¢ -'_.:‘.‘.\:—:_ Fers
¥R HY DRI R
Institute of High T nergy Physics
Chinese Academy of Sciences

Experimental Status on Exotic Hadrons

Xiaoyan SHEN

Institute of High Energy Physics, Chinese Academy of Sciences

The 40™ International Conference on High Energy Physics
28 July — 6 August




Outline

e Introduction

* Selected results on exotic hadron candidates — mainly charmonium sector

* Observation of structure in J/\y pair mass spectrum -- T_—
* X(3872)
* Y(4260)

* P_states

* Summary



Exotic hadrons

B Conventional hadrons consist of 2 or 3 quarks:

Naive Quark Model:

baryon

meson m ?

B QCD predicts the new forms of hadrons:
e Multi-quark states : Number of quarks >= 4

® ¥

e Hybrids: qqg, qqqg..

e Glueballs: gg, ggg.. g % g

None of the exotic hadrons is settled !

c"f?gffe




Main contributors to the exotic hadrons

e ete collider

BABA

Collaboration Home Pa;

| apologize for not covering all the experiments and results.


http://www.slac.stanford.edu/BFROOT/BABAR.html
http://www.slac.stanford.edu/BFROOT/BABAR.html

XYZ particles at the beginning (charmonium sector)
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* X(3872) was first observed by Belle, then confirmed by other exps.
* Y(4260) was first observed by Babar, then confirmed by other exps.
e 7%(4430) was first observed by Belle, not in Babar, confirmed by LHCb

Inspired the observation of lots of exotic hadron candidates in many exps.
Opened a new era of exotic, quakonium-like spectroscopy.


http://www.slac.stanford.edu/BFROOT/BABAR.html
http://www.slac.stanford.edu/BFROOT/BABAR.html
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Bottomonium(bb)-like spectrum
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Mainly focus on the results in charmonium sector



Ilﬁc'ﬂ Observation of st

* Theoretical predictions for the tetraquark states comprising only charm quarks T

See talk by Daniel Johnson

GeV/c? (lots of refs., see the list in arXiv:2006.16957)
* Search for T_— states in the di-J/y invariant mass spectrum @sqrt(s) 7,8 and 13 TeV, 9 fb!
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Narrow structure ~ 6.9 GeV/c?
Broad structure near threshold

Hint for another structure ~ 7.2 GeV/c?

Weighted Candidates / (28 MeV/¢?)

No evidence for structures > 7.2 GeV/c?

Tetraquark candidate with cccc.
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Weighted Candidates / (28 MeV/c?

My, [MeV/c?]
* S-wave BW for X(6900); 2 BWs for
threshold enhancement; phase space
* No interference
* M=6905 +11+7 MeV/c?
['=80 +19 +33 MeV/c?
* Relative production cross-section R:
(to that of all prompt J/\y pairs)
R=(2.6 £0.6 £0.8)% p>5.2 GeV/c?
R=(1.1+0.4 £0.3)% full p; range

ructure in the J/y-pair mass spectrum

LHCb: arXiv: 2006.16957
vary from 5.8 to 7.4

cccc

1 xZ/ndof-104 7/91 - '_T i

M g 5/, [MeV/c?]

* S-wave BW for X(6900);
* alower mass state;

Interference considered
M=6886 +11+11 MeV/c?
['=168 +33 +69 MeV/c?



ﬁiﬁclg T,.c; searches at LHCb and CMS in the Yp*p decays (<

T, b Searches at LHCb (Hep 10 (2018) 086) T,pip, Searches at CMS (arxiv:2002.06393, accepted by PLB)
e 6.3 fb!at sqrt(s)=7, 8 and 13 TeV e 359 fb! at sqrt(s)=13 TeV
* Explored the mass region 17.5 —20.0 GeV/c? * Explored the mass region 17.5 — 19.5 GeV/c?
* No significant signal * No significant signal
~ VT T T CMS 35.9 b (13 TeV)
e A R R
- : LHCEt o =
g I 5= -; 813 TeV (Lg i: S?gt;xt;r)lal bkg Tetraquark (m = 19 GeV) E
ot | v
S ] S a0 :
= i @025 ’ l =
3 = '
E L%fg il I “ijlt!léll.ﬂllIilill'lu;.....m‘-‘ E
Z= 4 10 ] } % Ui
g . : T
| 0 . [THTITY TR EHTTHH A ‘.1'4 j\ ;
16000 18000 20000 22000 24000 26000 ot .1|4J J .116. ; ‘118‘ N ";2|0. 212214H2+6,,28
mQu*2u~) [MeV/e?] I’T’l4“ (GeV)

No tetraquark candidate with bbbb is found.



