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BESIII detector

SCmagnet, 1T

Magnet yoke
RPC
. CGEM-IT is
BTOF, 70 ps being built &
ETOF, 60 ps placed here

Be beam pipe

MDC, 120 um

0.5% at 1 GeV/c Ttal weight 750 tonnes,

Data rate: 5 kHz, 50 Mb/s

CsI(TIl) calorimeter, 2.5% @ 1 GeV

oo

Has been 1n full operation since 2008, all subdetectors are in very good status!
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Charmonium spectroscopy
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Charmonium(like) spectroscopy

< 4.8 A - .
> » Charmonium-like (XYZ) particles
Q » New type of hadron (multi-quark ...)?
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Vector charmonia

— 13D, 335,, 23D, 43S,, 33D,, 53S,, 43D,, 635, ...
Vector charmonium hybrids

Vector tetraquark states

Vector hadro-charmonia

What are these y’s & Y's? [mass>2m,

Conventional hadrons
-

arXiv: 2001.01164

Vector hadronic molecules (oY, DD, AA, ....)

Kinematic effects (thresholds, coupled channels, interference, ...)

= What experimental information is available?



How did we get the experimental measurements?

(y’s from inclusive, Y’s from exclusive)
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ISR = initial state radiation



Experimental measurements

e*e -2 Iinclusive hadrons = R values
e*e- - charmed mesons

e*e - charmed baryons

e*e > charmonium + hadrons, v, ...
e*e > light hadrons

e*e > lepton pairs
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Inclusive cross sections,
most precise data from BESII & Crystal Ball
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BESIII is going to measure R with <3% uncertainty cover this full energy region

11




L L L L
2 15F ||/ * PRD77,011103 (2008) § Belle RD Scan via ISR
= 1F | * E
- - * -
96 0.5 ﬂ* H*H** HH*HHMHH +*m+ . 1| Continuous energy scan. Full mass
0 e ——— MR '4""95",'5"'.5!'5._: range In one experiment, errors Iarge
g 15 PRL100, 062001 (2008) 1 |due to low efficiency of ISR & D tag.
—~ 1F :
“I: o
S » Some peaks are not obvious in inclusive
N:
5 4L h cross section;
= 0 #y 4t PRLO8, 092001 (2007)
5 ol + 1 * Interference could be mode-dependent
a I : - . .
T g et ] ¢ Could be non-resonant amplitude in
o) 6F E each different mode
< 4F PRL98, 092001 (2007) 1
* E + .
8 2 +*+ +++++ 7
© 0ot l_____i___?_ft___f_l__f_’__'ffffff'_;__’_eff'..f..’..’.!;f_i_!__‘lf_'_:.?...I.'....!.._
3.8 4 42 44 46 4.8 S 12

E.. (GeV)



>
/>
BELLE

—

L
=

—
=

4

Belle D*D, D*D* updated

D D*-

Full Belle sample, 951/fb

Improved tracking
efficiency

Extended energy range

Reduced uncertainties

PRD 97, 012002 (2018)
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BESTT is working on two-body charmed meson pairs, no released
results yet for the most important channels ( D®D®, D_ (D ®).
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BESIT ete” > nD’D* +c.c. PRL122, 102002 (2019)

Nobs
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Fit with a phase space term (pink dashed triple-dot line) and two constant width
relativistic BW functions (green dashed double-dot line and ).
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BESI

There are 4-body processes In addition to quasi-two-body and quasi-three-body
processes, and the line shapes are different from the inclusive cross section.
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BESIL n*nD*D & n*n'D° D°-— double tag analysis
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A, baryon pair

Belle: PRL101, 172001 (2008), 695/fb
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BESIII: PRL120, 132001 (2018)

[ ete - AR L
[ e BESIIdata  : BGS]]I
— —%=— Belle data
| === BESIII fit : |
PHSP model . .
__ Tt Tl]feshOld E | + i 4+ __
[ I ] 1 1 1 * ] E ] 1 1 I ] ] ] ] I ] ] ] ] I _I
4.56 4.57 4.58 4.59 4.6
Vs (GeV)

