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1. Spectroscopy
2. em decays
3. decays
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2. The November Revolution:

VOLUME 33, NUMBER 23 PHYSICAL REVIEW LETTERS 2 DECEMBER 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
Labovatory for Nucleay Science and Depavtment of Physies, Massachusetts Institute aof Technology,
Cambridge, Massachuselts 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 ¥+ " + x by

measuring the e '™ mass apectrum with a precise pair spectrometer at the Brookhaven
National Laboratory’s 30-GeV alternating-gradient synchrotron,

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, Vannucei}
Stanford Lineav Accelevator Center, Stanford University, Stanford, California 94305

and

G. 5. 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 Bevkeley Labovatory and Department of Physics, Universilty of Califownia, Bevkeley, Califovnia 94720
(Received 13 November 1974)

We have observed a very sharp peak in the eross section for e*e~ — hadrons, e *e™, 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,
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Is Bound Charm Found?#*

A, De Rijula
Lyman Labovatory of Physies, Havvavd University, Cambridge, Massachusells 02138

and

S. L. Glashowt

Center for Theorelical Physics, Massachusells Institute of Technology, Cambridge, Massachusetis 02139
{Received 27 November 1974)

We argue that the newly discovered narrow resonance at 3.1 GeV is a S, bound state
of charmed quarks and we show the consistency of this interpretation with known meson
systematies. The crucial test of this notion is the existence of charmed hadrons near
2 GeV.
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$|)C(‘lrﬂﬁi.'0|}}' of the New Mesons® SpECtrum of Charmed Quark~Anﬁquark Bound States*

Thomas Appelquist,t A, De Rdjula, and H. David Politzer]
Lyman Labovatory of Fhysics, Horvawd Dwiveraily, Cospbrides, Mossachusatts 02138

andd

E. L. Glashowi
Cenber for Theoretical Physics, Massackuseils msfitule of Techuology, Cambridpe, Massachusetts 021
(Raceived 11 Degembar 1974}

E. Eichten, K, Gottfried, T. Kinoshita, J. Kogut, K. D. Lane, and T.-M, Yant
Laboratory of Nuclear Studies, Covnell Unfversity, Ithaca, New Yovk 14853
{Received 17 December 1874)

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 guan-
tum numbers and estimate masses and decay widths of these states. Their existence
should be revealed by y-ray transitions among them.

The inferpretation of the narrow boson resopances at 3.1 and 3.7 GeV as charmed
quark-antiguari bound states implies the odstence of pther states, Some of these should
he coplously preduced in the radiative decays of the 3.7-GeV resonance, We estimate

the magsea and docay ratea of theae atatea and amphoaizo the importanoe of -y @poe-

TEOAEoRY.

Two earller papers'? present our case that the

VOLUME 34, MUMBER 6
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recently discovered®™ and confirmed® resonance Mose (Gev) ; .

at 3,106 GV 1o the ground atate of & charmed a7 ORTHO T . '132_ 5 o TARIEL vrwowidhet _
quark bound to its antiguark, by colored gauge 235036550 ' ) Iy
gluona: orthocharmonium I, More recently, a oA Trausitiva r oV}
second state at 5.685 GeV has been reported? £l 2*.5-—"P_E B

with an estimated width of 0.5=2.7 MeV and a =gy

partial decay rate ~2 keV into e*e ", We inter- ip =%, iy’ 2%
pret this state as an S-wave radial excitation, A5 T * ;ﬁ’:::; ;’::: 23
orthocharmonium I, with /=17 and 1% =0, *r, Tpy = 1% Bk 240
Here are three indications of the correctness of 2l e Tk 0

our interpretation: (1) Much of the time, ortho- By P 1;:"':3 “z
charmonium IT decays into orthocharmaeniom I —-’;:, zwxa*‘ 150

and two plona. Thia behavior suggests that ortho- 33 2818 Fe kT ~1
charmonium 1T is an excited state of orthochar- | S n o s wabs 1/ < 137 *"[:u“ anarey of
manium I'T_ (2) The leptonie width of orthochar- the transition, and I, is a radial {ntegral. The h:t
monium IT §5 about half that of orthocharmoniom A2 eoluma ie based on our wave functions snd copegy dif-
I, not unexpected for an excited state whose wave ferences, with fine=structure splittings and S-IF mix—
function at the origin is smaller, (3) Orthochar- .l Ing ignored.

moninm II is not seen in the Brookhaven Matiomal :

Laboratory=Massachasetts Institute of Technal- 135 {3105) P multiplet lies about 230 MeV below that of the
oy experiment.” In & thermodynarmic model,® %o - o 25 levels. This energy difference is not very
the production cross section of a hadron of 3.7 FIGi, 1. The spectrum of charmonium. The vertical senelilve to our cholce of parameters: It de-

acale 18 schamatic; ouwr predictions of masses for the

eréepses to 10 MeV if i, and m . assume Lhe un-

GeV ia suppressed by - 107" relative to that of a Pr )
. ) [ q7 reasonable values of 0.8 and 0.9 GeV, reapective-
hadron of 3,1 GeV, Moreover, the leptonic bransh- J L‘\iﬁ:‘;‘:;?w:l::“‘:::m?fmeﬂf\jﬂ& ,LJ':’ y.
ing ratio of orthocharmonivm IT is amaller tha P , ! ' .
B er n 18 pempdtive 0 27510, minimg. Mueavy Howe aes o= ) The e, wl the luwest D ullipled 1= 70

that af arthocharmoniom T by a factor of 10,
W predict the existence of other atatea of
charmonium with masses less than 3.7 GeV, a

FiG, 1. Massas and radiative transitions of charmo
nlum.,

36!
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lowed £1 4 teansitons; the 295 —1'5 decay is o highly
auppressed M1 tranaition, Dashed levels are unlikely
10 be produced or fed from above at an ¢"e” storage
elig, Trasaiticns amesg levels of an LS maltiplet are
probably wnchservable, whiles v transitlons between
states having the same valoe of C©=(= 1+ pre rigar-
oualy forbidden.

MeV above that of the 25 levels. These D levels
may thereiore lle below the threahold M.

o) The 35 level Hes at ~ 4.2 GeV. As no sharp
resonance has been found in this region,” this im=
pliea that M, «4.2 GeV.

{d) The almost inevitable presence of tensor

favreaa hae an infrinnine saseemenes Tae i mar.



The Charmonium Spectrum

VOLUME 45, NUMBER 14 PHYSICAL REVIEW LETTERS G OCTOBER 1980

Observation of an . Candidate State with Mass 2978 + 9 MeV
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"New" Spectroscopy of Mesons

Richter Ting - {43} or hybrid -
' wzp) T .
Spectroscopy I oy 0 |
convinced us that quarks sol oy =00 Yl@F)  yalP) _
were real — i D X(IOTR) 5]/ DDy
S _ ${1°D,) TR )I Y
~ L ___: SES_ =D _ _ RMO O _
> - m.(28) 1
U - 1F .
— xm{iPJ XEBE }
¥ 3.5— —
|
i - i
= I |
. 2= Charmonium family |
A0 ﬂu(ls} ¥ —
B JPC - g 1 1+- o++ {++ o+t |
L =0 o 1 1 1 1
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"New"” Spectroscopy of Mesons
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1. Potential Models:

*Spin independent potentials
‘Relativistic corrections
»Spin dependent effects
-Coupled channel effects

Reviews:

Kwong and Rosher, Ann. Rev. Nucl. Part. Sci. 37, 325 (1987)
Buchmuller and Cooper, Adv.Ser.Direct.High Energy Phys. 1, 412 (1988)

Konigsmann, Phys. Rept. 139, 243 (1986).
Thomas as has recent review and maybe quigg?

Nz .
.7 S.Godfrey, Carleton University 8




Mesons are composed of a quark-antiquark pair

& T Meson

Meson quantum numbers characterized by given JP¢

Combine u,d,s,c,b quark and
antiquark to form various mesons:

Allowed:
S=S§,+8S, JPC = 0+ 171+ 0% 1%+ 2+ -
= +
J=L f+ ) Not allowed: exotic combinations:
P=(1) JPC = 0-- 0+ 1-+ 2*- -
C = (_1)L +S




4.1 The Spin-Independent Potential

Previously gave qualitative arguments why the
spin-independent potential is linear + Coulomb

Vel = %a?}@ - br b~ 0.18 GeV*

We also saw how this potential is consistent with results
from Lattice QCD

However, Historically this form was arrived at through trial
and error (Although Appelquist and Politzer got it right in an
early paper ~ 1975)

Emperically, the Schrodinger eqn was solved for a given
potential which was modified until agreement was achieved
between theory and experiment.

