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Outline

Charmonium spectroscopy

The X(3872) and Y (4260)

BESIII

Z.: charged charmonium-like states

Summary and outlook

WHAT HAVE | A NEW 1% STRTE,
A BuNCH OF UNEXPEC-
TED VECTORS AND
SOME WEIRD CHARGED

THERE'S TREASURE
EVERY(WHERE /
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Charmonium: cc

Example potential
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=37 +br+ o2 6(r)ScSe
1 2w b\- =+ 4u

Voo ':7[<47*>L'S+7ST]
SPINTEER T 2 B 2r 3

+ relativistic corrections!

Godfrey & Isgur, PRD 32, 189 (1985);
Barnes, Godfrey & Swanson,
PRD 72, 054026 (2005)

Use well-established states to fix
parameters, then predict remainder of
spectrum, and transitions

= Remarkably good description
above DD threshold: some mass shifts
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Charmonium: cc

Example potential
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parameters, then predict remainder of
spectrum, and transitions
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above DD threshold: some mass shifts




Charmonium spetrum
Charmonium: cc
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QCD exotics

States beyond the conventional 43, qqq valence quark configuration

Identify by
= Exotic quantum numbers (e.g. 7r1(1600): JP€ =1-7)
= Exotic quark contents (such as X(5568) ~ bsud, if it exists)

= Comparison with predictions of hadron spectrum

Totalitarian principle of quantum mechanics:
Everything not forbidden is compulsory

)
=
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The X(3872)

Mass [ GeV/c?]

44

42+

4.0

3.8

3.6

34

3.2

3.0

ntr

y'(1°Dy)

¥ (2°51)

1/g(1%s1)

[neem)]

xa(2Pr)

X(3872)

predicted, undiscovered

0+

1

1+-

BESII XYZ results | W.Gradl | 6

o+t

1+ ot

Extremely narrow, sits at or just
below the DD* threshold
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The X(3872)
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Seen by Belle, BABAR, CDF, DO,
CMS, LHCb, BESIII

Decays into J/yntn~, J/pw,
DOD7, ]/, vy (2S)

no obvious place in spectrum
~ 50 MeV too light to be x (2P)




What is known about the X(3872)?

Mass

mx(3s72) = 3871.69 £ 0.17 MeV/c?
Mpo + Mpw0 = 3871.693 & 0.090 MeV/ ¢

Near equality of mx 3g72) and mpo + mpo:
accident, or dynamics?

"Binding energy” = 3 + 192 keV
if molecule, then very loosely bound!

(drives ever more precise measurements of
mp and myp))

Width

Width < 1.2 MeV at 90% C.L. (detector
resolution!)

Belle, PRD 84, 052004 (2011)
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PDG average =

P B P PR R S

3860 3870 3871 3872 3873 3874 3875

My 3572 [MeV/c 1

Spin and parity
Unambiguously JP€ = 1t+
LHCb, Phys. Rev. Lett. 110, 222001 (2013)




Isospin of X(3872)?

7t comes from p — 7t

40 CDF Il 360 pb”
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Belle, Phys. Rev. D 84, 052004 CDF, Phys. Rev. Lett. 96, 102002

Problem: (cc) — ]/ p violates isospin and should be heavily suppressed.
Additionally: BABAR observes X (3872) — w]/i Phys. Rev. D 82 011101

strong kinematic suppression (low-mass tail from w), but B approx. equal!
Isospin of X(3872) not well defined?
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Exotic veCtor mesons

BABAR and Belle
(running on Y)
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Exotic veCtor mesons
eTe™ collisions near Y (4S)

in ISR production
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Exotic veCtor mesons

ete™ colisions near Y (4S)

in ISR production
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Exotic veCtor mesons

. Y(4008) — J/prtm?
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BESII, PRL88, 101802
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= produce them directly at BESII
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All the XYZ

State MMV T MV JPE Proces (decay mode) Experiment
X WTLEE0LT <12 1ot B K+ ()

Belle [95, 102], BaBar [98], LHCb [103]

PP+ ()t 'CDF [96, 104, 108, 160], DO [97]
B K+ (Jfé=ta—at) Belle [107], BaBar [72, 73]
B K +(B°D°x") Helle [108, 109], BaBar [110]
B K+(Jfém) Balar [137], Belle [138], LECH [141] n More than 20
B K+ (4 ) BaBar [137], Belle [138], LHCH [141]
ot (Jfpmta 4 LHOb [39), OMS [100] : T
Xow mmissr w5 0s Do K0 e ], B 2,791 quarkonium-like states
efem bete +(Jjdu) Belle [74], BaBar [78] H e
ra?) wmaiis s 2 e oo ioD S identified
X (3940) 5942:2 37[ﬁ O ete s+ (D7 D) Belle [32]
sl el B = Only a few seen in more
Gy smim s 1o b 16, Bt 164
i S e than one production

Y(440) 443 Mran CDF [8r, 5], OMS [80]

ZF(I0610) 108073320 184324 1+~ T(ESY == +(T(nS)aln Belle [155, 158, 150]
ST(SSYT = == 4 (hu(mP) ), Belle [155]
ST(ES)—+ = +(BE),n=12  Belle [160]

