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Tetraquark Mesons

An idea which got momentum in the 70s (R. Jaffe, H. Lipkin...);
QCD encourages the speculation that such states are indeed possible;
As we shall see, the light scalar mesons a(980), £(980) really look like
[QQ] col=3 [QQ] col=3
In alternative: a(980), £(980) could be K-Kbar “molecules”, bound by
one-it exchange, 1.€. in the configuration:
(49)cot=1(9G) cor=1
The existence of lighter partners, o and K 1s crucial;

Recent expts, at FNAL(E791), Frascati (KLOE) and BES, have seen
again 0 and K : this would be against “molecules’;

...and there are states with hidden/open charm that do not look like
charmonium states: X(3872), X(3940), (Belle, Babar in B decays),
X(2632) (SELEX).
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The present work (1)

Recent evidence for o at low energy led us to reconsider the case of sub-GeV

scalar mesons.
Many previous investigations (Joffe, Close&Tornqvist, Schecter and coll...).

We propose:
- all scalars below 1 GeV are diquark-antidiquark bound states (I nonet),
- the gq-qbar scalar nonet (L=1, S=1, J=0) has to be above.

Results:

» Low energy states show inverted mass spectrum, consistent with “perfect
mixing”;

* Strong decays are reasonably accounted for;

 Relations with ealier proposal by Rossi& Veneziano suggests connection to
baryon-antibaryon, rather than meson-meson states (or molecule)

PRL 93, 212002 (2004), hep-ph/0407017
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Th t k 2 PR D70 054009 (2004), hep-ph/0407028;
e present work (2) hep-ph/0412098 (PR D71, 014028, 2005
— Heavy quark interactions are spin independent: new spin states?

— We propose that X(3872) observed by Belle and by Babar is a diquark-
antidiquark bound state and estimate the spectrum of states of the spin
multiplet with the same flavors:

++ ==
B X(3872):(J:1 ): (CQ)col:3,S:1(CQ)COZ=3aS=1
— with the same parameters, we can accommodate the X(2632) observed by
SELEX:

- X(2632)=(0=2"") =(¢q) co1=3,5-1(5G) co1=3,5=1
_ we predict X(3872) is made by two states with Am = (5-8) MeV = 2 (m d- mu)

— if one state only in the decay: B+—>K+X(38 72), the other must appear in
B~ K X(3872)
— a charged partners must exist: X" = (Cu)wlzg,gzl (fd)colz3jsz1

— bounds to the production of X" are close but not in contradiction with
BaBar.
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Attractive and repulsive channels in QCD

String structures: the “baryonium” model (Rossi & Veneziano, 1977)
The light scalar mesons;

Two-meson decays;

Surprising charmonium states seen by Belle, Babar and Selex;
S-wave Tetraquarks, the X(3872) and spectrum of related states;
Selex particle, X(2632), and associated spectrum;

Alignment to quark masses, 1sospin breaking;

Conclusions
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Attractive & repulsive channels in QCD

Interaction of two colored objects:

"x.\OCgZ<f-i>R=g7[<(f+i)2 > _<T >1—<T2 > ] =

R g2 2 2 2
=8 [CT(R)-C(1)-C7(1)]

—__ yoctet=+1/3 repulsion
" > q4 = { singlet = -8/3 attraction
............. “Ibar” = -4/3 attraction
qq = { “6“ =+42/3  repulsion
. B 5o nescion
e T —g’ <0,T-0,T, >, ~g' [CVy(R)][J(J +1)-3/2]
R o spin 1=+1/2 repulsion

<49 >, and < 99 == { spin 0= -3/2 attraction

Baryons in the octet:
A=([ud] j=q s); =Y =({ud}j=15)—> A is lighter than =
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With antisymmetry in color and spin and a

common spatial configuration, Fermi statist@;s
=

Good diquarks: 94913, 1. 3,
Bad diquarks: (49)3, 3.6,

Since spin interaction is a relativistic effect we might expect
stronger for the lightest quarks....

