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e Motivation to four-quark mesons

— An important role of four-quark mesons
in hadronic weak decays of charm mesons,
in particular, in the long standing puzzle,

r(D% — KTK™)
I_(DO — ﬁ"’ﬂ"‘)

= 2.88 & 0.15.

e T he new resonance D_;B(Q.BQ) as a component
of iso-triplet four-quark mesons

— Extra narrow scalar states




§1. Spectrum of charmed mesons
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§2. Existing models of D 0(2.32) [tentative]

Assignments

Comments

e Scalar {c5} (Q)

e y-partner of
Dy (b)

e Only one scalar
e Production rates ?

e Iso-singlet DK
molecule (c)
e Mixed state of

{cs} and {cqqs}

® I']) < 10 MeV
(|so spin violating)
e Coupling with the {cs}
e Extra states 7
e Color degree of

(d) freedom 7
_ e Narrow DJr peak on
e Iso-singlet a broad bump of D
{enns} (e)

¢ Exotic ; Dj-

e A component
of iso-triplet

[en] [57] (f)

r.ﬁ,;r A F(F“FL ~4 Da V)
~ 10 MeV (input)
e Narrow £y, D, D*
N I_Fafh < 10 MeV
(iso-spin viol.)
e Exotic : EY

e Pole of DK (D)
amplitude (9)

e Unitarized amplitude,
e Chiral Lagrangian
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83. Four-quark mesons

e Potentials mediated by vector mesons W|th
SU(3) "color’: S. Hori, P.T.P. 36, 131 (1966

Vag(r) = ) NiAju(r), Vyg(r) = ZAiAiv(r)-

Their expectation values:

qq 3 6
qq 8 1
(Vo) —§0)  30) "
(V qq> 3(”) '""37(”)
e Four-quark meson :
jaffe, P.R.D 15, 267 and 281 (1977)
{q9aq} = [qd)laq] @ (q9q)(qq) ® {[9q](qq) £ (9q)laq]}
JP=0+, 1+ 2+ JP=1+
2
Two ways to obtain color-singlet states
(dominated by) 3® 3 626 [of SU(3)]
¢

{lower} @ {higher}
(without *)  (with *)

Mass difference > 500 MeV 7




Bag potential & spin-spin force:

’nsm;_g )

~ - Z > & - IadaEM (0 =

R a=11>3

() Ideally mixed 9 and 9* of scalar [¢q][gq]

s|r1=1 |1=1|1=0 MSSS(G;,,}/)
1 R, R* 0.90 1.60
0 &, o* 0.65 1.45
0! e, 0" g% g% 1.10 {1.80




O Ideally mixed 36 [and 36*] of scalar (gq)(qq)
1 Mass
(GeV)
N 3 1
S 2 - i - 0 36
[367]
3 Eis 1.55
[Exk] [2.10]
F;;—u K (j'[ 3 1.99
3 [E* ] (] [1.95]
Cs, 1.75
%51 [2.20]
E__ 0. C 1.15
[EZ,] [C7] [C*] [1.80]
o i Cs 1.55
[C2*] [C**] [2.10]
Pi 1.95
jors] 1 §e.38]




O Ideally mixed 3 @6 [and 3* & 67]
of charmed scalar [cg][gg] mesons

kL. g B Mass(1)
g i | =2 I'=96 (GeV)
d g‘, fi 2.32(%)
[FT] [ '] [3.1]
D 2.32
0 [D*] [3.0]
D3 2.42
[ D] [3.2]
I E° 2.32
[E*9] [3.1]
(1) Input data: DH(2.32) = F (Il =0)

(1) Quark counting with

Am-s = Mg — Mnp = N | GeV

[ mz« = 1.6 GeV as the input data,
Ame: = mec—mn > 1.5 GeV




§4. Isospin conserving decays

e Decay rate for A(p) — B(p')w(q) :

(A — Br)

1 dc 2
- 5 > |M(A— Brm)|~.
(QJA T 1) 8rm} spins

e Hard pion technique (with PCAC) in the IMF:

M(A — Br) =~ lim M(A — Bn)
[ e
q—0

~ (A B)(B|Az|A).

i

where A is the axial counterpart of isospin V.

