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BESIII inputs
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Spectroscopy at the BESIII Experiment

Ryan Mitchell
Indiana University

Letter of Interest for Snowmass 2021
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Light QCD exotics at BESII
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https://indico.fnal.gov/event/45338/contributions/196040/attachments/135311/167755/lightexotics_Beijiang.pdf
https://indico.fnal.gov/event/45713/contributions/198539/attachments/135453/167963/BESIIISpectroscopy.pdf
https://indico.fnal.gov/event/45713/contributions/198539/attachments/135453/167963/BESIIISpectroscopy.pdf

Beijing Electron Positron Collider (BEPCII)

— -
beam energy: 1.0 - 2.3(2. 45) GeV

2020 energy upgrade to 2 45 GeV
& top-up mode
2004: started BEPCIl upgrade,
BESIII construction
2 1 2008: test run
N 2009 now: BESIII phy5|cs run

& - 1989-2004 (BEPC):
Lyea=1.0x103 /em?s
e 2009-now (BEPCII):

1.0 x1033/cm2(4/5/2016)

Xiao-Rui LYU RF7: 2021 Update on Hadron Spe‘t‘ﬁ?Bs



BESIT
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BESIII data sample

XYZ scan
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826 pb_1 at 4.26 GeV 2 ::'L' — i'\: L--= % can 13 fb 1 (130 pomts) J .
540 pb-! at 4.36 GeV == : e [GeV]
10 X 50 pb-! scan 3.81 — 4.42 GeV " 2020-2021

1029 pb-1 at 4.42 GeV
110 pb-! at 4.47 GeV
110 pb-! at 4.53 GeV
48 pb-! at 4.575 GeV

567 pb-1at 4.6 GeV 70
0.8 fb-1 R-scan 3.85 — 4.59 GeV 60
R-scan 2 — 3 GeV + 2.175 GeV o
~3fb-1 at 4.18 GeV (for Dy) 40
7 x 500 pb-! scan 4.19 — 4.27 GeV 30
more J/y (and tuning new RF cavity) 20

[ary
o

10B (total) J/y

8 X 500 pb~! scan 4.13,4.16,429 — 444 GeV  °

2020 : 3.8 fb! scan 4.61-4.7 GeV
2021 : 2 fb! scan 4.74-4.95 GeV;

2.55B (2S)
Xiao-Rui LYU
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BESII

Physics at tau-charm Energy Region
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: vazdlr;: form factors * Light hadron spectroscopy * XYZ particles
( | resonance * Gluonic and exotic states * D mesons
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BESII

Hadron Landscape

AgA Ak : :
Two-body 8000 = o0, Hadron-physics challenges:
Thresholds EqBq EcEt . .
| e i « Understanding of established
Molecules qqqq e _
- o states: precision spectroscopy
Gluonic dag,u:ug,ssg ccg .
i ' : « Nature of exotic states:
i search and spectroscopy of
_ unexpected states
= Light Mesons : Charmonium
Eﬂqesons Tolsie Jhy, %, w(25)
P, f! a, h! K ] S \ s S
T T ——
LEAR! BE§|||| 1
T e T T T T
1 2 3 4 5 6 : 3 2
Mass [GeV/c?] 1 Seere e S s =
2 ; .
5 | - ]
At BESIII, two golden measures to study - 5 A
. 1 0 | i poTanecemRianRRtnsnanTes R i ¢ ]
hadron spectroscopy, esp., to search for exotics E . o ‘ :
* Light hadrons: charmonium radiative decays (act I | : ]
. | | PR T | SR S SO NN ST S T NN ST S T
as spin filter) (10 B J/3p and 3 B ¥ (2S) ) 3.8 40 42 44 46 48 50
Ecm (GeV) EE,

* Heavy hadrons: direct production, radiative and

hadronic transitions (data above 3.8 GeV) XYZ studies: about 23 /fb

data above 3.8 GeV
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BESII Overpopulated charmonium spectrum

(2S+1)
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3750 & X(3872) ! [ ] 0 Yk
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35001 Nz, R Z(4200)
1 — C
T —X{4138)
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—— e . Z.(4050
SOOOE(:?) Jhy = New States D*D* ::::::::::::::::::::::::::::::::::::::::::::::::::::::::::z:(4020
]]c
27501 [] Theory D,D, - 3wy
DD* Sl x(3872)::::::::::::::::::::::::::Zc(g_g_oo)
2500 | | | | L | L | 1 | 1 | 1 [ | | | I | I I', |
0—+ 1-- 2++ 1++ 0++ 1+' 3“ 2-- 1—- 2'+ ? / JPC

