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A small review of exotic hadrons
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A small review of exotic hadrons
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The observation of double charm tetraquark

LHCb, arXiv:2109.01038 LHCb, arXiv:2109.01056
Breit-Wigner fit Unitarized fit
5 Nature Physics (2022) Nature Commun. 13(2022)3351
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The observation of double charm tetraquark

Before the observation

e L. Braaten, et.al.,, PRD103(2021)016001, Not bound Bound or not?
e |. Chen et.al.,, CPC45(2021)043102, Not bound

e Faustov et. al., universe, not bound

e M.Z.Liu et. al.,, PRD102(2020)091502, OBE, loosely bound

e Q.Lv et.al.,, PRD102(2020)034012

e C.Deng, et.al., EPJA56(2020),9, deeply bound -150keV

e P. Junnarkar et.al., PRD99(2019)034057

e W. Park et.al., NPA983(2019)1

e 7Z.G. Wang ACTA Physica Polonica B(2018) bound

e E.J.Eichten et.al., PRL119(2017)202002, not bound

e M. Karliner et.al., PRL2017, 7MeV above D°D"* threshold

e Lattice QCD simulation, PLB729(2014)85, jP = 17, I = 0 attractive
¢ G.Q. Feng, et.al., arXiv:1309.7813(2013), bound

e N.L., etal., PRD88(2013)114008, loosely bound



The observation of double charm tetraquark

After the observation

SU(3) flavor partners

M.Karliner, et.al., PRD105(2022)034020
H.W.Ke, et.al., PRD105(2022)114019
L.R.Dai, et.al., PRD105(2022)074017
K. Chen, et.al., PRD105(2022)096004
G. Yang, et.al., PRD104(2021)094035

Other partners

Z.Y. Yang, et.al., arXiv: 2206.06051
S.Q. Luo, et.al., arXiv: 2206.04586
S.Q.Luo, et.al.,, PRD105(2022)074033
X.Z.Ling, et.al., EPJC81(2021)1090
X.Z.Weng, et.al., PRD105(2022)034026
F.L.Wang et.al., PRD104(2021)094030
Y.W.Pan et.al., PRD105(2022)114048
C.W.Shen et.al., PLB831(2022)137
T.Guo et.al.,, PRD105(2022)014021
Q.Qin et.al., PRD105(2022)L031902
R.Chen et.al., PRD104(2021)114042

HQSS partners
o H.WKe, et.al, EPJC82(2022)144
e MJ.Zhao, et.al, PRD105(2022)096016
e CRDeng, etal, PRD105(2022)054015

Dynamics
® S.Y. Chen, et.al., arXiv: 2206.06185
e Z.Y.Lin, et.al., arXiv: 2205.14628
e M.Albaladejo et.al., PLB829(2022)137052
e ].B. Cheng, et.al., arXiv: 2205.13354
® N.N.Achasov, et.al.,, PRD105(2022)096038
e J. He et.al., EPJC82(2022)387
e ] .H.Liu et.al.,, PRD105(2022)076013
e L.Y.Dai et.al.,, PRD105(2022)L051507
® L.Meng et.al., PRD104(2021)051502
e X.Z.Ling et.al., PLB826(2022)136897
e M.Y. Yan et.al., PRD105(2022)014007
e A. Feijoo et.al,, PRD104(2021)114015

oooooo

[sospin property and other properties

® ].Shi, et.al., arXiv: 2205.05234
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The observation of double charm tetraquark

< 7O —T Below D *DV threshold

> LHCh =33 «3

= 605_ ofb! 2} JUf E e Bound or not?

"E e J ?ify i y ® a large negative effective range

= 402_ e oy f H ] -
3ok [__ﬁ_ EE’DDI RO /]_ e Jsospin? Isospin breaking?
20F ﬁ _____ %g} threshold J{ + _f Meng et.al., 2017.14784
o \Qﬂ +++}+++H#+++W ﬁ ﬂ i n{ ¢ Relation to the X(3872)
05—* 3

— ot =—— I=0
3.87 T . BT [GCV/C%.9 17 4 D*D?
o0 =— I=1

hr.[B+ B hr.[B* + B*

(hr 1B+ Bzl > thr 157+ 571 e Unexpected large width

> thr. [B% + B [(T) ~ 400 keV

thr.[D + D + n] < thr. [D* + D] 273keV Meng et.al., 2017.14784

* ® Three-body effect

< thr. [D* 4+ D*]




The line shape of double charm tetraquark

One-channel Effective Range Expansion (ERE) Al arge negative r?!