(B’

Ar|B) is given by
(B'(p")|Ax|B(p))
= (2m)363)(p — p')(B'| Ax|B)y/ Np/Np
in the IMF.




e Asymptotic flavor symmetry

Flavor symmetry of asymptotic matrix elements
(matrix elements taken between single hadron
states with infinite momentum)

e Its breaking:
Deviations of values of f,(0) from unity

= SUf(3)-
o °)(0) = 0.961 + 0.008,

= SUf(4) Z
("D)(O) = (.74 + 098,
(W)(O) = 1,00 <003
(h D)(O) ol dad)

= 0.99 £+ 0.08,




— Example:
Input data;
x [(p— 7)) >~ 149 MeV, (PDGO03)

* Dt =1(9624.£ 22) ey,  [(GLEO)
* (17| A—|p°) = 2v/2(DT|A 0| D*T)
= -v/2(DOA__|D*T)

& { F(D*t — DO71)4s = 96 keV
M(D*t - D7)y ~ 42 keV

o.f { F(D*t — D% )ezp = 65 4 18 keV
U (Dt = DY) ey = S0E B leY
from (PDGO03)
Br(D*t = D) eyp = 67.7 £ 0.5 %
Br(D*t — Dt 79)esp =307+ 0.5 %
and I p.4+ by CLEO

I‘(D*+ = D07f+)as

= ra ) 0P
F(D*" = DOW+)emp
Y

(D%, |D" s

~ 1.2
(DP|A, - |DF T




e Parametrization of the asymptotic matrix
elements of A

(DA, —\F++>—f< o|FI>

= (DF|A_+|FP) = —( )
e (D+}4 o| DT = 2(D01AWO]DO)

T ~+D°).

e Input data :
M(FT) ~ M(Ff" — D&% ~ 10 MeV

(as an example)

— Why so narrow 7

x Small probability to find colorless
" DT and " 7% in the Fﬁ'

f

( Crossing matrices for color and spin )




TABLE IV. Crossing matrix for color.

Q@)1 (@) )1 Q)8 (@Q)%)!

|{Q2)s(@2)E>1 (_321)1/2 _(_:;__)1/2
Q%7 @) ()1 R

TABLE V. Crossing matrices for spin.

1RQ)3(QQ)3%)! [CRNCEINS
1Q)3@3)! ($)Y? (3)1/2
(@)'@H1)! (3)/2 ~(PV?
1(@R)*QRQ)*)3 1(R®)}@Q)!)* [(RR)'QQ)*)?
]{Q2)3(@'2)3>3 0 -(_%_) 1/2
[CRECRR (P =4 5
L2033 1.1/2 3 1
I@%)'@3°) (3) 3 5
1(RQ)3QQ)3)°

_(_;_)1/2




Dominant decays of scalar [cg|[gq] mesons
and their estimated widths.

M(F7) ~ F(F" — DFx0%) ~ 10 MeV s used
as the input data.

(Maspsa'i"ne”éev) Final State Width (MeV)
F+(2.32) Dfxt
£ (2.32) D70 ~ 10
F9(2.32) D -

0.+
n_}_ D v ~/ 10
D (229) pd e

£ |
i Dt ~o 10
D0(2.22) o o
1¢(2.42) Dn (< 10)
FiF(2.32) DT 70 (isospin viol.)

E9(2.32) (DsK) (weak int.)




§5. Ordinary charmed scalar mesons

Ordinary charmed scalar mesons:
Compare with the K(1.43) ~ 3Pg {n5} :
Mps = 1412 + 6 MeV,

My = 294+ 23 MeV,
Br(Kf — Kr) =93+ 10 %

= KKT|A_+|KE%)| ~0.29.