L(,_) X(a80)  a56*3 199*1% 0 etem s Jyw+ (D°D) Belle [37] prOCGSS, or by more than
o Yias0) 43555 G4 1= ctem ot (fgate) BaBar [34, 165], CLEO [166), Belle [39]
S5 ete o (Jpimtes) CLEO [167] one experiment
— ete - (Jjgat0) CLEO [167]
(e} Yidzd) 1046 84216 7 B K+(Jfdd) CDF [88], CMS [90]
T xemy  smed B oz e see e e = Are we at the dawn of a
o Y(4360) 436113 MRS 1 efe sy a(Wmta) BaBar [35], Belle [40]
- X(8630)  483F3 9 1 ate oq(afaAD) Belle [165] new spectrosoopy?
5 Y(4660) 46BLEI2  SBHIS 1= ctem sy (fatam) Belle [40]
c ZI(300) SS0E3 9310 1+ Y0 x +dfwet) BESII [40], Bells [50]
= Y4260+ x- + (DE)+ BESITI 6]
&) ZZ(4020) 4024+ 10£3 1(NHD- V{4860) + = + (hont) BESIN [51]
= V(4360) — =~ + (D" D)+ BESIT [52)
1) Zigos)  astl sE B K+ (an®) Belle 53], BaBlar [66]
E ZH00) a9t a0l Belle [67]
T Ziges) st B K+(ar) Belle 53], Ballar [66]
N ZHA0)  AATTEN 181451 B K+ {g =) Belle [54, 56, 57], LHCb [58]
= B K+ gt Bt 52
S Vi(l0S90) 108884350 20787 1 cte o (TaS)te ) Bele [152]
[
=
[0}
7] Z(10610) 10600+ 6 T ST(ESY = (TinS) Y, Bele [157]

6 Z7(10680) 106822315 115423 1% “T(ES" + = +(T(nS)x*), n=1,2,3 Belle [155]

R ST(ESY = = + (hy(nP) =t .2 Belle [155]

(2] ST(S8) — =+ (B*B)t,n Belle [160]
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A note on names

Confusion of names: X(---), Y(---), Z(--+)
with no clear relation between name and properties of the state

PDG’2018: reflect quantum numbers JFC in name, regardless of quark configuration

JP€  Name Example

17— p(.))  p(4260) (was Y(4260))
17 xal.))  xa(3872) (was X(3872))

In this talk, I'll keep using the ‘old’ names
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BESIII: a T-charm factory



BEPCII and BESIII
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BEPCII §torage rings: a T-charm factory
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Upgrade of BEPC (started 2004,
first collisions July 2008)
Beam energy 1---2.3GeV
Optimum energy 1.89 GeV
Single beam current 091A
Crossing angle +11mrad
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Design luminosity
Achieved (2016)

103 cm—2s~1
1.0 X 103 cm—2s~1

Beam energy measurement:
Laser Compton backscattering
AE/E =~ 5 x 1075
(= 50 keV at T threshhold)



BESIII detettor

. RPC: 8
RPC: 9 Electro Magnetic ayers

Iayers Calorimeter

SC
Solenoid

Barrel
ToF

Endcap
ToF

sC
Quadrupole gL

ﬂ I S s 1 5

Completely new detector
Design and performance comparable to CLEO-c, + muon ID

=
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BEPC energy region

3 i T
10 E J/y »(2S) =
107 .
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Direct production: span the interesting charmonium region

ISR: reach down to 7r7t threshold with decent statistics
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Unique BESIII data set

| ] oy — . T .
%108 B & |
1500 1310 EF Ceme o
1000 248 r . 1
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20600 1
3000 large data sets of ~ 7fb™ " above 3.8 GeV
2000 for XYZ studies
+ 104 energy points between 3.85 and 4.59 GeV
1000 . (R scan)
o = -~ . ~ + ~ 20 energy points between 2.0 and 3.1 GeV
N 3 >
& & o S
\gag' & 0\5" & Direct production of 17~ states studied
with world’s largest scan dataset |
JG|U
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€+€7 N ’7]/1/) BESIII, PRD 91, 112005 (2015)

332'2: S ggg: \'s = 4.230 GeV
S S BESH |+
o 3 % 160 L Background fit
o 315F O 1401 I sideband
S sif Q 1201
= - S 100F
4 3.05F 2 80F
= c E
= 3 4 33;
] E
295 i 20F
29 0.1 0.2 03 0.4 05 06 07 08 0.9 8203 o4 05 06 07 08 09
M(yy)(GeV/c?) M(yy)(GeV/c?)
100F — Belle
= E 4 BESIN2012) Compare to e*e™ — yisrnJ/p from
a 80¢ 4 This work Belle, PRD 87, 051101(R) (2013)
> 60
_é 0 E H Jﬁ BES]]I Good agreement,
1 F ¥ H_ significantly better precision
Do }
s =l T T |
% oF ][ :H‘ .].+'['_]_-]- It Cross section peaks around 4.2 GeV
=20 +,— 07/, -
3|8 3\9 ‘L 4\1 4\2 4\3 4\4 4\5 4‘6 Also searched for ete™ — 1" J/¢:

no significant signal found
Vs (GeV)