X(3872) — named as y,(3872) in PDG

X(3872) properties

* Mass: 3871.69 + 0.17 MeV/c?, very close to D°D*? threshold
 Width: < 1.2 MeV
* JPC: 1** from angular correlation analysis in B* —K* X(3872) —>K* p J/y by LHCb

» Find more production mechanisms of X(3872)
To understand X(3872) better: { > Find more decay modes of X(3872)

» Measure the mass and width of X(3872) precisely



In this talk Production of X(3872)
* From radiative decays of Y(4260): Y(4260) —»yX(3872)

(BESIII: PRL 112, 092001(2014), PRL 122, 202001 (2019), see talk by Peirong LI in parallel session)

From A, % decays: A,° — pK X(3872) (LHcb: JHEP 09, 028 (2019))

In tWO-phOtOﬂ ProcCess (Belle: arXiv: 2007.05696 (2020). See talk by Sen JIA in parallel session.)
Production in heavy ion collision (cms preliminary ).

from B, decays: B, — X(3872) ¢ (cvs: arXiv: 2005.04764)

* FromB decay: absolute rate (Babar: PRL 124, 152001 (2020)), see talk by Fergus Wilson in parallel session

Decay of X(3872)
- Radiative transition and open charm decay: X(3872) — y J/v, Y w(2S), D°D*?, yD* D~

(BESIII: arXiv: 2001.01156, see talk by Peirong LI in parallel session)
* X(3872) — o J/y and ®t%, (Besii: PRL122, 202001 (2019))

Precise Measurement of M and I" from X(3872) lineshape
* Inclusive b —» X(3872) X decays (LHCb: arXiv:2005.13419, see talk by Daniel Johnson in parallel session)

* Exclusive B+ —> X(3872) K+ decay (LHCb: arXiv:2005.13422, See talk by Daniel Johnson in parallel session)
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BESIII: PRL 112. 092001 (2014)

=
i

Radiative production of X(3872) in ete™—y X(3872)

BESIII: PRL 122, 202001 (2019)

) Dat . —4 data ete’ >yt J/y
o 2.4 fb1 hllbeing . £ os — Y{4280) g
§ [ — Total fit = - Phase Space 70E (a) 415 <E_ <4.30 GeV
2 o[ X(3872) - Backgrownd 3 2 4 -~ Lnear o
Gl | 6.30 ? 08 L sof 9.0 fb!
K22 i B Z 405
5 sl {5 o = X(3872)
b @9 30
LLL Tl 1 - & L = 20F
ettt T S P T — W
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* Observed X(3872) @E ., = 4230, 4260, 4360MeV (2.4 fb'l) °

« Mass : 3871.9+0.7+0.2MeV s LU
[PDG : 3871.68+0.17MeV] s

» Width : <2.4MeV at 90%C.L. e ﬁ%

* Assuming B(X(3872)—>ntn)/y) = 5% e =

M(m i) [GeV/c?]

o(Y(4260)—>vX(3872))

~11%, large ratio!
c(Y(4260)>rnl/y)




Observation of X(3872) from A,° decays

LHCb: JHEP 09, 028 (2019)

W e 4 Data sets: 1.0, 2.0 and 1.9 fb-! for
= E3.62 < Myt < 3.72GeV/c 1 = 3000 5.61 < Ty et e pK— <5 F3(e\r/c 1
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5.58 5.6 562 564  5.66 3.62 3 64 3. 66 3.68 3.7 3.72
A et pK [Ge\/c ] TaTA— [Ge\f”/(ﬂ Abo —> A(].SZO) X(3872)
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First evidence for X(3872) in single tag two-photon (yy*) interactions

See talk by Sen JIA in parallel session Belle: arXiv: 2007.05696 (2020), submitted to PRL

. For]PC = 1++ X(3872), vy = X(3872) is forbidden. 825 fb~1@Y(nS) resonances (10.6GeV)
* |tis allowed if one or both photons are highly virtual [Nucl. Phys. B 523, 423 (1998)].

e tag * Ine*e — e*e X(3872), tag e in the final states, do not
: EZ_J/“’AZ‘” Wi detect e* which scatters at an extremely forward
X(3872) (backward) angle.
s & * Three X(3872) candidates observed, expected background
The veto regions 0.11+0.10, 3.2 o ( 0.995 < Ny, < 7.315 at the 90% C.L.)
% 2&1 / f,}_.,}.B(X — J/ymtaT) = 55154 (stat.) £ 0.7 (syst.) eV,
5 20; ' Ko7 Bevents | (Using the Q? dependence from cc model)
- «/ : If take Br(X(3872) > n*w)/y) = (4.1+1.3) %
b | [ ~75ev
N L ;o2 }} ] ]H M ] | Calculation for non-cc model and
ST SOV 1 USRI L high statistics data needed.