Asymptotic SU;(4) symmetry breaking:
Input data;

e N(p— mm) >~ 149 MeV, (PDGO03)
e My =(96+4+22) keV, (CLEO)

| Asymptotic SUf(4) symmetry
{ r(D*+ — D% 1), ~ 96 keV
Mr(D*t - DT70)es ~ 42 keV

e.f. { r(D**+ — DO +)ezp = 65 £ 18 keV
il r(D*+ i D+7ro)e;vp =30+ 8 keV

I_(D*+ = DO7T+)e;1‘.p




o Df ~ {cn}

= Mass: mpg =~ 2:35 GeV

( tentative but in the region )
of the predicted values

— Width:
Asymptotic SU;(4) symmetry:
(D¥] A+ D) = [(K T4, +|Kg0)| (x0.8)

~ 0.29 (x0.8)

= [pz ~ 90 (x0.8%) MeV

@ D"’S‘O ~ {cs}

— Mass: mps =~ 2.45 GeV

Quark counting with As~ 0.1 GeV
( and mps = 2.35 MeV )

— Width (D! — DK):
Asymptotic SU;(4) symmetry:
(DO|Ag-|D20)| = {DF|Ago|Dig )
= (KT|A_+|K3%)|(x0.8) =~ 0.29(x0.8)

= [px 70 (x0.8%) MeV




Mini-summary on the scalar mesons:

e Ordinary {cq}
I(S: 'TT?-[\’O* ~ 1.43 GEV, FK—S ~ 290 MeV (InDut)

D§: mps ~2.35 GeV, [ px ~90(x0.8%) MeV
0 0
Djg: mpx ~2.45 GeV, [ps o 70(x0.8%) MeV

e Salar [cq][qq]:

Fi': mp, ~2.32 GeV, [p ~10 MeV (input)
I mp = 2.22 GeV, I—D ~ 15 MeV

D% mp, ~2.42 GeV, [p, < 15 MeV

F]I mp ~ 2.32 GeV, I'F ~ 10 MeV

= T T

Fo: mp ~2.32 GeV, (iso-spin viol.)

EO: mpo ~2.32 GeV, (weak decay)




e Results by the BELLE Collaboration
BELLE Collaboration, hep-ex/0307021

— From D7 mass distribution (Fig. 3),

mpg = (2308 + 17 + 15 + 28) MeV/c?,
Mo = (276 £ 21 + 18 + 60) MeV,
0

Do=(2461 6+2.1+0.5+3.3) MeV/c?,
Do—(456i44i65i16) MeV,
(See also Table I.)

— From D*r mass distribution (Fig. 8),

mpo = (2421.4+ 1.5+ 0.4+ 0.8) MeV/c?,
3

Mo = (23.7+£2.7+ 0.2+ 4.0) MeV,
1

m i = (2427 + 26 + 20 + 15) MeV/c?,

Mo = (3841191 4 24 +70) MevV,
1




o 140 o 140 : b)
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FIG. 3: a)The minimal Dr mass distribution of B~ — D*x~ " candidates. The points with error bars correspond to the
signal box events, while the hatched histogram shows the background obtained from the sidebands. The open histogram is
the result of a fit while the dashed one shows the fit function in the case when the narrow resonance amplitude is set to zero.
b)The background-subtracted Dr mass distribution. The points with error bars correspond to the signal box events, hatched
histograms show different contributions, the open histogram shows the coherent sum of all contributions.

I 1 I v
Parameters D3, Dy |D;, D§,D;||Ds, D3, D;, B:||D3, D,D:, Bs,
L ph.sp(a3)
_ Brp;(107%) [321+024] 3.26£0.26 || 338 =031 3.47 + 0.37
Brp;(107*) |6.09 + 0.42 | 4.96 + 0.47 6.12 &+ 0.57 8.35 + 0.94
¢o; -2.01 + 0.10(-2.35 + 0.11|| -2.37 &+ 0.11 -2.31 + 0.14
Brp;(107%) - 1.46 + 0.23 221 £ 027 2.23 + 0.32
b2 - 0.03 £0.15 || -0.25 % 0.15 -0.33 + 0.19
Brg;(107%) - - 0.67 + 0.04 0.72 + 0.04
$5; - - -0.27 + 0.28 -0.39 + 0.24
Mp.o(MeV/c?)|2454.6 + 2.1|2458.9 + 2.1(| 2461.6 + 2.1 2462.7 + 2.2
Fpso(MeV) | 43.8 £4.0 | 442 £ 4.1 45.6 + 44 46.1 +£45
MDao(MeV/cz) 2268 + 18 | 2280 + 19 2308 + 17 2326 + 19
Tpeo(MeV) | 324+26 | 281423 276 + 21 333 + 37
as x 10° - - B 0.38 + 0.65
b3 - . - - -0.10 +0.93
Naig 1058 + 47 | 1007 + 44 1056 + 46 1068 + 47
-2InL/L, 115 26 0 -7
xX2/N 253.9/129 | 185.2/127 166.5/125 158.5/123