BESIII has data now covering from threshold to 4.95 GeV,
comparable precision as at 4.6 GeV is expected!
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PRL99, 182004 (2007) — Belle ISR on

H
I* IH |< R i charmonium-+hadrons
HH* |+ ++++i +;++
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= fT == Full reconstruction of the hadronic

2100 | Y(4360) ‘ PRL99, 142002 (2007) 1 |System, no ISR photon tag

g F ﬂ‘ ‘

= S0F } —— Y(3660) 17 There are hidden-charm processes, and

& 25 I} H o *“ + the line shapes are different from the
Op——t-+ L Shed e hesesadl ) sive cross section and the open charm

g 15F PRD77, 011105 (2008) 7 Cross sections.

2 10F Ay stare? There are Y(4260), Y(4360), and Y(4660)

i =t ¢ 4 } ) } { + states that are different from excited y's.

" b NI IRAL
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BESII Charmonium + light hadrons

[PRL 118,092001 (2017), 9 fb™'] [PRD96, 032004 (2017)] [PRD 99, 091103(R) (2019)]
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BESII

oB(e'e” — nJy) (pb)
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Charmonium + light hadrons: nJ/y

/s (GeV)

E ;'-. : PRD 102, 031101 (2020)

= | w040y | Y (4390): ’

= 6.0c

%_ Parameters Solution 1 Solution 2 Solution 3
é— M, (MeV/c?) 4039(fixed)

= I, (MeV) 80(fixed)

- I ¢ Bry (eV) 1.5+0.3 1.4 +0.3 7.0 4+ 0.6
- ¢, (rad) 33+0.3 3.1+0.3 45402
B . M,(MeV/c?) 4218.6 + 3.8

- | . I, (MeV) 82.04+5.7

- ¢ ¢ Bry (eV) 8.0+ 1.7 48+1.0 70+1.5
N . g b, (rad) 42404 3.6 4023 29403
- o 1

B It i) 1y | "' M;(MeV/c?) 4382.0 + 13.3

-1 |.||" :I | i .! 5, I ] |I T3l 1 I;(MeV) 135.8 - 60.8

- ﬂf “ Tt ¢ ¢ Bry (eV) 34+£22 15+1.0 1.7+ 1.1
T ¢ (rad) 2.8 +0.4 3.3+£04 3.0£04
38 39 4 41 42 43 44 45 46 21



BESIT  Charmonium + light hadrons: 1’ J/y

Parameter Solution 1 Solution 11

rgf£§4160)8(y},(4160) - W’J/'/f) V) 0.17 =004 1.07 =0.09

sz£€426[])8(1/f(4260) N }7!.]/1/[) V) 0.06 003 1.384+0.11

¢ (rad) —0.03 044 254 +0.04

+ Mass/width of the resonances are fixed
e ||+| Some data between 4.28 and 4.44 GeV

4.2 4.3 4.4 4.5 *%/ hot analyzed. Lack of data between
[s (GeV)
4.44 and 4.60 GeV.

PRD 101, 012008 (2020) >



BESII

arXiv:2103.01480
34 observed events with 11 expected background
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Charmonium + light hadrons: ny’

Y (4220)?

Y

/s (GeV)

éll*” ___________ J* ___________

0
lu.l.lJ.l.l.l.lJ.u.l.lJ.l.uJJ.u.lJJ.l.uJJ.l.l.l.lJ.u.l.lJ.uﬂ.l
4.2 4.25 4.3 4.35 4.4 445 4.5 455 4.6

L
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Charmonium + light hadrons: n n*n -’

oB52BBRERRER

sszaany
onsguBRERRER

oo BB8EBBIBB

o B 5 B8 8 8

6_5@B

Simax [PP]

m [MeV/c?] 4236.3 + 8.9
" [MeV]

47.5 £13.1

70.0 £321

PRD 103, 032006 (2021)
PRD 100, 111102(R) (2019)