21
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ete” = nJ/vvsete” — nw J/p

Cross Sections (pb)

90
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2|
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o

o
@ frprTTT

—f— BESIN2012):0 J/y

+ 4 This workin iy
i H%# BEST

+ —}— Belle:n* x° Jiy

ﬂ' ﬁ Jrﬂ Jrhjrjr

\’\

RS 41424344454647
\s (GeV)
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BESIII, PRD 91, 112005 (2015)

Compare to ete™ — yisgrrrt 7t J/p from
Belle, PRL 110, 252002 (2013)

Very different line shape
= Different dynamics at work in

~ — nJ/¢ compared to
ete” —»ntaJ/y

)
=



A closer lookateTe™ — ]/w el BESII|, PRL 118, 092001 (2017)

Use full available dataset above 3.8 GeV, measure dressed cross section gdess:

s 100 s 150
3 —+xvz BESH 3 ~+ Scan ‘
s 80F —Fitl 5 ool il
2 b --Fitll 2
; ;
;a: 40 ;a; 50—
o o
§ ool
) % o

035 4 42 4.4 46

E.n (GeV)

Not just one BW-like structure.
Simultaneous fit to energy-dependent cross section for two sets of datasets:

Parameter Fit 1/ MeV Fit2 / MeV

Fit 1: 3 interfering BW resonances

+61.9 .
M(Ry) 3812.6 965 (ala Belle)
T ot(R1) 476.91784 -
M(R;y) 42220+ 3.1 42209429 Fit 2: smooth shape for continuum, 2 BW
T ot(R2) 441+43 441+38 (a la BABAR)
M(R3) 432004104  4326.8+10.0
T tot(Rs) 101.44553 98.2453%

stat. errors only
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A closer lookateTe™ — ]/w el BESII|, PRL 118, 092001 (2017)

Use full available dataset above 3.8 GeV, measure dressed cross section gdess:

__ 100 150
3 —+xvz BESH 3 ~+ Scan ‘
= 80F __ K =
g F!t | § 100k
2 ek --Fitll e
¥ ¥
K 40 o 50
K K
§ 2op g
k) o

038 4 42 4.4 46

Ecn (GeV)

Not just one BW-like structure.
Simultaneous fit to energy-dependent cross section for two sets of datasets:

Parameter Fit 1/ MeV Fit2 / MeV
m Lineshape more complicated than

+61.9 .
M(Ry) 38126566 just a single resonance / structure
T ot (R1) 476.91784 : .
M(Rs) 090431 42209429 = Y(4008) not needed to describe

2 N . . .
data

Tot(R2) 441443 441438
M(Rg) 4320.0 +10.4 4326.8 4+ 10.0 [ ] Signiﬂcances for R2 and R3 > 70
T io1(R3) 101.4¥2%3 98.2+234 m Y(4360) — J/ptt i~ seen?

stat. errors only
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Cross se&tion of e e~ — hC7T+ T~ BESIII, PRL 118, 092002 (2017)

he = y1e, e — 16 exclusive hadronic final states

E.g. at /s = 4.42GeV:

3.2

M, (GeV/c?)

Events / (0.002 GeV/c?)

0n! Il Il Il
2$48 350 352 354 356 358 3 48350 352 354 356 358 360
M, (GeV/c)) M,, (GeV/c?)
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Cross se&tion of ee™ — h.ttm™ BESII, PRL 118, 092002 (2017)

[ ]
wn
>

-+ BESIII: R-scan data sample
= BESIII: XYZ data sample
—Fit curve: Total
Fit curve: Y(4220)
- Fit curve: Y(4390)

[©
S
=

—
W
>

w
=

TR J th i ;ﬁﬁ'

39 40 4.1 42 43 44 45 4.6

Dressed Cross section (pb)
—
=3
=3

=

Vs (GeV)

Simultaneous fit to both sets of datasets:
Parameter Fit / MeV
M(Rq) 42184 +4.04+0.9
T'(Ry) 66.0+9.0+0.4
M(Ry) 4391.6 £6.3£1.0
I'(Ry) 139.5+16.1+0.6
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Cross seftion of eTe™ — WXe]

w — 37, x0 — T, KTK™

0,95 Logs
3 09E . . 3 09
G0.85] . . G0.85]
P O, g
rY v =, rY

fore .. . £ 07
Soese . . e o

0925735 535 54 345 35
M) (GeVic?)

085555555 34 545 35
M(K'K) (GeV/c?)

Qoo o5
> 0.9] % 0.9
G0.85 G0.85)
Eors Tl Fo7s
Ro. e o

B 07 LI £ 07
So6s So6s

0(?25 33 335 34 345 35
M) (GeV/c?)

0(525 33 335 34 345 35
M(K'K) (GeV/c?)