TABLE I: Fit results for different models. The model used to obtain the results includes amplitudes for D3, Dy, D;, B;

intermediate resonances. Adding the constant term (ph.sp(as)) does not significantly improve the likelihood.




e DK mass distribution :

R s e T

Eunmtamw:“' }

o
2375 2450 2525 2600 2675 2750 -
M (0% k") (Mev/c?)

FIG. 1. M*, “corrected” invariant mass, of (K 7% ([x%)) K+
combinations. Data points are for K~ #*[n° combine-
tions in the D° signal region; the histogram shows M* for
(K~ n*[x°))K* combinations where the K~ 7% [x°] combina-
tions were chosen in D° sidebands.

— Clear peak at ~2.57 GeV (= DY)

— A false peak at ~ 2.4 GeV from
D%(2.54) — D*[r°1K

— A peak around ~ 2.45 GeV from




Production rates of Dsg and Dy :
Review by

— Factorization disfavors the {cq} but
four-quark or molecule models are
consistent with experiments.

— No evidence for a peak in the D;."f;rr$
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e Spectra of the Dgr

Review by

— No evidence for a peak in the DFr+

Number of Entries / 10 MeV

CDF Run Il Preliminary
300 * p,(r) > 350 MeV/c ~80 pb”
250 kA | g H Dir
i _ :.§|i i - + ")
2007 f" +Ifr“+*H‘1'W¢+t+;fh 5 pl H u*,_t‘ 0
N IR AL LN T
1501 [ {1 vty e
100- { Dgr*
50
(i B8e - 2 Qe -88 TRt B8S ) R8s ! BRAE

)
Fy




e Spectra of the D

CDF Run Il Preliminary

+

D{-n°

D, -n°

D, (PDG=2459 + 4 MeV/c®)

~80pb "

Mass: 2463.6 + 2.7(stat) MeVic >

5400 + 400 D, Candidates

CDF Run Il Preliminary

0
D, -x°

D, (PDG=2458.9 +2.0 MeV/c °) ~80 pb™

9100 + 300 D, Candidates
Mass: 2464.2 + 1.0(stat) MeV/c®

RRERE

‘ulllll- SesEsSEENNSRNEREEEEES

2278.1 + 2.2(stat) MeV/c € |

2323.4 + 4.3(stat) MeV/c *

2.2

o =

2.4

~ =
N,
O *

2.6 2.8 3.2




§6. Summary on PART 1
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GeV
27

28

24

23

21

19

18

D242 0" T << 10 MeV
o Dj(2.35) 0" I~ 60MeV

—— D@23 " T~ 15 MeV

‘ l
Excited four-quark states

— Digl2.45) 0'T ~ 40MeV

Fy (2:32) T~ 10MeV inpuy)
e | 2w P~ 1oMev
fp232 @so-spin viol)
E'232) (weak)

S=1




e Charmed meson spectroscopy

JP G A g I g
{A} D D* D Dj D Dj
{cs} Ds D; Dg Dy Dgy Dy
cn] [ud) D .

en] [s7] br, Fy

cs][ud] EO

cn] [ud] D3

— Unexpectedly small mass of D$(2.32):
{mp,otobs < {mp* tpot; 1MpD* tquench

— Very small mass difference:
Ams > {T”‘D‘go(2.32)}obs — {mpy(2.31) }obs
~ 10 MeV,
|
— Scalar mesons of different strucure ?
x D§(2.35) @ D(2.22)
in the broad bump around ~ 2.31 GeV:

* D__’;O(2.45)
in the DK invariant mass distribution
as the strange counterpart of D5(2.35)




e NO evidence for a peak has been observed

_Dj_vri
in the { and } mass distributions
DEg*
[
{es} or four-quark (or molecule) 7

— Production mechanism
Factorization disfavors the {cs}.