A o
.7 S.Godfrey, Carleton University 10




M = m + ma + By
EAV)|v=Euy  (u=2im)
5= V> + V(T)} Y = Ena v

: 9 o ! o - 0 , o2
Vi= 52 (rPE)+ 5 (sinfd3) 4 ?"281111298@52
Y(r,0,¢) = R(r)Yem (0, 9) U(r) =rR(r)
LY+ V) + B U = BuU

(U(0) =0, U'(0) = R(0))

I e o S

LS \0

—_—

\S 0 1 )
W.o0. e.C (ou\mk'o

AR (- o\/r)

M,
iz’ S. Godfrey, Carleton University 11




& bl

¥ Cyoyo) Y Closgs) 1

1 (3¢ ¥5) v J'—G:L"'i—l’ﬂ, ¥ (loory) —/—— :

$3¢ = E0 T ey
T G5 Ty (e

Y 60m) _ps LOWIM - hYaie) L

ACYOHS)-TGo) & AOLee) =Y A4w)
¥ir) = &r* r~0.1
Vir) = elnfr/rg) e220.73

Also V(r) = —3 % + br for suitable as, b

Eﬁa S. Godfrey, Carleton University
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Lattice QCD gives qq potential:

2.0 T T T T
10 |
linear potential
00 oo e -
] ] ] ]

%_ i S. Godfrey, Carleton University

1.2
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Quark-antiquark Potential

For given spin and orbital angular momentum configurations
& radial excitations generate our known spectrum of light quark mesons

r(fm)

) 4 I
Hfjmf _ _gﬂ::ET) H(gl()'; /
M=m +m, +E froere
o T | ‘ﬁlﬂm N—
V() |y = B / LTI
I 1 | -1t DO* K K* w25p Azpeg h
Solve Schrodinger eqn [
for meson masses

A o
'’ S. Godfrey, Carleton University
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4 Figure 21: Various QQ poten-
tials. The potentials have been
1 shifted to agree at r=0.5 fm. The
numbers refer to the following
4 references: 1: Martin [101], 2:
Buchmiiller, Grunberg and Tye
1 [99], 3: Bhanot and Rudaz [102],
4: Cornell group [97].

V(r) [GeV]

S From Buchmuller & Tye
00! 005 O) 05 10 PR D24, 132 (1981)
r[fm]

Quark potential models are strongly supported by emperical
agreement with quarkonium spectroscopy and with lattice QCD

N2

¥ S. Godfrey, Carleton University 15
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Could also use position of P-waves

Spin averaged 3P; gives

For cc M = 3522 MeV

M(2S) — M(1P)

M(2S) — M(15)

cc=vr~0.15

2l N
i S. Godfrey, Carleton University

L

(

1/2 H.O.(v=2)
~1/4 forv=0

0 Coulomb(v = —1)

\
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Spin-dependent potentials:

Generally expect spin-dependent Interactions:

§1 . §2 I_; : g 812
Start by looking at spin-dependent interactions of QED
in hydrogen atom

Spin-Orbit: electron sees the proton circling around
*The orbital motion creates a magnetic field at the centre:
B — ev

A2
‘In terms of L=mvr - L
B = m(e:'r3
* The spinning electron constitutes a magnetic dipole
==
*The interaction energy is
W=—[i-B

7 o
.7 S.Godfrey, Carleton University 17




More rigorously (derived as a succession of infinitesimal
Lorentz transformations) leads to the Thomas precession
with a factor of 1/2

2

AHso = 55%55L- S

2m?2c2r3

J2=I12+S?+9L.§

L 1 e
=L-§ = 5[J“2—L2—SQ]
1
= §[J(J+1)—L(L+1)—S(S+1)]

(3p, [-§=1 p B 1
For <3P1 [_: §:—1 ( ,3?\

PPy L-S=-2 \
3?0

i S, Godfrey, Carleton University .




Hyperfine: Again in hydrogen, the proton has dipole moment:

fir =vp=2-Sp (vp = 2.73)

mpcC

The magnetic dipole has a field: -

13- U 8y |
el (@)
L ~ -
T > a r<a

The energy of the electon in the presence of y;
2
AHgs = e { : 3(Sp - 7)(Se-7) = Sp - Se)| + 8%5}3 : 5653(7?)}

mmpc? | r3

F—
St
>

Gives rise to the hyperfine structure of hydrogen
) > & 5 @ &
5 Y s Sp- Sy =587 - 57— 53] = 3[s(s +1) — 3]

Y <y ts, 21 cm line in hydrogen

.
i) S. Godfrey, Carleton University 19




One can take this over to 1-gluon interaction of QCD:

ha Ofs(T) 87 = NP 1 - = o5 .
AHiij B _m{,;mj { 3 R Od(ﬁj) " ;?;;[3(5?: 7i5) (S5 Tij) — Si - Sj)]} Fy-
AHS.O.(C.-‘HL.) _ _quf(’f') 1 4 1 Si n S}. E - ﬁ
i f} m;  m,; m; M, v
y 1 av 5;' g —— —

AH;S,.‘O'(TP) _ (r) S ALF,
J 2?“:,; j 8?":,; j m; mj
For mesons (F - ﬁj) =—3

o
i) S. Godfrey, Carleton University 20




Systematic treatment starts with Wilson loop
Eichten and Feinberg, PR D23, 2724 (1981)

Gromes, Yukon Advanced Study Inst.

‘Expanding in 1/mq write spin-dependent Hamiltonian in terms
of static potential and correlation functions of colour
electric and magnetic fields

*With some assumptions one obtains:

V. (r) 1(_k+2“3ji 5
. — [ )
spin m2\2r 3r’

Which corresponds to short range vector and long range
scalar exchange

Observation of P, states is important test

,;‘ S. Godfrey, Carleton University 21




Spin-dependent potentials:

‘Need some sort of reduction to find spin dependent terms
Depends on Lorentz nature of potential
we find phenomenologically
short range Lorentz Vector 1-gluon exchange
+ long range Lorentz scalar confining potential
Use Breit-Fermi Hamiltonian
-Spin-dependent interactions are (v/c)? corrections

Spin-spin interactions: }
St wip)

devs(r)
15
1
; 2 1. (m)

STTI-T;T?IJ
Nz .
.7 S.Godfrey, Carleton University 22

Hhw _
R [ e
y) Tl

8T = =~ n,_ 1138 7,87 < =
{SSi'SJﬁSE(Tij)JF 3 [ T —5;5;




Spin-orbit interactions:

a0 (1, 1) (5,5

3 _ |
37y ;o Ty

Hs.a.[tp} . —1 av(?ﬂ) (Sig 4 SJ) E

i1 —
J 2?":5;,‘ 8?‘1}'

3 Pz: E _ § -1 1P 2(13P,)

3 31 : . § \ }(1(13P1)
3. Zo(1°Py)

1
|

U
|
p]l

I
I
N

N2

1 S.Godfrey, Carleton University 23
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Let us examine the spin-dependent splittings in charmonium

*Using H.O. wavefunctions simplifies the calculations
‘Fitting the oscillator parameter to the r.m.s. radii of exact
solutions is a good approximation:

2 .2 3 1
g = l/453/2 e BT /QYOO (7“2)13: 55_ =25=(3=0.77
/63/2 —B3%r2/2 2 71
has = BW(__’@ r2)e P2 (r )25_56——11:>6—0564
8 B°%r g2 2 o 1
vip =35 Ym0 =55 =T 8=0598
4 p
<1/T>1P:§m:045
4 3°
<1/T’3>1p:§m:016

7 o
.7 S.Godfrey, Carleton University 24



Hyperfine Effects:

hyp 92T Qi
H =
J 9 m?2

gl : gg — %[S(S—I— 1) — 3/2]

(381|S1 - S5[351) =+1/4
(15|51 - S2|1So) = —3/4

S : §2 53(7’1‘3')

—.

