


‘Exotic’ hadrons

Well-known classes of hadrons: mesons (gg) and baryons (qqq) g .!‘

minimal colour singlets

Already on page 1 of the quark model: other colour-neutral combinations possible
multi-quark states (tetraquark, pentaquark, ...) C% (% z_?

hybrids (excitation in gluonic degrees of freedom)

g
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O e

glueballs
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‘Exotic’ hadrons

Well-known classes of hadrons: mesons (gg) and baryons (qqq) g .,.

minimal colour singlets

Already on page 1 of the quark model: other colour-neutral combinations possible

multi-quark states (tetraquark, pentaquark, ...) C} & z_g }O:

hybrids (excitation in gluonic degrees of freedom) \3 &
glueballs O -
Manifestly exotic '‘Cryptoexotic’
m Quark contents requires more than gg or m production and/or decay patterns
qqq incompatible with standard mesons/baryons

® Quantum numbers J°¢ not reachable for m mass / width not fitting in spectra

ordinary mesons or baryons m overpopulation of states BES]]I
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BESIII

RPC: 9

layers ‘

Electro Magnetic
Calorimeter :

'%

e R

At BEPCII in Beijing: eTe™ collisions at /s between 2 and 5 GeV

BESITER
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12 years data taking at BESIII

Data sets collected so far include
m 10 X 109j/1/) events
m 2.7 x 107 ¢/ events
m 8fb ' on¢(3770)

m scan data between
2.0 and 3.08 GeV,
and above 3.735 GeV

m large datasets for XYZ studies:
scan with > 500 pb~' per energy point

spaced 10 — 20 MeV apart

Light hadrons in the decays of J/y, ¢’

Charmonium-like hadrons above /s ~ 4.2 GeV

Charmonium-like states at BESIII | W.Gradl | 5
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= Zhu Yingchun's talk on Wed
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Exploit known kinematics and clean environment

Exclusive reconstruction of final states with many tracks / intermediate resonances may suffer from
low efficiency

m Tracking and PID efficiencies
m Branching fractions of intermediate states
eg. B(D" — K ntnt) = 8.98%

Atete™ collider with precisely known initial state: \ /a’a,Eb
can require missing track or even composite particle, -
for example in the process eTe™ — D*+D%7r~

O S T ™~ @
Pete- = Pp +Pr +Pp- — O\
Use kinematic fit with appropriate constraints to improve mass and Do ED\(

momentum resolution

BESITEE
Charmonium-like states at BESIIl | W.Gradl | 6



Charmonium-like vector states



P(4230) — J/Yp i

R First seen in eTe™ collisions near Y (45)
4.6 . ) _ _
in ISR production, ete™ — ysr//p T 7T
| [
4.4 Y(4360) B :>_IPC =1
he(31P;) Xa(33P1)
(4230) -
421 ve[on
7 GT50) Supernumerary vector state:
& *or ] ] -"m" all ‘'ordinary’ cc vector states already seen
L — Y Y
@ B8C I iz o5
v (@Ps1)
— 5 | EE= ‘
% T [xa(PP:)]
= 3.4+ (ala X0 (1PPo)
nt
320
Jp(181)
301 s e e e —]
predicted, undiscovered
0+ 1—— 1+ o+t 1t+ 2+

BESITEE
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P(4230) — J/Yp i

Discovered by BBRineTe™ — yrf/ptt

BABAR, 211 b=, PRL 95 (2005) 142001

o, O] Fit with single Breit-Wigner
; 7 W T ]
S ¢ wf . M = 4259 + 87% MeV
&30 H ‘ o 7] I =88 +23"¢MeV
: | ;0 00, W”ﬁN Q* 'w'm,"; M’ i f’f’ ; ; ,
s + F Py T dd
§ i Wl TR t4.‘2 4& 4.‘1{ zﬂ!“s 7 Call this structure Y (4260)
m 20 | | .

10}! i ‘l 1 .

|1 3et T T"8
b |

PR NV O (USRI LU N AU A R
8.8 4 4.2 4.4 4.6 4.8 5
m(mINy) (GeV/c?)

