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Why diquarks?

@ diquarks are bound states in color anti-triplet channel:
3% (lattice, group-theory arguments and x->1 DIS)

@ a diquark-anti-diquark (dg-adq) state is bound by
color forces

@ spin O (the "good” ones) diquarks are 3¢ The spin 1 are
less bound (Sakharov A-2 puzzle) :: 65

@ the exotic spectrum is reduced because
3x3%* < 3x3x3*x3* :: crypto-exotic light scalar hadrons
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The inverted mass spectrum

Jaffe, ‘70 (see recent reviews)
Maiani, Piccinini, Polosa, Riquer PRL 2004
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Scalars from Theory

(1) Caprini, Colangelo, Leutwyler PRL 2005 -- the sigma
(2) Descotes-Genon, Moussallam EPJC 2006 -- the kappa

Partial wave S-matrix elements are real-analytic
2 (8 D(s”)
and from unitarity
S(s)= LS
zeroes from the first sheet -> poles on the second

Dispersion equation analysis of mm scattering in S-
wave indicate a broad resonance around 500 MeV

(2)
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FIG. 2: Domain of validity of the Roy equations.




Can dg-adq hadrons exist?

In the "t Hooft large N limit they do not
exist since the leading term in the 1/N
expansion of any two-point correlation
function of a 4-q operator is a
disconnected graph

But:
NE
other large N limits exist (Carrigan-Ramond)
where the quark is in the 3*



in diagrams...
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Carrigan — Ramond

Stems from the fact that there are no color singlets made up of 3 fermions (baryons)
for N>3. C-G introduce quarks and ‘larks’ trasforming as N and 1/2 N(N-1) of SU(N)
respectively. In SU(3), a lark=antiquark. In SU(N) a baryon is a qqL*.



dg-adq :: where else?

@ For some time they played a role to understand the so
colled pentaquark baryons (Wilczek & Jaffe)

@ The newly discovered X,Y,Z partilces [Belle & BaBarl].
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X(3872) is a 1** state
Is this compatible with a good dgq-adq structure?
NO!
We need bad, spin 1 diquarks

But bad diquarks are less bound (lattice)...

Anyway X must contain charm quarks!
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Building the states (L=0)

JEg wave functs.

0 cqloleglo v (leqlileg)a)o

o cqla[cqlo \J/ri cqlolcq)a

40 [CCI]l[CCI]O\é[CQ]O[CQ]l v (leghlz2]1);
N7 ([cgli[eq]r)2




Isospin & 2 * X(387_) states

We set in the flavor basis X,,, X4

20 0 1
Sk e

where the mixing matrix has a diagonal structure in the Isospin I =0, 1

basis, its eigenvectors being

ah) wla)

At the charmonium scale we expect the annihilations to be small
and quark mass to dominate :: *observed™ X -> w/p isospin breaking

B(X — ata_a0J/y)

= 200041038
B(X — nta—J/y) .

G.C. Rossi, G. Veneziano; L. Maiani, F. Piccinini, ADP, V.Riquer PRD 2005



FIND THESE TWO X°S IN DATA

(MPPR "05)

A MASS DIFFERENCE Xu-Xp OF ABOUT ~ 5 MEV WAS
PREDICTED :: THEY COULD APPEAR IN B* AND B® SEPARATELY

e X with rate Ty
lBR /(" X, with rate I's
suppose I'y > 15 » I'y > 1’3
B° — K°X, with rate I's
B° — K°X; with rate I'y

DIFFERENCE IN

Properties of the X(3872)
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e September 20, 2005

MASS FROM DATA NOT SIGNIFICATIVE!

Milos Workshop




X(3872): STILL SOME SURPRISES

e Belle: looking at B — D°Dr°K
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e Excess in the D°D%0 invariant
mass

e BaBar: looking at B —» D°D*°K
(D0 — D%0/v)
All modes
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e Excess in the D°D*0 invariant
mass

e Masses between Belle and BaBar in good agreement

e 2.50c away from the X(3872) world averaae!

o [f X(3872), JP = 2* disfavored

V. Poireau DIS 2007 April 2007

hep-ex/0606055

Belle: Phys. Rev. Lett. 97 (2006) 162002
BaBar: preliminary




ARE THERE TWO DIFFERENT X PARTICLES?