M) = M('Sp) = = 25 (5%(ryy)

~ 32T ay
272 (o)
321 a 2"
9 m2g3/2
= 115 MeV (where 8 = 0.77 GeV, a; = 0.32, m. = 1.6 GeV)

vs 115 MeV from experiment (1)

M(238:1) — M(21S,) = 67 MeV

o
i) S. Godfrey, Carleton University 25



Fine Structure: L

L-8)+b(S
We can write the 3P; Masses as: ol Lrsist) o sy

2
M(P) =M(1P) +a — gb = 3556

M(P) =M
MEPy) =M(1P) — 2 — 4b = 3415
M(1P) = 3525
Lorentz Vector 1-gluon exchange gives: 5 A
G = - = 40 MeV
2m? 3 r3
1l 4o
= s == T MGV

¥ S. Godfrey, Carleton University 26




'P; vs 3P, mass - distinguish models

*Important to distinguish models
‘In QM ftriplet-singlet splittings test

‘the Lorentz nature
of the confining potential
-Relativistic effects

-important validation of
‘lattice QCD calculations
*‘NRQCD calculations

l\/{si

nglet (MCV)

1V

-10 }
-15 |
20 }
25

h o W

°
| ) @
o 5 .
g v
cc (n=1) bb (n=1) bb (n=2)

Observation of 1P, states is an important test of theory

N . ]
i S. Godfrey, Carleton University
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Wide variation of theoretical predictions:

QM

QM

QM

PQCD
lattice

TABLE 1. Predictions for hyperfine sphttings| M{n AI}CDg}_"H{” 'Py) ffor ec and bh levels.

Reference Approach n=1 cc n=1 hb n=2 hh
(MeV) (MeV ) (MeV)
GISS [14] a 8 2 2
MRS&3 [15] b 0 0 1
LPRO2 [16] C 4 2 |
OS82 [17] d 10 3 3
MBS&3 [18] e -3 —2 -2
GRRR6 [19] f —2 —1 — 1
[O87 [20] o 24.1x2.5 3.73x0.1 3.5120.02
GOS84 =1 [21] h § 3 2
GOS84 »,=0 [21] h 17 8 6
PIF92 [22] 1 —20.3x3.7 —25+1.6 —3.7x0.8
HOOS92 [23] ] —0.7+0.2 —0.18+0.03 —0.15£0.03
PTNR6 [25] ] —3.6 —0.4 —0.3
PTS& [26] ] — 1.4 —0.5 —-0.4
SESAMYR [31] k - ~ =1 -
CP-PACS00 [33] | 1.7-4.0 |.6-5.0 -
EFG 0 -1 -1
28
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Quark Potential Models with 1-gluon exchange:
3327«
9 mm,
5 function is short range but smeared by relativistic effects
modeled by a Gaussian.
‘giVZS M(3Pcog) > N\(IPI) Godfrey & Isgur, PR D32, 189 (1985)

hyp __
qu _

S, -5,5%(F)

wide variation in predictions indicates need for
experimental data

7 o
.7 S.Godfrey, Carleton University 29




Decays and Transitions
1

bsl

lS'

1\} M

)
S,
W
S, T A i}

*To calculate Decays and Transitions we need to calculate
hadronic matrix elements.

Define a "Mock" meson which we equate with the
wavefucntion of the physical meson

‘A[ \Y QEEU /d p(I) ﬁ)X%s @qq @co!om |Q(

7 o
.7 S.Godfrey, Carleton University 30



There are two generic types of matrix elements:

(0|A|M;) like in J/1p — eTe™
(M¢|A|M;) like in xeo — J/1 + 7
A is some sort of transition operator like:

Ik, = qy"q

N2 ) )
'’ S. Godfrey, Carleton University
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Crystal Ball

1000
500
500
0
0
-500 | 1 1 1
500 700

Ey (MeV)

15000

10000

COUNTS/(2.5 % Bin)

5000

50 100 500 1000
Ey (MeV)

Fig. 5. Inclusive photon spectrum at the ' obtained by the Crystal Ball experiment. Note that the logarithmic energy scale yiclds bin sizes
approximately proportional to photon energy resolution. The numbers over the spectrum correspond to the expected radiative transitions shown in the

cnertrim inget
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1
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| wen
1
g
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E : :
: i Xb 2
s i "
if 1
i
I : 0
9.8} :
L
] i
B o
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Fig. 4. — The bb level diagram showing transitions between states. We use the familiar
spectroscopic notation n**1L;, where n is the principal quantum number (with the convention
that » is one plus the number of nodes in the wavefunction), and L, S, and J are the orbital
angular momentum, total spin, and total angular momentum. The parity and C-parity are
given by P =(=)**! and C = (—)**. Note that not all states and transitions shown have been
observed and not all possible transitions are shown. -+ y-transitions, ——— hadronic transitions.
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Figure 11: ARGUS [74] Y(2S)—v+hadrons with y—e¥e™.
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Figure 12: CLEO [75] Y(2S)—9+hadrons with 4—e*e~. The data do not re

line, and it is not included in the fit shown.
CidiLy
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FHYSICAL REVIEW LETTERS week ending

PRL 94, 032001 (2005) 28 JANUARY 2003

Photon Transitions in Y(25) and Y(35) Decays

(CLEO Collaboration)

(x10% ,
85 L T T T N I 1‘3:"1;:'4[091 (=1 [:]‘4}.
| _ 62 1621004-026
eF . E [ | T T T ] T T T T ]
o “ . 54 -
s E 46} ]
45—+ o E

30 | T T — : : —
7.5

5.0

Number of Photons / 2% Bin

0 i 'HI'—J |“ T | 55
60 80 100 120 160 200 240 .
E.l,lf_l"-.-"le"'.-"}l Y
|:| - e

FIG. 2. Fittothe Y(28) — vy, (1 P){J = 2. 1.0 photon lines 50 80 70 80 100 120 160

in the data. The points mepresent the data (top plot). Statistical ET'-.MEU;'
errors on the data are smaller than the point size. The solid line
represents the fit. The dashed line represents total fitted back- FIG. 3. Fitto the Y(35) — vy, (2P) (J = 2.1, 0) photon lines

ground. The background subtracted data (points with error bars)
are shown at the bottom. The solid line represents the fitted
photon lines together. The dashed lines show individual photon
lines.

in the data. See caption of Fig. 2 for the description. Small solid
line peaks in the bottom plot show the y,,(2P) — ¥Y (1) and
Y(28) — vy, (1P} contributions.

i S. Godfrey, Carleton University 35



Radiative (e.m.) Transitions

Same physics as in atomic and nuclear systems
An e.m. transition is described by:

/{
B,
i e oy o % = s
1 ;) i i
i
For 2 body decay s, — iy
T :(27r)4 6*(Ps + py — pi) M2 d*p; &p.,
2M, " (2r)3(2Ey) (27)3(2E,)
1
U =gz M
h —
where p oM
|Jwif|2 2 /72
(- M)
dl’ M/[ij"|2 2 /72 ‘Mif|2
= 1— M2/M?) =
d cos 0 167?2M,,;( FIME) 812 M? oy

N . ]
i S. Godfrey, Carleton University
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Start with E1 Transitions:

V) ¥ ST O S
2m 2m 2m 2m 2m 2m

p*/2m is the original kinetic energy term

drop higher order e Aterms

Interested in:

= A(z) ~ é(k)
2w
2
H i i —r. — —
I 2m(€ p+p-€)

Wi N
i S. Godfrey, Carleton University
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To evaluate (A|p|B) - €
Start with [p;, ;] = —id;;
=[0°,75] = pilpi, 5] + [pi, 5P = —2ip;
(Alps| B) =i(Al[p"/2,7;]|B)
—ip(A|[H,r;]| B)
(H = p?/2u+ V(r) but [V(r),r] = 0)
=il A\ Hr; —r;H|B)
=iu(Ea — Ep){A|r;|B)
=i—-w(Alr;|B)

emw

(A|H1|B) = —

(Alrs| B)e;

2m
1ew

=ty (Alr;| B)e;
= — -(AIFB) - €

Eﬁa S. Godfrey, Carleton University
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There are two methods for evaluating the matrix element
Method 1.

The sum over final polarizations is:

Y & (k)e (k) = 655 — kik; /K

pol

D0
>~ [(BIH|A)[? = w?e*Q* { [(BIF1A) [ - |(BIF- k| 4)[*]
pol

Averaging over directions:
2
= WP2Q2Z|(BITA)

Start with 3P; — 35,
*The orbital angular momentum is zero in the final state
‘We may choose any J, since we averaged over the
photon directions
Convenient to choose J,=J

7 o
.7 S.Godfrey, Carleton University 39




Start by writing down the meson wavefunction: |M) = vV2M1(r)

where V2M is introduced to normalize the wavefunction when

integrating over relativistic phase space.
Bo(Jy=2): |[J=Jz=2)=|L=Lz=1)®|§ =8z =1) = V11 11}
Only J, = S’ = 1 contributes since H; does not flip spin.