Xc12 — Y]/¢: no signal seen
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BESIII, PRL 114, 092003 (2015)

Cross section for wx.o

100
__ 80F —+Data
"é 60 E — Resonance
—~ L ---- Phase Space

3 S

x40
3 E —
T 20f
+(1) £ 1
KO f
© s

20—

4 L L L L L L
015 42 425 43 435 44 445 45
\s (GeV)

Fit with phsp-modified BW:

M = 4230 + 8 + 6 MeV/?
[ =38+12+2MeV

incompatible with single-resonance fit to
T I/ (the “'Y(4260)" found in PDG)




“Y (4260)” in different channels?

Channel Mass M[MeV/c?]  Width T[MeV]
PDG 4251+9 120 +12
J/en narrow structure seen

J/p r° not seen (UL on o)
J/prntnT  42209+29+14  441+38+20
hertt ™ 42184 +4.0£09 66.0£9.0+04
Xeow ) 4230 +8+6 38+12+2

PDG value from ete™ — ]/t i~ at Belle, BABAR, CLEO
(*): BESIIl, PRL 114, 092003 (2015), called X (4230) by PDG
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“Y (4260)” in different channels?

Cross-section compilation of eTe™ — charmonium + light hadron(s) from BESIII
(only energy points with large luminosities shown)

g100?"""""""""“"""""""""""'“"A
g o F e .% ]
£ 800 apway { N
] [ i
r ™ Th, ]
60— . . T —
L% i ]

r c1 ]
40— | N
ro, 3 1

r I [ ] ]
201 i [ —
Lot i # 1| e . 1
. ! DR

op 1 T] % ]

v b b b e b b b b by

37 38 39 4 41 42 43 44 45 46 47
Een [GEV]
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ete” — yX(3872) — yJ/y T

Mass [ GeV/c?]

£
4360)

Y(

oo ST )
[viso |

42+

40+
a(2°P)
X(3872)

3.8 7Dy

¥ (251) _
7£(2!50) T

3.6

a4l

32+

1/ (1°s1)

X2(Py)

not predicted, discovered

predicted, discovered
predicted, undiscovered

0t 17 1+
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o+t

1++

2++

Events / 3 MeV/c?

BESIII, PRL 112, 092001 (2014)

15 n ~+ Data 7]

[ — Total fit ]
10 [ === Background ]
[l il

M L RS IR R
4s 3.85 3.9 3.95
M /) (GeV/c?)

20.1 +4.5 events
significance 6.3

M =3871.9 £ 0.7 = 0.2 MeV/?
[PDG2013: 3871.68 +0.17 MeV/cZ]

JG|U




ete” — yX(3872) —» yJ/y T

Mass [ GeV/?]

L [ 7@'s0)
B

4260

@) | (2P

42+
$(2°Dy)
:
$(3°S1)
ol
380 ¥(°D)
e
£(21S0)
3.6 e 0
34+

1/ (1°s1)

X(3872)

T DD

Xel

not predicted, discovered
predicted, discovered
predicted, undiscovered
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0+ 1+ o+

68(yX(3872)—>yr'nJ/y) (pb)

BESIII, PRL 112, 092001 (2014)

0.6
—+-data
0.5 — Y(4260)
----- Phase Space

0.4 --- Linear

0.3

0.2

0.1

04 4.1 4.‘2 413 4.4 45
Eqm (GeV)
Suggestive of radiative transition
Y (4260) — X (3872)
Direct connection between the two
states?
JG|u




€+€_ — ’)/X(3872) — ’)/]/l/) 7'["' 7T BESIII preliminary

e'e -y ntx Jly

o
o
3 70- (a) 415 <E,, <430 GeV
44 2w
Te]
S 5
421 S 40
>
W5
40+ 20
o
2
> ¥ v/(D) .
V) R o 2 = L © (b)400<E_ <4.15,430<E_ <4.60 GeV
0 ] e pb 3 o o o
2 3.6 = E
o 5
> > F
P
34 (o) s
e I
TRt .

1/ (1°s1)

:2 5 3.80 3.85 3.90 3.95 4.00
. ;
M(rrJip)  [GeVic?]
predicted, undiscovered

0+ 1 1+— o+t 1+t o+

No X(3872) signal outside
Vs =415...4.30GeV

BESIII XYZ results | W.Gradl | 29



€+€7 — ’)’X(3872) — ”YNOXC] BESIII preliminary

o s 0 n .
e'e —y )(mWIthXc‘J ng/w

N§ 9?— (@) 4.15<E_, <4.30 GeV
Search for ete™ — X (3872) with X(3872) — n%x,; w7
with xoy — vJ/ and J/p — £ 2 ‘;”
S sb
by
Select broad x.; mass region using 3t
3.35 < m(yJ/ip) < 3.60 GeV/c? 2k
Using data from /s = 4.15...4.30 GeV: see clear N
X(3872) signal %‘: as (b) 4.00<E_ <4.15,430 <E_ <4.60 GeV
but none outside this /s region > s0-
5 25-
c E
L%’ 2.0?
1.5;
1014 b L I
05[]
0:9’ N el Uwl L i o N M
7! 3.80 3.85 3.90 3.95 4.

M(x% ) (G eV/c?

JGlu
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€+€7 — ’)’X(3872) — ”YNOXC] BESIII preliminary

o 0 :
e'e »>y xmwnhxm—»sz/w

Using data from /s = 4.15...4.30 GeV, separate the
Xy for ] =0,1,2

Events / 5 MeV/c?