B 9 . 375 38
M(Jlynn) (GeVic?) M(J Iy ) (GeV/c?)
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Observation of X(3872) from B_.° —» X(3872) ¢ decays

140 fb-1 @ 13 TeV CMS: arXiv: 2005.04764

o] 1o : i Br(B.9—X(3872)9)xBr(X(3872)—>mtnI/y)
Y - ) SEEE —wesie
3 2000L __(yias), bk 8 T —-(y(2s)big R =
ool W) g \ Br(B,0—(25))xBr(y(2S) > )/ y)
o = (2.21£0.29+0.17) %
e e ma('jgy;mr) [Ge\?}']75 . ! e mf.ffo) [(33\1/']0i Br(BSO—)X(3872)(|))><BF(X(3872)—)TC+TC_J/ \|!) =
; W o S R E— = (4.14 £ 0.54 + 0.32 + 0.46(Br)) x 10
180F == Fit [ Fit
2 180 — (3872, 0) } T 100 e
O 140F —- (X(3672), bk O 1005 —- (X(3872), bk Br(B.°—>X(3872
g Eg_ ""‘ED%W; ’ % T o3 122;-----;:3;&9:@)) ’ ( > ( )(I)) =0.482 + 0.063 =+ 0.037 £0.070 (Br)
2 1005 - (g, bk 2 T e kg big + +
O 28_ - X(3872) O 60 } ________ Br(B —)X(3872)K )
3 40
£ >6.00 BriB,” >W(29)0) _ 871 0.10 (PDG)
380 38 30 395 100 101 102 1.03 104 + + R
M) [GeV] mK*K ) [GeV] Br(B* — y(25)K*)

The X(3872) formation in B meson decays is different from y(2S) formation
Suggest X(3872) is not a pure charmonium state.



CMS

CMS Preliminary 1.7 nb’' (2018 PbPb 5.02 TeV)
— 14
450F ]
- Inclusive 15« P, < 50 GeV/c 1
400F- lyl<1.6 3
= 300F + 3
= - + ]
o 250F ]
— 0o
~ 200F 3
w -

Production of X(3872) in heavy ion collision

CMS preliminary
* PP, collision at C. M. energy of
sqrt(syy) = 5-02 TeV per nucleon pair,
1.7 £ 0.1 nb?
* Decay chain X(3872) - ntn)/y - mtnuw

£ 150 * The first evidence for X(3872) production
L = —1-2
i J\ 1,  inheavy ion collisions
og'éé' \ "'é""é'é"éAg'g"'éé""l“ 102 1.7 nb™' (2018 PbPb 5.02 TeV)
.65 v .75 . .85 . .95 E .
My (GEV /02) E CMS Preliminary ﬁ;f ZTSV’ CMS)
-  PbPb (5.02 TeV, CMS) ® Inclusive
10 Iyl < 1.6, Cent. 0-90% pp (8 TeV, ATLAS)
o(P,P,—X(3872)+X)xBr(X(3872)—>n*n-J/vy) i e Prompt
R= I B o et
o(P,P,—W(25)+X)xBr(y(2S)>mtn) /) G- i
=1.10+0.51 +0.48 0. o .—
An indication of large R in P, P, collisions * . . . . .
with respect to the pp collisions. 1?7020 730 4050 60 70



f BABAR The absolute X(3872) rate for BE—=>X(3872)K*

Collaboration Home Page

See talk by Fergus Wilson BaBar: PRL 124, 152001 (2020)
* Br(X(3872) —» n*n)/vy):
e Tetraquark or Tetraquark+X: <50 % (L. Maiani etc., PRD 71, 014028 (2005), PRL 99, 182003 (2007))
 Molecule: <10 % (E. Braaten etc., PRD 72, 054022(2005); T. Barnes etc., PRD 69, 054008 (2004);
P. G. Ortega etc., CPC 43, 124107 (2019))

* The determination of the absolute branching fraction for Bt—>X(3872)K* leads to the
absolute branching fraction of X(3872) — n*n’J/y = nature of X(3872)

' [ X872)30 o 424" Br(B* 5 X(3872) K*) =(2.1 £0.610.3)x 10"
. . S 200: | l . . By using the measured product BF:
% 3 T | , (8.6 £0.8)x 10 (from PDG)
Bta g 100f o\t L
K g E : JJ 'iIL,."“'!i'ﬁi"ﬂ | \ iL,,ﬂ'ﬂL " T b .h N
nom 8 o gl 11 T = Br(X(3872) - n*n)/vy) = (4.1£1.3) %
Measure K momentum spectrum_moi_. Ll | |

1z 14 s 1z Support X(3872) a molecular hypothesis.