Splitting : (ud) — [ud]| > (us) — [us] > (uc) — [uc] =0

HQ Spin Symmetry

SLAC. 25/02/05 L.MAIANI. Scalar Mesons & 4-quarks 11




Diquark: [gq] in color = 3bar, spin=0, SU3 flavour = 3bar

makes a simple unit to form color singlets (Jaffe..more recently
Jaffe&Wilcezck, Karliner & Lipkin for penta-quark)

Diquark needs to combine with other colored objects

[qq] [qq]+q = baryon (e.g. A), Y-shape

[qq]+ [gbar gbar] — scalar meson,

if you stretch the string, [qq][gbar gbar]— B Bbar pair
a new topology, related to B-B bar.

OO+ / meson-meson molecules are in
C{ - - different color configuration.

But: do “residual” forces bind?
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Duality in Meson-Baryon scattering

(:.C. Rossi and G. Veneziano, Nucl. Phys. B123 (1977) 507

N

M ’ g -
i N _:_ ................... t-channel: q qba_r mesons

B

vV V
y
vV V

s-channel: qqq baryons (no exotics!!) , :
The color junction

.
L e
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What about Baryon-Antibaryon scattering ?

—~—
——

A

B

vy

v

1

s-channel: [qq][gbar gbar] (Baryonium)

Color junctions

[qq][gbar gbar] mesons are dual to q gbar mesons in B-Bbar
scattering. The relation to B-Bar persists in decays!!
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Quantum numbers and mass formula

. a (980)
q l] l.'] q - nonet 1000 MeV S SIS EE— _‘ e
4 [su]|ds] Ot
TEE—— —— — I:-'_'A:"_".f — il K(S00)
suJud - (4.1““”-?-“_‘]) | o
[suflud] fud][ 3] (sd]fsd]
_ — — I._'_"_ — £ (600)
[sullds] (ud!lGd) 500 MeV h
(8% LIg l 2 l L l
— -1 0 | Isospin
ud][ud] (b) (c)
l.]_q nonet
85
us

d
——L

o un+dd

m= “ = diquark masses
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4 parameters, 4 massest+1 mixing, one overall relation:

R a+ o —2k
cos20 + 2v2sin20 =1 +4

1 _ a—a
Fl=0) = = ([sullsa] + sl sd)

V
o.(I =0) = [ud [-ﬂ(f] ‘ph/1.30~n/2
1) = cosd|f.) + sin¢|oo) N -
|rT“ = —sin ”|f , -+ COS ()|{T o , \

-Two solutions (see also Schecter et al.):
First: almost “ideal mixing”
Second: c~u-ubar + d-dbar.
But: how to explain mass pattern in g-model? unfavoured by decays
- Linear mass formula gives very similar results
- With Linear m.f., parameters related to diquark masses: a=480 MeV, = 250 MeV
- Note: a-=230 MeV vs m=150 MeV.
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Strong Decays

[qq] ) M,

S L =A(Sle, " )M M

lqq] > M, No derivative coupling!

FIG. 1: The decay of a scalar meson S made up of a diquark-
antidiquark pair in two mesons M M2 made up of standard (¢q)
pairs.

A% p

— o Ls—is
8T jf&?

T(S — i) (13)

where p is the decay momentum, M the mass of the scalar
meson and zs_.; a factor which includes numerical coetfi-
cients in the individual amplitudes and isospin multiplic-
1ties.
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Theory Experiment Theory Experiment

T KK Input
315 MeV
Good
PERIVA] Bad

TABLE II: Fit with a single parameter A = 2.6 GeV. For gg
we have reported the upper limit to the decay rate obtained
from the f — ¢ mixing considered previously, see text.

Maybe f it comes from “one-loop™: [ — KK — 77,
or perhaps (!!) f— BB — nn (Baryonium ?, see later)

All in all we get quite a consistent picture, reconciles the large o width

with narrow a and f widths and reinforces [qq][gbar gbar] assignement
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Evants/ 0010 Ga'f

Observation of a narrow charmoniume-like state in exclusive
BY — K n'm J/{ decays

I ] ] ] | ] ] ]
[ o) data
200 -
200 -— LIJ
100 - X(3872)
] M
0.40 0.80

M Tl T - M) (Ge)

1.20

1EU|I|||||||||
b kiC
B000
4000
0 |_rr""1|-'|_/|_~/|w_|/'|r”|‘f
0.40 0.80 1.20

Ml T -MIT) (GeV)

No D-Dbar decay seen

SLAC. 25/02/05

BELLE Collaboration

Evenls.008 Gey

Events.006 Gey

12.6

oo

b
o

1%
=

a) x(amTay

X(3872)

] ﬂl‘lﬂﬂﬂ[ﬂ

.60

0.

| B= |
p —
[

o
i

Q

WFETT 1
ry

0.4
Mim*m ) (Sel)

.61

L.MAIANI. Scalar Mesons & 4-quarks

0.5

|VI'IT'IT

19




By the way...