BESITEE
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P(4230) — J/Yp i

Belle measurement, using ISR

o(n'TJ/y) (pb)

80
70
60
50
40
30
20
10

0

y
S I H H # .++Hft{+.++ff++iﬂm{+++++f#+ﬁ+f*m

by

e b b b b b e b b by
38 4 42 44 46 48 5 52 54

E.m (GeV)

Charmonium-like states at BESIII | W.Gradl | 10

Belle, 967 fb~", PRL 110 (2013) 252002
Single Breit-Wigner fit to line shape
still satisfactory

M = 4248.6 + 8.3 + 12.1MeV
I'=134.1+16.4+55MeV

but lineshape does not quite look like a
Breit-Wigner

BESTIE



ete” = J/Yp T at4.26 GeV in direct production at BESIII

m Running at /s = 4260 MeV: simple and m very clean sample, high efficiency, reliable
straightforward MC simulation

o N (2,403 )77 7 four charged tracks m dominant background: continuumBES]]I



l/J (4230) — .//q) 7T+ T BESIII, PRL 118, 092001 (2017)

BESIIl: make use of first batch of XYZ scan data set
Single Breit-Wigner not appropriate to

100 fit line shape
8 C -+ XYZ BES]]I - .
~ 8ok Fit | Parameter Fit 1/ MeV Fit 2/ MeV
= L —Fi
g L Eit I M(Ry) 3812.675}9
r 60~ ' T tot(R1) 476-94:;%:3 T
? N M(Ry) 4222.0+ 3.1 4220.9+2.9
o Ar T ot(R2) 441443 441438
o) i M(R3) 4320.04+10.4 4326.8+10.0
¢ 20 - Tot(R3) 101.47253 98.21254
© L Fit 1, Fit 2: different treatment of non-resonant contribution

0 3.8 4 4.2 4.4 4.6

Een (GeV)

Y (4260) = 1p(4230)

BESITEE
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P(4230) — J/Yp i

Update with fine high-statistics scan

100¢

905 —+ XYZ data
"8_\ 80; —+ R-scan
= 700 (s=3.8713
> E — Fi
S eor BESIT Fit
1T 400
;$ 305
° 20

10

0
4 :
\g 0;.'...;. ...... ... ..‘...:...'.."..‘..’.q.'....‘.:.o‘..:n;’a.'.,.a'.
2 4:\ N R R .

Charmonium-like states at BESIII | W.Gradl | 13

BESIII, Phys. Rev. D 106, 072001 (2022)

m (4220) and (4320) parameters
consistent with previous
measurement

m additional structure near 4.5 GeV
needed — 1(4415)?
influences determination of
(4220) parameters

BESTIE



ete” — KK~ J/¢

m Improve statistics by partial reconstruction:
require J/{p — ¢~ and one KT

m Cross section near (4230) about 1/20 of
a1

m Fit to dressed cross section with coherent
sum of 2 BW:
parameters of low-lying structure compatible
with Y (4230)

m Y (4500): hint seen in 7t" 71 J/1, but much
stronger here.

What is it? Conventional charmonium, ccss,
?

Charmonium-like states at BESIII | W.Gradl | 14

oP(e*e” — K*'K'J/y) (pb)

Chin. Phys. C 46, 111002 (2022)

F = pata ' =

— Fit curve: Total
== Fit curve: Y(4230)

4.4
/s (GeV)



Open-charm decay channels?

Hidden-charm final states such as 77" 7t J/1, KKJ/, 77 71~ 1(2S) show interesting resonant
structure in the cross section

Decays of these resonances into open-charm final states?

Yes — e.g. DD~ 7+ Besiu, prL 122 (2019) 102002

000

S

Ojreys (PD)

43 14
Eq\(GeV)

BESITEE
Charmonium-like states at BESIII | W.Gradl | 15



e*e’ — D*OD*fﬂ'+ BESIII, PRL 130 (2023) 121901

1200 -
E — Fit —- XYZ data
1000 .. oo
- ontinuum —+ Scan data
800 |- ~ = BWI

600 |
400 |

200 |

cdressed(g*e’ D **D* ) (pb)

s

Fit with coherent sum of 3 rel. Breit-Wigner + continuum (phase space)

Caution: Fit to 1D projection of complicated phase space.