Overpopulated observed new charmonium-like states, i.e. “XYZ":
* Most of them are close to the mass thresholds of charmed meson pairs

e Some are not accommodated as conventional meson
==> candidate of exotic hadron states

« More efforts are needed to pin down their nature
Xiao-Rui LYU RF7: 2021 Update on Hadron Spectroscopy Q
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Observation of X(3872) 24

More X(3872) decay information

Transition of X(3872) — yJ/, yP(2S)

BESIII, PRL 124, 2420

01 (2020)
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¢
e ‘++ K

Events / (6 MeV/c?)

L
3.8

3.‘9
M(yy’) (GeV/c?)

3?8 3AI85 3:9
My, JAp) (GeV/c?)
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3¢ The Y states

et H YISR
Y states: charmonium-like states with JP¢=1--;
Ecm Mwa»  QObserved in direct e+e- annihilation or initial
E' " “
- Hadrons state radiation (ISR).
arXiv:1211.6271 and CHARM 2012
80 e+e'(y15R)—>7r+7rJ/1/) Ia'tBjc‘lIBaIr” ‘ e*e~(yisg) —> wta(2S) at BaBar and Belle
mp 1% ufvasen vass] | veIo T 3 * While not seen yet in B decays
L oF PRD 86, 051102(R) (2012) 3 > ,,,E . BABAI: b
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* Improved knowledges from BESIII
100 C
= - - XYZ 100 = . BESIII (This work)
g o —m g wfigmem |
;:;’ eof- - - Fitll = e %fo%
! i < r 1.7 x 10°°
3 E g 4o | +T| L1+l <
;tL 405 ¥l 41» EA—{ 4?% & 69+ Y(4230)
< 20 ;3 H | 4 ek & +§ d‘,.ﬁ{q_—é:—e{:— e .
i e . . : . v 0 _{IT’"H": """ s S O===31 42 4.3 44 45 46
R TG 20/t H BESIII PRD 104, 052012 (2021) sy (GEVICT)
BESIII, PRL118, 092001 (2017) UNESREE “'3@(;_;';) e as 4
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SOl Y(4260) > Y(4220) and new Y’s
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]
B Yete — Y X at \V5=3.8-4.6 GeV

. — arXiv:2107.03604
« No signals for ete™ - yx .o
 Observations of e e™ - yx 12
10
[ F —+Data
~ [ . —Data 401 — fit result
fl,- 8 upper limit (90% C.L.) ) 30: _Ill}(%%ségt) o )
~ | S i .......”’%ZSE p
X 6 ~20 ~ Watso N
= [ 5 -+~ continuum 5 20
.T 4F & B & i
o 1 10} ot
o | o [ + o
mb 2__ 8 0:~_ e i.,. ‘, é . 3 0 :
L o] : ’ o) i
0441722 43 44 45 46 ALt 1
(s GeV 3839 4 414243444546 3839 4 4142434445456
's (GeV) is (GeV)
. YXc1 . Well describe with conventional charmonium states
. YXc2 . Along with conventional ones, an additional Y state is needed

M= 43717+ 75+ 18MeV/c?, T =51.1+17.6 + 1.9 MeV

v’ statistical significance of 5.8 ¢
v' consistent with the Y(4360)/Y(4390)
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BESII The Zc Family at BESIII

Zc(3900)+ Zc(3900)° Zc(4020)* Zc(4020)°
PRL 110, 252001 (2013) PRL 115, 112003 (2015) - PRL 111, 242001(2013) PRL113,212002 (2014)

