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BExatic Hhabltons

A Conventional hadrons consist of 2 or 3 quarks

baryon

Naive Quark Model
meson m ?

A QCD predicts the new forms of hadrons:
w Multi-quark states Number of quarks> 4

® &

wHybrids gqqd qqqg..

wGlueballs gg ggg... g%g

None of tiheexotic hathondgs sattled !!

e




Main contributors to the exotic hadrons

Aete collider

BABA

Collaboration Home Pa;

DIRC

| 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
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PRL 91 (2003) 262001 PRL 95 (2005) 142001 PRL100(2008)142001
B = K w7 J/ ete” = yyrm T I/ Y B— Km=y/

A X(3872) was first observed by Belle, then confirmed by atikps
A Y(4260) was first observed by Babar, then tordd by otherexps
A Z (4430) was first observed by Belle, not in Babar, confirmedHiyb

Inspired the observation of lots of exotic hadron candidates In nexipg
Opened a new era of exotiguakoniumlike spectroscopy.

4.3
Mt y') (GeV)


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

Mass [MeV]

From Stephen L. Olsen et al., Rev. Mod. Phys. 90, 15003(201

Charmoniun{cclike spectrum Bottomonium(bb)-like spectrum
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Mainly focus on the results iikharmoniumsector



% Observation of structure In the ¥-pair mass spectrum

See talk by Daniel Johnson LHCbarXiv 2006.16957
A Theoretical predictions for theetraquark states comprising only charm quarksz,vary from 5.8 to 7.4
GeV/c (lots of refs., see the list in arXiv:2006.16957

A Search folT.—_states in the diJ/y invariant mass spectrum @yrt(s) = 7, 8 and 18eV, 9 fb?

CCcC
220

— 220

<

I | . ZiwE ' c¥ndof=112.7/89 == Z jof ! C/ndof=104.7/91 — e
T 220 T ) = g e ! :'l:;"“&l 3 160
= 200k LHCb P52 Gevie ER A . , [ E
= S B L Y S
% 142].8;: ++H+ + ++++ ++ 3;5 < My, < 3.20 GeV/e?, normalised :; ;?U ig "- % _(:g =
2 100%—% It ﬂH f Hy = 2 E z %
% 28 %++ ﬁ# +HH H # +H’H ++++++++++++++++++++++++++H++ ++++ ++H+++++é 7000 SO‘RJEME M/ 52%00 7000 80;*(\)40(11,];- MoV 692%00
© a0p } I W Aswave BW for X(6900); 2 BWs for A Swave BW for X(6900):
200, ORI AR R T X WL ATN) Myttt e bt “ﬁ !
yﬁﬂ * ‘+ H‘ | ‘ i ‘ ) *4‘ ‘¢ +‘* + 4‘» 4o 4t 7 .
0 . <000 0 threshold enhancement; phase space A 5 [ower mass state:
My ., [MeV/c?] : _
I ANo interference A Interference considered
A Narrow structure ~ 6.9 GeVic AM=6905° 11° 7 MeV/e A M=6886° 11° 11 MeV/d
A Broad structure near threshold G=80°19° 33 MeV/c G=168°33° 69 MeV/@

A Hint for another structure ~ 7.2 GeV/CARe|ative oroduction crossection R:
A No evidence for structures > 7.2 Gezw(ito that of all prompt )y pairs)

Tetraquarkcandidate withccce =~ R=(2.6°0.6°0.8)% p>5.2 GeVfe
R=(1.10.4°0.3)% fulp;range



Lﬁ()l\? T, 55 S€arches at HCkand CMS in the rnmdecays (<2<

Touop Searches ak HClaHERO (2018)86) T,,5p Searches at CM&ariv:2002.06393, accepted by PLB
A6.3 fbl at sqrt(s)=7, 8 and 13eV A35.9fb! at sqrt(s)=13TeV
AExplored the mass region 1%,20.0 GeV/e AExplored the massegion17.5¢ 19.5GeV/&
ANo significant signal ANo significant signal
_ CMS 35.9 b (13 TeV)
SOETT o e
% 8 40 L Combinatorial bkg = Tetraquark (m = 19 GeV) i
= L0 351 o Y(1S)Y(1S) -
% O 30 —
E E 25 ’ l =
% L%fz il ' 4li.)I::lill.m|li|i'|_-u....,_.u‘_M E
O :
0 . s i bR 55 j\ ;
16000 18000 20000 22000 24000 26000 ) R NN APV N st T O
M2y [MeV/c?] 14 16 18 20 22 24ﬁ:l4Ll 2((2‘3 eV2)8

No tetraquark candidate with bbbbis found.