Find clear X(3872) signal for %y with 5.2¢
and no signal for | = 0,2

DB LN w s o N ®
AR

Establish existence of decay channel ¥ O T B o T
X(3872) N HOXCL M(Y1,2J/w) [GeV/c?
with branching fraction = equal to 7zt 7~ ]/

Disfavours interpretation of the X(3872) as the
conventional x.1(2P)
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ete” — J/Wmt T ac4.26 GeV

Mass [ GeV/c?]

4.4

42

4.0

3.8

3.6

34

3.2

3.0

| G

g

~ i

Y(4260)

1/ (1°s1)

00 | ey et | EEEE

xa(2Pr)

X(3872)

not predicted, discovered
predicted, discovered
predicted, undiscovered

0+t

1

o+t 1++ 2+t+

1+-
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Events / 0.002 GeV/c?

Events / 0.002 GeV/c?

BESIII, PRL 110, 252001 (2013)
525pb~! at 4.26 GeV

160 ? 4 Data
140F +,,— —Fi
mywﬁy# R —
100F
80F
60|
40
20 }b "
3,
03 3.05 3.4 3.15 3.2
M(uw) (GeVi/c?)
1201 + Data
r + — — Fit
100 ;]/IP —e'e <+ Background
80F
60~
40
200
AN A

@

...have hundreds of events! JG

305 84 315 32
M(e*e) (GeV/c?)

u



]/l/) 7t~ Dalitz plOt BESII, PRL 110, 252001 (2013)

Events / 0.02 GeV/c?

o 5 o 18p 10
© 45 o q7p 9
> 4 > 1ok 8
0} 35 O F 7
® S 6
& 25 5 14f 5
s 0 2 & 13f 4

. 15 = F 3
N 1 2 ' 2
2 05 a3 " 1
Q64112 T 14 Y5 16 17 18 ° R TR FREVRE R R AT I

M2(r+J/y) (GeV/c?)? M2(m+Jiy) (GeV/c?)?

1200 4 data

100 ~-MC H
- ximnm 3 H‘F

807 s ﬁ | Model 7+~ -system with known structure:

sor %ﬂ EH f0(500), fo(980), non-resonant

“or o F 1*#’***., obtain good fit of 7+ 77~ mass projection

2op gl # ¢

8.2 04 06 08 1 1.2 1.4
M(n*r) (GeV/c?)
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]/l/) 7t~ Dalitz plOt BESII, PRL 110, 252001 (2013)

Events / 0.02 GeV/c?

5 LT 10
45 o q7f 9
4 > E 8
[0} '_
35 O 16¢ 7
= 15F
3 S : 6
25 S 14F 5
B E
2 T 1BF 4
15 3 3
1 125— 2
2F 0.5 ne 1
Q0171215 T4 15 16 17 18 ° 00~ 792 793 14 15 16 17 18 ©
M2(r+J/y) (GeV/c?)? M2(m+Jiy) (GeV/c?)?
L . 100F +ou L 100 +om
100 ~-MC H § L — 2.(3000) MC § 80l * — 2.(3%00) MC
— 23900 MC H+l 8 80: ** * [ sidebana 8 [ sideband
80F  [sicebana + : S el H S el H
4 S o i s M
- by 2 4o Y 3 oof R
N T A 5 0 . 5 f i
wf Syt ; g 2 g ob A 4y
: AT : [ I - iy
%.2 04 06 08 1 1.2 1.4 ?5.2 3.3 34 3536373839 4 4142 g.2 3.3 34 3536373839 4 4.1 4.c
M(x') (GeV/cd) M(z+Jy) (GeV/cd) M(xJry) (GeV/c?)
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€+€_ - ]/l/) 7-(+ T~ at4.26 GeV BESIII, PRL 110, 252001 (2013)
525pb~! at 4.26 GeV

100F +oun
EE 9 % r — Total fit
[aen)] [ra@r)] © r
M : % sof <2+ Background fit
42+ 10} r = PHSP MC
— F [ sideband
o 60r )
w 3™
_ 1@k | ——— [ 3 @ 401
N’: X(3872) L GC) N v
=~ S ooly
> 3 ¥/ (D) o 205
O r ey TTTTTTTTTTT T T
= ¥@s1) m
P P 07787 38 39 40
& : (PR Muax(TE2/Y) (GeV/c?)
> @) xa(PR)
sal Charged charmonium-like structure
sk M = (3899.0 3.6 = 4.9) MeV/?
i [ e ] I = (46 10 +20) MeV
3.0 m Confirmed by Belle PRL 110, 252002
: ‘- _ onfirmed by Belle ,
and with CLEOG data PLB 727, 366
predicted, undiscovered

Close to DD* threshold
Interpretation?

JG|U
BESIIXYZ results | W.Gradl | 3 .
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Z. family at BESIII near 4.26 GeV

4230 MeV

Events / 4 MeV

Events / 0.01 GeV/c?

37 38 39 4.0
My (1) (GeV/cY)

ete” >t/

16 8 70

etem — nnJ/p

Events /(10 MeV/ic’)

Z:(3900)0?