J Events selected within 20 (12 MeV/c?) of 3872 MeV/c? show
hints of a B signal.

— After cutting at m(x*xa") > 750 MeV/c?, a cleaner signal is present
over a low background. Fit yields 10.0 + 3.6 events (5.8 o)

T wf e
10 |
| 8 4 ‘L
5| . j
0 (i Al il ot J 0 i '
5200 5250 5.300-0.20 0.00 D20 0.50 D.60 0.70 ‘-@H;EEI
M, (GeV) AE (GeV) Mix'x'n") (GeV) R‘
JAssuming all signal is w "l 4re i
(and X(3872)!): ‘ :
X —=Jyw 2 .
( V) _08+03+0.1 |
M.. (GeV) AE (GaV)

E. Rohutti Dresden, September 23, 2004 10




A new peak in JIyrecoil e —-1wix

J At ICHEP '04 Belle presented an update with full statistics,

extending the mass range again to the high part of the spectrum
(3.8 -4.5 GeV/c?)

J No evidence for X(3872) on the recoil

JNew peak observed at higher mass:

— m,= (3940 + 1) MeV/c%, = |
~ N, =148 £33 (4.5 0): S1o0 = At e
. . . — N |
— width consistent with o 75 f
experimental resolution S “u 26 37 a8 3s]s a1 az || \

- h\?//bi
25
e TR L 2004, £ =287 fb

2 25 3 3.5 4 45
Recoil Mass(J/v) GeV/ic®

E. Robutti COresden, September 23, 2004 4
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New status decaying to J/y w?

H 2'5 dSelect events in m(a*x 2% ~m,
% region
| J Dalitz plot m2(J/y w) vs. m?(Kw):
- — concentration at low m?(Kw);
ol - 3 ; — select events with m?(Kw) to exclude
t - B—=JyK™ B ,
N N 30 [-b) E]
| m(Ka) T~ AT
JdPlot m (J/y w) distribution after T 208 B
combinatorial bkg. subtraction: \ } {
~ enhancement just above threshold, not 10 f \ . _Liﬂ_;-;.ﬁ
compatible with phase-space B — J/y o K; ] -l-‘f
— Fitto S-wave B-W yields: N, =61+ 11 (>80); ok ! L
m, = (3491 £ 11) MeV/c% Ty = (92 £ 24) MeV 0 | 460 420

E. Robutti Dresden, September 23, 2004 a




SELEX-Fermilab

hep-ex/0406045

‘SELEX reports these peaks as the first observation of yet another
high mass Ds state decaying strongly to a ground state charm plus
a pseudoscalar meson.The mechanism which keeps this state narrow is
unclear[...] The Dsn decay rate dominates the DOK+ by a factor of ~6
despite having half the phase space.

Dsj(2632) (?)

a)D'K
Mass 25699243 2631521.9

a) D Mass 2635929

events/ § (MeV/c")
-

Iah

550 600 650 700 750 X0 850 0500 550 600 650 700 750 800 850 900
AM= MIKKa n)-MK'Kx") MeVic AM = M(K'='K") - M(K'n") MeV/c
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Tetraquarks with open and hidden charm

(Phys.Rev. D70, 054009 (2004 ); hep-ph/0412098)

e The spin-spin interaction between heavy quarks 1s O(1/M)
— If S=0 diquarks are bound, S=1 diquarks do
— All states in the composition (S=0 ® S=1)®(S=0 @ S=1) must exist
— not natural spin-parity only!
— alarge multiplet with composition:
2 (JPC=O++)+(J =1"9)+2 (J=17)+(J=2").
e Mass spectrum determined by:
- constituent diquark massess
- spin-spin interactions
- the latter: from meson and baryon spectrum or from one gluon exchange

M = Emi—l— 2'2Kij<Si SJ>

1<J
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Spin-spin interactions: what do we know?