X(3872)named ax,(3872) in PDG

X(3872) properties

AMass: 3871.68 0.17 MeV/&, very close to D threshold
Awidth: < 1.2 MeV
AJFS 1+ from angular correlation analysis in*B K" X(3872) K‘r Jly by LHCb

U Hnd more production mechanisms of X(3872)

To understand X(3872) better:{ 0 Find more decay modes of X(3872)

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



In this talk Production of X(3872)
AFrom radiative decays of Y(4260): Y(4260yX(3872)

(BESIII: PRL 112, 092001(2014), PRL 122, 202001 (2019), sePe¢aibrigl | in parallel session)
L,Y- C LHCb JHEP 09, 028 (2019))
AFromL °decaysL - pK X(3872
- Belle:arXiv 2007.05696 (20205ee talk bysen JIA in parallel session.)
AlIn two-photon process
AProduction in heavy ion collisioncmspreliminary).
Afrom B,decaysB,- X(3872) (cmsarxiv2005.04764)
AFrom B decay: absolute I'ai(eabar:PRL 124, 152001 (2020see talk byrergusWilson in parallel session

Decay of X(3872)
ARadiative transition and open charm deca}(3872) gJly,gy (2S).r Fm[r T

(BESIllarXiv 2001.01156, see talk BeirongLl in parallel session)
AX(3873- wlJly and pYC ., (BESIIPRL122, 2020q2019)

Precise Measurement of M anGfrom X(3872)lineshape
Alnclusive b- X(3872) X deca)(S—ICbarXiv:2005.13419;esetaIk by Danielohnson in parallel sessipn

AExclusive B+ X(3872) K+ deCaM—ICbarXiv:2005.1342,$ee talk by Danidbhnson in parallel session)



Events / 3 MeV/c?

AMass: 38719°0.7° 0.2MeV
[PDG. 387168°0.17MeV]
AWidth : <2.4MeV at 90%C.L

BESIHT Radiative production of X(3872) iete - gX(3872)

BESIIPRL 112. 092001 (2014)

BESIIIPRLL22, 202001 (2019)
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AAssumingB(XB872- p'p'J y=5%
s(Y(4260) gX(3872)
s(Y(4260) p'p-Jdly)

M(m i) [GeV/c?]

~11%,large ratig




Observationof X(3872) fom L .° decays
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Candidates/ (5 MeV/c?)

350¢ ——
300i 5.61 <yt pr— <5 5.63 GeV/

F— A) = PrnpK™ LHCb E
250§ A = JppmtnpK— (NR) 7
200; —— PrpK ™ + é

[ === combinatorial bkg. % y (2 S) ]
150 [ | =

F total [ |
100 H + :

: J ]

3.62 3 64 3. 66 3.68 3.7 3.72
TaTA— [GeV/ CQ}
80c A e A
70; 5.61 < mypy b - pic— <D 63GeV/e? .
60 LHCb E
0
e V=95 11 y(3879)
403— + 7.0s 1
#U
20 H + by ot 4
m+ ,,,,,, T
0- — I
3.8 3.85 3.9 3.95
L3 T— [GeV/c?]

LHCh JHER9, 028 (2019)
AData sets: 1.0, 2.0 and 1.9-#dor

7, 8, 13TeVdata

AL %- pK X(3872)bserved with
X(3872) p'plly

A(58° 15)% of the decays proceed via
L.°- L(1520) X(387p

~ B(AD = xc1(3872)pK )

y B(xc1(3872) — JAp o)
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First evidence for X(3872) singletag two-photon (g g interactions

See talk by Sen JIA in parallel session Belle:arXiv 2007.05696 (2020), submitted to PRL
A For Uk r X(3872)g g X(3872) is forbidden. 82°HH@ (n9 resonance¢l0.6GeV)
A It is allowed ifone or both photons are highly virtugNucl. Phys. B 523, 423 (19p8)
e tag A Inete - e*e X(3872), tag &n the final states, do not
e M .o Wi detect e which scatters at an extremely forward
X(3872) (baCkward) angle.
B & A Three X(3872) candidates observed, expected backgrou
The veto regions 0.11° 0.10, 3.25 ( 0.995 < Ny, < 7.315 at the 90% C.L. )
% SN / f,}_.,}.B(X — J/ymtaT) = 55154 (stat.) £ 0.7 (syst.) eV,
% E Koo 3 events (Using the @dependence from cc model)
| If take Br(X(3872)} p'pdly) = (4.21.3)%
15— ) / X(3915) % f”\ ~75 eV
: . . Calculation for norcC model and
RSO TN | | T high statistics data needed.
Mlyrn) (GeVic?)




