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Ordinary or exotic
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Charmonium-like particles _
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Pentaquark states Pc(4380)+, & Pc(4450)+

Observation of J/iyp resonances
consistent with pentaquark states

PRL 115. 07201. arXiv:1507.03414

Exotic Hadron Spectroscopy at LHCD:
Candidates for Tetra- and Pentaquark States D—>C+CS

J/ T aaden
P ~ K Jh{ff'——*-«g:}i
D. D, 3D. D, pr, v(2S)p \ gje

37/2, 5°/2(J%9) H
P(4380), P '(4449)




1,Observation of d*(2380)

INTERNATIONAL JOURNAL OF HIGH-ENERGY PHYSICS

/57836 (2014)

VOLUME 54 NUMBER 6 JuLy/Aucust 2014

Expariments at the Nlich Cooler Syncheotron (COSY) have found compeling %

for a new state in the two-baryon system, with 3 mass of 2330 MeV, widt
niemay sace )2 OF), The stresture, containine six valence: -
quarks, constitutes a dibarye ), and con” be either an exotic compact partide or a COSY’S new .
hadronic molecule. The result wnswers the long- .~ wding question of whather there .
This fundamaental question has! ven awaiting an answer since at . ~<t 1964, when Six—quark state '

fiest Freeman Dyson and later Rol ert Jaffe envisaged the possible exdstenc. ~fnon-

Experiments at the Jiilich Cooler Synchrotron (COSY)
have found compelling evidence for a new state in the
two-baryon system, with a mass of 2380 MeV, width of
80 MeV and quantum numbers I(J) = O(3*)..since 2009
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The d* Resonance I (J%) =0 (3%) o 84MeV
2380 — d*
. 2309 — ANM 71MeV

- 2154 — NN
0.3; _— Mg ~ 2380 MeV
: ~ 2M, - 84 MeV
“r > Mann
0.1- 1878 — NN > My
0: . W\ s — 2 MNN *
2, ~ 230 MeV
Baryon number=2 Unusual narrow .~ 70 MeV _?
width <1/3x2, &
d d d
} _ % A “' 'f Neither NN (Roper),
N N* A A
| nor AA
1=0,1 T=0,1 =] .
Intermediate state
~ d*(2380)

(a) (b) (c)



2w production processes
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_ Measured also in fusion reactions_
to helipm isotopes:

Signals in other reactions @ COSY p+d—>3He + 10+ 1°
. p+td—>3He+n" +mw
fusion 2x processes d+d—>4He + 110 + 110

d+d—>“%He+n"+m

Characters of d*(2380) DRI

e d* mass locates between AA and ANz thresholds

Effect from threshold is expected small

Fd>i< ~ 70Me
Man, = 2310MeV Maa = 2464Me
M- ~ 2380MeV

\niAev/ \84Mey

e d* narrow width —> Possible 6q structure

Review article: by Heinz Clement, migh-r be different
Progress in Particle and Nuclear Physics,

93 (2017), 195-142

from normal hadrons
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2. Possible interpretations d(2380)

I(J% =0(3")
A Before COSY's observation «Other predictions
e Consists with COSY's measurement Jaffe(77)
Dyson(64) ------ symmetry analysis SN
Oka(80)
Thomas(83) ----- bag model Maltman(85)
Yuan(99) ------- AA+CC quark cluster model Goldman(89)
' . w 95)......
A After COSY's observation R
o Quark model e Hadronic mode/

J.Ping (09/14)-10 coupled channels QM
_[F.Huang,Y.B.Dong et al. (14-18)--AA+CC QM
Tshkanov, Brodsky, Clement (13) -- AA+CC

A. Compact 6g dominated exotic state B, ANr (or D,,m)

Sk Zbhu (15) ------ QCD Sum Rule, resonant state

Gal (14) ---ANn
Kukulin(15,16) - D,




3. Compact 6q dominated d* (2380)
in chiral constituent quark model
(A)Mass and wave function e i e
SU(3) chiral QM + RGM approach

Model parameters: reproduce experimental data for
NN systems---NN phase shifts, BE®" =222MeV

A (DS}E [S]UrbsS: 3}'{2'-! :31"{2"6: {DGJ’

A Trial wavefunction: I(J")=0(3")
C: o (08)° [Blow, S =3/2,] =1/2,C = (11),

Vo = Aloa(€1.€2) 0a(£4.&5) naa(r) +

Naa (r) and nec (r)
are not orthogonal

oc(&1,&2) oc(84,&5) '??GC(T)]Szg,jzn__c:(nD) -
A Hadronization- - --Channel wave function:
Vg = |AA) xan(r) + |CC) yeo(r) The two components are

orthogonal due to the

= (oA (€1,€2) OA(€4,&5) | Vagq)
xaa(r) = (¢a(&1,82) oa(€4.85) | Yeq) quar'k exchange effect

xcc(r) = (oc(&1,&2) dc(€4.&5) | Veyq)




