete” — (J/¢ 7°x°) CLEO [133]

Y (4274) 4292+6 34416 " B K+ (J/¢9) CDF [75], CMS [77]

X (4350) 4350.613% 13.3%135 0/2tT ete” s ete (J/Y o) Belle [81]

Y (4360) 4361 + 13 T4+18 17— ete 5 y+ @ ntnT) BaBar [31], Belle [33]

X (4630) 463473 gt 17—  ete” =y (ATAD) Belle [134]

Y (4660) 4664+12  48+15 17— ete w4+ @ nta) Belle [33]

ZF(3900) 3890+3 33+10 17T Y(4260) » 7w + (J/Y7T) BESIII [39], Belle [40]
Y (4260) — 7~ + (DD*)* BESIII [56]

Z1(4020) 4024 +2 10+3 1(N)TP~ Y(4260) — 7~ + (hen™) BESIII [41]
Y (4260) — 7~ + (D*D*)* BESIII [42]

Z; (4050) 4051122 82+t 77t B K+ (xarh) Belle [43], BaBar [53]

Z7*(4200) 4196%3  370%3, 1T B K+ (J/¢7h) Belle [51]

ZF(4250)  4248*'% 177132 "t B K ¥(xart) Belle [43], BaBar [53]

7Z1(4430) 4477+20 181431 17— B K+ W'nh) Belle [44, 46, 47], LHCb [48]
B— K+ (Jyr™h) Belle [51]

Y,(10890) 10888.4+3.0 30.7753 ete™ = (Y(nS)ntn) Belle [117]

Z;F(10610) 10607.2+2.0 18.4+2.4 “U'(5S)" - 7~ + (T(mS)7t), n=1,2,3 Belle [119, 122]
“r(58)" - 7~ + (hs(nP)7"),n=1,2 Belle [119]
“r(58)” - n~+ (BB*)*, n=1,2 Belle [123]

Z9(10610) 10609+ 6 “r(55)" = 7° + (T(nS)7°), n=1,2,3 Belle [121

b ( ) (55) (Y(nS)7"), 2, [121]

Z;}(10650) 10652.2+1.5 11.542.2 “U(55)" - 7~ + (T(nS)7t), n=1,2,3 Belle [119]
“Y(55)" - 7~ + (he(nP)7"), n=1,2 Belle [119]
“r(58)" -7~ +(B*B*)*, n=1,2 Belle [123]



http://indico.ihep.ac.cn/getFile.py/access?contribId=16&sessionId=5&resId=0&materialId=slides&confId=3867

Quarkonium-associated states above flavor threshold

Mostly narrow, seen in hadronic transitions or decays
What are they?
Quarkonium (+ coupled-channels, thresholds)
Threshold effects
New body plans:
quarkonium hybrids (qqg)
two-quark—two-antiquark states, including
dimeson “molecules”
tetraquarks
diquarkonium
hadroquarkonium
and superpositions!
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http://indico.cern.ch/event/278195/session/0/contribution/10/material/slides/0.pdf

“Yesterday'’s sensation is today’s calibration
... and tomorrow’s background.”

Chicago Maroon photo
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V. L. Telegdi
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Quarkonium Working Group Publications

“Heavy quarkonium: progress, puzzles, and opportunities™

“Heavy quarkonium physics”

“QCD & Strongly Coupled Gauge Theories: Challenges and Perspectives”
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http://dx.doi.org/10.1140/epjc/s10052-010-1534-9
http://arxiv.org/abs/hep-ph/0412158
http://dx.doi.org/10.1140/epjc/s10052-014-2981-5