Multiple indistinguishable solutions (8) unavoidable, differing in rel. phases and BT e BGS]]I

Charmonium-like states at BESIII | W.Gradl | 16



ete™ — DOD* ¢t

Three resonant structures needed in addition to phase space:

m [MeV/c] I'[MeV]

P(4210) 4209.6 +47+£59 81.6+17.849.0
P(4470) 4469.1+262+3.6 2463+367+9.4
P(4660) 46753+295+3.5 2183+£72.9+9.3

Charmonium-like states at BESIII | W.Gradl | 17

BESIII, PRL 130 (2023) 121901
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ete™ — D*OD*iﬂf+ BESIII, PRL 130 (2023) 121901

Three resonant structures needed in addition to phase space:

m [MeV/c] I'[MeV]

P(4210) 4209.6 +47+59 81.6+17.849.0
P(4470) 4469.1+262+3.6 2463+367+9.4
P(4660) 46753+295+3.5 2183+£72.9+9.3

Implications for Y (4230), assuming 1(4210) to be the same state:
m Coupling to D*®D*~ 717 same order of magnitude as to D°D*~ 7t +

m Electronic width T'ee (Y (4230)) > 40eV
disfavours assignment as charmonium hybrid LQCD, Y. Chen et al,, Chin. Phys. C 40 (2016) 8, 081002

m Coupled-channel analysis highly desirable!

BESITEE
Charmonium-like states at BESIII | W.Gradl | 17



ete™ — D*OD*iﬂf+ BESIII, PRL 130 (2023) 121901

Three resonant structures needed in addition to phase space:

m [MeV/c] I'[MeV]

P(4210) 4209.6 +47+£59 81.6+17.849.0
P(4470) 4469.1+262+3.6 2463+367+9.4
¥(4660) 46753+295+3.5 2183+£72.9+9.3

Assume 1)(4470) is the same state as 1(4500) seen in KK~ J/¢:
m First observation of this state in an open-charm decay channel

m Decay rate to D*OD*~ 7r" 2 orders of magnitude larger than to KK~ J/¢:
disfavours hidden-strangeness tetraquark structure

BESITEE
Charmonium-like states at BESIII | W.Gradl | 17



ete™ — D*OD*iﬂf+ BESIII, PRL 130 (2023) 121901

Three resonant structures needed in addition to phase space:

m [MeV/c] I'[MeV]

P(4210) 4209.6 +47+£59 81.6+17.849.0
P(4470) 4469.1+262+3.6 2463+367+9.4
P(4660) 46753+295+3.5 2183+£72.9+9.3

1(4660):
m seenin 7t 717 (2S) cross section by Belle (2007), BABAR (2014), and BESIII (2021)

m not seen in D*~ D27t Belle, PRD 80 (2009) 091101
butin D;"Ds(2536) ™ Belle, PRD 100 (2019) 111103

m alsoin AT A_ near threshold? selle, PRL 101 (2008) 172001

m this analysis: first non-strange open-charm decay

Charmonium-like states at BESIII | W.Gradl | 17

BESTIE



Charged charmonium-like states



ete” — J/wmT T at4.26 GeV

¥ (4660)
4.6
4.4 1e(450)
’ Y4360 ; | [P
e )
4.2
Lvafon]
1G3'%) | sy
— 4.0
3
o 80 v
O V's)
— 34L 7(2'S0)
wv N 3
2 (1°P;)
g ho(1TP1)
= 3.4+ (ala X0 (1PPo)
3.2
Jp(181)
o “
’ 21e(1"50) et Ao
predicted, undiscovered
0+ 1—— 1+ o+t 1t+ 2+
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Events / 0.002 GeV/c?

Events / 0.002 GeV/c?

BESIII, PRL 110, 252001 (2013)

160; ~+-Data
140 E —Fit
120:’]/1/) . ’/ﬁ,’/{, - Background
100;*
80?
601
401
201 .
3 3.05 3.1 3.15 3.2
M(u'w) (GeV/c?)
120 +Data
r —Fit
100; j/qi N e*ef «-- Background
801
60
401
201
0 g i L e K
3 3.05 3.1 3.15 3.2

M(ete) (GeV/c?)
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ete”™ = J/Yymtm at4.26 GeV

Mass [ GeV/c?]