M(rJ/y) (GeV/c))

Events/(0.005 GeV/e®)

$95 400 405 410 45 42025
My, (Gevie)

Events / (2.5 MeV/c? )

ete” =t he

~+ data
— total fit
—-244025)

- PHSP signal
mws

404 406 408
RM(r) (GeVic?)

ete” = (D*D*)*

Z.(4020)+?

Nature of these states? Tetraquarks, molecules, threshold effects ...

Isospin triplets?

Different decay channels of the same states observed?
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a5
o«
Y s
3w
R
Sy
£ 1
Zu
E
X B T
Mg (GeVie)
- 0.0
ete™ — 107,
T
3
2
2

L]
RM(x)(GeVic’

ete = n0(D*D*)°

Z.(4020)0?




ete” — 1t (Dﬁ* ) ~ with double tags BESII, PRD 92, 092006 (2015)

ete — ntDD*~ ete” » ntD-D*0

Events/(4.0 MeV/c?)
Events/(4.0 MeV/c?)

3.95 N 4 4.05
MDD ") (GeV/c?)

3.95 4 4.05
M(D D) (GeV/c?)

T

Events/(4.0 MeV/c?)
Events/(4.0 MeV/c?)

39 395 4 ¥ U39 395 4 405 4l
M(D D) (GeV/c?) MDD ) (GeV/c?)

Simultaneous fit with phase space shape + (BIW @ R) x ¢
Compatible with, but significantly more precise, than single-tag analysis

=
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ete” — " (DD*)~ with double tags: Results

Single and double tag analyses only share ~ 9% of events:

samples statistically almost independent!

Mpole[ MeV/c?] T pote[ MeV]
Single D tags 3883.9+15+42 248+33+11.0
Double D tags 3881.7+1.6+2.6 26.6+2.0+2.3
Combined 3882.3+1.1+1.9 265+1.7+2.3
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Z:(3885)" Quantum numbers?

0: angle between bachelor pion and beam axis in CMS
Know initial state is 1, with J, = +1. Depending on J” of Z,:

0" excluded by parity conservation

0~ mand Z.(3885) in P-wave, with J; = +1 = dN/dcosfr « 1 — cos? 0,

1= mand Z(3885) in P-wave = AN /d cosf; o 1+ cos? 0,
17 mand Z:(3885) in S or D wave.
Assume D wave small near threshold: = dN/dcosf, «x 1

Efficiency corrected event yield

30 in 10 bins in | cos fr|
ey
% data clearly favour J” = 1+
3 for DD* structure
-
I 0.05] -
[ N confirms JP for Z.(3885) from single-tags

L L L L L L L L N
0 01 02 03 04 05 06 07 08 09
cos0;,
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PWA of ]/gb T BESIIl, PRL 119, 072001 (2017)

PWA of ete™ — J/p 7~ with full datasets at 4.23 and 4.26 GeV (1.92fb™ 1)

Compare signal yields:

No E GeV No 400 23 GeV
E s 423 a 4
S s00f ¢ _ 1 S 350 ¢ | h
) E o 426Gev (a) 1 D 3 o 4.26GeV (b)
O 250F L 0]
g e 4” 4 = 0 4&“4 ) '
S is0F o4t > o m Iy
< P wt 4” S 150 i i ““ﬁ%‘é v
0 10F LA @ 100 Bt e et
= E o, bedt o0 4 el o o%”m%w L
G OOF ghtew g 0 B Db et oy
> gf o T “od W %
w | | | | > 1 1 | |
02 04 06 08 10 12 W 32 34 36 38 0 42
2 2
m,.. (GeV/c?) My (GEV/C)

(background subtracted)

some differences in 7t system;
Z.(3900) ™ production cross section appears to be larger at 4.23 GeV
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PWA of ]/lP T BESIIl, PRL 119, 072001 (2017)

PWA of ete™ — J/p 7~ with full datasets at 4.23 and 4.26 GeV (1.92fb™ 1)

Amplitudes in the fit:

w7 S-wave: f5(500), f5(980), fo(1370)

w f»(1270) - ntm
Z:(3900)" — J/y 7t + c.c. (Flatté-like lineshape, nominal fit: JP = 1+)
= nonresonant J/

o I o [ —
S s0f - mswaedy (a) S as0f P (b)
(] 2y ay ) -z,
G 250 . G 300 — total
« e Ziace. i
g 2008 — ot S .
< 10f o
O b » .
E S0 4
> e w i b
W= 06 o8 10 @ Y e a6 3 a0 Ta
2,
m,.. (GeV/cY) my,. (GeV/ic®)
o, 180 &, WF R
ISR ——— } © S o it @
8 140 - 02700y 8 160F | e Zise
120 - Zice HoE ol
8 N © nE
S 10E — o 5 b
< s0f o -
@ wb = 8F P
E o o
z 40F E o M
woyf z
> 2 A 1
[ el > -
204 06 08 10 12 W 32 34 36 38 40 42
2
m... (GeV/cY) mJ/W (GeV/c? ) JGU
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PWA of ]/gb T BESIIl, PRL 119, 072001 (2017)