. . 4 2 93
(FIre) = {flrle) [ (Yoo 17 | 3 - Y1-1[Y11 T1)dQ = (flr[i)4/ 5

3
R / r2dr Ry (r)rRi(r)/2M /20

1
T3P, -3 8;) = — | M; ¢ |*w
L w 202 2 1
= e QA fIrle )(2Mf) X2 x =
B 47rocw362 8
4
o ( )

éﬁg S. Godfrey, Carleton University 40



For °P; —3 S,

e el %ml%m £ 11) = Yio 1)
so that
(YoolFlJ = Jz = 1) = %%mm - %momm
T1 —& 44 TP
. [ s Yool = (“E D) ¥ia) = s (Yool 2l¥io) | (ASIr[1P)
11 11
= [CSFPP =[5 5 + 5 5](1SIrLP)P
3P0 — 51

[(F=do =0 \[lYu bl Ym\[(THLT + ¥ T1)

resulting in |(?S1|F]° Po)|* = [33 3 3 33]|<1S|7‘|1P>|

EF?Z S. Godfrey, Carleton University 41



Summarizing all these results we obtain:

'GP, -3 819) =
rép -3 819) =

L'(°Py —° S17v) =

W3€2Q21
% v
g e (11 . 1111

== e T (1G] P
{35+ 35} 5laSkILP)
w?e2Q? (11 11 11
37

[(LS|r[1P)[?

33733733

Comparing these expressions we see that in all cases

I'(°P; —° S17) =

4 3N
) 1 S|r[LP) 2

Similarly we obtain:

['(°S; —° Pyy) =

Eﬁa S. Godfrey, Carleton University

4w Q?(2J + 1)

2
({18 r[1P)

——+~~}|(IS|T|IP>|2
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Let us return to our effective wavefunctions:
15 = 1/4 2 @322y B=0.77 GeV

65/2?“ 2,.2 /9
Vip=\|3 7 e 2y, B =0.598 GeV
T

This gives:

2 8 (32 2,2
(Y1s|rvnp) = 1/4\[ 1/453/2 5/2/7,46 (BE+8%)7% /2 gy

\/§15 53/2 5/2
(8% + /GP)O/Q
— 5.2 GeV !

=T(*P, —° S19) =0.59 MeV  vs I'?' =(0.3517%, MeV
L(°P, —° S17) = MeV ws I'“*P' <0.355 MeV

N2
iz’ S. Godfrey, Carleton University 43



3 . E 1 T r'Cl nS iT i O nS McClary and Byers, PR D28, 1692 (1983)

E1 decays sensitive to 10400
hodes in wavefunction

19200
radiative transitions C

tests internal structure Emuun

4 2 3
I=—e5aC(3LJ, LS »° ss00

2

L, J, § 10

J; L, 1

93400

i S, Godfrey, Carleton University “




Including relativistic corrections corresponds to using
eigenfunctions and eigenvalues of the Breit-Fermi Hamiltonian
(Siegert's theorem)

| <2P|r|38 > ||| < 1P|r[28 > [} < 1P|r[38 > ||| < 18r|2P > |
| < 28|r|2P |
GeV ! GeV ! GeV !
DATA 2.7+0.2 1.9+0.2 0.060+0.006 | 0.09640.005
World Average Thig m n

Model NR rel |[NR  rel NR rel |NR  rel
Kwong,Rosner [13] |2.7 1.6 0.023 0.13
Fulcher [14] 2.6 1.6 0.023 0.13
Biichmuller et al.[15] [2.7 1.6 0.010 0.12
Moxhay,Rosner [16] [2.7 2.7 1.6 1.6 0024 0044 (013 0.5
Gupta et al.[17] 2.6 1.6 0.040 0.11
Gupta et al[18] 2.6 1.6 0.010 0.12
Fulcher [19] 2.6 1.6 0.018 0.11
Danghighian et al.[20]]2.8 2.5 1.7 1.3 0.024 0.037 (0.13 010
McClary,Byers [21] |26 25 |17 16 015 013
Eichten et al[22] 2.6 LT 0.110 0.15
Grotch et al[23] 2.7 25 |17 15 0.061

Tormasz Skwarnicki, Syracuse ). ICHEP, Amsterdam July,2002

—_1 S. Godfrey, Carleton University 45



Relativistic effects gives differences between E1

matrix elements:
(2P|r|3S) =2.7+0.2 GeV™

<23P2M3381> ~-24 Gevy?!t ."
<23P1‘r‘3381> ~-23 GeV?
<23P0‘r‘3381> ~—-22 GeV™*

W(r)

r (GeV™)

(1P|rl25)+19+0.2 GeV™

(°P,Irl2°s,) ~ ~15 GeV™
(1°R]r2°s,) ~ —14 GeV*

<13 Po‘r‘2351> ~-13 GeV™ L

see also McClary and Byers, PR D28, 1692 (1983)

l is. Godfrey, Carleton University 46




| <1Pr |35 > |

GelV !
0.050==0.006

Thig meas

NR. rel

0.024 0.044

0.024 0.037

0.061

%_ i S. Godfrey, Carleton University

20

L5 F w— 1P,

1.0 |

¥(r)

05

0.0 F

0 2 4
r (GeV'")

Node in 35S wavefunction near maximum in
1P wavefunction so large cancellation very
sensitive to details of the wavefunctions

(PP, Ir|3°S,) ~ +0.096 GeV™
(1°P]r/3%S,) ~ +0.040 GeV™*
(°PIr|3°s,) ~ -0.026 GeV™

47



ol iyl
|-c:;(uu|:h|r:-| (GeV')

[

e T N O R CN Y B )

=
T

= -
T T

i
T

COQRIQR2 BT GREE MBE ME GOs Gl L EFG

Table I: Properties of o/(25) — ~yx.s decays, using results from Refs. [54] and [66] as

well as Eq. (6).

J k, B [66] T[e(25) — vxes]  [{1P[r[25)]
(MeV) (%) (keV) (GeV-1)
2 127.60£0.09 0.33+0.1410.61 31.4+2.4 2.5140.10
1 171.2640.07 0.07-+£0.11-+0.54 30.6-£2.2 2.05-0.08
0 261.3540.33 0.2240.114+0.46 31.142.0 1.0040.06

3 S. Godfrey, Carleton University
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_:"} 2.6 & a
L
024t
E .
= 2.0 >
= — -
5 I8F woTTTTTTTTTTTTTTT
- 2 "
~ t t
'L'?- 2.6 ]
2 24F
= i
r".i 3.3 . . -
3." 7 1) i R —
= ' a
2 - R S ——
—_ 1.8 F &
- | s
- - '
L} 2.6
- F]
24t
w, 22
5 » | »
= & |
= b . e —————— ]
= . a
=] L
X ™ L
p——
C QRIQR2 BT GEE ME MR GOS GI L. EFG

Table III: Properties of the transitions y.5 — vJ/4. (Ref. [54]; Eq. (6]).

T & Thw o770 [ISKIP)
(MeV) (keV) (GeV)!
2 429.63+0.08 416+32 1.914+0.07
1 389.36+0.07 317425 1.9340.08
0 303.05+0.32 135415 1.84-+0.10

N7

1 S.Godfrey, Carleton University
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Production of the D-wave states

‘By direct scans in e*e- to produce 3D, (Jf¢ = 1--)
‘Use for 4y E1 cascade to search for Y(1°D))

10400(— 31g,_ 3°s, v
10200 1—
=3 i
= 1
4 10000 —2—&
=
9800} — ’IE”TE”
- ‘Estimate the radiative widths and
2600 BR using quark model
YV
B 1 1 S1
1 Su
9400
e'e,

o
.7 S.Godfrey, Carleton University 51




In e.m. cascades: Y(3S) —y ¢’, =7y °D;

A
= geéaC(Ji LJ L, S)K Plr| S>‘a)3 CUJ,LJ,L,S)=max(L;,L )2, +1)

*Some 4y cascades with observable # of events/10° Y(3S)’s:

2
Ly J, S

J; L, 1

Cascade Events
335, > 2°P, > 13Dy — 13P, > 135, 7.8
335, > 2P, > 13D, - 13P; > 135, 2.7
335, > 2P, > 1°D, — 13P; > 135, 20
335, > 2P, — 13D, —» 1°P, — 13§, 3.3