4.6

4.4

4.2

4.0

3.8

3.6

3.4

3.2

3.0

Y (4660)
L [5(#5%)
Y(4360) g
he(3'P) a1 (3P1)
] : E
[eclen]
1G5 | apsy
L o]
P [
~ @ [xa(@P)
e
r v (o)
¥ (@s)
76(2'S0)
T
B
L ot Xao(1°Po)
Sy (P51)
‘
+ g
predicted, undiscovered
0+ 1—— 1t— o+t 1t+ 2+
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BESIII, PRL 110, 252001 (2013)

1.6
1.4
1.2
1
0.8
0.6
0.4
0.2

M3(n*m) (GeV/c?)?

1.5

%

ATt
Lo b b b b b b b a b a ey 0

12 13 14 15 16 17 18 19 20

MR Jy) (GeV/c?)?

Non-trivial substructure in J/i 77+ 71~

Dalitz plot

Resonant substructure in decay!

BESTIE



ete”™ = J/Yymtm at4.26 GeV

Y (4660)
4.6
. Y (4360)
o) [XE) @]
4.2
~ * ;
RS —
~
> 338
o C°C N\ __lwood o _____
O
3.6
[ %] 3]
g he(1'P1) PR Xa(1PPy)!
E 3.4 Xeo(13Po)
> E——
Jp(1%51)
3.0 sy =
predicted, undiscovered
0+ 1—— 1t— o+t 1t+ 2+
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Events / 0.01 GeV/c?

BESIII, PRL 110, 252001 (2013)

40

L —4- Data
100~
L — Total fit
r ---- Background fit
80 - == PHSP MC
r [ sideband
60— \

20 3

3.7

3.8 3.9 4.0
Mmax(mtJAy) (GeV/c?)

Charged charmonium-like structure

M = (3899.0 4 3.6 = 4.9) MeV/c?
[ = (46 410 4 20) MeV

Confirmed by Belle PRL 110, 252002
and with CLEOc data PLB 727, 366

BESTIE



Z. family at BESIlI near /s = 4.26 GeV

Events / 4 MeV

Events /0.01 GeV/c?

3
8
T

80

60

20

3.8 3.9 4.0
Muax(Tthy) (GoV/c?)

ete” = /Y

4 4.
M(DD*)

te~ — = (DD*)"

Z.(3900) "

Charmonium-like states at BESIII | W.Gradl | 20

3 3

Events /(10 MeV/c’)

< 4230 MeV

36 38 40 ES
M(n'Jhy) (GeVich)

tem — 107%/yp

~+Data

— Global Fit
Signal

i Incl. Bkg

<o PHSP.

3.85 3.9

405
M(DD") (GeV/c")

+te~ — n%(DD*)°

Z:(3900)°

Events/(0.005 GeV/c?)
E

39 30 4l
M, (GeVieh)

4.10 .5 420 425
M, (GeV/ch)

400 405

ete™ - nmhh,

B0 comb.BKG  —+data
o [ — total fit
L —-Z,(4025)
2 - PHSP signal
- mws
40
2
§20
2
i

X 4.06 4.08
RM(r) (GeV/c?)

te~ s - (D*D%)

Z.(4020)*

Events/(5MeV/c?)

Events/(0.01GeV/c?)

39 3% 4
""“‘l," ooV

- — 71070,

408 1
RM()(GeV/c)

+e— N nO(D*E*)O

0
C<4020>B€S]]I



Z-like states with other charmonia?

m Evidence for Z.(3900) " — o7, near /s = 4.26 GeV BEsill pRD 100 (2019) 111102

250 -
L -#-Data

— [ — Bestfit 2/DOF = 33.7/33
NQ 200 [ ... Background *

% [ Il MC Bg.

S 150

o C

o 100

2 G

=

f=

w
& a0k

S

[} E

= E

= ;

=

(%] E

2 E

= E

3 } .
w E

20 +
30 I I 1
3.7 38 39 4

BESITER
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Z.-like states with other charmonia?

m Evidence for Z(3900) " — p™ 7. near /s = 4.26 GeV BEsiil PRD 100 (2019) 111102
m No hint for Z.(4050) 1, Z.(4250) " — X170 BESIIL, PRD 103 (2021) 052010
in contrast to Belle in B0 — K~ 7t Xc1 Belle, PRD 78 (2008) 072004

m Charged charmonium-like structure in (2S) 7t BEsil, PRD 96 (2017) 032004
with very complicated evolution of the ¢(25) 7t 7t~ Dalitz plot
but not the one seen by Belle and LHCb in B — K7r(p(2S) LHCb, PRL 112 (2014) 222002