if 8 c"
constituent [305[490
mass (MeV)[362]546] 1721

TABLE It Constituent quark masses derived from the L =0

mesons (first row) or from the [ = 0 baryons (second row). — q-qbar Mesons
k

i sq 55 (] 5 (o
(K)o (MeV) 315 1195 1217 |70 T2 59
(rgs lamemy (GeV)*[0.029]0.029 0.036 |0.059 [0.16

diquarks in Baryons

[TABLE II: Spin-spin couplings for quark-antiquark pairs in
olor singlet from the hvperfine splittings of L. = 0 mes

(first row). The values in the second row show the app 7 lsa  lcg lcs
imate scaling of the couplings with inverse masses (ma (rag)s (MeV ) 03 161 57 125
[rom meson spectrum). *The ss coupling which is not ex (1ag )amamy (GeV - |0.014]0.013[0.014[0.021

immentally accessible, is obtained by rescaling the sg one
the factor mg/ms.

TA B Lt e DT 00 10T (T el i color
T state from L = 0 baryvons. One gluon ﬂx{:hangcm
(rijlzg = 1/2(kg)o. The values in the second row, show
L eeeadiate scaling of the couplings with jnness
(masses from the baryvon spectrum).
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1 DD

L 1J++
NeN, NetT, nH ;
[cq)s=1(¢G)s=0 + (cq)s=0[Cq]s=1

-Unnatural spin-parity forbids decay in DDbar
Consistent with observed decays in J/W+V.
-It decays both to p and w due to isospin breaking in its wave function.

SLAC. 25/02/05

N\
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Belle

- Could decay in DDbar
(D-wave)
-JIY w seen by BELLE.

\
A
AR
\

Y Ti(n),
Ne p(w)
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The states: |cu|s—o.1|5i]s=0.1

2700|
2048 ) Predict
ool X(2632)
2500 ] Ds
2400 -
DK
2300

- The spectrum is uniquely predicted
- Quantum numbers of Ds(2317) and Ds(2462) fit well
- The assignement of Ds(2327) is more uncertain

SLAC. 25/02/05 L.MAIANI. Scalar Mesons & 4-quarks
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Masses

* Two conflicting contributions to the mass of bound states:
— Annihilation: dd — uii
— uii — dd
gives a matrix with all equal elements, which is diagonal in the isospin basis;
— Quark Masses: the eigenvectors are the states with quarks of definite flavor
(e.g. /¢ mixing)

e TOTAL.: 2m,+0 &
0 2my+0

— At charmonium scale, quark mass should dominate (Rossi -Veneziano; Maiani-
Piccinini-Polosa-Riquer)

— and the approximate mass eigenstates should be X, = [cu][ca]

- X, = [cd][cd)
rather then the I=1,0 states

e Belle sees both: X -> J+p, J+ w with similar B.R.!!!! A new phenomenon !!!!
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Isospin breaking

We consider in this sectlon the finer structure of the
X(35872). In particular.we consider the nentral states

with the composition:

X = [en][@e]: Xy = [‘""i][‘f'f_]

(32

Physical states could be expected to fall in sospin mul-

tiplets with £ = 1, [k
e = ( Xy + Xa) /2
fee = [xu —Id]lfn.-'"'i._’

Xlow = cos X, +sinfX g;

Xhigh = — sin X, + cos Xy

we get:

*ﬁIE-Yff:I M (‘YE:I =

2(Mdown — Mup)

cos( 26)
(6 — &) MeV
cos( 2H)

SLAC. 25/02/05

(33

(34)

(35)

T(Sirj] ~ (cos# +sinf)? (py)
r(27) Xt~ Teosh sinf)2 (p,)
i3 ~ (cos# sin#)? (pu) .
T2n) % = leosf ranf? (p, 4

BELLE attributes all events with 7% 7~ 7" mass above
750 MeV to w decay and divides by the total mumber of

observed 27 events. They find:
T(3m .
(Fram) pEnes = 08 £ 03uar £ 0.ugur (43)

The central value is compatible with eq.(44) for:
g~ +2n” (46)

for X; or Xy, respectively. Correspondingly, the mass
ditference of the two states is:
M{Xy)

M(Xy) ~ 7 10 MeV (47)
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Intertference !

