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1. Introduction
e In 60’'s the naive quark model has been extremely succeqshalll-
Mann and Zweig 196/

1. Hadrons are made of either three constituent quatks( ggg) or
constituent quark and antiquad¥.

2. Static properties like the magnetic moments or massrdiffees of

hadrons agree with the experimental data more th&accuracy.

e QCD tells us why the quark model work€s€orgi and Manohar 1934
1. Large scale-separation between confinement&ist

AQCD ~ 150 ~ 200 MeV < AxSB ~ 47‘(‘f7T ~ 1 GeV.

2. The explicit symmetry breaking terms are quite small:




Discovery of Exotic Hadrons (2003)
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Figure 1. Experiments on Pentaquarks




Recent discovery of exotic baryons is well explained by aenali-
guark model oflaffe-Wilczekwhich assumestrong quark-quark cor-
relation in(3., 3¢,.S = 0) channel.

For instance, its prediction on low dimensional multiplatsd the
mass spectrum afd » were partiallyconfirmed by NA49 data

(?’f@)gf)s@gf = Ef@Sf

The naive diguark model should be explained by QCD.

The success of JW model can be explained bydieark chiral ef-
fective theory which describes the exotic hadrons from QCD.

DYET QCD with Diquarks




e Predictions ofIlW model
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Figure 2: Degenerati) ; ands8 .

e Competitor 1:Chiral Soliton Model= Theory of mesons)

1. Inconsistency with larg&/c QCD. (T. Cohen; M. Praszalowicz)
2. Large decay width- 30 MeV (Jaffe '04). (Recent calculation shows= 11 MeV)

e Competitor 2:Uncorrelated Quark ModeNarrow width??




2. Diquark Chiral Effective Theory
e The diquark field is described bysaalarfield,

me .. —
e B (@il (), (@

o) = lim 227
Yy—x K

wherey, = CyT is a charge conjugated field. (cf. Pseudo scalar
diguarks are too heavy!)

e To account for the resonance energy of exotic baryons, JWhass
the diquark correlator has a strong peak around00 MeV.

Flavor Color Spin
3 (A) 3(4) 0(4)
3(A) 6(5) 1(5)
6 (S) 3(4) 1(5)
6 (5) 6(5) 0(A4)

Figure 3: MAC analysis




e The relevant energy scale of diquark fieldliscp < £ < A, g5.

e The effective Lagrangian for diquarks, quarks, and piomgven as

L = |(Dy+ V) ol" =M il — haTr (9% AZ) — hypp* Tr (A2)
— (997 €7 capy B ivst] +hec) + L£1(0,9,9) + Lyq,

whereD,, ¢ = 0, ¢ +igs A5, T .

e We have introduced to implement the chiral symmetry, coests/
with QCD,

Vi (60,6 + €0,8T), Au= (10,6 — €0,6T) (@)
and
§ =, (3)

wherer = 7, T, andT, areSU(3) generators with a normalizatio
tr (TaTb) — 1/2 5ab-




e UnderSU(3)r, x SU(3)g,

£ — ¢ = LUt = UeCRT

o — ¢ = UlU.

e The diquark effective theory describesw diquarks interact with quarfs
and NG bosons consistently with QCD.

e Itincorporates systematically the symmetry breaking s&erm
e \We can also introduce a pseudoscalar diquark:

ly — aj‘fyp Iy _
€ jkeaﬁvwcﬁj ($)¢Z(y)

“ () = lim
SDPoz( ) Y K p

1

PRL =3 (ps £ipp)



e The mass term becomes

1
Lm — _A2 |§0R‘2 + igﬂ'fﬂ'ngSZ@R - (R — L)

1 , 1 )
—5 Mg lel” = 5 Mp lp|” + -+

e From the generalized Goldberg-Treiman relation, we get

Mz — Mg = g fr

2 2

MP — MO — ngfw = gngfW = gMNa

which is consistent with recent observation of chiral deulbh exotic
baryons by H1 experiment.




3. Static properties of Exotic Baryons
e The couplingsy, M,, - - - are to be determined by experimental datg.

e The diquark mass at one-loop:

442 m; In (m?/,uQ) + m} In (m?/;ﬂ)

2 2 2 2
T m; + mg

e The best data is light nonet scalars, which are assumed b tned
states of diquark and anti-diquark




e \We find a mass formula

e Sum rule:

IM (k) = 5 [M(ao) + M(fo)] + M(o). ©

which works very well with the experimental valuéd(ay) = M ( foy)
980 MeV, M (k) = 800 MeV, andM (o) = 500 ~ 600 MeV.




e Taking the renormalization point ~ 200 MeV, we get in units of
GeV

My | Mys, Mgs | My B
0.56
0.61
0.63
0.66
0.69




. The coupling is not too large and the higher-order correstiare
less thanl0%.

. The smallness of the higher-order corrections indidhizsndeed
the diguark picture captures the correct physics of QCD rado
AQCD < F < AxSB-

. Diquark mass agrees with trendom instanton modby Schafer-
Shuryak-Verbaarschot.

e From nonet mass\/,,; — M, q >~ 180 ~ 250 MeV we get

M(Z5,) —M(OT) = (2Mas +my) — (2Muqg + ms)
2 (250 ~ 180) MeV — (540 — 360) MeV
320 ~ 180 MeV (11)

which works reasonably well with the NA49 data.




e Magnetic Moments 0B, which is important irphoto-production

[ (©T) = jis + jir, + 0fim, (us=0.75n.m.) (12)

e Atthe leading order the correction becomes (other diagranish)




Since diquarks are ip-wave, for400 MeV < M, < 450 MeV,

e 1
= ¢~ 131~146n.m. 13
AL = 3 Mo e (13)

We find 1,,(©7) = 0.71 ~ 0.56 n.m. for J&' = %J“, if we take

m, ~ mg ~ 360 MeV andy,, = 1.98n.m., ug = —1.10n.m..