(MAIANI, POLOSA, RIQUER PRL 07)

:: OUR NEW HYPOTHESIS: TWO X, GENERICALLY PRODUCED IN B*° ::

X, = X state SESEE into D°D 1’ = X(3876)
X4 = X state deeaying into J/¢yn 7~ = X(3872)

:: THE TWO NEUTRAL STATES IN THE 4Q-COMPLEX ::

Xemietlc et as = ] [E_ﬂ]

X, = [cu][ca] Xa = [cd][ed

IT IS TRICKY THAT Xp TURNS OUT TO BE LIGHTER THAN Xu

(MAYBE ELECTROSTATICS IS RESPONSIBLE FOR THIS)

HOW FAR IS THIS PICTURE CONSISTENT WITH A FOUR QUARK MODEL?

HOWEVER, THE ASSUMPTION, THAT XU AND XD WOULD DECAY IN J WITH SIMILAR
BRANCHING RATIOS WAS NOT JUSTIFIED AND THE EARLIER SCHEME IS
SUPERSEDED BY THE ONE PRESENTED HERE.




A REMARKABLE FACT (V)alence and (S)ea
needed to build the final

= 2 = i state Kaons :: observe

b+ (u) — ¢+ cs+ (u) + q@ (AI =0) that theinverted
pattern with B0 was
already observed in our

A(B—l— L KTX,) =V + 8= A(BO 0 Kon) first paper

JEERE i T s s e R e
A B e R e (1, el L

AS A CONSEQUENCE WE HAVE

B+ B(BT — Kt X3)B(Xq — J/Yntn—) B(BT — KtXy)

 BIUERR S Gl B = i EO, = D KB_O) ]—1

B(B° — K%X,) @ B(B° = K°X,)B(X.— DDr) |k &

( B ) B(B® — K°X3)B(Xq — J/yntr™)  B(B® — K°X,)
I/

WHAT DATA TELL (X(3872) AND X(3876) APPEAR TO BE RELATED BY U&D SYMMETRY!)
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This is the first charged state observed. A 2S state!
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Z(4433) as a 1+

JIY 11(n),

Ne p(W)
(MPPR 05)

Is the Z(4433) the 2S radial excitation of the 38807

Z is 600 MeV higher than the X(1*-,1S) and decays to
P(2S) rather than P :: M(P(2S))-M(Y(1S)) ~ 590 MeV

L. Maiani, A. Polosa, V. Riquer,
arXiv:0708.3997v1 [hep-ph] 29 Aug 2007



What to look for

Neutral partners of Z(4433)~X(1*-,2S) should be

close by few MeV and decaying to W(2S) m/n or
r]c(ZS) P/Uu

What about X(1*-,1S)? Look for any charged state at
~ 3880 MeV (decaying to W or ncp)

Similarly one expects X(1*+,2S) states. Look at
M~4200-4300: X(1+,2S)->DDM

Baryon-anti-baryon thresholds at hand (4572 MeV
for 2Mac and 4379 MeV for Mac+Msc). X(2t+,2S)
might be over bb-threshold.



The condensed matter physics of QCD

Alford, Rajagopal, Wilczek, '98-00 and many others

Diquarks play a crucial role
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Astrophysical applications (glitches in pulsars...!)



@ The 4g-model gives the simplest
interpretation of sub-GeV scalar mesons, of

the 2-Xs observed (prediction), and of the
charged state (prediction).

@ Still other particles have to be found to
firmly assess this interpretation for the
heavy-light states.

@ If confirmed it has strong implications on
various theoretical aspects of QCD.






Y(4260): ANOTHER MYSTERY

e New resonance discovered in e*e” — y,gx(J/wn*n-) by BaBar
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:.;... ohl ngiragns, Sahatdird !.
S A =8 -88 =8 S8 =7

M(x*x Jy) (GeV/ch)

BaBar measures: M = (4259 + 8) MeV/c?, I" = (88 = 23) MeV
Belle measures: M = (4295 £ 10 *10,) MeV/c?, I' = (133 *26_,*13 ;) MeV
Confirmed by CLEO: M = (4283 *17_. + 4) MeV/c?

m(e e 1 y) (GeVie")

No evidence for:_
m e'e —ygr(DD), e'e —» ygr(dpn'n), e'e” — y,5:(PP), €€ —> yisr(JvyY)