S.G + J. Rosner, Phys Rev D64, 097501 (2001)
Expect ~38 events /100 Y(3S) via 3D;

*The e*e- final states leads to less background
 uu~ final states also contribute if u’s are identified

7 o
.7 S.Godfrey, Carleton University 52




CLEO finds:
B(Y'(3S)—yyY'(1D) —yyyy Y'(1S) —>yyyy/+-) =(3.3+0.6+0.5) 105
(vs GR prediction of 3.8 x 10-9)

CLEO-III

5

CL=50%

41 7 Events

Number of events/2.5 MeV

25

i

180 170

« Mass averaged over different fits: 10162.2 £1.6 MeV
* Inconsistent with the Y(1D,)

« Could be the Y(1D,) or Y'(1D,)
« The theory predicts the rate ratio: Y(1D,)/ Y(1D,)=6
* Thus, the Y(1D,) is the most likely interpretation

7 o
.7 S.Godfrey, Carleton University 53




M1 Transitions

Because quarks have spin they may emit a photon via a spin flip
- The magnetic dipole transition

To obtain the interaction Hamiltonian we perform a
non-relativistic reduction of

e / dzjt, (2)A, ()

where jt, () = q(z)Qv"q(x)

We expand the Dirac spinors to lowest order in p/m
Denoting the large and small components by g, and g,
i -V

q2(z) = o q1()

7 o
.7 S.Godfrey, Carleton University 54




- —1

Jem(T) = %[QIQ(V%) — (VgD Qaqr +iV x ¢} Q1]

So the interaction Hamiltonian is given by:

—eQ

Hy = —2[A(7) - §+ - A(F) + & - [V x A(F))

So:

(OH1ly(k, €)) = -

2m

1 1 0 1
6 ——
(27)372 (20)1/2° % 2m

—

g et 45 - (K x e ]

(For antiquarks change the sign of the charge)

[eiE"FE’- 2 s

N . ]
i S. Godfrey, Carleton University
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€

=75, Isthe magnetic dipole moment of the quark

For magnetic dipole transitions:
My = ip(f16i) - k x &

1
= —(1,44,0
71,0,

Or Oy O,

ke ky k. |=10,(ky+iky)—ik,op + k.o

1 2 O
Choosing z as the y direction
1€q

M;; = —

ka (flog — ioyl|t) where o, —ioy, = 0_

if instead take k = ky
€

Mis = —5ky(flo:li)

= ko \/2M;\/2M; /d«”wf i (r) X (f1 ) pio=ili)

N2
i) S. Godfrey, Carleton University 56




e.g. J/¢Y — ny(°S1 —' Sov)

A(PS1 =t Soy) = — ik /2M;/2M ¢ (f]i)

X (\/;(Tl —LT] 2:,(} (92 = ioy)q + s (9 —

= — iky\/2M;\/2M; (£ i) [ ﬂ

2mq qu

. .\ €€
= — 1k \/2M;+\/2M¢(f|?) m?

dI’ Aoy e2

S = k _kQ X1 ¢

= T = b B
averaging over angles gives the total width

3 2
= (P
Take (f|i) =1 w= 115
so ' =0.19 MeV vs 0.88 keV (expt)
What about? 235; — 115,

(fli) =0 since 25 L 1S

Eﬁa S. Godfrey, Carleton University
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The decay ©(25) — ~1.(15) is a forbidden magnetic dipole (M1) transition

The photon energy is 638 MeV| leading to a non-zero matrix element (1S5]jo(kr/2)|25).
L[(28) — m.(1S) = (1.00 £ 0.16)

[(1S]jo(kr/2)|2S)| = 0.045 4 0.004.

4
The h.(11P;) I'[h, (11Pl) -1 (1180) +7]= §aeé‘<180\r\lﬂ>‘2a)3 =37 keV

1140406002

3.8
2M,
3.6 —
6 | T I 1T T | T Isglsula?s]D?U
sl eneric MC ] = N
9 F D ] 3.4
o ] >
O 4 D Data = 3
o F e
(D' [~ 7] E 32_ !
0 2F 1 H = Jhp(1S)
-y — a
o [ 1 ‘A
@ THT 11 UL E 3.0 N(1S)
0Ll s I Ll ] PC_ =+ == q1+- q++ ++ ot
340342344346348 35035235435{5 J7P=0"T 1 1 0 1 2
h candidate mass (GeWc ) L=0 0 1 1 1 1
2.8

i S. Godfrey, Carleton University 58



M1 transitions: production of 7,(nS) states

S.G + J. Rosner, Phys Rev D64, 074011 (2001)

10400

Proceeds via magnetic dipole (M1)
transitions: 10200

Y(nS)—n(n’'S) +vy

Mass [MaV)

10000

9800

(fiokrr2)i e [/

89600 —

‘Hindered transitions have large phase space

‘Relativistic corrections resulting in differences in

35, and 1S5, wavefunctions due to hyperfine interaction
féaﬁ S. Godfrey, Carleton University 59
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Transition | BR (104)
Y(3S)
(T, =52.5 keV) _)3130 0.10

'S, |47

—1'S, |25
Y(2S) —2'S, 021
(Tg=44 keV) —1'S, |13
Y(1S) —1'S, 2.2
(T,=26.3 keV)

‘Expect substantial rate to produce n,'s
*Also Y(3S) > h,(P) nn —>n, +y+nm
BR=0.1-1% BR = 50%

[Kuang & Yan PRD24, 2874 (1981); Voloshin Yad Fiz 43, 1571 (1986)]

¥ S. Godfrey, Carleton University 60




D€COY3~ J/—eTe” E >v{\,< i 1._,
(35, —ete™) © ¢
A(V; — ete) = (eTe™ |M|V;)
4 em :
= D (ot |5{™10) 0Ll 2
_ drae,

M?2
O0l5|Vi) = V3 X 2M / d3pds (2) Yoo (0152, |c2)

Ue(—p+) U (p-) (0] | Vi)

1 - 3
where Z \/;(Tr+bb+gg) = 7 = i)

colour

Typically express the matrix element in the form:
. m(k, A
(Ol Ok ) = T 57 o

o
i) S. Godfrey, Carleton University 61




In non-relativistic limit
=(0[55,,(0)|V(T)) = V12M (1) ¥5(0)

= 6“’(}{:, )\) fV
fv = V12M 1g(0)

i S. Godfrey, Carleton University
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/|M]2 Me me d°py d>p_
=it | MU B B Gy oy

= 12§M3<12M(2w> $(0)1%)

167raeéM 012
= ——— 2 MJ(0)
167rafzegQ

- [5(0)]

Vs(0) = \/T—WR(U)

Eﬁa S. Godfrey, Carleton University

(27

)* 64(P —py —p_)
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What about y"(3770)? e"e — " (3770)

3D, state so expect I'=0 since y(0)=0 but not so

V(D) = VBM [ & 6(p)(/3/5V2r2(6.6)la(1) (1)
—/3/10Y241(0,0)|q(T) @(1)) + /1/10Y20(0, ¢)|q(T) G(1))}
After much work get:

M, [ 0@ p?
O OIV(1) = g (1) [ dtp SRS s
. ) pQ ‘ﬁf’ 1 82 . ezpr
lim [ d"p ¢p(p) 5 m?2 (2m)3/2 :m}fﬁ%am/dp (27)3/2 ¢p(p)
1 0°R Y
= g = a0

In general, for state of angular momentum L get RL)(0)

M,
e’ S. Godfrey, Carleton University 64




More carefully get:

(017¢,,, (0)[V(1))

~ V12M 5 R'(0)
T 2024 mien

and . 0P(eq/e)’ 25 [R(O)P

My

N . ]
i S. Godfrey, Carleton University
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Also have decays to hadronic final states:

e e
h(_%\“- E: ._,\N\(
il G

,{‘

/ \

i " i R
£ il 13&» T[4 5 ¥ (gl

Start with annhilation r'a’res for posu’rr'onium:

4 f 4
[(L8y — 27) = 72 —[1hs(0)]? = ium 0))?
‘ 256
MR —2) = 20 & 1R o)
. 4 M
F(dP2 — 2*}/) — EF( Py — ) (MZ)

DS - 39) = oo (n? - 9) % [R5(0)