Clear evidence for

. | _e— Data (nrn =) :

e O DamUly (e Y (4220)2n nnn’

o S Y(4260), PDG

:% EI————— PRL118 092001%2017) . |

4.2 4.4 4.6
g R i e i (s [GeV]
\/E [GLV] L [Pb_]] Ir\"Inbﬁ K .}(.VP Z{_(‘Ej [(/f GBorn [pb] UL()O [pb] LE"ﬂtat/{l‘E"tnt [6]
4.1780 3189.0 530 +£246  [0.720, 0.734]  1.056 2.0 104530 £2.9 17.9 22/1.9
42263 10917 786+ 159  [0.716, 0.731]  1.056 2.0 46.1193 £ 6.6 61.0 5.1/4.6
4.2580 8257 465+ 134  [0.786. 0.824]  1.054 2.0 314198 46,7 46.6 3.5/3.2
43583 539.8 242+ 115  [0.802, 0.880]  1.051 2.1 2224114 4 6. 39.2 22/1.9
4.4156 1073.6 379+ 165  [0.780. 0.850]  1.053 22 18.1°54 £ 45 30.6 23/2.1
4.5995 566.9 794102 [0.763. 0.807]  1.055 2.0 747106 4+ 39 23.9 08/0.7 24




o(yX(3872)—ywJly) (pb)

BESII Charmonium + y

PRL 122, 232002 (2019)

2F -+ Data
— Fit

1 yX(3872)

PR S < S
4 4.2 4.4 4.6
s (GeV)

olyX(3872)—yr'wly) (pb)

0.8
0.6}
od}
o}

ol

is (GeV)

MY (4200)] = 4200.677, +3.0 MeV/c?

T[Y(4200)] = 115758 -

- 12 MeV

3.0
—+- Data 0
-+ BESII 2014| T ,,
| = :
yX(3872) |
" " 1 L l. L |' 2 05
4.2 4.4 4.6 |

L5 F

PRD 96, 051101(R) (2017)
;— (b) Assumptions
iConventional States ! T g ;

: PR BELLE

- —1p(4040) ‘T 19 Oyiangp)

F —1p(4415) I 5[ 477 Oyazeo)
f‘r L “

M

4.1 4.2 4.3 4.4 4.5 4.6
Center-of-Mass Energy [GeV]

Y%, results will be available very soon.

Need data between 4 and 4.16 GeV to check if there 1s contribution from y(4040). 25




Gg(e'e” — ppn) (pb)

cg(e'e” — ppw) (pb)

4.5
4.0F
3.5F

3.0
2.5
2.0
1.5
1.0

O S %2 I o> B |

(a) —+— data

— —— (C/s) continuum

----- (Cfs) + BW (coherent)

ppn

05F

B b b bvvrn P b b Py b By
38 39 40 41 42 43 44 45 46
(s (GeV)

(b) —+— data

—— (C/s)* continuum

----- (G5} + BW (coherent)

385040 41 42 43 hh 45 4b
{s (GeV)
arxiv:2102.04268

Light hadrons

80

20

Lots of searches, hints for resonant
structures, none 1s significant!

; K(':KLE:FR" 12 :— — Continuum v2/NDF= 11.2/12
| i KOK*n¥
- - PRD 99, 072005 +
3.9 [ N B S S IS N
4 4.2 4.4 4.6
/s (GeV)
20—+ 1
) |
£ 1900 o 7
?1 100:— ] ] //k
oy r A ]
e
! ! ! Ll fl-—i}-i::};‘}::’f:lﬁflﬂ {H ‘ T L ;

39 4 41 42 43 44 45 46 a0 a2
/s (GeV) (s (GeV)
arXiv:1810.09395

4.6

PRD 103, 052003
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BESIT  Lepton pair vs. vacuum polarization

c°*S(e’e’ —p*) [nb]

Vacuum polarization factors
are basically equivalent to

the e'e2> utu™ cross section,
but with smaller uncertainty

than direct measurement.

4 41 42 4 45 46

s [GeV]

1 1 ‘ 1 | L 1 1
38 39 4 41 42 43 44 45 46
's [GeV]

PRD 102, 112009 (2020)
Direct measurement of
ee2> Ut cross section

with ~3% uncertainty.