ForJP = 37 we gety,,(©F) = 2.21 ~ 2.06 n.m..

It is slightly bigger that the values obtained by QCD sum and by
Chiral soliton model.

The correctionsj i, ~ 5 x 1073 n.m., are quite small.




4. Decay Width of Pentaquarks

e Puzzle The decay width is unusually narrow!

Experiments Results

Mass Width Significance
(MeV) (Mev) (7)

LEPS 1540+10+5 I = 25 4 6-+1
DIANA 1539+-2+"few" "< 8 4.4
CLAS 1542+2+5 FWhM < 21 5.3+05
SAPHIR 1540+-4+2 <25 4.8
ITEP (v's) 153345 ' < 29 6.7
HERMES 15261+2+2.5 [« 20 2.6
World Average | 193542.5

Prediction 1530 I'<15




e Decay of ©F — KT + n. The decay width is given as

[ = lim 05+ Gua + dua — K+ +n)v [£(0), (14)

P, 0

B a

u
d
u;
d

Figure 4: Decay process 67 — KT + n. Gluons are suppressed.




e SincelM;, < m; + my, the decay of exotic baryons should occyr
through tunneling.

AE~ 270 MeV

r, = (150 MeV)

Figure 5:Decay as a tunnelling process

e Hered quark tunnels from one diquark,, to the other diquark to
form a neutron and an off-shell quark. (If w were to tunnel, the
decay is toK" p with a comparable decay width.)



The differential cross section is given as

2m)* M
4\/(ps - p2)? — m2M2,

do = 4 e 250 d®(ps + p2; k1, k2), (15)

Assuming factorization or small corrections by gluons,dhaplitude
becomes

_ 949 _ 1 ”
= \@fK s(p1) K1s T —— V5 va(k2), (16)

Integrating over the phase space and taking 0, we find the decay
width

(17)

e %0 = (n, u| Hint |0ua , 0uq) is the tunnelling amplitude.




Using the WKB approximation, we get the tunnelling ampleéud

e = (n|T e/ ' Lin d, pug) ~ e 2ET (18)

whereAE = (m,+mgq)— M,q ~ 270 MeV is the diquark binding
energy and is the distance between two diquarks.

By the naive (di)-quark model,

2

19
T (19

M®+ — 2Mud + mz +

we findrg = (150 MeV)™! = 1.3 fm, using the empirical mass
Mg+ = 1540 MeV.

The tunneling amplitude becomes!® ~ 0.17.

The 1.5 wave function of the quark-diquark at the origin is

2 1
0) = :
¢< ) ag/g \/E

agp = <2m B>_1/2




e Taking B = 100 ~ 200 MeV, comparable to the pentaquark bindinp
energy,g® = 3.03 andg, = 0.75 from the quark model, we find

o+ ~ 2.5~ 7.0 MeV. (21)

e Since the binding energy thes (or ds) diquarksAE; ~ 270 MeV,

for the=, /2 the average separation of P-wave strange-diquarks

(270 MeV) ™1,

2 2
~U —2AE1 r1 g gA 2 ~ ~
[z~ 05le S /2 [P (0)]F ~ 1.7 ~ 4.8 MeV, (22)

e The relative partial decay width is

|- ’
2~ 0.1 [fK ’¢“<O)’] e2AEro=AE ) ~ 07, (23)

Lo+ Jr |1s(0)]




5. Applicationsto Scalar Nonet

e Decay process of scalar nonet

@(p,)

Ps—nr = lim w20 (¢ +¢" = m+7) [L(0)]* + O(v3)

vo —0

e Integrating over the phase space

1 [MJ? K1 |
S—mmr —

= - — |V (0)|?, (25)
167 My Mo \/k%+m?4+\/k%+m23




e To the order we are interested in

M = Mtree + Mlloop-
(k)
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e Fitting the couplings with data

ha h'y I's_2x(MeV) T'f _2r(MeV) oo —nn(MeV)
1.46 —1.66 317 67 83
1.20 —1.38 234 71 of

e Postdiction for subdominant modes;™” , ;- = 5.6 ~ 32 MeV

kg| | M2 mg I's [Ws(0)]

Smax
FS—> N/ R —
nAnB Somim 472 S\/k2 —|—mA—|—\/k2 +mB (S—m%)Q—l—m%F%

e \We obtain 75 MeV with set 1 and 59 MeV with set 2 10§, >k .




6. Conclusion and Outlook

e Diquark effective theory captures a correct physics of QCD.

2

g
~ (.2
1672

e |t provides a systematic approach for exotics:

1. Magnetic moment:
1 +
Hm(@+) = 071Au056n1njerP::§ :

3+
2.91 ~ 2.06 n.m. for J& = 5

2. Mass spectrum if0 :

M(Eg)5) — M(©T) = 320 ~ 180 MeV




3. Decay widths

9’9 >
To+ =~ 5.0e 2% =22 |4(0)|" ~ 2.5 ~ 7.0 MeV
8mfr

051 ¢—2AEr 979 2 ~ 1.7 ~ 4.8 MeV

which is quite small due to the tunneling;, >°° ~ 0.03.

* N.B. We need to know more about the diquark potential.

e Rigorous QCD calculations like lattice QCD or others aredeekto
estimate theliquark correlation

¢ Inreasonably good agreement with the experimental datasoddcay
width of scalar noneth 4, = 1.20, A’

e Production of pentaquarks IYEQET (with Song and Sohn)