%’ ; Eﬁ'l:: Preliminary :;. %:“ ; |
a B g, 2 &
5 60 2 o= s | s s 3
§ » Hh PRS- 1 Y M'::un‘.'ld § ]
a 2 ey B
2= s 3 [ - Q-.(- 38 3.0 3.2 : e, E 4 L Al o] L S5
37 M_S\:F\Vy)?(-go Vfc’)‘o M(T°I/Y) (GeV/e) %S 400 405 400 “Shl,:n?;)e\‘mtls ”;lzlt“’:(»tt'll'(‘:t 2
ete™ = - atJ/p ete™ — nOnO0U/y ete™ 3 T wtha ete~ — n°nPh,
Zc(3885)* Zc(3885)° Zc(4025)* Zc(4025)°
ST: PRL 112, 022001(2014) PRL 115, 222002 (2015)  PRL 112, 132001 (2014) PRL115, 182002 (2015)
DT: PRD92, 092006 (20]5) AM; — . - comb. BKG  —+- dsta a7 T s o ] -
’ T P “_;3 w:» EEEER + 3+ i —_— gzo‘l.::,;gs) % E @ : t %i '
§ ! 2 ol T : it -
: ]
£ oF + it |
I r T
o 4.02 4.134 4.65 AOBRM(:,‘O)(GAE‘V/CZ)
RM(T) (GeVic?)
o = + ete” —» n’(D*D*)°
ete™ — n~ (D*D¥)

Which is the nature of these states?

: o C

If exists, there should be SU(3) @

counter-part Zcs state with strangeness C d
G

Xiao-Rui LYU RF7: 2021 Update on Hadron Spectroscopy 12



BESIL new
Data taking 1n 4.6-4.7 GeV 1n 2020

g}eoof— ®
« 3.7tb’! data was accumulated =~ Fe-
‘E1200—
at 4.628, 4.641, 4.661, 4.681 =3
and 4.698GeV 1n 2020. o3
C ® ® e ]
. Y(4630) & Y(4660)
Zoog.nnnnlnnnnl|||||||||||||||||||||||||||||||||||
4.61 4.62 4.63 4.64 4.65 4.66 4Gél'cm(?3€gv) 4.69 4.7
08 . , : . . : :
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= : ‘ 28) > Jiyr'w 3 ele
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£ | EDBelle 3
3 } 110 events (673 fb") ; 'E 0.4 - | -
H' 1 % .
oy
¢ § 02 \ ¢ ]
; :i;'f:" } +
4.6 4.8 E . o
111(\;1(2‘3)7t+7r')((}ev.-"c2) 0.0 . ] . : . Iﬁ"—“z.:-:_.*,__
455 4.60 4.65 4.70 475
arXiv:1211.6271 and CHARM 2012 E(GeV)
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ol Observation of the Z .(3985)F

PRL126, 102001 (2021)

*  We analyze 3.7fb"! data accumulated at 4.628, 4.641, ”
4.661, 4.681 and 4.698GeV 1n 2020. P

 Partial reconstruction of K™ and Dy N P AL

. . . _ b4 :
* Signature in the recoil mass spectrum of KDy to b s |

Dy
. . — —_ % k—
identify the process of ete™ - K*(D;D*° + D~ D?)
K+
B (s=4.681GeV| O | (s = 4.681 GeV
= 2000+ (a) S600- (b) + - + nE— 0
g i ', +Data 2 M"’+ t Data e'e” > K'DgD
01500? . . —Signal MC ©400 ;,H - “*.'. + —Signal MC
™ . . o [ b .
<1000, . e T it
E I an® -l I-. L E 200 j
o 500( L TLRSC T [0 i
> 5 > | D*O
w 5 w , .
0 0 /
19 5 505 1.9 1.95 2 2,05
M(K*K) (GeV/c?) M(KK) (GeV/c?) \
o Dy
_b _
K+
ete” - K*D;D*°
1.95 2 2.05 2.1
RM(K*D)+M(D)-m(D)) (GeV/c?)
Xiao-Rui LYU
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BESII new
Observation of the Z_(3985)~

PRL126, 102001 (2021)
* Data driven background description: wrong Sign (WS) combination of Dy and K~

* Conventional charmed mesons can not describe the enhancement below 4.0 GeV/c? at

4.681 GeV
40— —_ 25— B Y, (I I .
o Fis= 4681 GeV +Data : SR - (s=4681GeV] _ f Vs =4.681 GeV]
830- U w4 % 27 Right-sign 3 <, 2.7¢ Wrong-sign
% ///D D ] = B T 1 = Eoo. 1
2 : ] 0265:_ ::‘.r.t.:.‘:',::. .'\:.-“.':'.. . _: 0265:_ : E
S m H | EREOT AR i 1 Sa6f 3
w [ 1 C o P f." E o L -
g‘og‘ HH Tl NV Cosst -;=.-..'.-:-:=;:... 1 Sossp B sy M B .
L%) v ////}/;"” >0k } ! /// A “'1. E 25;_ -'-'..'-:: ‘-.. :.-. * ._; g 25;_ . :'.'-,: '.l _;
: e e Sy - RS W R Ry Ty S AT I
RM(K*) (GeV/c?) RM(K*) (GeV/c?) RM(K") (GeV/c?)
40 — N0 *— 10
o [
35 s = 4.681 GeV Assume the struc.ture. asaDg D™ /Dg D_
>30F (a) resonance, denoting it as the Z.;(3985)~.
ggg ] } L ]l \l * A fit of JP=1% S-wave Breit-Wigner with
020 F .
B15} L I %hl mass dependent width returns:
10 TJrH HH~ } m = 3985.2%5) + 1.7 MeV/c?
a1y} Hkl»;;“"“' I r =13.8%%1+49Mev
i 4 405 41 415 * Global significance: >5.3 o
RM(K") (GeV/c?)