— Broad F[ T
(Why broad ? — crossing matrices)

— Experiments with higher statistics and

resolution

More theoretical and experimental studies
will be needed.




PART II: Role of four-quark mesons
in hadronic weak decays




§7. Introduction to Part II
— A hybrid perspective

M tot 2 M FA g M NF

« - X -

|2

<4
o

_|._
? f f
B ¢ — 2 pridd 4 Hy
, _ Hard pion tech.
Factorization :
in the IMF
@ . weak vertex with hard gluon corrections

. soft gluon(s)

- weak interaction




Effective Hamiltonian (Charm decays):

Hy >~ \/—{C Q(S % L Qgs ) -+ - } o R,

Q{*9 =: (ad)(Fc)y :
QY =: Fd) (@)L :
(@9) 1, = qvu(1l —75)g

Fierz identity (Bauer, Stech & Wirbel)

G S SC
HBSW o ZF 10, 99 4 6089 4 - F 4 e,

J2
a1=01+ﬁ6>>f12 C2"|'—C
+.
7 G SC ]
ng-—-g{ 209 41D & ) L Re

G =23 : (at*d)  (Ft%)y, :

(”‘)_22 (5't%d)  (at%e), -




§8. Factorization

Mga ~ weak factor with hard corrections Xx {

7
o SRR

helicity suppression }




Factorizable amplitudes (charm decays) :
e Factorization: Bauer, Stech & Wirbel)
— Two-body decays (D — PP’):
Mea(DT — K07 T)
= SLVeiVia{ar (| (51 10} (RO o)D)
+ao(KO|(5d)|0) (| (iic) | DT) }
Matrix elements of currents:

<’T(Q)|Ap|0 = —ifrqu
(P'(0)|VulP(p))
(P+P )p,f+ )((12) +quf_ )(q2)

where g =p—p’.




Factorized amplitudes for two-body
decays of charm mesons.

Decay AFa
eE-{:\ Viygai f=(m% —m )f(h m(-m?)
\;6 cs Yud@lJn g = K St
+ s K9 T \ (=D
B onistia [1+ <(12>(f]\')(771?)'_' ')J‘+ '(m)
a1/ \ fr/ \m% — m% f”‘ “)(mz)

— (“; : 3 =1
DP — KO° T "'-7}"’I;:.«-",urfﬂ-sz\'(”I'?) ] fm?r)f_(pL)(?n'?{)
Gp
D° - K—nt f:‘“‘j"‘,f_""‘:--.q \-*]_,_,_,:_a.lfﬁ(mn szr},)‘)‘('f\I )(m.g)
V2
- Gp KD,
D - K+R° —iZEV. Vigaofk(m3 — m2) fEP) (m2
: \/§ ( f) K )f ( K )
‘ .G'ff- ; D
DO — nty —-z.VTi sVasor fr(md — mz)j )( 12)
D® = 979 0
(: s < X . - ~
Dt — gt70 —1 2[ VesVaso1faltng — m%)f_(F m(m,;)
DY — KeRKY 0
= - (1 KD
DO i A-{_A— 21 VesVaus alf!’\ (T?ID ”.n%\')f_(;_j U)(n?’?\’)
. G
DT - KTK° e Vasar fe(m% — m% )f(h'”)( m3.)
. Gp 3 \ (KD,
D — nt KO —1 \/5\ s Vus@1 fr(ms, — 'm}\-)fi (m2)
(;rg

Dt — 0K+

—1

Ves
2

o agf—(m;,

) KD )




§9. Nonfactorizable amplitudes

A ]N F

A :[ETC




e Important players in the non-factorizable amplitudes
for two body decays of charm mesons