PWA of ete™ — J/p 7~ with full datasets at 4.23 and 4.26 GeV (1.92fb™ 1)

Observed signal yields and cross section
o x B=o(ete” — Z:(3900)* T — J/pm+ ™) from the PWA fit:

NS Neg o x B [pb]

4.23 GeV 952.3+933 220+£1.0+48
4.26 GeV 3433+233 11.0+£1.2+54

)
=

BESII XYZ results | W.Gradl | 40



PWA of ]/lP T BESIIl, PRL 119, 072001 (2017)

PWA of ete™ — J/p 7~ with full datasets at 4.23 and 4.26 GeV (1.92fb™ 1)

Test different J¥ assignments for Z.(3900)*: Replace Z.(3900)* (1) with
Z:(3900)* (JF) in the fit,

add Z,(3900)+ (11),

observe change in likelihood for given A(ndf)

JP A(-2InL) significance
1* over 0~ 94 120

1T over 1~ 158 > 160
1T over 2~ 152 > 150
1* over 2™ 96 > 120

Data clearly favours J¥ = 1 over all tested hypotheses
consistent with Z.(3885)" — (DD*) ™

)
=
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ZC(39OO>+ — 17Cp+ BESIII preliminary

Selectete™ —

n
7%,
reconstructing 7. in =
9 hadronic decay ot e %
modes 31200 >
= 1000f 2
s Select p* — 70, 2 soof ©
1e by invariant mass g BS. %
» Look in mass @ 200 prelllmlnalry @
reCO”mg agamSt i 8.7 %/iglcelfé%rons)s(eev%; 82 27 %/i(i';qcel—zi‘a?irons) (GeV/le; 82
. 60 N 20055
= Strong evidence for % o oor s
ete” — nZe, 2 %
Z:(3900) " — nep™ 35
3.9¢ significance, % O { *
including O o0f l
systematics 3 i 3.9 4 ey a—— p
Maecor - (GEV/C?) Mrocor - (GEV/C?)
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ZC(3900>+ — 17Cp+ BESIII preliminary

= Selectete™ —
ot 70,
reconstructing 7. in
9 hadronic decay
modes R. = B(Ze — 11¢p)

m Select p* — 7En0, B(Ze = Jrym)
e by invariant mass =21+08 at4.23GeV

Discriminate between molecular and tetraquark interpretation
Phys. Lett. B 746, 194 (2015)

= Look in mass
recoiling against 7+

100

Dynamical Z. tetraq. Type-| —

= Strong evidence for

Molecular Z. —
ete” — nZ,,

Zc(3900) " — nep™ 9 1072
3.90 significance,
includin
g. 1074
systematics
-6
10702
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ete — 7T+7T7170<2S) BESIIl, PRD 96, 032004 (2017)

Consider process ete™ — w7~ (2S)
Reconstruct ¢(2S) in two decay modes:
n p(2S) >t J/p -t it
direct reconstruction

= (2S) — J/i + neutrals — T4~ + neutrals:
identify J/4, look at mass recoiling against 7+ 7w~

P . ‘ — . ‘

Q —+ Data o —+-Data

2 — Fit 3 — Fit

w200 BESIT I 4 ®@eop i R
o -~ Background o -~ Background
(8] . 4} .

Jhy sideband Jhy sideband

8 By S wl _ EJy ]
S100/- 12

~ ~

2 2

c c

[ [

> >
L tlooat (i L w AP T A

8696 36 a0 3t g MY

368 370 872 37
M(a*nJhy) (GeVic?) el (n'm) (GeVic?)

JG
BESII XYZ results | W.Gradl | 42




ete” — 7t 71—*¢<25): cross setion BESII, PRD 96, 032004 (2017)

-~ 1207777
Q F 3
S toof —~ BESIIl
S 80F LT + Belle
% igz— J‘» +BaBar—E
w F 1 |+ : ]
@ 20 Ll A e e
st O: T ||_I | T T *-1':-_.'-‘_'?"_:
S o) Ity T
wE T —:
-40F E
-60_""""""'""""""""':
4.0 4.1 4.2 4.3 4.4 4.5 4.6

\'s (GeV)

Compatible with ISR measurements from B factories,
significantly more precise
completely different shape than 7t 7= J/ip

)
=
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BESIII, PRD 96, 032004 (2017)

ete” — mttmP(2S): Dalitz plots

s/ GeV 4.226 4.258 4.358

:’;J :: ﬁ‘gns— Bl EY
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ete” — mtm (2S): Strulture at /s = 4.416 GeV

o
o
I
xR
wv
=
——

[62]
o
T
"
4
-

Events / (0.1 (GeV/c??)
7

o
I
0y
-
n
L

Fit part of Dalitz plot with M?(m* =) > 0.3 (GeV/c?)?, 17 S-wave BW:

M = 4030.3 & 0.1 MeV/?
I =5.1402MeV
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Open questions on XYZ States

m Other decay modes (e.g. into light mesons)?
m Other similar states (e.g. isospin singlets; with strangeness contents ...)?
= More such states to be found, with other charmonia? — yes, e.g. Z.(4430), Z,

= Dependence on production mechanism?
Connection to states found in B decays (Belle, LHCb)?