2 I 1
~ZERe[T(E)™] = kcot§ = — + Sk + Ok One channel
a
8 Regular potential
Scattering length a: a > 0 mild attractive, a < 0 repulsive No CDD pole

Effective range r

(B ho(d) () 5)

Molecule:a » —— & r—-— Z->0 w.f. renormalization factor: Z
Y
{ The probability to find HM in w.f..
Compactta - —— & r—-—-—oc0 Z-1 ) -\ 2
p X, = <1 +2|—] >
a

-----------------------------------------------------

—r < 11.9(16.9) fm 90(95) % CL.

* Compact tetraquark?!

Z <0.52(0.58) fm 90(95) % CL.

-----------------------------------------------------

Baru, Dong, Du, Filin, Guo, Hanhart, Nefediev, Nieves, QW, hep-ph/2110.07484 (PLB in press)
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The line shape of double charm tetraquark

two-channel scattering amplitude

A large negative r?!

gagb
2D(E)

fab(E) - =

Denominator
l
D(E)=E—-E + 5 <g12k1 + grk, + Z Fi(E)>

The three momentum

ka — \/2ﬂa(E _ 5a)®(E _ 561) + i\/zﬂa(éa _ E)®(5a —E)
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030y

1
N
n

The pole position on physical sheet 025F I,

L
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- 2 020} ¥
Ep = Ef+5(g1 71 + 8> y2) o 0.155- f\}\\i
co i \\

0.10f

[S—
W

L
[e—

Log-likelihood change

Large correlation

O
n

0.05}

0.00f

e
E; [MeV]
Baru, Dong, Du, Filin, Guo, Hanhart, Nefediev, Nieves, QW, hep-ph/2110.07484 (PLB in press)
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The line shape of double charm tetraquark

A large negative r?!

To remove correlation

D(E) = E—Ep+% <812(k1 ir) + & (k, — iy,) + ZF(E)>

Expand in terms of k;

N K @ ki
k2 _ 1\2/’!2 2/11 lu2 2 A 252 + @ //l12522

gt

viluy + 8ty + 85(ra — A/ 2126,) + il

2
2 & Mo N i ot
o o arge negative correction.
ﬂ1g12 2/412 ) 5 5

- —1/2
a

Baru, Dong, Du, Filin, Guo, Hanhart, Nefediev, Nieves, QW, hep-ph/2110.07484 (PLB in press)
12




2
<}
Ea
£
3
=]
S
o
2
S
z
o
3
Z
Z
=]

Y(4360)e

X(4274)e
Y(4260)a Z.(4250)0

X(4160)e

17 17 0 2t 3 ?"§

Thresholds [GeV]




The line shape of double charm tetraquark

Why the D*D molecule?
e Close to the D*D thresholds

e Approximate 90% of D’D°z* events containa D™

® 7<0.52
Wave functions for isospin singlet and triplet
1
—0) = “+1y0 _ 190 _
|D*D, I =0) = _ﬁ (D**D° — D™DT) VIZN(D*D — D*D, JP = 1+) = v,
1 * * =
|D>I<D, [ = 1> = _7 (D +DO_|_D OD+) V(I:TI(D*D e D*D, JP = 1+) = Vl
2
Three-body cut has to be considered
L
o0 o090 0
D°D°z* D°D*z’ D**D’ D™D D*D*r~
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Double charm tetra quark in molecular picture

DD’z mass distribution Du et al., PRD105(2022)014024
D°, 5(p) D°, j(p) D D°, p(p) D* D°, p(p)
D*t D*t D*t D*+
s — mt - nt — nt
D°, p(p) DY, p(p) DO D%, p(p) D+ D%, p(p)
LSE
. = \/V — W+ Ve G % G &V —..
The only calculation with full 3-body cutup tonow ~ -------- Frooeee
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Double charm tetra quark in molecular picture

DYDYzt mass distribution Du et al.,, PRD105(2022)014024
o) D E D E D p(p)
< ®< D*t +
D+ D, p(p)
Schemes Potential Pole (keV) Width (keV)
Schemel | T, —825keV =537 kev | —36873—i37£0) 74
Scheme II No OPE ~333*4 —i(18 £ 1) 36
Dvnamical widths of D*
Scheme 111 ,OPE , ~3561 5 —i(28 £ 1) 56
Dvnamical widths of D*

Width is not as large as 400keV.
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[sospin violation on effective range