First candidate of the hidden-charm tetraquark with strangeness
Xiao-Rui LYU RF7: 2021 Update on Hadron Spectroscopy 16



BESII new

Cross sections of the Z_.,(3985)* production
PRL126, 102001 (2021)

. Simultaneous fit to the five energy points

w35 Vs =4.681 GeV — i 6
2 Total fit L
D 3 ——— Z(3985) N
_ 5'1(2600)00*0 3 L
— ------- non-Res. o 4
5 ‘ N [ comb. BKG AR -
. 4 405 41 415 X o B
RM(K*) (GeV/c?) o) i
%.5[ (s=4.628 Gev %[ (s=4.641GeV i
0] B [0] [ I
§10f §10f + o b e
= & - f 462 464 466 4.68 4.7 4.72
€5 €5
8|l N 8 I, 's (GeV)
0 4 4.05 4.1 0 4 4.05 41
RM(K™) (GeV/cH) RM(K™) (GeV/c)
%, [ [s=4.661GeV & [ s=4.698GeV _
=P 2 + 2" - Largest cross sections around
210 - 510 |
2 | * 2 | 4.681 GeV
€ 5F T 5F
% 8 % E :
0 4 RS 4.05
RM(K") (GeV/c?) RM(K*) (GeV/c?)
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BESIL  The Zces (3985)* and Zc(3885)*

1643 /pb data Fom Marek Karliner in Nov. 202
4681 GeV 525 /pb data @4.26 GeV rom Marek Karliner in Nov. 2020
Mass (MeV/c?) 3985.2721 +1.7  3899.0+3.6+4.9 3883.9+1.5+4.2 charm-tau factory program
Width (MeV) 13.8*81 + 49 46+10+26 24.843.3411.0 « J/ip K* resonances:

Z-(3900) analogue?

oBo™ . B (pb) 44133+ 1.4 13.54+2.1+4.8 83.5+6.6+22.0 L o _
Z:(3900)" = (ccud); d — s: (ccus) ~ DsD*
~10 MeV above D,.D*/D.D thresholds no natural molecular binding,
similar to Z (3900) & Z,(10,610) so if discovered, would indicate
c b ’

Tq or a novel mechanism

(bD*)  (BB¥)

Zcs: 3985.2MeV

2
3
T

T T

9.2MeV  10MeV

@
3
T

SU(3) partner of Zc(3900)?

40

35F (s=4.681GeV | g b AT MWWy, oy e

%30 W, 0 TTTmEEEETT J_ D;k_D0 3977.0MeV

§§g LL 4 l ﬁl N . S D; D*° 3975.2MeV

215F {4\ [. i ! [l W o @ | oo | ®)

S10F | \ |

w 5t
0

Events / 0.01 GeV/c?
s o
5 8
T

(s = 4.681 GeV
(a)

N
S

o

diquark-antidiquark? D*D, + cc molecule?

40F b

4 405 41 415 32| RETIRR wp | AT T

RM(K") (GCV/CZ) 385 .‘3,90 365400 405 410415 o8 é.éo 395 4.00 4.05 4.10 415
M(D°D¥) (GeV/c?) M(D'D*) (GeV/c?)
Z.(3985) Z.(3900) \

% + gh‘lgns

gluo‘ns

\ \ 10
K-ZF  RZL KZL Kz rzF w7} w7 2T C
1/4 1/4 1/4  1/a 1/3 1/3  1/3 > X}i

neutral/charged = 1 neutral/charged = 1/2 §
D(1=%)

Xiao-Rui LYU RF7: 2021 Update on Hadron Spectroscopy 1

D (=%



BESII

. - - . - 40 . PRL126, 102001 (2021)
Various interpretations are possible for the structure wisf sLassrcev  peW)
— Tetraquark state EZQ - (@
—  Molecule Efg
— DZ, (2573)" D}~ threshold kinematic effects 510
w s

- 1 flection, Triangle singulari D s
(Re-scattering , Reflection, Triangle singularity) 0 e
< 3arXiv:2103.01803 o (GeV/c?)