BESTIE
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Z.-like states with other charmonia?

m Evidence for Z(3900) " — p™ 7. near /s = 4.26 GeV BEsiil PRD 100 (2019) 111102

m No hint for Z.(4050) 1, Z.(4250) " — X170 BESIIL, PRD 103 (2021) 052010
in contrast to Belle in B0 — K~ 7t Xc1 Belle, PRD 78 (2008) 072004

m Charged charmonium-like structure in (2S) 7t BEsil, PRD 96 (2017) 032004
with very complicated evolution of the ¢(25) 7t 7t~ Dalitz plot
but not the one seen by Belle and LHCb in B — K7r(p(2S) LHCb, PRL 112 (2014) 222002

What is going on here?

BESTIE
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Z.-like states with other charmonia?

m Evidence for Z(3900) " — p™ 7. near /s = 4.26 GeV BEsiil PRD 100 (2019) 111102

m No hint for Z.(4050) 1, Z.(4250) " — X170 BESIIL, PRD 103 (2021) 052010
in contrast to Belle in B0 — K~ 7t Xc1 Belle, PRD 78 (2008) 072004

m Charged charmonium-like structure in (2S) 7t BEsil, PRD 96 (2017) 032004
with very complicated evolution of the ¢(25) 7t 7t~ Dalitz plot
but not the one seen by Belle and LHCb in B — K7t1p(2S) LHCb, PRL 112 (2014) 222002

What is going on here?

*
N

Search for strange partners to the Z. in D)) and J/ipK

BESTIE
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th inete™ — K+ (D;D*O + DjiDO) BESIIL, PRL 126 (2021) 102001

40 T T T T
% [ (s=4.681 Gev +Data
Vs = 4.681 Gev —+— Data %30:_ ‘D, DY
a0k (a) Total fit ) F L
— —— Z7.,(3985) =20 o non-Res.

20F | -~ D" (2600D% S b
- non-Res. l210 L
o 101 D:D‘,” 3 L
> = |
ﬁ 4 405 41 415 comb. BKG g 0 +
< 20 SRS
C [l5=0628Gev | Vs=4641Gev ok ,
g (b) 4 405 4.1 415
2 RM(K") (GeV/c?)

A S T R Fit with rel. BW yields pole mass and width of

20

she = ey ls= provhatd structure at threshold

A

o 4 4.1 4 405 41 415 5 3 ’

RM(K") (GeV/c?) Toole = 12.8132 £3.0 MeV
Threshold enhancement most prominent at Aden-ch ; .
/5 = 4.68GeV Hidden-charm open-strangeness four-quar

candidate ZCS(3985)+ BGS]]I
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ete” — KD D*~ + KD "D~

Reconstruct K2 and one of D¥* or D™, identify
missing D or D}~ in missing mass

2500 15000
2000} - e
1500k . 10000}
. - () T e (D)
1000F ™ e ] 000G s
500 Heieieie
0 0

1.94 196 198 2
M(D;) (GeV/c?)

1.84 186 188 1.9
M(D) (GeV/c?)

—+4-Dua

Non-resonant signal MC

D sideband

Disdeband| 300 f4-Data

Non-resonant signal MC

2

200 @

! © P
L * B
Mbngd L |

Y9105 2 205 21 215 205 21 215 22
RQ(KZD\') (GeV/e?) RQ(KZD’) (GeV/c)

Events / (5 MeV/c2)

3
S

See Z2 in system recoiling against K?,
with significance 4.60

BW parameters Mass (MeV/c2) Width (MeV)

7(3985)° 39922417416 7773 443
Z(3985) " 39852120 £1.7  13.87%) £ 4.9
Charmonium-like states at BESIII | W.Gradl | 23

Events / (10 MeV/c?)