A Results:

Wave function P Binding ener-gy
CPC 39 (2015) 071001 /
BE!" = 84MeV ~ BEJP' =84MeV
d* WFs
e —— . Ext. SU(3) (f/g=0)
g “. s AA AA-CC
— 0.9 —:' 11‘ ------ AA??Da - !L:U.Z] {L:U‘,E!
E ) e ] d’ Binding
= i - 623 |CB39
= y Energy(MeV)
) | AA([=0) || 9801 |31.22
Fraction : —
. of Wave AA (L=2) | 1.99 0.45
r (fm) Function L(.. (L-’-’U\' 0 68.33
I——— T
A (08)° 3o, S =3/2,1 =3/2,C = (00), CC (L=2) 0 0.00

C: (0)" [Blob, § = 3/2,1 = 1/2,C = (11),
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Reason for the large component of CC (68%)

- 1). Intrinsic character of d* ----- <Py’ >
quark exchange effect of sfc large (negative:-4/9)

- 2). Dynamical effect-----

(5I=30) , OGE and vector meson exchange
induced A-A short range interaction is attractive

Two cluster closer =) large CC component
————> d* deep bound and narrow width

10/26/2018 13



(B) Strong deCC‘YS PRC91, (2015) 064002

A 2n decay widths PRCS4. (2016) 014003
ey Four-body
decay decay
* 0_0 B * oo -
" —drm [@n7T7)  qpeq @ T (npmiT)
dF — pp7T_7rO diagrams J* nnﬂ-07.‘.+
'<: LT
é (ﬁ*(\ ......... :- ---------- ;,II: ;;n “"I
d* : .
A \.\j_:_k r . )
(a ) -n;.w},_‘
ot I : Hygn = 84qn0 -kt - 1
gqm Lnteraction qqm qqm m N

4 3 5 Wy
A — Ni  Coupling & form factor T's—nv =3 Kx(geenlo) 3.
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Discussions:

d* = drtm 16.8 16.7
Ty 200 97 10.2 * FSlis about 26~30%
T . .
d* s pnatn 206 21 8 * |sospin breaking factor
* 0,0 N M
d” — pnmm 9.6 8.7 LA*>dr'r) 1g 46 20)
d* — ppr°n 35 44 N7 dzr)
d* — nnaln ™ 3.5 44 nEr= pn”;”;) ~2.2 (25, 25)
T 8.7 8.7 &= per)
Total 71.9 74.9 ﬁ

* Too large width for (AA) componentonly ~ * All partial and total widths

agree with data
: (100%)A A Expt o't = 70 ~ 75 MeV
Mg.(MeV) 2374 2375
Decay channel C(MeV) C(MeV) " ~ 72 MeV
d* — dn%x" 17.0 10.2
e - 0.8 16.7 The narrow width is due

Total 137 & 74.9 to large CC component




A Single-n decay

{T_""u'-_""u'-—r.""u'-_""u'-.-_u.{f = {}] = S[E{TJ‘!F'—"PPE_ F'F'_"F'P ':I
= 7
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o W '
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e Experimental status

The WASA-@-COSY Collaborations,
arXiv:1702.07212v1 [nucl-ex]

PLB774 (2017), 599-607

Dash-dotted line illustrates a
10% d* resonance contribution

Upper limit of branching
ratio for d*(2380) — NN~

is 9%.

This channel might serve as a test for different interpretations,
since the result of the AnN (or D121r) is about 18%.
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e Theoretical status
> compact 6q dominated case:

A 1 fr}] N ¥ i
I ——

oy T(ke)
N l.u}' ] :
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PLB769 (2017) 223-226
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Fig. 1. 5ix possible ways to emit pion only from the AA component of d* in the d* — NN7 decay process. The outgoing pion with momenta k is emitted from Az The

other six sub-diagrams with pion emitted from Ay are similar, and then are not shown here for reducing the size of the figure.
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—'—'_‘_ Wy = |AA) xaa(r) +|CC) xce(r)

e A (08) [Blomn. S =3/2,1 = 3/2,C = (00),
Aol=gt N -‘-'-'I.'L--“‘-;'I Nin:) ,
C: (08)° [Blorb, S = 3/2,1 =1/2,C = (11),
— nrermediate starves: , A,
L = I_7rNN + LANﬂ'

Low-lying resonances are considered

oas - L Ms Qo
Adx  25M% 4g T
1, C>A, interaction should be color and isospin-dependent