To relate to hadron decays include quark charges

«m For decays to gluons must include ag and A's for each 6gluon
7 S.Godfrey, Carleton Unlver3|ty




| Lm‘] ¥ / |
ey |, ey At - T

M Q_ﬂ K‘[ )’ 'L{

o e

as Ma/2)5 M/2)]  ay Tr(Ma/2 X/2) a5 20ab

2 i <J G = 2
e 53. J; aey 3 Q eq3

1
where Tr(A\,/2 \p/2) = §5ab

['(29) 2 of
& L(2y) 9 ae]
For 3 gluons/photons:

M(3g) _ 03 (Xa/2)5 (w/2)} Ae/2)F  ad? 1Te({Aa/2, Ao/2)}Ac/2)

M@) "o aolor G2 5 ald]

I'(29) 5 af

['(2y) 54adel

where Z(dabc)z =40/3

a,b,c

o
i) S. Godfrey, Carleton University 67



2
I'(n. — 2v) = 12a%€? £ (0)]

Ve
8 |Rs(0)F
['(ne — 2g) = gQST
16(7* — 9)o” 4|Rs(0)[”
L(J/ — 3y) = 3 e, e
40 Rs(0)/?
I'(J/¢Y — 3g) = E(Wz _ 9)@2" ?\/52”
32 Rs(0)]?
L(J/ — 2g7) = g( 2 — 9)&?(}:6%'}22”
For Completeness:
(X0 — 2g) = 960 e
X0
7l ns 128 4|R, (0) 4m?
I' — ' ]
(x1 — qq9) 3 31 o M n Tz = 1
128 ,|R. (0)|?
['(x2 — 29) = o —X2
5T My
320 4 |R;, (0)° 4m?
(A, 7q) = 317 he 1 p
(he — q49) = 5o T e v

K i v

Eﬁa S. Godfrey, Carleton University 68




4. What about mesons with light guarks?

Historically, it was the successes of the
quark model that led many physicists to
believe that the quark model has something
to do with reality

7 o
.7 S.Godfrey, Carleton University 69



-7

Essential features are the same, except:
‘Relative importance of relativistic effects
‘Hyperfine splittings are comparable in size to

orbital splittings
Conclude

-potential models approximately valid

N2 N
‘g’ S. Godfrey, Carleton University




PHYSICAL REVIEW D VOLUME 12, NUMEBER 1 1 JULY

Hadron masses in a gauge theory*

A, De Rijula, Howard 'l'ffr::-n:-rgi_.,T and 8. L. Glashow
Lyman Laboratory, Department of Physics, Harvard University, Cambridge, Massachusetts 02138
(Received 24 February 1975)

We explore the implications for hadron spectroscopy of the “standard™ gauge model of weak, clectromagnetic,
and strong interactions. The model involves four types of fractionally charged quarks, each in thres colors,
coupling to massless gauge gluons, The guarks are confined within colorless hadrons by a long-range spin-
independent force realizing infrared slavery. We use the asymptotic freedom of the model to argue that for the
calculation of hadron masses, the short-range quark-quark interaction may be taken to be Coulomb-like. We
rederive many suecessful quark-model mass relations for the low-lying hadrons. Because a specific interaction
and symmetry-breaking mechanism are forced on us by the underlying renormalizable gauge field theory, we
also obtain new mass relations. They are well satisfied. We develop a qualitative understanding of many
features of the hadron mass spectrum, such as the origin and sign of the Z-A mass splitting. Interpreting the
newly discovered narrow boson resonances as states of charmonium, we use the model to predict the masses
of charmed mesons and baryons.

S. Godfrey, Carleton University
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Flavour content: o)

)| = & o)

)=ud)

a)>:%‘uﬁ+d5>
n}=%\uu+dd_—2s§>
n’}z%‘uﬁ+dd_+s§>
¢)=|s3)

K+>: us)

K®) =1ds)

SRE

K‘>:\SU>

N
]
=
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In heavy quarkonium we used:

M=m+m,+E,

B i . 1o {fr)
2 Hn:-:m._f _ _ s b
p__|_V(r) W = Eml// aJ 3 . +
24 ]
This is a non-relativistic formula (v/c)= bb 026
cc 045
ss 0.78
What do we do? uu 0.9

‘Use it anyway and see what happens. Taking this approach
the general features are OK
*Try to relativize it.

Xty N
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Spin dependent interactions:

3
T ‘l//(O)‘Z

AIM(’S) - M('Sy)] =

1772

Approximate °S, and 'S, masses by:

M(S,) = M(S) + =2
4mqmq
3 a

M(S;) = M(8) -3 ——

If a is approximately constant:
M(p)—M(z) —mm  _m 500 17
M(K)-M(K) mm, m, 300

770-140 630

892_495 400 So splittings reasonably

Similarly: well described

M(K") - M(K) mm _m 16 <29

M(D)-M(D) mm, m, 055 Because 3P, -'P; splitting
892-494 400 ., is small supports short

2010-1870 140 range contact interaction

¥ S. Godfrey, Carleton University 4




Electromagnetic transitions:

K>
As before: Ty =22 f )X mou|

For example:
K™ —> K"y

<us L (M- ¢T)\—a sL(T- ¢T)>

= U] )
2m, 2m, 2m, 2m,

_lie e 121 11

2|m, m| 2/3m, 3m,

A .
‘g’ S. Godfrey, Carleton University



Strong (Zweig allowed) Decays:

A number of models to calculate strong decays.

Give good qualitative agreement with experiment
with only 1 free parameter (using QM wavefunctions)

Important input to disentangle hadron spectrum

7 o
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Relativistic effects:

Clearly light quark hadrons are relativistic
Various attempts to "relativize” QM
Generally improves agreement

But much is missing. Major battles about what
is correct approach.

BUT QM seems to get the physics right.

"Better to get the right degrees of freedom”

7 o
.7 S.Godfrey, Carleton University 7




Mass (MeV)

Mass (MeV)

3000

2500

D
-
-
-

1500

1000

500

2500

2000

[
Lh
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]

J—
=
]
=

500

0

1 3 3

Generally, good
agreement for
confirmed states

13 3 3 133 3 13, 3 3 .13 3
S,°S, P, "P’P, D, "D, D,F, "F,'F, 'G,"G, G,

1

1 3 1 3 3 3 1 3 3 3 1 3 3 3 1 3 3 3
S,’s, P, P, ', P, D_'D DD, F, F, F, T, G, G, G, G, 78



2500

Mass (MeV)
o
-]
=

JI—
L
=
-

1000

1.3 1. 3. 3. 3. 1.3 3 3 1. 3.3 3 1_ 3_.3_3
SO Sl Pl Po Pl Pz D2 D1 D2 D3 Fs F2 Fs F4 G4 G3 G4 Gs

*Many unconfirmed states:
f,(1530), h,(1380)

Many puzzles:
n(1440), f,(1420), f,(1500) f,(1710), f,(2200)

52 S. Godfrey, Carleton University
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Scientists find mystery particle

By Dr David Whitehouse
BB News Online science editar

Scientists have found a
sub-atomic particle they
cannot explain using current
theories of energy and
matter.

The discovery was made by
researchers based at the High
Energy Accelerator Research
Crganisation in Tsukuba.

Ferrnilab confirmed the discovery

Classified as ®({3872), the particle was seen fleetingly in an
atom smasher and has been dubbed the "mystery meson",

The Japanese team says understanding its existence may
require a change to the Standard Maodel, the accepted theaory
of the way the Universe is constructed.

An eternity

#3872 was found among the decay products of so-called
beauty mesons - sub-atomic particles that are produced in
large numbers at the Tsukuba "meson factory".

It weighs about the same as a single atom of helium and
exists for only about one billionth of a trillionth of a second
before it decays into other longer-lived, mare familiar
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X(3943), Y(3943), and Z(3931)

Possible new C=(+) cc states
at these masses!