Kaon Momentum (GeV/c)

in B rest frame.


http://www.slac.stanford.edu/BFROOT/BABAR.html
http://www.slac.stanford.edu/BFROOT/BABAR.html

11.6 fb'! @ 4.008-4.600 GeV

o(yX(3872)—ywdly) (pb)

oy X(3872)—yr T ly) (pb)

BESII

Observation of X(3872) —» (DJ/\|I BESIII: PRL 122, 232002 (2019)

ete” > yX > ywJ /P, withw - ntrnn®, J/yp - 11

2F <+ Data
i — Fit
1.5F
t
0.5k
ot :
4 4.2 4.4 4.6
Is (GeV)
0'8: —+Data
X -+ BESIII 2014
0.61 — Fit

S [ 57 -y
% e — Xuts
g . 3.1o0 xFaeeo}
? m g:&gmund
Iy 3149 o S
c
0
>
W
mr r »s el 4
380 39 39 4 405
M{odiy) (GeVich)
R —+ Dala
S — i
02 —  X(3915)
E 6 . 90' wnn OF
0 --- Bgﬂ(gmund
- I Sideband
210
0
>
w

W39 3% 4 4B
Mol (GeVId

There were evidences at Belle (4.35) and
BaBar (4c) experiments.

v Three: X(3872), X(3915) and X(3960))
Ny (X(3872)) =45+9+3

v Two: (X(3872), X(3915))
Nyiy(X(3872)) = 40 + 8 + 2

Mass Width

X(3872) 3873.3 £ 1.1 (3872.8 &+ 1.2) 1.2 (1.2)

X (3915) 3926.4 + 2.2 (3932.6 £ 8.7) 3.8 7.5 (59.7 £ 15.5)
X (3960) 3963.7 &= 5.5 33.3 £ 34.2
Br(X(3872)—>aJ/v)

= 1.6 *04,, +0.2

R =
Br(X(3872)>n )/ v)
Agree with BaBar’s results (prD 82, 011101(R) (2010))

Support X(3872) to be a molecular.

(E. S. Swanson, PLB 588, 189 (2004); F. =K. Guo et. al., Rev. Mod. Phys., 90, 102002 (2006))



BESII
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[&] E
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M(°x_) [GeV/c?]

Events /5 eVl

Events /5 MeVic?

Events /5 MeVvic?

Observation of X(3872)— ©%,

|
.

38 jcR=le]
M(TIO):_CJ} [GeVic?]

= Br(X(3872) - %, )/Br(X(3872) > /P )~ 0.881+0.34
"Br(X(3872) - 1%, ) ~ 4% ( take BaBar’s value of Br(X(3872) - nrt J/{)=(4.1+1.3) %)

*From S. Dubynskiy and M. B. Voloshin (pro 77, 014013(2008)), if X(3872) were y,(2P) charmonium
state, ['(X(3872) - n%, ) ~0.06 keV. Then the total width of X(3872) ~ 0.06/4% = 1.5 keV.

Orders of magnitude smaller than any observed charmonium states.

BESIII: PRL122, 202001 (2019)

9.0 fb'1 data

This measurement disfavors the cc interpretation of X(3872).



BESII  Transition of X(3872) — yJ/Y, y(2S)
BESIII: arXiv:2001.01156

9.0 fb'! @ e*e’ CM energies of 4.148 - 4.278 GeV accepted by PRL
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Events / (6 MeV/c?)

3
Events / (5 MeV/c?)

i 1 | 1 0 " "
. 3.8 3. 85 3.95 4 3-8

M(y JAp) (GeV/c) M(vw)(GeV/cz)
* Find the evidence of X(3872) — yJ/y with 3.5¢
* No evidence for X(3872) — yy(2S).

_B(x(3872)-yy(29))
~ B(x(3872)-v3/w)

challenges Babar(3.4+1.1) and LHCb results (2.46% 0.70) (PrL 102, 132001 (2009); NPB 886, 665(2014))

<0.59 at 90% C.L., agrees with Belle(<2.1)(rrL 107, 091803 (2011))

* Not likely charmonium(1.2~15), but rather a molecule(3~4x10-3) or a mixture(0.5~5).

19



BESII Decays of X(3872) > D°D*%and yD*D-

BESIII: arXiv:2001.01156

LD*O DO accepted by PRL
. D°D*0 7 = . .
10 }L % + % i M Observed X(3872) — D°D*? with stat. sig. of 7.4c
L5 T HNo evidentsignalinyD*D™.
Q
= . _ .
> M BF ratio to "~ J /1 is measured.
~~ C
"21 5 _ mode ratio UL
Q ~J /) 0.79 4= 0.28 -
wqok Y’ —0.03 = 0.22 < 0.42
i ~ID° Do 0.54 & 0.48 < 1.58
5F 0 D0 DO —0.13 4 0.47 <= 1.16
i 'Hr D*° Do + c.c. 11.77 = 3.09 -
0 edek ‘ - ~D D 0.007 9 oo = 0.99
3.9 3.95 w.J /1 1.6704 1 0.9 (18] _
M(D "D) (GeV/c?) 7°xe1 0.8879:33 + 0.10 [31] -
10
’ yD*D- Take Babar’s result: Br(X(3872) —» n*n’)/vy) = (4.1£1.3) %