z
2
=
&
§
g
£
5
&

Observationof X(3872)fom B - X(3872f decays

140 fbl @ 13TeV CMSarXiv 2005.04764
ff L2 o 2 Br(RO- X(3872))3 Br(X(3872) p*p-Ji)
:@2000? ::(gfk(zs;.)bkg) 28 % 15000 (V{29 bkg) j— :
g0 3% y(23) -t f Br(B%- y(2S§)*Brly (2Sy p'p )
. = (2.21° 0.29° 0.17) %

- T e T e Br(BO- X(3872)) Br(X(3872) prprdly) =
3 5 5 om ol e = (4.14° 0.54° 0.32° 0.46(Br)} 10
2 hel3 e | S 120;‘:2(3372),@ 0.
£ o e H} e J Brif> X(3872) _ 482° 0.063° 0.037°0.070 (Br)
N P (-1 A s T Br(B - X(3872)K)
60 40
405 > 6.(5 : 0.
w Ao Brif’- ¥(23)) _4 87 0.10 (PDG)

3.80 3.85 3.90 3.95 1.00 1.01 1.02 1.03 1.04 Br(B" - y (ZS)K)

m(Jyr*n) [GeV] m(K'K ) [GeV]

The X(3872) formation in B meson decays is different ff¢&9 formation
Suggest X(3872) is not a puwlegarmoniumstate.
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Productionof X(3872) in heavy ion collision

CMS Preliminary

1.7 nb' (2018 PbPb 5.02 TeV)

Inclusive

14
15 < P, < 50 GeV/c 1
lyl<1.6 3
Cent. 0-90% ]
—12
1

++‘:

_/\ J\ b
-I L I 1 1 L1l 11 I L1 11 I L1 11 Ll I L1 11 I L1l I:74
3656 37 375 38 38 39 3.95 4
My (GEV/CY)

CMSpreliminary

AP, P, collisionat C. M. energyof
sqrt(syy) =5.02 TeVper nucleonpair,

1.7° 0.1nbt

ADecaychainX@872 - p'p'Jd y p*'p-mm
AThefirst evidencefor X@3872 production

In heavyion col

10°E

=1.10°0.51°0.48
An indication of large R IR,P, collisions

with respect to the pp collisions.

101

1072

lisions

1.7 nb' (2018 PbPb 5.02 TeV)

F  CMS Preliminary

ly| < 1.6, Cent. 0-90%
m Prompt

~  PbPb (5.02 TeV, CMS)
10E

pp (7 TeV, CMS)
lyl<1.2

® Inclusive
pp (8 TeV, ATLAS)
ly| < 0.75

® Prompt

©  Nonprompt

R
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ABr(X(3872) p*pdly):
A Tetraquarkor Tetraquark+X ¢ 50 % [ Maiani etc., PRD 71, 014028 (2005), PRL 99, 182003 2007)
A Molecule: ¢ 10 %(E.Braatenetc., PRIY2,054022(2005)T. Barne®tc., PRIB9, 054008 (2004
P. G.Ortega etc., CPC 43, 124107 (2019))

AThe determination of the absolute branching fraction fof-B X(3872)K leads to the
absolute branchlng fraction of X(3872) p*p-Jly C nature of X(3872)

Candidates/5 MeV/c

-100

Measure K momentum spectrum E. ..

in B rest frame.