2, CC(SI=3,0)>NN*(1400), D-wave of OGE is required

small

From quark model

The suppressions enable to ignore the contribution
from the CC component in d*

Our prediction,1% is compatible with the Exp't upper-limits

18




25+1=7 form factors  PRD96 094001 (2017) '
| —r—T—r-—-r-—"T—r—r—TT—Tr—T"TT7T—TT Scenario A
] Single channel
I - AA
COm nact A A.._ CcC ) Coupled-channel
E [ [ AA
By R / ] === cc
. I ~- . Total
© 04:— J ~\'\\
< c.om I N Scenario B (D7)
N
02._\ ------- e=0.25 MeV
T T M—l T~ — 1 == e=18 MeV
of —— e
024 23 i s 2
Q'(GeV’) i
Scenario A Scenario B
d* (2380 Do
Cases Al A2 rms Cases B1 B2
rms  (Tm) .09 0.72 m rms _ (fm) 2.64 1.87
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4. Summary and Remarks
d*: Hexaquark dominated state :

(CC component ~ 66-68% in AA+CC)

Compact 6q dominated ANxn (or D,,m) system

PLB769 (2017) 223 A.Gal, PLB769 (2017) 436
Mass

Good ¢ Double-pion strong decays == Good

the resultant BR for ANxn

d*(2380) single-n decay Exp't BR < 9% d"(2380) — NN
N (or D,,m) is about 18%.

our pregicted ER ?‘f 1% is in the mixing case
compatible with the exp't r +4+¢1—a . =r4
upper limit of 9% P et U= =InNen

. =100 MeV T8y, =60 MeV
if T_—d44Mev =3

10/26/2018 20 BR can be 9%



If the d* is further confirmed by experiments, we
believe that our interpretation is reasonable. Thus, it
is a state with 6q structure dominant and moreover,

the more information about the short range interaction

is expected.

Thanks !

10/26/2018 21



Decay widths

Three-body decay Four-body decay
1 - - - I
P sgmizn = 21 fff}kjfﬂsz}!m{ﬂﬂ}ﬁaikl thkot+pa) Tyl ppmimn = TN d*kyd kyd” py (27 )8(AE)
—xtxl . 2
x é{mh +tl-:'l.:_-2 + Epd — .'Hrdq-} ‘M!_-"- ‘2 X | f'u['{':l'-k3=f?l] |
oo 1 o 1 Mk ko pr) = M (ky kyi py) % 7
"Hﬁirx - T = Z 'Fl Fz.'!.'[..._:;[j_p IEI?CIII-'.I.[IHE?L::t._}.HIJE -

A3 inged
f : [ xi(d = 3ki2) O =
= | d'g

Ealg)— Enlg — k) — ey

= = Mk ks py) = fdf* nd g HS  HIW 4 (g)
;{Hq_l_%k”} WKy K2e 1) pratq f el )

Ealg)— Eylg — ka) —an % 8P+ ki — D8(Pa+ ka + )

Lk l 4. > -

Ad {q + 5;‘]2} = fd?'ﬁzﬁ?'[ﬁj + P2+ ki + k) [HS s H]
Ea(—qg)— Eni{—g — k1) — o _
% Was(—p2 — k2)

x3(@ = ki)
Ex(—q) — Ex(—g — kz) —an

xa+(q) _
} d* — npr'nw’ (nprtrT)
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Form factors: 25+1 relative to size arXiv:1704.01253

J'&'u

Nucleon(1/2): <N |N®) >=One)|Fi@)r" + i Fa(@)|UG)
Gp(Q?) = F1(Q%) —nFa(Q%), Gu(Q%) =F1(Q%) + R (Q?),
Breit frame  <~N@2) |75 I N(=3/2) > = (1+9) " 2xx.Gr(@?)

<N@2) |y INCT2) > = (L) T G (@)

Deuteron(1): J5.(p',p) = € (1) Stisel ()
Q&QS

Stia = = [G1(Q)0an ~ Ga(@) 5257 | P ~ G2(Q)(Qadf ~ Qsdt)

Ge(Q*) = G1(Q*) + ??DGQ{Q ), Gu(Q%) =Ga(Q?),

Go(Q*) = G1(Q%) - GQ(QQ) +(1+np)G3(Q?) ,

Breit frame Go(Q) = 15, <P AT A,
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For a spin=3 system: PRD96 094001 (2017)

25+1=7 form factors (related to the size of system)

ol Scenario A (d¥)
R 2 . R E AALS)
Wave Function AA(C)

—_— = = CC(C)

T Compact AA+CC

[y ]
Ohsf: "-\ / Scenario A
OF N E Single channel
Charge Distributions [ ™ 1 == — AA
© .\:"j\.\ Coupled-channel
3 "'--...__‘_i:‘*-::::-..__ E e AA
0; "'--'"_ \ _____ (o
"’-20:""075""'1'"'.'.5"":2 Total
Q(GeV)
T (23%0)
Cases Al A2
rms rmas (fm) T 072
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