Br(X(3872) —» D°D*%)~ 48 %
Support X(3872) to be a D°D*? molecule

Events / (5 MeV/c?)
(9]

o

3.85 39° 395 " \lery important to measure the mass of X(3872) precisely.
M(y D'D) GeV/c



% X(3872) lineshape study from b—>X(3872) X

(LHCb: arXiv:2005.13419) See talk by Daniel Johnson b-hadron
* S-wave BW (agree with PDG average, better precision)
X(3872)-S wave BW

1000

VM (x:1(3872)) — M(y(25)) | : s 201 ££0l2 """ b LHCH ]
2_ ]

800~
R — background
<1

= 185.588 + 0.067 + 0.068 MeV/c? ' [ e total

600F Prir-

v Mgw = 3871.695 + 0.067 + 0.068 + 0.010 MeV/cZ\ o

vTew = 1.39 + 0.24 + 0.10 MeV /c? ;

v §E = M(D°) + M(D*°) — M(x:1(3872))
= 0.01 + 0.14 MeV/c? with

M(D®) + M(D*®) = 3871.70 + 0.11 MeV/c?

Candidates/(1 MeV)

* Flatte parametrization

X(3872) is very close to DYD*°threshold. The opening up of DYD*?

threshold distorts the lineshape from BW.
Pole: 3871.691399+9.9°5 MeV/c?; FWHM: 0.2219:06+025 Mey /2

v’ Consistent with DYD*? quasi-bound state
v" Quasi-virtual state cannot be excluded Y T e T T T

Mypprin— |GV T GeV]

A bett trizati f the linesh ' ded.
etter parametrization of the lineshape is neede 3fbl @ 7 and 8 TeV




Eﬁﬁﬁ X(3872) from exclusive B* - Xcc(—>ntn~J/y) K* decays

o9fbl@ 7, 8, 13 TeV (See talk by Daniel Johnson)

(LHCb: arXiv:2005.13422)

1-2X193‘ T T T — ] 1-2f‘lq3"\““\““\"“\“"_
o f e camaad LHOb 3 Raancmyy e <SG LHOD ] vM(x:1(3872)) — M(1(2S)) = 185.49 + 0.06 + 0.03 MeV/c?
z 4 15 F : v Mgw = 3871.59 + 0.06 + 0.03 + 0.010 MeV /c?
= 08¢ { 4 = osf ] T T -
% oek \ 108 A X(3872) vTgw = 0.967012 + 0.21 MeV/c?
= L + 1 = YU B —
S o 1 1.4 ] V8E = M(D®) + M(D*®) — M(x.,(3872)) = 0.12 + 0.13 MeV/c?
SR 4 1 1

i ! 1 C s — B(B* — 3872)K*) B 3872) = J /Yt

. : m——— = » Xer(3872)K7)  Bxea(3872) 2 J /WM T) _ (3 59 4 0,07 + 0.06)x10"2
52 525 53 535 385 38 387 388 389 3. B(B* — 1)[;(2_5‘)]{‘*) B(I,D(ZS) - J/YrtoT)
Mjppntr-K+ [GeV/CQ] MIfpmtm= [GGV/C2]

X(3872) mass and width from BW( first measurement of I, most precise measurement of mass)

LHCDH B* — x., (3872)K+ ol
LHCH b— x., (3872)X el LHCb Bt — x1(3872) K™ H—e—H
mMipo = Tipao (gl . .
PDC 2018 i W LHCDb b— x1(3872)X [—s—
CDF pp — xa1(3872)X |-t _
) _ S k S
Belle B— .. (3872)K Heeih Belle B— x.1(3872)K
LHCDb pp— X1 (3872)X e 4o
BESIII ete— — xo.(3872)y PR S S BESIII eTe™ — Xc1(3872)y
BaBar BT — x.1(3872) K" e — _
BaBar B% — x.,(3872)K° - H BaBar B — xc1 (3872)K
BaBar B— (x.,(3872) — JAbw) K I } - . _
DO PP — xe1 (3872)X : BaBar B— x.1(3872)K
3868 3870 3872 3874 o 1 > 3 4 5
/ i 2
s [MeV/e?]

I'yo13872) [MeV]

M(X(3872)) = 3871.64 + 0.06 + 0.01 MeV/c?
LHCb average: TI'(X(3872))=1.19+0.19 MeV/c?

SE = M(X(3872)) = M(D°D*°) =0.07 £ 0.12 MeV/c?