See talk by Fergus Wilson

- X(3872) 3

¥

b

""""

. 42411

1 1 | 1 I 1
1.6

Kaon Momentum (GeV/c)

The absolute X(3872) rate for B X(3872)K

BaBar PRL124, 152001 (2020)

Br(B' - X(3872) K) =(2.1°0.6°0.3¢ 10*
By using the measured product BF:
(8.6°0.8F 10°(from PDG)

C Br(X(3872- p'plly)=(4.21.3)%

Support X(3872) a molecular hypothesis


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

BESIT Observation of X(3872) wlly BESIIIPRLL22, 232002 (2019)
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- ~ Therewere evidencest Belle (4.3) and
| 310 = g@gggg BaBar(4s) experiments.
34Q - V Three X(3872), X(3915) and X(3960)
Ty pC )
LT, V Two: (X(3872), X(3915))
Tl 1= = Mbstig 3 el I
T T R T R 4y )
Mialiy) GeVic) Mo Widih
X (3872) 3873.3 £ 1.1 (3872.8 £1.2) 1.2 (1.2)
=+ [Dala X (3915) 3926.4 + 2.2 (3932.6 £ 8.7) 3.8 7.5 (59.7 £ 15.5)
— )F(?SBWS) X (3960) 3963.7 + 5.5 33.3 £ 34.2
690  wwl

;gﬁ;mgnd Br(X(3872) wly) w04 o

ideban — )

R Br(X(3872) ppJly)

TR T e Agree withB a B aasult§rrp 82, 011101(R) (2010))
e G Support X(3872) to be a molecular.

(E. S. Swanson, PLB 588, 189 (2004l.&uoet. al., Rev. Mod. Phys., 90, 102002 (20C



BESTT Observation of X(3872) ? p°c,

BESIII: PRL12202001(2019

+ -~ 0 . H -~
e’e — vy w oy, with Ay — Y, Jiwys

% | x@s72) E | I |
) e + + f = 5.2s 1} PCcy 9.0 fb! data
== Ty |

ABr(X8872 Mp°c,, )/Br(XB872 p pNk)~0.88a 0.34

ABr(XB872 Mp, ) ~4%(take. | . IvalliBod Br(XB872 Mp PVK =(41°1.3) %

AFrom S Dubynskiyand M. B. Voloshinerorz, 0140132008), if X3872) were ¢ ,(2P)charmonium
state, G(X@3872 MNHp°c., ) ~0.06 ke Thenthe total width of X3872 ~ 0.06/4% = 1.5 keV
Ordersof magnitudesmallerthan anyobservedcharmoniumstates

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



BES  Transition of =( YO A, Ap( 2S)
BESIII: arXiv:2001.01156
9.0 fb! @ e*e CM energies of 4. 1484 278GeV accepted by PRL
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Events / (5 MeV/c?)

o
TT

0

3.I8 3. 85 I 3.I95 4 . , 3.9
M(y JAp) (GeV/c ) M(yy’) (GeV/c?)

AFind the evidence offj( )0  J Y with 3.50
ANo evidenceor n( YO Y2 B

L
ARJ( (i ( )zoﬁgj yﬂ <0.59at 90%C.L., agreeswith Belle(<2.1)@rL107, 091803 (2011))

challenges Babar(3%4.1)and LHClresults (2.48 0.70)PRL 102, 132002q09); NPB 886, 665(2014))

ANot likely charmonium(1.2~15, but rather a molecule(3~2 103) or a mixture(0.5~5). y
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BESIII: arXiv:2001.01156

BESIIT Decays of(

[0 = 5D accepted by PRL
o, T }L % + % A Observed=( )O with stat. sig.of 7.40
< | 4 A : :
S s I ANoevidentsignaln A .
s . A BFratioto Z Z 9+ ismeasured.
S omess T Te ', T
"21 5 _ mode ratio UL
S | ~ T/ 0.79 = 0.28 -
Wwqof Y’ —0.03 £ 0.22 < 0.42
: ~ D DO 0.54 4+ 0.48 < 1.58
50 2 2° DO —0.13 4+ 0.47 < 1.16
i 'Hr D*° DO 4 c.c. 11.77 4 3.09 -
0 ek ‘ s ~ND D 0.007 9 a5 = 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] -

-
o

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

Take Babar’ s )F @pidyY) @A E2BI% X
BF(X(3872P I |'|'Z ) ~ 48 %
Support X(3872) to be @ = molecule

3.85 39°% 395
M(y, D'D) GeVrc?

Very important to measure the mass of X(3872) precisel



% X(3872)ineshapestudy fromb- X(3872) X

(LHCbarXiv:2005.13419 See talk by Daniel Johnson
A Swave BW (agreewith PDG average, better precisjon

v'M(x.1(3872)) — M(y(25)) ; : \'d(:m)' 2011 T 201
: 800 €
— 185.588 + 0.067 + 0.068 MeV/c? : '

b-hadron

............. background

600:— —— tO1a] pp+p_ < 12:—

v Mgw = 3871.695 + 0.067 + 0.068 + 0.010 MeV /c?