3c enhancement in B decays
s BHYK, Yolyrn'n

= Needs confirmation BaBar: Phys. Rev. Lett. 95 (2005) 142001

Belle: hep-ex/0612006

V. Poireau DIS 2007 April 2007 BaBar: hep-ex/0607083
BaBar: PRD 73, 011101 (2006)




-

[0.2 GeV/er

10
0L

40[

Evenlts

20l

ok |

03 04 05 06 07 08 09 1 11 l._’q
m(ntn) (GeV/ie)

J/w OUR INITIAL BIAS

(S0
Negative Parity 17~ » one unit of £
f0(980)(as [sq][5G]5_vave) P [5€]I5C] p_ave

DS DIQUARK-ANTIDIQUARK IN A RISING CONFINING
POTENTIAL IS EXPECTED TO HAVE A SERIES OF
ORBITAL ANGULAR MOMENTUM EXCITATIONS.

Dy

BOUND OBJECTS OF COLOR NEUTRAL STATES
SHOULD HAVE A LIMITED SPECTRUM

(POSSIBLY S-WAVE ONLY)
RESPONSIBLE OF GOOD PART OF THE WIDTH




SATELLITES?
Call in Bad Diquarks :: S =2 A L = 1 possible
S =2=16&1 :: decay preferably to DD’ » reduction of decay width

Y(4260)... AND Y(4325)?

e Study of Y(4260) - y(2S)nr in ISR production

(4324 + 24) MeV/c?

M=
I = (172 + 33) MeV

e [ncompatible

m with BaBar Y(4260), (4415) or 3-body phase space
e Compatible

m with Belle Y(“4295”)

DIS 2007  April 2007
BaBar: hep-ex/0610057

BUT CLEO FINDS NO Fo
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Y (4260), discovered by BaBar in 2005, ISR, JPC=1-

ee—>J/ynn cross-section

Belle

Systematics

== )
= N = |
S 8 8

Entries/60 MeV/c*
=

Entries/60 MeV/c?

o

=

Bg subtracted M(J/ynn)
corrected for efficiency
and differential
luminosity

Cross-check:
measurement of cross
section at y’ peak:

T, (y')=2.54+0.12+0.89

PDG’06:
T..(y')=2.4340.05

M. » Spectra in different

s regions:

Vs 3.8 -4.2 & 4.4-4.6 GeV in
agreement with 3-body
phase space

: 05 1 05 .
M(x'x) (GeV/c?) M(x*x) (GeVic?) M(z'%) (GeV/c?)

EP5S-HEP 2007, Manchester, July 2007

Y(4260) region
Vs 3.8 -4.15 GeV: two

clusters at low and high
masses

P_Pakhlov



We did not yet consider any mixing between Xu & Xd

tan¢ = +0.3

V
— =1.0£0.25
V+S
_sang =—0.3 S very small,
not much space
to see X* Il

+5=AB" - K°X,)
= AB° - K°X,)




DECAYS <3 for
spin

POSSIBLE DECAY MODES: parity 1+
7

1 :: ANNIHILATION INTO GLUONS (> 2) GIVING A MULTIHADRON UNCHARMED FINAL STATE

RATE EXPECTED TO BE SIMILAR TO: [y, (X) ~ I'(x.1) = 0.96 MeV

2 :: ANNIHILATION X — gg + ¢ BUT cCB ARE J=1 (VOLOSHIN), SO » TO TWO GLUONS

3 ! QUARK REARRANGEMENT (VIA TUNNELING) GIVING OPEN CHARM OR {

1MeV sets the
scale of the

background of
wmultihadronic L e

decays




DECAYS

X(3876)=X,
‘D*D~ 7Y

D™D rx 3872)=x,

DOD" 70

Q=0 o=
QUALITATIVELY WE EXPECT THAT :: (1) MUST BE SMALL (FLAVOR) :: (2) IS LARGER THAN (3)
l A
ALTERNATIVE: TWIST C
AND MAKE J/y

BY QUARK FLAVOR CONSERVATION Xp SHOULD
DECAY IN D*D" :: PHASE SPACE FORBIDDEN. WE COULD TWIST HERE C AS

D°D*° IS SUPPRESSED TWICE BECAUSE UU < DD WELL; BUT THE *CHEAPEST*

*
& BECAUSE OF A SMALL REDUCED RATE’ ALTERNATIVE IS STILL DD

A QUALITATIVE PICTURE
OF THE BARRIERS Vs




THE YET UNOBSERVED X'