—4— Data

Sideband

Total PDF

-~~~ Non-resonant process

BESIII, PRL 129 (2022) 112003

Signal

- DD,

A0F ) G=4628Gev | 4OF @ (5=4641Gev

30F } 30F {'

T

10F 10F

408 F=aseiGev | 100 RoaegaGev

300 + bt

20F % 501 &%ﬁﬁ

10F bt } } ¢
I ool

40F (o (s = 4.699 GeV ol @ Alldaa

30F

» hhig |

10f %% % sop £

S A P T P
’9,95 4 405 4.1 415 42 '9‘)5 4 405 41 41542

RM(KZ)(GeV/cl)
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Z searches

m See enhancement in the D*D; massin eTe™ — K+ (D;D*® 4+ D ~DO) and
ete™ — KO(D}D*~ +D:*D™)
m Consistent with two isospin partners Z: and Z2

m Decay to hidden charm, i.e. study of KJ/¢ systeminete™ — KKJ/i
stay tuned

BESITEE
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Outlook for BESIII

m Currently running on §(3770), with the goal to collect 20 fo~ ! in total
m Upgrades to accelerator already performed

> better feedback systems
> automated switching from e to e ™, for top-up injection (Lint + 30%)
> power supplies and cooling for magnets, to allow running at higher /s

m Major upgrade to RF system in 2024 (see next slide): gain up to a factor of 3

BESITEE
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Upgrade to accelerator: BEPCII-U project

m Goal: improve luminosity at large /s

m Easiest upgrade: install more RF power, optimize machine lattice

m Bonus: running above /s ~ 5 GeV becomes feasible
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Outlook for BESIII

Currently running on 1(3770), with the goal to collect 20 fo~" in total

Upgrades to accelerator already performed
> better feedback systems
> automated switching from e to e ™, for top-up injection (Lint + 30%)
> power supplies and cooling for magnets, to allow running at higher /s

Major upgrade to RF system in 2024 (see next slide): gain up to a factor of 3

Upgrade of inner tracking system (ageing): installation of 3-layer CGEM detector (2024)

Operate BESIII for several years after upgrade (2030?)

More exciting results to come from the new larger datasets

BESITEE
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BESIII uniquely suited for exotics studies in the charmonium region
large and clean data sets

See whole families of charmonium-like unconventional states
Sophisticated amplitude analyses needed

Still many open questions

Connection between these states?

Can we identify the same state in different production mechanisms?
If not, why not?

Experiméntal input essential,
and close cooperation with theory
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Can we identify the same state in different production mechanisms?
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(4230) in different decay channels

INSPIRE search

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT
4222.7+2.6 OUR AVERAGE Error includes scale factor of 1.7. See the ideogram below.

42344 £3.2 202 1 ABLIKIM 2021A) BES3 e o e y(28)
4216.7 +8.9 +4.1 2 ABLIKIM 2020AG BES3 f e ptu
42204 +2.4 +2.3 3 ABLIKIM 2020N  BES3 e = 1010/
42186 +3.8 +2.5 3 ABLIKIM 20200 BES3 t e s ndfib
4218.5 £1.6 £4.0 4 ABLIKIM 2019A1 BES3 ' — WXe0
4228.6 +4.1 +6.3 ABLIKIM 2019R  BES3 o — 7t DOD* 4 cc.
4200.6 *72, £3.0 5 ABLIKIM 2019V BES3 e xa(3872)
4222.0 £3.1 £1.4 6 ABLIKIM 2017B  BES3 o —atn I/
4218 135 +0.9 ABLIKIM 207G BES3 fe —ratnh,

PDG now calls the narrow structure §(4230) — seen in many different decay modes, mainly

charmonium + light meson(s) .
U
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Luminosity expectation Belle Il (ISR) vs BESIII (direct)

B2TiP WG7

Lum (pb™/10 MeV)

3000 XTI g -

2500 F /

E 207—4 3

E /9o 3

2000 £ A E

1500 £

1000 E Lo

= L] =

£ 6, 2020 3

500 pete 1 1007 £

e 3

0 Ee _Belle, 1/ab, 2G{9 - 3

3 35 4 45 5
Ecm (GeV)

Note: old luminosity projection for Belle II; current Line = 428 b1, target is 4 ab~! by 4/2026
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BESIII datasets relevant for years to come!
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Upgrade of inner tracking detector with CGEM

CGEM: replace inner drift chamber
three layers of cylindrical GEM detectors.

Radiation hard, efficient, fast, better hit resolution along
beam direction.

Italy, with strong support of IHEP,
Germany, and Sweden.