400f

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?

200

(=]
(=4
<

(=)

(=2

<
TT TT

A Flatte parametrization

X(3872) is very close © 'O’ threshold. The opening up @ O

threshold distorts thdineshapefrom BW.
Pole: 3871.691399+995 MeV/c?; FWHM: 0.2219:06+025 Mey /2

Candidates/(1 MeV)

V Consistent witHO ‘'O° quastbound state
V Quastvirtual state cannot be excluded

Mypprin— |GV T GeV]

A better parametrization of thdineshapeis needed. 3fbl @ 7 and 8TeV



E%ﬁﬁ X(3872) from exclusive'B Xcd- p*p J¥)K*decays

ofbl@7,8, 13TeV (See talk by Danidohnson) (LHCbarXiv:2005.13422)

<100 ‘

12 x10°

1.2

o emem s camane IO T Funn, o <hmawe LD v M (x:1(3872)) — M(1(25)) = 185.49 + 0.06 + 0.03 MeV/c?
z 4 15 F E v Mgw = 3871.59 + 0.06 + 0.03 + 0.010 MeV /c?
z 08¢ { 4 = osf T o o
% oek \ 108 A X(3872} vTgw = 0.967012 + 0.21 MeV/c?
= or + ] = Jor N —
s 1 1.4 ; vSE = M(D®) + M(D*®) — M(x1(3872)) = 0.12 + 0.13 MeV//(?
SEE J 1 ]
02 " ER R S s rtat B(BT — 3872)K™) B 3872) — T
, — el = » 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)
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X(3872) mass and width from BW( first measuremerts,ahost precise measurement of mass
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M(X(3872)) = 3871.640.06° 0.01MeV/c
LHChaverage: G(X(3872)F1.19° 0.19 MeV/é
dE =M(X(3872)x M(O 'O° ) = 0.07 0.12 MeV/é&



Y (4260), Y(4360) and Y (4660)
(named asy (4260 ,y (4360) andy (4660 In PDG)



Cross sections afte

BabarPFD 86, 0511022012)
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Belle:PRL110,242002(2013)
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The weighted average of Babar, CLEO and Belle

From a single BW: M4251+ 9 MeV

nF 120+ 12 MeV

PP Iy, ppYy (25)pPh,

s(e*e ppJly) s(e‘e- popoJ/y)
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A Coherentsumof two BWs+ oneincoherent. (3770)
M =4222.G:3.1+1.4MeV, nF44.144.3:2.0 MeV
Lowerand narrowerthan Y (4260) PDG values
M = 4320.810.4t7.0 Me\VmT M A25.@h0.2 MeV
Lowerthan Y (436D PDGralue
A Thesig.of the secondBWisT ®c °
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BESIII: PRL 118, 092@RQ17)
C Fitted with coherent sum of two BMike structures
» M,=4218.4"55, . +0.9 MeV/c, T = 66.0"23 .., +0.4MeV > Y(4220)
» M,=4391.5*63 . . +1.0 MeV/c?, [,=139.5*162 ;) .+0.6 MeV > Y(4390)

C The Y(4220) here is consistent with the state
2038SNISW -A VI NP dzy R

MHH G
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BESIT

Cross sections ad*e - p'p'y (29, hJy,w ¢, pD°D"-

Cross Section (pb)
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BESIIIPRD96032004 (201y

» =& BESIII
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-=- BaBar

A Solid curve: 3 coherent BWs
Y(4260), Y(4360) and Y (466(
A Dashed curve: 2 coherent BV
Y(4260) and Y(4360)
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s(ete- hlly)

BESIllarXiv:2003.03705
submitted to PRL

3 BWsy (4040),Y(4260)

UL, G=(825° 5.9° 0.5)MeVIC

and Y(4360)
M,= (4218.74.0° 2.5) MeV/@

M,= (4380.414.2 1.8) MeV/@

/s (GeV)

G,=(147.0° 63.0° 25.8) MeV/é

s(e'e AwWCGg)
BESIII: PRD9¥1103(R)2019) S(e+e-_ p+D0§)

%:1 OO_— + ~4- BESIIl 2019 BESIII: PRL 122, 102(RQ19)
:D — —& BESIIl 2015+2016 e I B R B

P | 1000
5o Y(T260) - ’ |
T i
QT 2 |
% Ot Tt~ ‘_‘; 500_

.................... b

42 43 44 45 46
's (GeV)

M= (4218.5 1.6°4.0) MeV/@|| °

1 direct 3body PS + 2 relativistic BWs

G=(28.2 3.9° 1.6)MeV/c?