Mass
MeV

4300—

W4160)

4100

3000
DE(S]'SO) l—um
3700}— \|!{1686] 0%045
<8 ) 0of2) Pl(aj..j)
| £l $ x,(’ﬁl{))oqm <l.1
3500 N
\Xo(’*-llq)
| o 25
| " &
Y M1 ™
s10MeV | iy &
3300— o ElL i/
N ,of
;Y /
v
3100 |— : ""”097 /o1
MNe _980 1014
o - 012" = 2 (2,3)7
2900 L— .
lSe BSI[JDI} 3 Py Py lDz } 23

2P or not 2P that is the question

o Godfrey, Carleton University )




X(3940)

Seen by Belle recoiling against J/y in e*e collisions
[hep-ex/0507019]

M=3943 £ 6 + 6 MeV o e
['<H2 MeV é 0 Yoo \ Y + ihif
Stoor Wi |
BR(X >DD")=965 5, +22% | Wk +
. i S ey g B
BR(X —)DD) < 41% (9070 CL) o_l .4.4. +| o l
2 2.5 3 3.5 4 2.5

recoi

Suggests unnatural parity state
BR(X —>® J/\|!) < 26% (900/0 CL)

Decay to DD” but not DD suggests unnatural parity state

M,
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‘Belle speculates that X is 315, given the 33S; W(4040)
*Mass is roughly correct

*. M. and 1. are also produced in double charm production
See also Eichten Lane Quigg PRD73 014014(2006)

‘Predicted width for 31S,with M=3943 ~ 50 MeV
close to I'(X(3943)) upper bound

‘Identification of y(4040) as 335, state implies hyperfine
splitting 88 MeV with X(3943)

‘Larger than the 25 splitting and larger than predicted
in potential models
-Discrepancy could be due to:
‘Difficulty in fitting true pole position of 335, state
‘Nearby thresholds with s-wave + p-wave charm mesons
so possibly stronger threshold effects

zst of 31S 1. assignment is search for this state in yy —)DD*
;E% S. Godfrey, Carleton University




Y(3940)

See in wJ/y subsystem of the decay B—K T J/\u

Belle: Phys. Rev. Lett. 94, 182002 (2005) o[ b) |

M=3943 + 11 + 13 MeV :
[ =87 +22 + 26 MeV 20]
Not seen in Y=>DD or DD” -

10 ]
Mass and width suggest radially
excited P-wave charmonium

] ] gBS{JI | I-iI'DBOI | |4280|
But wl/y decay mode is peculiar: M(wJ/y) (MeV)

BR(B = KY) BR(Y »> 0J/y)=71+13+3.1107°
where one expects BR(B — Ky'.;) < BR(B — Ky ;)= 4 ¢ 104

Implies BR(Y - wly) > 12% which is unusual for state

gpove open charm threshold
Ea S. Godfrey, Carleton University 84




Possibility is 23P, cc state: identifyies Y(3943) as 2P y
DD” is the dominant decay mode
‘Width consistent with Y(3943): I'=135 MeV

*. X118 seen in B decays

1** > wJ/y is unusual

‘but corresponding y'; » &> ©Y(1S) also seen
‘Maybe rescattering: 1** — DD™ — wl/y
*Maybe due to mixing with 1** molecular state X(3872)?
*Important to - look for DD and DD*
- study angular distributions to DD and DD*

M,
e’ S. Godfrey, Carleton University 85




Z(3930) Belle: Phys Rev Lett 96, 082003(2006) [hep-ex/0512035]

Observed by Belle in yy DD
M=3929 + 5 +2 MeV
=29 +10 £2 MeV

- Two photon width:
I, #Bpp=0.18 % 0.05 £ 0.03 keV

DD angular distribution consistent
with J=2

‘Below D™ D™ threshold

A .
‘g’ S. Godfrey, Carleton University

Eveniz/ 0 MaVic?
- ]

B {c) combined

1ﬂ{
3

DS.? I IS.BI I3.9I 4-I I I-1-.1I = 4.2 4.3
M{DD) {GaV/c2)

‘_1B
= _ {c)
%16 n M(DD): 3.81 - 3.95 GaV/c?
g‘ld-_— ——
=N

12 _—Q—d—‘--..““‘ _

background

3 G{J oA 2 03 04 05 08 0.7 0B 0.9 1
|cos 8%




-Obvious candidate for y ., (the %', cannot decay to DD)

-Predicted ', mass is 3972

['(y'., — DD)= 21.5 MeV

[(y' .o » DD*)= 7.1 MeV

' =47 MeV assuming M(y .»)=3931
*In reasonable agreement with experiment

‘Predicted BR(y ., — DD)=70% = L', *Bpp =0.47 keV

(ryy from T.Barnes, IX" Intl. %onf on yy Collisions, La Jolla, 1992)

-Observed two-photon width about 1/2 predicted value for y .,

7 o
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Could further study 23P; states via radiative transitions:

Can find all three 32P\T cc states using

y(4040) and W(4160) — yDD, yDD'

All three E1 rad BFs of the y(4040) are ~0.5* 10™.

These would further test whether the ZX Y (3.9)are 2P cc

4.4 - L G .

- . 3%, > 2°P, 14[keV] -
42F 3S->2P . 3%, » 2°P, 39[keV] .
- 3%s, > 2°P, 54 [keV] -

4 D':- E——— w4040 ;
! “SA DD 3's, o 2P, 105 [keV] :

M [GeV] |

________ WHLIBS2)
3.8__ 1'=======!'1.n'3’.-‘?0} o
i 1 W {3636) ] DD
- 0-—————— 7" (3634) ]
3-6 B - . FmE S —
2.8" -
S P D F

¥ S. Godfrey, Carleton University 88




X(3872)

New state F' observed by Belle: X(3871)
Phys Rev. Lett. 91, 2622001 (2003) [hep-ex/0309032]

Confirmed by: CDF Phys Rev. Lett. 93, 072001 (2004)
DO Phys Rev. Lett. 93, 162002 (2004)

BABAR Phys Rev. D71, 071103 (2005)

M=3872.0 +0.6 + 0.5 MeV '<2.3MeV at90% C.L.
width consistent with detector resolution.

1. DD™ molecule

2. A charmonium hybrid
3. 23P; 13D, state?

4. Glueball?

7 o
.7 S.Godfrey, Carleton University 89




Charmonium Options for the X(3872)

T.Barnes,S.Godfrey, Phys Rev D69, 050400 (2004) [hep-ph/0311162]
Eichten, Lane & Quigg, Phys Rev D69, 094019 (2004) [hep-ph/0401210]
Barnes, Godfrey & Swanson, in preparation

New state 51 observed by Belle: X(3871)  hep-ex/0309032

Observation of a new narrow charmonium state in exclusive
B* — K n n~J /4y decays

‘M=3872.0+0.6 £ 0.5 MeV [<2.3MeV at90% C.L.
width consistent with detector resolution.

1. D°D™ molecule

2. A charmonium hybrid
3. 13D, state?

7 o
.7 S.Godfrey, Carleton University 90




D°D™° molecule

Quantity MeV Ile o I\/Ithreshold
MX 3871.8+0.7+0.4

Mg +Mg- | 3871.5+0.7 +0.3+1.1

I\/ID+ +MD*+ 3879.5+0.7 —7.7+1.1

. The mass of the state is right at the D°D™ threshold!

This suggests a loosely bound D°D™ molecule, right below the
dissociation energy

“Molecular Charmonium” discussed in literature since 1975

l 3§ S. Godfrey, Carleton University




Charmonium Options for the X(3872)

-Consider all 1D and 2P cc possibilities
*Assume M=3872 MeV
-calculate radiative widths and
-strong decay widths

N2 ) )
‘g’ S. Godfrey, Carleton University
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Strong Decays:

1. Zweig-allowed open-charm decays (DD)

expect 13D, and 11D, but 13D; also narrow because of
angular momentum barrier

2. Annihilation type decays

summarized in Ref.[50]. Expressions for decay widths Snral |RR(0

3 Sy W \ima
relevant to the 1D and 2P oF states in particular are: PPy = adg) = G -m"'Q In(mg(r))  (10)
2003 |Ry(0)]

10 2 "0 a2 Fl:l Py = ggg] = |H(HIQ'I:T‘:J] (11]

P(D; - gag) = g7 5 10 P in(amq(r) (7 o m§
e 36, a

o2 [ R (2 L('P1 —ggy) = —e; —T('P1 — geg) (12)

2o ] a
1"-(]]:}13 — gg] = =3 IRD{‘:JI (8] ] ﬂi# .