Even with very precise
measurement of the cross
sections, one needs to apply
quite a few non-trivial
assumptions to obtain

leptonic width of the Y states.
27
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After we have measured all the e*e~ annihilation cross sections, what do we do to get the

resonant parameters of the vector charmonium(-like) states?

100

100

Vs(GeV)
From Yuping Guo, talk (@ Hadron2019, Guilin

Vs(GeV)
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From Galina Pakhlova
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FIG. 15. Results of B (including e*e” —7*7") from
four experiments: (a) SLAC-LBL (Ref, 44), (b) DASP
(Hef. 46), ) DELCO (Ref. 45), (d) PLUTO (Ref. 47).
The curves represent a hand-drawn line through the
PLUTO data. The band in Fig. 15(d) indicates
the systematic errors of the PLUTO measurement,
The plots shown were compliled by G, Feldman,

FIG. 8. The propagation of a ¢¢ pair in the presence
of open and closed decay channels as described in the
Green’s function §.
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FIG. 13. The charm contribution to R in the region 3. 7<W < 4.5 GeV as computed in the eoupled-channel model. Con-
tributions from FyF; channels are included but not indicated separately since they are too small; they are shown in Fig. 29

23.05.2018 CHARM 2018 T. Uglov

Exclusive open-charm near-threshold cross sections in a coupled-channel approach 5/19




Recent K-matrix fit by T. V. Uglov

S =1+2iA. i runs over DYD® channels,
A=K —iK)-L O runs over y's

g is real, so there
will be no multiple
solutions!

1
AAT = — > (A - AD).

(P7X(5))ap = (M2 = 5)0ap —i »_ GmaGmp
Ensures unltanty |

v 2
I\QJ i Z Gza Urg (Ja( ) I‘ea — I"(L& — (.:.—|—(_3—) - 23’;{;
12Li+1 Electron width
———f(s — s;)
— Ve Lo = Dtha = [DWDO),) = D [ (g, e+
Coupling constant M3

Partial decay width

Aij =) Gia(9)Pap(5)Gia(5) () = s ()™ +1’ng Pas(s)gis

Cross- sectlon

T.V. UglOV et al., JETP letters 105, 1 (2017) cross sections in a coupled-channel approach 8/19

30



DU3NYECKHT

TLH. Tedeiosy
Hay

Poccniickoii apaacynm

158 /(191point — 33par)

=

+ = = GeV
eTe” = DD

.
= D°D™a*] + [e*e” = D°D*a7))

l

Ill;—I-, 1 | T |
4 s 1 GeV




Still lots of problems in current model

Model has room to improve (step function, unknown modes, ...)
Only two-body charmed meson final states considered

Charmed strange meson production not included

Charmonium final states not included

No non-resonant amplitude

Model constraints used; parameters constrained to PDG values
Y states not included (nor tested 1f they are needed)

Fit quality 1s bad

Seems the right direction for understanding the physics 32



Summary

« BESIII supplied lots of information on the vectors

— Y(4220), Y(4260), Y(4320), Y(4360), Y(4390), & Y(4660)

* We do not understand the y’s and the Y’s

Thanks a lot!

33



In memory of Mikhail B. Voloshin

e Met him only once at SCGP workshop:

Exotic Hadrons and Flavor Physics:
May 28 — June 1, 2018

» Discussion on cross sections of e'e- 2
D, D,,(2317)" and D,D,(2460)* which
he predicted to be equal (1802.09492); 1
told him BESIII results would come soon

« BESIII paper (arXiv:2005.05850) was
submitted on 12 May 2020!

From http://scgp.stonybrook.edu/archives/24626

« A few email exchanges on Z_(3900)=>pmn., Y(4220)>7DD*, and nature of the Y (4220).
- BT ACHE, WIUKFE! y



More slides
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R, Scan (3.97-4.26 GeV)

CLEOc, PRD80, 072001 (2009)

Eem (MeV) [ Ldr (pb™h)
3970 3.85
3990 3.36
4010 5.63
4015 1.47
4030 3.01
4060 3.29
4120 2.76
4140 4.87
4160 10.16
4170 178.89
4180 5.67
4200 2.81
4260 13.11
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BESII Cross Section for ete">D+X
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2-BW fit with interference better describes the data:

Y(4260) parameters are different (especially peak
cross section ~— large uncertainty)

Belle: CZY & C.P. Shen et al.,

e C—> T nJ/wwaISR

Non resonant J/ynm ?
Re-scattering ee - DOD®) — J/ynm ?
Another broad state ?