Y(4260) , Y(4360) and Y(4660)
(named as y(4260) , ¢(4360) and y(4660) in PDG)



Cross sections of ete” - n*mwl/y, T y(2S), wrnh,

Babar: PRD 86 051102 (2012)

120

c(ete>n*n J/vy)
Belle: PRL 110, 242002 (2013)

o(e'e — Iy m)(p

BaBar_ ete sy, i/ Belle

L D
]
N sae w

% op i v(4260)
£o {H”Hﬂ#i |

0 H* Hﬂm}ﬂ* Wmi v ++t+*m

The weighted average of Babar, CLEO and Belle
From a single BW: M =4251 £+ 9 MeV

| N
38 4 4.2 44 4.6 48 5 52 5.4

38 4 42 44 46 48 5 52 54

Eon(GeV) E.n(GeV)

=120+ 12 MeV

+A- + - -
G(e e >t J/y) o(ete > no1t0 /)
g PRL 118, 092001 @; PRD 102, 012009 Hows
% ~BESII (2017) < (2020) ~ryiEzo
= = = Fitll +$ F wwm NonRes E
% 40 € E
2 gttt b3
2 20 == — : e
) ffEes A — e T o o e
0 S 3.8 4 4.2 a
is (GeV) (GeV)

Coherent sum of two BWs + one incoherent {)(3770)
M =4222.0+43.1+1.4 MeV, [ = 44.1+4.312.0 MeV

Lower and narrower than Y(4260) PDG values

M =4320.0£10.4+7.0 MeV, I=101.4+25.31£10.2 MeV

Lower than Y(4360) PDG value

The sig. of the second BW is 7.60

BESII

c(e*e >m'rrh)

0.25————F———T————
C 3o contour -
250? - BESIII: R-scan data sample 0 20-_ -2(5 contour ]
. I = BESIIL: XYZ data sample I : C | ;?-‘C’Ozlll:OUl‘ E
-E' 200; —TFit curve: Total Y(4390) C — Y4220
= Fit curve: Y(4220) < 0.5
k> IS0 pit curves Y(4390) v r
; S +
2 100 — L ——
g = Y(4260 ' = 0.10p Y(4260)P°¢ ]
&) r 10 A F 4
3 so- M " - le r ]
Z il g~ 5L :
£ ok o L]‘ ol T, - -;; Indl IIL.!. . 0.03: Y4260/ Y(4230)
B e LT L :
=0 ooplm——
>0 PR AR RN RN ST BRI B £13 4.20 4.25 4.30
3.9 4.0 4.1 4.2 4.3 4.4 4.5 4.6

M (GeV/c?)
Vs (GeV)

BESIII: PRL 118, 092002 (2017)

Fitted with coherent sum of two BW-like structures

» M,=4218.455, . +0.9 MeV/c?, T,= 66.0"123,,+0.4MeV > Y(4220)

» M,=4391.563,

s+ 1.0 MeV/c2, T',=139.5+162,  +

0.6 MeV - Y(4390)

[ The Y(4220) here is consistent with the state

observed in *rtJ/P around 4220MeV



http://www.slac.stanford.edu/BFROOT/BABAR.html
http://www.slac.stanford.edu/BFROOT/BABAR.html

BESIT

Cross sections of e*e” — w*n y(2S), nJ/v, ©Y DD

Cross Section (pb)

o(ete -t y(29))

120
100 P

¥(4260): 5.8 o |

- BESIII ]
Belle _:

= BaBar ¢

11\ Y(4360)

BESIII: PRD96, 032004 (2017)

Solid curve: 3 coherent BWs
Y(4260), Y(4360) and Y(4660)
Dashed curve: 2 coherent BWs
Y(4260) and Y(4360)

oB(e'e’ — mJh) (pb)

80

c(ete—nl/vy)
BESIII: arXiv:2003.03705,
submitted to PRL
3 BWs: y(4040), Y(4260)
and Y(4360)
M,= (4218.74+4.042.5) MeV/c?
| T',=(82.5 5.9 + 0.5) MeV/c2

L L I L R e

M,= (4380.4+14.2+1.8) MeV/c?

CO)

o(e'e—wy

21000 |

(@)
o
—

o(e*e 2wy )

BESIII: PRD99, 091103(R) (2019)

~4- BESIII 2019

—& BESIIl 2015+2016

Y(4260)
.

o

42 43 44 45 46
's (GeV)

M= (4218.5 +1.614.0) MeV/c? :
['=(28.243.9+1.6) MeV/c?

/s (GeV)

[',=(147.0 £ 63.0 £ 25.8) MeV/c?

c(e*e—>n*DD™)

BESIII: PRL 122, 102002 (2019)

The total amplitude: coherent sum of a

1000 ’

500

Gdrcs:« ( P b)

direct 3-body PS + 2 relativistic BWs

Ogress (11) —|C P(m) + e B, (m)\/P(m)/P(M,)

~
~

+ e 2By (m)\/P(m)/P(M,)|".