5 g F(P, — gg) = 62 e (0) (13)

; 8a? |Rp(0)]? ’ omy
[(°P2 2 gg) = —*— 1 (9)
Q

3. Hadronic transitions

l s Godfrey, Carleton University 93




Radiative transitions:

F{HES-I_IL_] — n'ESr_HL:]r _I__,.r] — %EE&ME Gfi{’iﬁrl{nrﬂﬂr+1[a:]rl P IIIES-H[L_]:I IE :
Cyi= L, L)(2) +1 Lrs)”
fl_max{ 3 H J JL1 ’

TABLE II: Radiative transitions in scenario 1: Predictions for the El transitions 1D—1P, 2P—25, 2P—15 and 2P—1D,
assuming in all cases that the initial of state has a mass of 3872 MeV. The matrix elements were obtained nsing the wavefunctions

of the Godfrey-Isgur model, Ref.[17]. Unless otherwise stated, the widths are given in keV and the final cf masses are PDG

values [38].
Initial Final M; i {flr|i) C; Width
state X(3872) state (MeV) (MeV) (GeV™") (keV)
1°Dy xez(1PP2) = 3556.2 303 2.762 2 367
1°D, Xe2(1*P2) 3556.2 303 2.760 L 92
xe1{1*P1) 3510.5 345 2.588 = 356
1°Dy xe2(1°Pa) 3556.2 303 2.769 = 10.2
Xer (1PPy) 3510.5 345 2.598 1 199
x=0(1*Po) v 3415 430 2.390 2 437
1'D, he(1'Py) ~ 3517° 339 2.627 2 464

4 S. Godfrey, Carleton University 94




TABLE IV: Partial widths and branching fractions for strong
and electromagnetic transitions in scenario 1: 'We assnme in
all cases that the initial of state has a2 mass of 3872 MeV.
Details of the caltmlations are given in the text.

Imitial Final fidth B.F. p.a DD 211 !
state state (MeV) (%) i 4.4 17.2
1°D, DD 4.04 84.2 Yoo wide  ¥(@Sia# 0.2
e .18 3.5 5y 004 0.2
J i 0.21 +0.11 4.4 Total € 256) 100
: AT 7.7 2P, 935 1.65 25.9
Total 4.80 100 P (28)y  0.06 3.5
1°Da 9y 0.08 10.8 Ji(13 51)7 0.01 0.6
Jjgmr 0214011 28.4 Total 1.72 100
Ye2(17Pa)y 0.09 12.2 PP, DD 13.7 (see text) ;
¥e1(17P1)y 0.36 48.6 i 42, [
Total 0.74 100 H ¥ (2750007 0.1
1°D, DD 154 too W'de 1°Dh )y 002 4 x107?
e 1.15 0.6 Total C 558 ) 100
too wide  Jfdmn 0.1 2'p, 999 1.20 81.6
by 020 0.1 guy 0.13 8.2
xeo({1*Po)y 0.44 0.2 7.(2'Sq)y  0.00 5.7
Total 156 100 7e(1'Sa)y  0.07 44
1'D, 99 0.19 221 Total 1.58 100
e T 0.21 +0.11 24.4
he(1'Pr )y 0.46 53.5
Total 01.86 100
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13D, and 1'D, and 13D;

0.08

10.8

1°D 999
J 0.21 +£0.11 28.4
Xe2(1Pa)y 0.09 12.2
xe1(1*Pa)y 0.36 48.6
Total (.74 100
1'D, iy 0.19 221
e T .21 £ 0.11 24 .4
he(1'P1 )y (.46 53.5
Total .86 100
1°D, DD 4.04 84.2
ga4 0.18 3.8
J 0.21 4 0.11 4.4
'.t_'ﬂ':]'qu]'“_f 0.37 T.7
< Total 480 > 100

l';z S. Godfrey, Carleton University

23P; and 2'P,

RN — S

2P, gy 1.65 05.9
(25 )y 0.06 3.5
J /(17 81) 0.01 0.6
Total 1.72 104
2'P, ] 1.29 81.6
gery 0.13 8.2
.(2'Sa)y  0.09 5.7
n:(1'Sa)y  0.07 4.4
Total 1.58 100

The problem here is that
the BR to yand nrt is quite
small and not the final
states being looked for

96



Consider the charmonium possibilities:

T.Barnes,S.Godfrey, PR D69, 050400 (2004)
Eichten, Lane, Quigg, PR D69, 094019 (2004)
Barnes, Godfrey, Swanson, PR D 054026 (2005)

1D and 2P multiplets only states nearby in mass
1D, 23P, 23P, 23P, have C=+

But X(3872) —» yJ/y implies C=+ Belle [hep-ex/0505037]
Babar Gowdy Moriond talk

Angular distributions favour J”¢=1** Belle [hep-ex/0505038]
The unique surviving charmonium candidate is 23P,

BUT identification of Z(3931) with 23P,
implies 2P mass ~ 3940 MeV

DD™ molecule or “tetraquark”
is a popular/likely explanation: see Voloshm

N\l
7 S. Godfrey, Carleton University




Y(4260)

Discovered by Babar as enhancement in nn Jiy subsystem

In e*e” > 7 gr YIT PRL 95, 142001(2005\ Then-ex/05060811

; L III _
M=4259 + 8 + 4 MeV Ean:_ :j .
=88 +23+5 MeV £ -; e E

1638 4 42 14746 48 5

[ xBR(Y — ntn-Jhy)=5.5 + 1.0+0.8 eV 2“;
ISR production tells us JP¢=1-
Further evidence in

10L

B—K(nn-J/w) PR D73, 011101(2006) o | Ll
-+ttt :E.n!;:lt:-hTE_J{u;-} :((;Te:f:"{cz)
Confirmed by CLEO 6o} @ .
onrirmed by - | ®a'w Iy ole'e’'snx i)
hep-ex/0602034 B 40F w 2%° Jpy ]
&1 [ ;
201
) ' i -
37 38 39 4 41 42 43

N2
\g;% S. Godfrey, Carleton University | s (GeV)



3.0¢

4.4
4.2
4.0¢

3.8}

—===yans | *The first unaccounted 1 state is the w(3D)

*Quark models estimate M(y(3D))~4500 MeV

3.6¢
3.4}

3.2}

T e | MUCH too heavy for the Y(4260)
Y(4260) represents an overpopulation of

- ] eXpected 1" states

0 m— 1" (3638)

1| Absence of open charm production also
1 against conventional cc state

| Other explanations are:
b J"*’ZZ” .. y(4S) Phys Rev D72, 031503 (2005)
0 N7 * Tetraquark phys Rev D72, 031502 (2005)

*cc hybrid  phys Lett B625, 212 (2005);

S Phys Lett B628, 215 (2005)
Phys Lett B631, 164 (2005)

,1' S. Godfrey, Carleton University 99



Y(4260): Hybrid?
*Flux fube model predicts lowest cc hybrid at 4200 MeV

‘LGT expects lowest cc hybrid at 4200 MeV [phys Lett B401, 308 (1997)]

*Models of hybrids say ¥(0)=0 so would have small e*e- width

‘LGT found bb hybrids have large couplings to closed
flavour modes
-Similar to BaBar observation of Y—>ntrn-Jhy:
BR(Y — ntn-J/y)>8.8%
(Y - ntn-dy)>7.7£ 2.1 MeV

*Much larger than typical charmonium transitions:

['(y(3770) > mtn-Jhy)~80 keV
‘Y is seen while y(4040), w(4160) y(4415) are not

M,
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How to test Y(4260) hybrid assignment:

Decays:
‘LGT study suggest searching for other closed charm modes with

F=J/m, J/n', xgw . ..

*Models predict the dominant hybrid charmonium
open-charm decay modes will be a meson pair with
S-wave (D, DY, D, D,") + P-wave (D;, D,;)
*The dominant decay mode expected to be D+D,(2430)
D,(2420) has width ~300 MeV and decays to D™n
-Suggests search for Y(4260) in DD™n
‘Evidence of large DD,(2430) signal would be strong evidence for hybrid
* But models of hybrids are untested so to be cautious

*If seen in other modes like DD*, D.D," comparable to ntn-J/y
maybe still hybrid but decay model not accurate

7 o
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Search for Partner States: (il in the multiplet)

*Mass ca. 4.0 - 4.5 GeV, with LGT preferring the higher range.

(e.g.: X.Liao and T.Manke, hep-lat/0210030)
-Confirm that no cc states with the same J ~are expected
at this mass.

-Identify J " partners of the hybrid candidate nearby in mass.

*The most convincing evidence:
‘partners, especially J ~ exotics.

‘The f-t model expects:
07,17,27,0,1 1.1

’ 4 ’

M,
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Summary

Many new results, considerable progress!

D.;(2317) |Most likely O*(c3)
D.;(2460) |Most likely 1+(c3)
D.;(2632) |Needs confirmation
X(3872) Molecule? - see Voloshin
X(3943) N (31S,) -look for yy -»DD"
Y(3943) |y (23P,) -look for DD & DD*
Z(3930) Y .o (23P,) -confirm by DD*
Y(4260) Hybrid?

-Much more to learn; ie search for 1°D31°D21'D2 1°F2 1°F4

7 o
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