Al X — i +ete)
s

= A EB[IJ—"' 2 ) 31}1,,1"}" -pls)
BrM% T '
1 _ 1/3 a
(s ;UIE‘_I +i(M ) (s — M2)+i(M,Ty)

we have assumed the quark-model ratio for the leptonic
amplitudes of p and w and used the narrow width approsx-
imation. The sign + applies to X, and X ;. respectively.
Combining with eq.(43), with # = 0, we find:

B(X, - J/U4+ete)=08-10"1

B(Xy— JjU+4ete ) =03 1071 (40)
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Decay widths

* The baryonium picture implies that the two-meson decays go via intermediate
baryon-antibaryon states of high mass. This implies basically narrow widths.

* We describe the decay by a single switch amplitude, associated to the process
(subscripts indicate color configuration): [cu][cit) — (¢C)cor=1(Uil) cor—1

Lx,ov = v B X0, Vs = My = =
= gvMx (X )V S V2
Y | A2
* abold guess: A=2.6 GeV  1(X; — J/v+ntn) = %{Pﬁp =
AV 5
= 21y, - 2.3 MeV;
E.!'Lw|;'1|2 Y

l1|[)&fg — .Jrf-l-‘ + ’FT+’FT_'-7L_I'II| = 5711!;{ Wiw =

— 21, - 0.4 MeV
e We anticipate small widths, comparable to the resolution of Belle and Babar

SLAC. 25/02/05 L.MAIANI. Scalar Mesons & 4-quarks
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X particles in B decays

There are two amplitudes for Br= K* X

SLAC. 25/02/05 L.MAIANI. Scalar Mesons & 4-quarks
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States (cq)(sbar gbar) in B+ decay ?

Nl

zz J -
W —> D
’ '—» D°K*. Dy
“ @_—-> + (cd)(5d))]
|—> DOK+ Dy
D"K° D
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X particles 1in B decays

o Two amplitudes: the relative frequence of X vs. X ; is not determined

e Taking Belle data at face value, we conclude that only one of the two neutral states is
produced appreciably in B* decay (too narrow to describe two resonances about 7MeV apart)

* The the other has to appear in BY decay:

— The X particles in B+ and B° decays are not the same, and have a
mass difference of 7+2 MeV

* Bounds to the production of X™: Rt =
B(B* — KsX*) B — J/W+7ta)

R =
BB - K*X7)-B(X~ — J/U+7 7"
- B(B" — KsXpu) - B(Xpu — J/U +7t77)

= (.53

to be compared with the upper limit given by BaBar :

RT < 0.8

with large errors.
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D-D* molecule

 one state only: D°-D*?

e ...and very extended:

1
R = ~ 4
* V2MpEping fm

e most of the time (70-80%), D and D* are too far to exchange a c-
quark and form a J/W;
e for a tight state: BR(W’ - Wn*n') = 0.3, maybe: BR(X- W nt*rt)= 0.03

e the measure of inclusive B(B*- XK*) determines the X BR from the
overall ratio:

. B(B* — XKHB(X — J/Wntn-
g BB D XKNBX — J/Wan) a4
. B(B—WK")BW —J/Watna)

e and give an important clue (G. Wormser, yesterday talk).
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The qg-gbar gbar shopping list for X(3872)

e Do you see X in B° 9X+KS? QueSt|OnS

e can you see a mass difference between X (B’) and X (B*)?

e can you look for the other partner? X" = (cu)(éd)

e Other X-like states:

— above thresh.: ();lri;h —~D+D

— below thresh.: QH —MNe+ ...

— X(3940): seen  X(3940) — J/W+w

— whatabout ? X (3940) — D+ D (??) (d-wave)
o SELEX-like particles in B decays 7?7
e how about D (2317), D (2460)?
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Conclusions

e A convincing picture of light scalars as [gq|[gg| states:
— Masses
— Ideal mixing
— Decays reasonably described (exact SU3!) but for OZI violating (?7?)
— Note: Am(f-a)~10MeV, Am(up-down) ~5MeV: are f(980) and a(980)
pure I-spin eigenstates?
 New phenomena

— States |cq||cg] and [cq||C5] should exist, with both natural and
unnatural spin parity;

— I-spin breaking expected maximal in certain decay: was the SELEX
particle just the first case?

— X(3872) a good candidate, X(3940) predicted

WERE ARE THE EXOTIC STATES??? !
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