M= (4228.6 + 4.1 + 6.3) MeV/c2

['=(77.0+ 6.8 +6.3) MeV/c?




cross sections of e*te — w*n y(3770), *DODO, DD Y(4260) in b-flavored decays

BESI BESIII: PRD 100, 032005 (2019) Belle: PRD 99, 071102 (2019)

BaBar: PRD 73, 011101(R) (2006)

[ —e—Born cross section (a) g :22 E: —-e— Born eross section - (b)
gl 200 v u | v (.I; § 140i ¥ Upper limit at the 90 % C.L. .
B, * c EmE B-— n'ml/y K
iR
;g 50 [ . + v + %’g 40% . i v ~
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T e e e s e = 20 “aEass a4 445 as dss i ae >
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8 ol oo c © £ a0 T U et ot e 0 5 G0 @ >
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= T ‘= 100 ' —
? 200 H Y . b: so; v ~
?;150_ a 80 + v + { ~ L
ool g g . 1 - T3 DAL e ]
e 1] LS S T ] SR R T o E 20, vaenmeenss
B T - J 5 S a0 by ke e s e > < 2 9 Xlo 5
Vs (GeV) Vs (GeV) Lu T . L1
No significant Y(4260) observed 4 42 44
: f e*e- = had m(Jhyrn) (GeVIc)
Cross sections of e'e" — hadrons
BESII: PRL 88, 101802 (2002) ;
1oen g’ ol T ] | ]
S ° [ eesn wia0a0 wmsm AT Az 43 43 45 46 Hb —> TN J/\|I + anythlng
© F w(3770) qJ(4415) MquJm (GeV/cT)
= 220 e
c 4

{}{I fZZ;: * DO Run 11, 10.4 fi5'
3 }H{}ﬂf H@EI E} HH t 5 E w
- I ;! DO: PRD 98, 052010 (2018)
2 |11 , a25 wev | Y(4260) is correlated with Z(3900) - + * by

20_—

Ecm (GeV) T T T T T TR TP S T 1

4'1 4.2 4.3 4.4 4.5 4.6 4.7 4.8 4.9

No significant Y(4260) observed Sy o]



http://www.slac.stanford.edu/BFROOT/BABAR.html
http://www.slac.stanford.edu/BFROOT/BABAR.html

Y(4260) summary and explanations

M= 4220 %15 MeV, Full width I'= 20 to 100 MeV (PDG 2020)
15(JP€)=0-(1")
* Y(4260) appears in NI/, wxco, T Ny, ttT Ty (2S), ntwh,, D°D* mt+c.c.

100 F

—-+- ]
[ — .
80 [~ ._+_ —a— iy -
[ —+— —f— wy(3686)
e

60 |-

=D°D"

(Y (4220)) (MeV)

* Y(4260) has strong transition to X(3872) and Z_(3900) wf 4 ;
* Y(4260) is not observed in e*fe*—inclusive hadron cross section b, + ......... ]
* Y(4260) is not observed in e*fe—> open charm pair cross section M(Y(4220)) (MeV/c?)

* For charmonium states above open charm threshold, they mostly decay to open charm pair — OZI rule

* Absence of Y(4260) decaying to charmed meson pair + strong coupling to J/y *n and hidden charm final states
=>Y(4260) might not be a charmonium state

Theoretical explanations:
* Bound state of DD_1(2420) (binding energy is too large);

e ccg hybrid state (mass lower than LQCD calculation, large radiative width is odds);} (lots of references...)



% Pentaquark states LHCb: PRL 115, 072001 (2015)

* Two J/y p resonant structures observed in A, °— J/y K'p from a full amplitude analysis
3fbl! @ 7 and 8 TeV

2500;— (a) LHCb 8002
(a) c (b) K
bﬂ—@c s b*&ﬁ !
} A d

(b) LHCb

n
o
o
(=}

-
(=]
o
o

o
(=]
o

Events/(20 MeV)
2
o
1
= =3
el
Events/(15 MeV)
I
3
kbl RAAL ELLA LA LLLLY L) LULL) LU

1 1 1 1 1
1.4 1.6 1.8 2.0 22 2. 4 4.0 4.2 4.4 4.6 4.8 5.0
my,, [GeV] Mryp [GEV]

)

* P_(4450)* : the nominal peak, 12c

e fome | M=4449.8+1.7+2.5MeV/c%, T =39 +5 + 19 MeV
- N Fit fraction: (4.1 £0.5 £1.1)%
S 800~ +A(1405)

o g w. e o Phase change in amplitude consistent with that of a resonance
;2:°th;,..*p'ﬂ.n1“’15°)+ "‘\, * P_(4380)*: required to have a good fit, 9¢
| M=4380+ 8 + 29 MeV/c?, ' =205 + 18 + 86 MeV

Fit fraction: (8.4 £0.7 £4.2)%




Weighted candidates/(2 MeV)
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Observe a narrow new P_ state and two-peak structure of P (4450)

in A’ J/y Kp

LHCb: PRL 122, 222001 (2019)

Run 1 and Run 2 data, ~an order of magnitude larger statistics

| — data :
- — total fit !
. — background

- 7.60 |

Myryp

450 4500 4550 4600
[MeV]

Weighted candidates/(2 MeV)

P_(4312)"

P_(4440)" I‘\ P_(4457)*

o = BUb = BPKT)BEE — J/yp)
B(Ay = /YpK)