— Check the latter hypothesis and
influence of interference of Y(4260) with
non-Y contribution:

— Fit with 2 coherent BWs
— Two-fold ambiguity in amplitude

(constructive-destructive interference) +
model uncertainty due to y’ tail

Parameters Solution 1 Solution 11
M(R1) 4008 + 40F5L°
Lot (R1) 226 + 44 + 87
B-T,+.—(R1) 5.0+14%05 12442471458
M (R2) 4247 4+ 12717
Lot (R2) 108 + 19 + 10

BT, (R2)C6.0 12757
@ 12 +2917,

PRL99, 182004 (2007)

20.6 + 2.37]-.

=28
—111 4 7157
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Q(B Belle dlscovers Y(4360) & Y(4660) Inee— n'm \V(ZS)
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Parameters Solution one Solution two :éj 5 ; } :éj 4r | 7
MY (4360)) 1361 £ 0 £ 9 Sl + H 1 § 2 -
[eoc (Y (4360)) 74+ 15+ 10 0702 o6 o8 © 040608 i
B-T'.+.-(Y(4360)) 104+1.7+15 11.8+£1.8+14 M(x'T) (GeV/cd) M(z'T) (GeV/ic?)
M (Y (4660)) 4664 £ 11 +5 : :
Ftot((Y((4660)) A8 £ 15+ 3 Y(4360) — consistent Wltl’) Ba Bal"
B-T.+.—(Y(4660)) 3.0+094+03 7.6+1.8+0.8 Y(4660) - NEW (5.80)
b 304+30+£22  —T79+ 17420

39

Belle: X.L. Wang et al., PRL99, 142002 (2007)



BESIT cte->mtnJ/w cross section

PRL118, 092001 (2017)
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» Most precise cross section measurment to date from BESII|
> Fit | =|BW +BW,*e®2+BW,*e¥3|2 or Fit Il =|exp+BW,*e¥>+BW,*e'®3|2 (other fits ruled out)

»M=4222.0+3.11+1.4 MeV (lower)
»I'=44.11+4.312.0 MeV (narrower)

» A 2nd resonance Y, with M=4320.0+10.4+ 7.0 MeV/c?
[=101.4*2>3 ,.,110.2 MeV
» Observed for the first time, significance > 7.6c 40



BESIL efe>ntnh, cross section

PRL118, 092002 (2017)
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> M,=4218.4+55, .+0.9 MeV/c?, [',= 66.0*123,,140.4 MeV - Y(4220)
» M,=4391.5*3 _ . +1.0 MeV/c?, I',=139.5162__4-0.6 MeV - Y(4390)
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The Ys in e*e—> n'my’

arXiv:1703.08787,
PRD 96, 032004 (2017)

The Y(4220) is necessary

: (significance = 5.80)
20 | _
) Fix parameters of the
5 #ﬂrr,,,,,j’,,,,,,,,,,,,,,,,,,,- Y(4660) to Belle results
40 41 42 43 44 45 46
's(GeV)
Parameters Solution I Solution II
M (Y 4220) (MeV/c?) 4209.5 + 7.4
(Y (4220)) (MeV) 80.1 +24.6
Bre e (Y (4220))  (eV) 0.8 +0.7 0.4 +0.3
M(Y4390) (MeV/c2) 4383.8 +4.2
(Y (4390)) (MeV) 84.24+12.5
Bre' e (V(4390)) (eV) 3.6+1.5 2.7+ 1.0
¢1  (rad) 3.3+ 1.0 2.8 4+ 0.4 4
$o  (rad) 0.84+0.9 4.74+0.1




b me Fit results

% TJJ 1 M = 4219.6 + 3.3(stat) + 5.1(sys) MeV/c?
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arXiv: 1703.10351, PRD95, 092007 (2017)