DDz mass distribution Cutoff independent for A = [0.3 — 1.2] GeV

250_ ! ? " : t
[ h i ------ Scheme I: x* ::0.79 E i ® 7] —>D°D"7r*1t
A — 0-5 GeV [ i | --- Scheme II: y%=0.74 30? S Scheme I:  x*=0.79
200: i i ~—— Scheme III: x}'l:().?l I : i ~== Scheme II: *'-’:0.7-1
i —_——— D** DO,D'OD :ﬁ thr ~ | i ——— Scheme III: ):(2 =0.71
i | i % i : ~== D**D" D*D*thr
150 ¢ : i ~4 20} R Tnf BW masst
e [ i : o : AR f
© [ : ! Q _ CNN Background |
p L i : = i :
100] i : g |
: : & 10}
50 i i .............
/ i i 0 .............................................
3.874 3.875 3.876 3.877 3.873 3.874 3.875 3.876 3.877
A”:[D"D"Tr + [GeV] ]\{[D()Doﬂ, + [GeV]
0O 0 P . Du et al., PRD105(2022)014024
D"D" and D"D™ mass distribution / (2022)
A =05 GeV 105 | ® LHCb 80 ® LHCb
1 - N Scheme 1 i - e IR Scheme I
i ~~~ Scheme II ! -~~~ Scheme II
~ 100 —— Scheme III 60 _ —— Scheme III
> [ --~ background > I -=~ background
'g 1 N D'D'hr ,&) ------ DD *thr
o 75l o
% i + 00+ % 40 T+ 0.0
= | I DD x = T.) =D " D"/~
i [ 3
© 50f < }
= i = I
; 20} { ] l
25} ' = | } l {
0 "_A—_.__l'_ _______ J/ ) O ;‘___n__ _____ //n/ AAAAAAAAAAAAAAAAA
3.728 3.730 3.732 3.734 3.736 3.734 3.736 3.738 3.740 3.742
]\v‘fDl)DU [GeV] AJD”D' [GeV]



[sospin violation on effective range

Du et al., PRD105(2022)014024
Low energy expansion of the scattering amplitude

e (1 1 )
Heo \ Qo 2

dT!
dM |M=Mthr+0+

Effective range rp x —Re

Isospin violation

Width effect
0.050 | i i
_ — 0.4} | |
| | [ '
0.049 | = - |
- = 0.3} :
| = i
— 0.048} : 21 i \/2uA
5 _ ﬁ 0 : i H
S | 2 S
O ! f01f | T e
i 0.047 | - ; : :
-~ [ : i
i ol 0.0} ! | —— Isospin breaking
I N i i A i —-— Isospin limit
0.046 i éJ 0.1 ! \ === D**D° DD *thr
i i ------ Pole position
0.045 267075 " 3875.00 387525 387550 387575 3.874 3.875 3.876 3.877 3.878
MD*+D0 [MeV] MDODO»N"‘ [GeV]
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[sospin violation on effective range

Du et al., PRD105(2022)014024

Scheme I: Only contact potentials

2
TI;*1+D0_>D*+D0(M) = V_ T (JI(M) + Jz(M)) L=M- Mthr.l
0
A 2u’E A\ 2uEp
J(E) = —— +i +O(E*
1(E) Ry > (E7)
Apu 2u°E 2Au* m2uA pEN\/2pA .
JH(E) = r_r + Ho VAR +'M ! +O(E?) Isospin violation
72 1PN A 2n 4z A
2z d (L(M) + () T 0 =
o=~ 2 dM M=M, ,+0* % 0.3;
A :
8 1 % 0.2
T\ 2ull z 0.1
& .
: 3 O-O; / i i— Isospin breaking
1 = L & i A i—-— Isospin limit
Ary = —[—— = —3.78 fm 2 01}~ - ——= D' D", DD thr
2/1 A i i i ------ Pole position
3874 3875 3876 3877 3878

Mpopor+ [GeV]
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[sospin violation on effective range

Du et al., PRD105(2022)014024

~172
_ 1
Compositeness Xy=11+2] 0 , Ty=T1yp— Any
Reao

/ 1
Arpy=—4|——=—=3.78 fm

Scattering length and effective range

Schemes a (fm) o (fm) o (fm) X,

SchemeI | (=6.31%93%) +i(0.0512%) | —2.78 £0.01 | 1.00+0.01 0.87 + 0.01

Scheme Il | (—6.64123%) —i(0.10750)) | —2.80+£0.01 | 0.98 +0.01 0.88 +0.01

Scheme III | (—6.72103%) —i (0.107003) | —2.40£0.01 | 1.38£0.01 0.84 = 0.01

OPE contribute 0.40
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HQS55 partner

Effective d.o.f. for (D, D*) and (D, D*) scattering Du et al., PRD105(2022)014024