4306 4250 30'0:\21';50 55609456 450645569500
m ., IMeV]

State M [MeV | I' [MeV | (95% CL) R %]
P.(4312)% | 4311.9£0.7F08 | 9.8 £2.77 3 (< 27) | 0.30 £ 0.0710 1
P.(4440)" | 44403 £ 1.3707 | 206 £4.97 57 (< 49) | 1.11£0.331)42
P.(4457)% | 44573406707 | 644207 >0 (<20) | 0.53+0.16101

The fit is not sensitive to the broad structures, like P_(4380)*



Loosely-bound pentaguark Interpretations of P_ states

(Molecule) Tightly-bound pentaquark
P (4450) (hadro-charmonium)

* Theoretical predictions for £_* D"° made

) :
before LHCb’s observation. Good agreement. | \aianiet al., PLB 749, 289 (2015)

W. L. Wang, PRC 84, 015203 (2011) V. V. Anisovich eta al., arXiv:1507.07652

Z. C. Yang et al., Chin. Phys. C 36, 6 (2012) ) o
J.J. Wu, et al., PRC 85, 044002(2012)D0 M. I. Eides et al., arXiv:1904.11616

M. Karliner eta al., PRL 115, 122001(2015) e

P o =0 * The binding energy
e J"and more predictions at 2" D'"° threshold - Predicted width of P,

M. Z. Liu et al., PRL 122, 242001(2019) °

too bi
* The mass coincidence of P (4312)* and P (4457)* , 1P of Pg(4440)+ 1/2-
C

' + 10 + *0
Wlth.tWO related thresholgls, 2D%and 2_*D°, I? of P_(4457)* 3/2-
provides strong evidence in favor of a loosely

_ (hyperfine hadro-
bound charmed baryon- anti-charmed meson

charmonium doublet)

Kinematic effects
(Rescattering via triangle diagrams)

S
Xk = J/Yp T/

F. K. Guo eta. At., PRD 92, 071502(2015)
A. P. Szczepaniak, PLB 757, 61 (2016)

X. H. Liu eta al., PLB 757, 231 (2016)
Mikhasenko, arXiv:1507.06552

P.(4312)* and P_(4440)* are too far
from any rescattering threshold
P_(4457)* is right at A (2595)*D°
threshold, cannot be ruled out

as a triangle effect.

(Supplemental material for

PRL 122,222001)

molecular interpretation. Determination of J® and study of more decay modes and
production mechanisms will be crucial.



GL% ~ Search for pentaquarks in photo-production process at JLAB

GlueX: arXiv:1905.10811, PRL 123, 072001 (2019)

* The P_states observed at LHCb can be produced in the s-channel yp —>P_*—J/y p, which is
free from the three-body re-scattering effects.

* The P(4312)*, P(4440)* and P_(4457)* produced in the s-channel process would appear as
structures at E =9.44, 10.04 and 10.12 GeV in the cross-section results.

* No evidence for such structures.

| * The upper limits are set assuming J°=3/2-
at 90% C.L. (systematic uncertainties incl.)
(if JP=5/2, the upper limits are a factor of 5 smaller)

v JPAC model: (PRD 94, 034002 (2016))
B(P.(4312)*—J/y p) <4.6%
B(P.(4440)*—J/y p) <2.3%
B(P.(4457)*—J/y p) <3.8%

v Incoherent sum of BW and non-resonant

o(yp — JApp), nb

_. ............. ............. ........... Cornell
_‘ 4 ............ \ AAAAAAAAAAAAA ............... _——— JPAC P:(4312) 3/2' BH=2.9°/O .

A 3 - —— JPAC P;(4440) 3/2 BR=1.6% c(yp — P.(4312)*)x B(P.(4312)*—J/y p) <4.6nb
107l | e JPAC P(4457) 3/2 BR=27% | o(yp — P_(4440)*)x B(P_(4440)*—)/y p) <1.8nb

8 9 10 £, Gev 20 o(yp — P.(4457)*)x B(P (4457)*—)/\y p) <3.9nb



ik

Search for P(4312)* in A,°—> 1n(1S) Kp

See talk by Daniel Johnson

LHCb: arXiv:2007.11292

* The decay A,°—> n(1S) K'p is observed for the first time at 7.7 5(5.5 fb™* @ 13 TeV)

* No significant pentaquark contributions observed.

Weighted candidates / (30 MeV/c?)
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Br(A,°— P_(4312)*K") x Br(P.(4312)*—>n_p)/Br(A,°— n.(1S) K'p )<24% (at 95% C.L.)



Mass (MeV)

Before close my talk.......
From Richard Lebed, Snowmass talk (2020)
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Most of these charmoniumlike states are related to the open-charm thresholds.
Do we have a single picture to understand them?
* More data are needed to build more relations among the exotic hadrons.

Thanks for your attention