Fit results

Y (4008) Y (4220) Y (4320) Y (4390)
M 38463 £45.5 4219.6 + 3.3 4333.2 +£19.9 4391.5 + 6.3
'  345.6 £58.2 56.0 & 3.6 104.3 & 44.9 153.2 + 11.4

Solution I  Solution II  Solution III  Solution IV

(Buyeo X Tete )y (a220) 3.4+£04
(BWJrﬂ-—hC X Fe+e—)Y(422[}) 404+1.1 404+1.1
(Bﬂ-+ﬂ-—hrc X Fe+e—)Y(4390) 11.7+24 11.7 £ 2.5
o1 3.1+04 32404
(Brtn— /i X Dote- )y (4008) 55+03  6.6+0.7 6.9+0.7 8.340.7
Brtr—a/p X Dot o)y (4220 254+02 35+07 105+1.1 151413
D2 0.1+0.1 0.8+0.3 —1.8+0.2 —1.0+0.1
(Brtn—/p X Dot )y (4320) 0.7+0.2 133438  1.0+05 19.4 + 3.2
3 22402 -20+0.2 1.4+0.6 —2.7+0.1
(Bpops—n+tee. X Dote )y (4220) 534+06 433432  6.9+08 56.7 + 4.2
D4 22+01 -22+£01 -27x+0.1 —0.8+£0.1
(Bpope—nttee. X Dote-)y(asony ~ 39.7+43 61.6+6.6 265.5+16.6 412.0+26.0
@5 1.94+0.1 1.5+£0.2 4.74+0.1 424+0.1

arXiv: 1703.10351, PRD95, 092007 (2017) 44
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Exclusive channels o,
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Isospin-conjugated modes should be treated independently
It doubles number of channels

DD, 2 channels, —
' %n?ingt—;d by
— - IS

DD*, 4 channels. -

_ _ corrected to
Dy D, 4 channels. B(D, - D)
) — 41 P - (B(Dy — D::T)_+ B(Dy; — D*m))
D*D*|¢_,, 2 channels, il %
D*D*|L_,,. 2 channels.
D*D*|E_,,. 2 channels.

V(2S), ¥ (3770), 1(4040), ¥ (4160), 1»(4415)

_ N




DOu3nyecKHi

Results (ll) § e
U1 () U3 U4 (3
PDG name (25) U (3770) 1 (4040) (4160) (4415)
M., MeV 3686* (fixed) 3782 41 4115 + 14 A170 + 7 4515 + 18
Coupling constants ¢jo o =1...5.i= DD. DD*, ¢te
DD 3.0+ 0.3 18403  —=0.1+0.1 0.3+0.1 —0.140.1
DD* —4.740.5 —3.1+0.3 2.4+0.2 —0.0+0.7 —0.74£0.2
D*D*E_, 4.8 +0.5 6.9 4 0.9 —0.1£0.2 0.6 £0.5 —0.3£0.1
D*D*]E_, ~-21.7+-23 | -31+£-04 05409 | -03+£-02]| 1.54+-03
D*D*E_ ), MeV™2 | 622+ 15.1 ~16+£54 | —1.0+£28 S0+1.4 0.2+0.6
DD, MeV 1 —8.24+920.3 M2+ 7.7 —235+33 | —-1.0+74 —15+14
Partial decay widths T';,, MeV
ete 2.354* (fixed) 0.2+ 0.0 1.6 £0.3 0.7+£04 1.4 4+0.3
DtD- - 5.6+ 1.7 0.4+0.8 43+26 0.5+ 1.0
DYDY - THE£2.2 0.4+0.8 45427 0.5+1.0
Dt D* - - 110.7 £ 23.5 0.0 +0.5 32.8 +17.4
D*D*E_, - - 0.1+0.2 3.6 6.5 5.9+2.6
D*D*E - - 1.2+ 6.8 0.74+0.3 | 118.0£729.4

‘D*D*E_, - - 0.2+ 1.0 58.6 +22.9 2.3+14.2
DD~ - - - - 11.7 £21.1

23.05.2018

CHARM 2018 T. Uglov

Exclusive open-charm near-threshold cross sections in a coupled-channel approach
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