1 1 _
5®5:O®1 C(), Cl VO=C0+C1

VEUD*D* — D*D*, J' = 1) = VEUD*D — D*D, J' = 1*) = v,
Out of control from current Exp. data

VE9D*D* — D*D, J¥ =1%) = C, - C,

Neglect D*D — D*D* and widths of D* (A = 0.5 GeV)

S =

cc = My — Mp=~ — Mp*o

Scheme I 5. F = —1444(61) keV

cc

Scheme 11 5.7 = —1138(50) keV

Scheme III 5. F = —503(40) keV

cc

Two-body approx., two A, M.Albaladejo, PLB829(2022)137052

Width and strangeness, Dai, PRD105(2022)016029
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The isospin property of double charm tetraquark

Why does the isospin triplet 7. disappear in LHCb?p——

i | | i | ’ |
T A T TR
i - =G
e )
e Small production in pp collision — ‘
.j 103 e —
e [sotriplet DD* state doesn’t exist c
§ PbPb @ 2.76 TeV !
o) == X(3872) fe—
PROJECTILE = . + T
SPECTATORS 107 [ T2 =
e oalL.
I
oSt |
i L A L |
10— — i
.( .
4%@7 . 10-1,__ -
SPECTATORS : E
§ Extrapolation
2 N(TZ)/N(X3872)
Z 1072} N(TZ )/N(XC —
T k
- - B N(T;)/N(X3872)
#X(3872) |
10'3:— 4 —
i —
HT _ 104 | .
— 104k . . . . a—
#X(3872) ppeory %

Centrality (%)

55  Hu, Liao, Wang, QW, Xing, PRD104(2021)L111502



The isospin property of double charm tetraquark

Wave function for both isospin singlet and isospin triplet

-----------------------------------
L4

IT5) = ———(ID™) D% - D) [D*), 1=0 I =0

<

2 | X(3872)[ccqq) — Jlylce)3n
| T =|D™)|D*Y), I=1 L=+1 ’

<
Determine 1sospin

, 1
Tci‘_ :__( D*+ DO + D*O Dt ), I=1 [ =0 :
| V2 DO IDIPT) ’ 5 from hidden charm
72 = D™)|D%, I=1 L=-1 . channel
Decay amplitude
ED*+DyT+, , /
M=+ M,y = () + ras)

1+ 72

1
. (U Py + (1 = Pl )

20/ 1 + r?
My TrH— DDt - D 2°D° My:  Tr — DFDY - D*z'DY
8D*OD+T+,
r= r=1->1=1 r=—1->1=0
8D*+DOT+,

Shi, Wang, QW, hep-ph/2205.05234
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The isospin property of double charm tetraquark

VARE

2
8D*+D,T.

1 + 72

M1M2 +M1 M

»
=
w

t (Mm2(D°n%))[GeV?]

4.20 A
4.10 A
4.05 A
4.00

4020 4025 4030 4035 4040 4045 4050 4055 4060

u (m3(D * n°))[GeV?]

Remove quadratic term of r

A

N, +N;—N, — N,

Ny +N;+ N, + N,

200

150

100

o

=50

-100

-150

-200

W ARSIV A +r(ﬂ /%*+/%*%)]

<
Q
S
Q
IS
t, = 4.05 GeV?
2

4.02 4.03 4.04 4.05
u (m?(D *n%)[GeV?]

u, = 4.03 GeV? u, = 4.05 GeV?

Shi, Wang, QW, hep-ph/2205.05234
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The isospin property of double charm tetraquark

N=500 N=1000 N=2000

A in terms of r
0.10 H

: |
\ - %“\\W
SR NEEERN \
) —0205 - H ! H
W\ﬂw \“\ \H

~0.10 - | | P\*& ~
~0.15
N=4000 N=8000 N=16000
0.10 4,

CmN \ \
BN \ \

~0.10 - t

_0.15 I 1 I I I I I I I
-1 0 1 -1 0 1 -1 0 1

i
e N=1000 can determine the isospin property Shi, Wang, QW, hep-ph /2205.05234
1, ang/ 4 ep_p ’

® it also works for other open heavy flavor exotics

® The isospin property of hidden charm /bottom exotics can also be determined in hidden

charm /bottom plus pion channels
25



Summary and outlook

o T'" exhibits as either a bound state or a virtual state

¢ A large negative effective range is from isospin violation

® Both isospin singlet and triplet double charm tetra quark could exist
e The width of T, is 56 keV

® The fully calculation of the three-body cut

e Predict the pole position of the HQSS partner 7.

® Provide a method to measure the isospin of the double charm tetra

quark

Thank vou for your attention!
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