The total amplitude: coherent sum of g

e/ P(m) + e B, (m)\/P(m)/P(M,)

O dress (ﬁ’l) =

~
Fa
s

- e"‘/’ﬁBz(m)\/P(’”)/P(MZ)|

M= (4228.6 4.1° 6.3) MeV/&
G=(77.0° 6.8° 6.3) MeV/&




cross sections of'e’- p*py (3770),p'p DD, p*p DD Y(4260) in Hlavored decays
BESI BESIII: PRD 100, 032q2619) Belle:PRD 99 071102(2019)

BaBar PRD 73, 011101(R) (2006)
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No significant Y(4260) observed

Cross sections og¢*e - hadrons
BESIIPR.88, 101802(2002)

[% W % ey PRIy + anything
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E 3 %F
| I it }H{}ﬂi @E}}H H DO:PRD 98 052010(2018) w

NES wsimev Y(4260) is correlated with Z3900) =t M ;
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No significant Y(4260) observed Qe (GeV)
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Y(4260) summary andxplanations

A M= 4220°15 MeV, Full widttG= 20 to 100 MeV (PDG 2020) — _

A 1(FP9=0(1) M
AY(4260pppearsnhdiy ;1 ... .« “ Jy,* “ y(2S)* “ Q, 00 “ +c.c % :: _+_ EH
A Y(4260) has strong transition to X(3872) Z(8900) % wb 4+
A Y(4260) is not observed @ie- inclusive hadron cross section N A :
A Y(4260) is not observed &ie- open charm pair cross section T s

A Forcharmoniumstates abovepen charnthreshold, they mostly decay tmpencharm pairc OZI rule

Aebsence of Y(4260) decaying to charmed mgsain+ strong coupling td/y p*p-and hidden charm final states
C Y(4260) might not be eéharmoniumstate

Theoretical explanations:

A Bound state of 5@2420) (binding energy is too large);

Accgk @0 NAR adl 8 oYvYlaa 268N GKIy [v}s OF f Odzf I G A2
A X
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Pentaguarkstates

LHCb: PRL 115, 0720@015)

ATwo Jy p resonant structures observed in® Jfy Kp from a full amplitude analysis
3fbl@ 7 and 8 TeV
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e
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P(4450Y : the nominal peak, 12

M=4449.8° 1.7° 2.5 MeV/&, G=39° 5° 19 MeV
Fit fraction: (4.70.5°1.1)%
Phase change in amplitude consistent with that of a resonanc

P(4380): required to have a good fit,s9

M=4380° 8° 29 MeV/&, G=205° 18° 86 MeV
Fit fraction:(8.4°0.7°4.2)%



irﬁﬁ Observe a narrow new
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800

Weighted candidates/(2 MeV)

R

Fstate and twopeak structure of 4450)

|n Lbo'

Jy Kp

LHCb: PRL 122, 2220@019)

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

| — data

7.6s

L — total fit |
. — background

Myryp

450 4500 4550 4600
[MeV]

Weighted candidates/(2 MeV)

P_(4312)"

P_(4440)" I‘\ P_(4457)*

o = BUb = BPKT)BEE — J/yp)

B(A) = ] /YpK™)

48664256 30/'c\):\21'3+50 669450 3560 35563500
m e eV]

State M [MeV | I' [MeV | (95% CL) R (%]
P.(4312)7 [ 4311.9£0.7755 | 9.8+2.77 3T (< 27) | 0.30 £ 0.077053
P.(4440)" | 44403+ 1.3731 | 20.6 £4.97 37 (< 49) | 1.11 £ 0.3370%
P.(4457)% | 44573+ 0.6771 | 6.442.07 27 (<20) | 0.53+0.1670 13

The fit is not sensitive to the broad structures, like4B8OY



Looselypoundpentaquark InterprEtathnS of F():States

Molecule Tightlybound pentaquark Kinematic effects
P (4450) (hadro-charmoniun) (Rescatteringia triangle diagrams