EXPERIMENTAL BOUNDS

BB =i e 13 e red e e ko<t s
B (B =S =3 et S i el 0RO S (e

USING PREVIOUS RESULTS WE GET

B(X~ - ynn%) B(B?—- KtX)B(X™ — ¢r w°)
B(X4 — ¢mn) B(B® — K+ X~)B(X4 — ¢n)
i 0.54 x 105 B(B° — K°Xg) 054 B(B® —» K°Xy) _
B0 KB Dam) B(BY SIS X 05 BB e
o <5 () B
>< SRV ETERT |
S 0.51

Y |

I.E., THE LIMIT

\ 2
BX+ — Jjprta®) < | |22 | « 8—2‘11 % B(X(3872) — J/pntn—)




The constituent quark model

H = Zmi—FEZKij(Si'Sj)

1<J De Rujula-Georgi-Glashow

H([CQ] [Eq/]) i 2rrn[cq] Ik 2’%661 [SC : SC] S S@’] -
—|—2qu Sq : Sq/ = 2/{"667 [SC : Sq/ i Sc—; 3 Sq] aF 2/{'05 SC g SE

S B qq sq 83 cq
constituent 490|167 (ki5)o (MeV) 315 |195 [121° |70
mass (MeV) 046 | 17. (ki3 Jomim; (GeV)'[0.029]0.029 0.036]0.05¢

gq |sq |eg |es
(ri)a (MeV) 103 |64 |22 |25
(ki )amim; (GeV)*|0.014(0.013 0.024

S

From data on L=0 mesons and baryons we find relations for the
constituent masses and for the couplings.




The X Mass Spectrum

3952
x<3240)'

[cq)s=1(€q)s=0 + (cq) s=0[¢q)s=1
-Unnatural spin-parity forbids decay in DDbar
Consistent with observed decays in J+p/w.

i oo ‘Belle

-Could decay DDbar
(D-wave; searched)
-J/¥ w seen by BELLE.

-It decays both to p and w due to isospin breaking in its wave function.




The X Mass Spectrum

i oo ‘Belle

-Could decay DDbar
(D-wave; searched)
-J/¥ w seen by BELLE.

lcq)s=1(Cq)s=0 + (cq)s=0|Cq|s=1
-Unnatural spin-parity forbids decay in DDbar
Consistent with observed decays in J+p/w.
-It decays both to p and w due to isospin breaking in its wave function.




The X Mass Spectrum

i oo ‘Belle

-Could decay DDbar
(D-wave; searched)
-J/¥ w seen by BELLE.

lcq)s=1(Cq)s=0 + (cq)s=0|Cq|s=1
-Unnatural spin-parity forbids decay in DDbar
Consistent with observed decays in J+p/w.
-It decays both to p and w due to isospin breaking in its wave function.




X(3872): charmonio?

|- n(3S): massa e larghezza troppo
piccole

_ h(2P): distribuzioni angolari non
compatibili con J°€ = 1+~

=l %.4(2P): B(X — Jly y) troppo piccolo

~ ;! B(X — x4 v) troppo piccolo;
m(x*r) non compatibile
. 1), dovrebbe dominare X — n_ x* &

N Y, BXX — x., v) € B(X — DD) troppo

piccoli

| a5 | L L | e el CEN | 1L | . | Wl |

[ nd i ball ol ad ad nf i auk ik 0l
JFPC

BaBar italia, 3 Novembre, 2005




ISOSPIN VIOLATION AND TWO X’S
(MPPR "05)
B(X — nta~wx0J /%)

—=d el e 48
B(X — ntan—J/y)

FROM EARLY OBSERVATIONS BY BELLE AND BABAR (‘03-‘04)

MOLECULES 4-QU ARKS

D(I1=1/2)

D*(1=1/2)

NO PROBLEM WITH ISOSPIN
VIOLATION :: 1 STATE ::
SMALL DECAY RATE TO DDT

NEED TWO STATES, AND MAKE
ISOSPIN VIOLATION POSSIBLE Xd -

THESE TWO INTERPRETATIONS ARE NOT COMPLEMENTARY OR
"UNRESOLVABLE . THEY YIELD DIFFERENT PREDICTIONS.