= Can we observe more connections between these states
such as possibly Y (4260) — X (3872)7?

= Are these all resonances? Or threshold effects? ‘true nature’?
How can we distinguish?
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Future for BESIII

m Set to run for > 8 more years

= If running near ‘sweet spot’ of accelerator
(v/s = 3.77 GeV):
collect ~ 5fo~! / year

= Accelerator upgrades:

> Increase beam energy
currently, /s < 4.60 GeV
increase by 300 MeV with moderate
effort
upgrade ongoing
> Top-up injection
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Luminosity expectation BellelI (ISR) vs BESIII (dirett)

— 2500 =
> E 3
[4] é é
2 2000 3
~ e E 3
g =~ 3 3
'« 1500 & =
e .
g 1000F et
- E nelle I, 10/0‘0; é
500! 'Ee'.e ') - -
E . L Belle, 1/ab,2G{p E
0

3 3.5 4 4.5 5

Ecm (GeV)

Typical mass resolution for charged states in ISR physics: < 5MeV/c?
Spacing of BESIII R-scan points: 5 MeV (beam-energy spread ~ 1.3 MeV)
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Belle-IT ISR vs BESIII

3000 [ . E
—~ 2500 F 5
2 24
o
= Job: %
= 2000 Sewe®
=
o 1500
e E
E o .
£ 1000 [ N .
E b, 202 3
a so0f /mne n, 10/0 . E
E 3
0k Dol dd 302810, 3
3 3.5 4 45
Ecm (GeV)
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or

ISR

ISR: many /s simultaneously
reduced point-to-point systematics

mass resolution limited by detector
res.

boost of hadronic system vs. igsg may
actually help efficiency

Direct scan

= (very) high luminosity at a few selected

NG

= Dbetter resolution in /s

— relevant for direct production of
17~ states




Future running at BESIII

Not a time-ordered list!

= 10" J/y (almost done!)

= continue XYZ scan with 500 pb~! / energy point

s > 10fo~ ! at ¢(3770)
= more AF A7 data, after energy upgrade
» threshold runs for AA, ...

Exciting times ahead!
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WHAT HAE | A NEW 1%+ STATE,
A Bunch oF UWNEXPEc-
TED VECTORS , AND
SOME WEIRD CHARGED

ON YOUR
FIRST TRY P2

THERE'S TREASURE
EVERYNHERE /
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Charged charmonium-like $tates: a Z + family?

Belle observes broad, charged charmonium-like states in (cc)Kr Dalitz plots
m Z(4430)" in B — p(2S)nTK Phys. Rev. Lett. 100, 142001 (2008)
m Z1(4050)* and Z,(4250) " in B — xq 71" K Phys. Rev. D 78, 072004 (2008)

Quark content at least

chE> = No simple g meson!

40
35
30
25
20

Events/0.01 GeV

15

Events / 0.024 GeV/c?

10

L w N SOOI e et R

3.8 4 42 44 46 48
M (X.,T0), Gevic?

o [T T T T T I T T

w 2-Z* favoured over 1-Z+

= most clearly seen in
1.0 < m%,, < 1.75GeV?

)
S
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Charged charmonium-like &ates: a Z* famil

BABAR:
Phys. Rev. D 79, 112001 (2009)

= No significant evidence for
Z(4430) found in
B — ¢(2S)nTK

= No resonant behaviour in
J/prt seenin B — J/pntK

Phys. Rev. D 85 052003 (2011)

= No significant need for Z; or
7y inB — K7T)(C1

= but not fully incompatible with
Belle result
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7.(4430)" in B — K¢/ at LHCb

~ 25000 candidates for B — Kt~ ¢’
in3fo~1
Two analysis methods

)

2
[
8
o

LHCb

m 4D amplitude analysis a la Belle
extract phase motion
establish JP =17
PRL 112 222002 (2014)

Candidates/ ( 0.2 Ge
a
&

= Moments analysis a la BABAR
reflections from K* not enough;
confirms existence of Z.(4430)
PRD 92 112009 (2015)

Yield/ (25 MeV/c?)
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Z. (3900) in B deca}’5? ﬁ PRD 90, 112009 (2014)

B = K~ J/ynrt

» See Z.(4430)" — J/yrt
MA(Km) > 3.2 GeVZ/c*

= No Z(3900)" needed

*0
s 0 = Instead: Z(4200)*
3
3 4o M = 41963117 Mev/c?,
N L
° T = 37070179, Mev.
@ 301
c L
[0} L
> L
w20
10F ,
oL A .JE Ll ._...-r-.".".-|i':. .

("
12 14 16 18 20 22
M/ y.m), GeVerc?

jG
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Z.(4055) " — ¢/t

Inete™ — 't~ for events near
Y (4360)

20—

—_
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Entries/20 MeV/c?
o 3

4.2

41
Mmax[n“!(zs)] (GeV/CZ)
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ﬁ PRD 91, 112007 (2015)

= Yet another charged, charmonium-like
resonance

m Not seen in B decays, either by Belle
or LHCb

= Don’t see Z. from B decays here ...

)
=
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