ETC term Surface term
(f= ~ fr) | ledllgql | (qq)(qq) | G.B. | Hyb
Dt — xtKP© ~ (%) - %33 ~ 0 I D - =
DO — ’:TOK'O ~ \/_;’2&__)61 (;"’ (__.f;"" — KH
D:{_ —+ KFTRP — 't 55 g = 0K
DO — KOKO ~ 0 = = S* | on, 0y
D% — KK~ ~ —gif g gee | o s Tl
DT - KTKY ~ —el% e ™ = O
Dt — gt g0 - - E:, - =
DO — gt et o* E? C* S ol
| ET T In . - F
DO —s WO,H.O .\f.- %(.H‘J”(-n ) o E‘T}Tq ( k Sv ol
Dj‘ — T KO° ~ el K B, Ck - K
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§10. A possible solution




Taking the following values of parameters involved,

e Wilson coefficients:
a3, = 0.825 az» = —0.159
(aP5W = 1.09, a5=" = —009)

e Form factors:

FED)(0) = 0.74 £ 0.03, (PDG96)

F(D)(0)

F(K‘ﬂ)(o) _;
= 0.99+0.08. (CLEO)

= 1.00 £ 0.13,

e Asymptotic matrix element.:
(nt|H,|DF) = 0.05501 x 1.166 x 107> (GeV?)
k! = 0.0771, k; = —-0.0217, f, = 0.0387,
kg = —0.0144, Z = 1.56

e Phases:
— Relative phase between factorized and
non-factorizable amplitudes;
0 =—19.9°
— Strong phases;
do(mm) = So(KK) = 57.0°, 6:1(KK) = 58.7°,
d1/2(wK) = 84.4°, (.‘)'3;-2(7r1\.’) = —26.7°

e Masses and widths of non-(gqq) mesons:

ms = 1.514 GeV, mp. = 2.164 GeV,
me, = 2.012 GeV,
Am, =0.12GeV, Am.=1.3GeV :

Mgy = 0.198GeV, [y = 0.256 GeV,
FH = 0.0456 GeV

e Glue-rich scalar meson — S*:
mg = 1.71 GeV, e = 0.125 GeV




Branching ratios (%) for D — PP decays

Decays (LY | (2) 13 Rl (5) Bep(PDG'03)
DY = K%t 327 106 1.06 272 272 @FE:0.20
D°=K-at 241 841 841 337 3.8 [383E009
D° - K%° 000 385 385 221 (231 |@2850%0.22
D} — K°K* 0.20 5.82 5.82 1.70 350 36+1.1
D° -z 2t 0.15 0.63 0.42 0.21 0.14 0.143+0.007
D°® — 7% 0.00 0.19 0.11 0.07 0.09 0.084 + 0.022
Dt = x%+ 012 012 0.12 0.23 10.23 0:85+0.07
D° - KKt 0.19 048 0.72 0.45 042 0.412+0.014
D° = K°K? 0000 0.00 0.03 0.03 0048 O0OF 20019
Dt 5 KOkt 047 119 1.19 0.70 (052 057 006
DF »7xtK° 017 024 0.24 0.09 005 < 0.8

DY +7°K* 0.00 0.07 0.0F 005 0086 -

(1) Mga

(2) Mpa @ MeTc
(3) Mea @ Metc ® MS)

(4) Mea ® Metc ® ME @ M
(5) Mra ® Me1c ® MéS") ® Méqqéti} o Mé[qf;'g}




§11. Summary on the Part 11

Hadronic two-body decays of charm mesons
assuming that their amplitude is given by a sum
of factorizable and non-factorizable ones.

e Color suppression and helicity suppression
in the factorized amplitudes.

e Large contribution of multi-hadron
intermediate states to decays into
non-exotic final states

e Important role of four-quark mesons

— Masses of four-quark mesons are somewhat
higher than the ones predicted by Jaffe.

— Important role of o5* in D — KTK~ in a
possible solution to the long standing puzzle
(DY - KTK™)
(DO - KtK-)

e Hybrid scalar mesons can play a role in

annihilation decays
(mry; ~2.01 GeV and Nz, ~ 50 MeV).

"Hadronic weak interactions are intimately
related to hadron spectroscopy.”




It is awaited that existence of

four-quark mesons is confirmed.
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