Improvements w.rt. KLOE CGEM detector:
m Improved anode design
m Analogue readout (new ASIC, designed in Torino)
m Micro-TPC reconstruction: get coordinates and

direction

Detector on track for installation in 2024
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X(3872) in a nutshell

Belle's discovery (2003) in B — KJ/i 7t 71~ : extremely narrow resonance

Observed in B decays, prompt production in pp, pp, heavy-ion collisions, and in
(4230) — ¥X(3872)

Mass sits extremely close to D°D*0 threshold

No charged partner: isospin singlet
but large isospin violation in its decays J/4 0° and J/1 w

LHCb: J® = 17 without any doubt

does not fit into c¢ spectrum as 23P; state: too light
nevertheless, PDG labels this state now as x1(3872)

D° D*© molecule? Four-quark state?
G[U
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X(3872) — ﬂo}(d BESII, Phys. Rev. Lett. 122 (2019) 202001

efe’» ymwJy

X (3872) discovered in J/ 7t 71, also seen in J/{ w. N% 70 (@) 415 <E_, <430 GeV
other decay modes, with other charmonia? > o
~ 50F
Production at BESIll viae*e™ — 1X(3872) — qlfp i &
20
m X(3872) production happens in /s ~4.15 GeV to 4 N
0 i S £ /ISPRRSYRAAG AMM FOVEE D

4.30GeV,

b d 65 (b) 4.00 < ECM <4.15,4.30 < EOM < 4.60 GeV
ut not outside 3

m Suggestive of very strong connection between
X(3872) and Y (4230)

Events /5 MeV/c?
o
T

L L
75 380 38 390

1
il 1 ]
. ) 3] g
- ., BESTIER
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X(3872) — ﬂo}(d BESII, Phys. Rev. Lett. 122 (2019) 202001

E (a) 415<E_ <4.30 GeV
E cm

m Search for X(3872) — n%xy — 7%/
inete™ — ¥X(3872)
m Select events with
ete” — 4/
with M(J/1) near )¢ mass:
clear signal near X(3872) mass

Events / 5 MeV/c?

75 3.80 38  3.90 395  4.00
M(x,,) [GeV / 2]

m M()/¢) in signal region:
indication of xc1, X2

Events /5 MeV/c?
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X(3872) — %% S

E (a) J=0

3.0F

Events /5 MeV/c?

m Clear X(3872) — 71%x.1 signal seen, 1
stat. significance more than 5¢ oo | | o

m Normalise to 'discovery mode’

B(X(3872) — %)
B(X(3872) — ttm]/¥)

— 0.33
=0.881933+0.10

Events / 5 MeV/c?
N
T

m Estimate B(X(3872) — 7%c1) ~ 3 — 6% 11 } } }
m ‘ordinary c@: T'(23P; — 7%x.1) ~ 0.06 keV
Dubynskiy and Voloshin, Phys. Rev. D 77 (2008) 014013,
implying an extremely narrow X (3872)
0875380 485 890 30!

My ) [Gev/c®

5 4.00
SIIER
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Disfavour pure c¢ interpretation of X (3872) 10
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Radiative and open-charm decay modes of X(3872) BESII, PRL 124 (2020) 242001

Ratio of branching fractions
R — B(X(3872) — yy')
"W B(X(3872) — W/y)

m Predicted to be in the range
(3to4) x 10~*if X(3872) is D*° D° molecule,
1.2 to 15 if pure cC state
0.5 to 5 if mixture

m Experimental situation:

2.464+0.64+0.29 LHCb Nudl. Phys. B 886 (2014) 665
RWJ = 34+14 BABAR  phys. Rev. Lett. 102 (2009) 132001

< 2.1 Belle Phys. Rev. Lett. 107 (2011) 091803
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Radiative decay modes O'FX(3872) BESIII, PRL 124 (2020) 242001
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Events / (6 MeV/c?)
3

Events / (5 MeV/c?)

20

3.‘8 3.{‘55 3.‘9
M(y, Jy) (GeV/c?)

395 4 0 38 39 4
M@yy’) (GeV/c?)

Simultaneous fits to M(yJ/¢ ) or M(yy').
See clear X(3872) — 7/, at 3.5¢, but no hint for ¢’ (contradicts BABAR).

Upper limit at the 90% C.L.: R,y < 0.59

Somewhat in tension (~ 207) with LHCb and BABAR, but in agreement with Belle. BES]]I
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