@

D8
— S
A Theoretical predictions foB.;* D° made Xeip = J/¥p .
before[ | / obSkeavation. Good agreement. | waianiet al., PLB 749, 289 (2015) F. KGuoeta. At., PRD 92, 071502(2015)
J. J. Wu et al., PRL 105, 232001(2010) R. F. Lebed, PLB 749, 454 (2015) A. PSzczepanighPLB 757, 61 (2016)
W. L. WangPRC 84015203 (2011) ] e X. H. Liu eta al., PLB 757, 231 (2016)
Z.C. Yang et al., Chin. Phys. C 36, 6 (2012) V. VAnisovicheta al., arxiv:1507.07652 Mikhasenko arXiv:1507.06552
3.3. Wu, et al., PRC 85, 044002(2012)D0 M. l.Eideset al., arXiv:1904.11616 X X
M. Karlinereta al., PRL 115, 122001(2015) X X X

N - B A The binding energyA P(4312*and R(4440) are too far
A Fand more predictions &b, D)% threshold & Predicted width of P from anyrescatteringthreshold
M. Z. Litet al., PRIL22, 242001(2019) t00 big A P(4457Y is right atL (2595)D°
A The mass coincidence of(#319*andP(4457) A F of P.(4440)*1/2- threshold, cannot be ruled out
with two related thresholdsS."D° and S.* D, Pof Pz( A457)+3/2: as a triangle effect.

provides strong evidence in favor of a loosely (hyperfinehadro (Supplemental material for
bound charmedaryon anti-charmedmeson charmoniumdoublet) PRL 122,222001)

molecular interpretation.  petermination of 8 and study of more decay modes and
production mechanisms will be crucial.
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Search fopentaquarksin photo-production process at JLAB
GlueX: arXiv:1905.10811, PRL 123, 072P019)

A The Rstates observed atHClcan be produced in thechannelgp - P~ Ji p, which is
free from the threebody rescattering effects.
A The R(4312), P(4440Y and R(4457) produced in thes-channel process would appear as

structures at I;: 9.44, 10.04 and 10.12 GeV in the cresstion results.

—4A— Cornell

.......................................................

.......................................................

_; 4 ............ \ AAAAAAAAAAAAA ............... — e JPAC P:(4312) 3/2- BR=2.9°/° N
1 | JPAC P;(4440) 3/2' BR=1.6%

---------------- JPAC P(4457) 3/2 BR=2.7% |

E,Gev 20

A No evidence for such structures.

| A The upper limits are set assumirfgd/2-
at 90% C.L. (systematic uncertainties incl.)
(if F=5/2, the upper limits are a factor of 5 smaller

V JPAC model: (PRD 94, 034002 (2016))

BP(4312)- Jly p) <4.6%
B(P.(4440)- Jk p)<2.3%
BP.(4457)- Jly p)<3.8%

V Incoherent sum of BW and nemsonant

S(gp- PJ(4312)) BP.(4312)- Jly p) <4.6nb
S(go- P.(4440)) B(P,(4440)- Jy p)<1.8nb
S(go- P.(4457))2 BPJ(4457)- I p)<3.9nb



% Search folP(4312Y inL . % hJ(19 Kp

Seetalk by Daniel Johnson

LHCDb: arXiv:2007.11292

AThe decay > h (1S)Kpis observed for the first time at 7s(5.5 fb' @ 13Te\)
ANo significanpentaquarkcontributions observed.

3 P.(4440) 60 P(4440)
GO T T T Ty oV T e e T ]
__':_;; I P_]_;l:— P.(4457 + 1 __}: r P(=(-]-3123+ P((-]--L:‘—y . ]
= (4312) @57'LHCb | = LHCb
2 osf (a) —-—Dlata | 12T b ]
% — Simulation E % 40 - + +i :
5 10 | L 120 T ! e ]
S Sl \H H ﬁ L 2% b by
2] [ 15 I T - ; 3 E - : i E
5] 4 + 1 2 :i{» T
.gD : i JCJ:D 0; : [ -H:i
N (1 I S | N E S R o I RS | S R
= 4000 4500 5000 = 4000 4500 5000
m(n_p) [MeV/c?] m(J/yp) [MeV/c?

BriL O P(4312YK)3 Br(P(4312)- hp)/Br(L%- h(1S)Kp)<24% (at 95% C.L.)
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Before close my talk.....
From Richard Lebed, Snowmass talk (2020)
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Most of thesecharmoniumlikestates are related to the opecharm thresholds.
A Do we have a single picture to understand them?
A More data are needed to build more relations among the exotic hadrons.

Thanks for your attention