— Mixture of molecular and tetraquark

= 0y € (4.25,4.35) Gev ]

- fzsoi LHCb E

+ - g e . 5200: —4 Data 9 fb! —;

Z.,(3985) from e™e™ annihilations and 8 | sob + Tota i E

= T F -4 No Z.fit ]

65(4000) from B decays F100 = zucooo §

their masses are close, but widths are SOF g, E

different I o 20

° If they are Same, Why W|dth SO dlffel’ent'? \ AILel veloelny r\"%osz){l/:{;:s region
N T |: T

« If they are not same, is there the
corresponding wide Zc(3900)7?
« Looking for more channels will be useful

—>]/l/JKJr

PRL 122 (2019) 152002

L m(K 7)€ [1085,1265] MeV
1

.

2

1(1:1((‘5/(45 MeV)

1 ! 1
3500 4000 4500
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BESII

Light hadrons
(containing u/d/s quarks)

Y 4 Y
c:é c:g c:gL
Y C C ¢
G H M
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X(pp)/X(182??) from J/y radiative decays

= R T
& J/y->yKsKsn xn,, =140 7
= 500 700 ~+Data =~ ]
) SF — MC projection 250
S 400f Seo: mBackground 3 S UL : ® PALT06,072002
= s ~50E — X(1560) E E Jap—yK °K Oy s 0~ | Vv PRL108,112003
S YRSEKM
= 300¢ 3405 ~-Phasespace ] 2 sl Ip—y'n' . 4+ PRL115,091803
5 F g 1 A : . 0+ | + PRD87,032008
5 200} : E’”E E - -l pco| W PRD88091502
o ) ) ] [ ] - -1 JYC?2| A PRL107,182001
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= 100} = M (MeV/c?)
S 100} 225M S
@ r . =
W osof | . 5
: 2 e ° PRL117, 042002 (2016) PRD97, 051101(R)(2018)
ot a5y 0.0 0.1 0.2 0.3 o+
e E S e /T e
M(K'K t*n'n®)(GeV/c?) 200 v e e
N’-.Sool_\\\\\\\\\\\\\\\\\\\\\\\\\_ [T T T e o :j’ ' ' i —
S +ar- | %
Sos0f J/\Il—>Y3(1T*T[') {(w%wnn TI BES] N S
- “ = S v
=7F 1 2 700 F225M e 0]
£200f- - E o fF | R W E | ®
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5150; 1 <100 K @ 100r >
= — o~ ¢ g o
Q100 225M < 5300 e X(1870) = §
s o 1 2200 bl =
50; ....... A E 100 (1405) sy g 16 ED 2 22
0* e i VPRI St AR RN AT 0 l]() 1.8 2.0 2 o\_:} 1.4 15 1817, 18 19,2 21 22 M(Yd)) GeV/C2
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12 1.4
f,(1285) 4,

N Mnn'n] (GeV/c?)
(GeV/cr)

nrntn

Are they the same state? It is crucial to understand their connections.
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BESI ! The X(2120) and X(2370)

« Observed in Jiy—yn'ntt ™ at BESIII
[PRL106, 072002 (2011)][PRL117, 042002(2016)]

so0f ()

lllllllllll‘

 Candidates of glueball states 400;‘ :
« Combined analysis of [/ - yK*K™n' and 300
200F

YKsKsn' _
* Search for X(2370) in J /Y — ynnn' 100¢

Events/(0.02GeV/c?)

o PRL106, 072002 (2011)

200y EPJC80,746(2020) 14 16 18 20 22 24 26 228
= I JAp—y KK, w'=a'wn, n—>yy (a) { . B00FJmp—yKKn, n—yp’, pP—m'n’ (b)
o [ — Data ~ - Chebychev 1 ‘o [ —— Data ~ - Chebychev ] Jt*!t n(GeV/ C )
S 150f 4 ---- PHSP 4 S o : ---- PHSP =
% [ — Fit result T ] 400} — Fit result ]
I SR L e otal bkg 1 [) St -+ Total bkg
(O] [ 2% Signal X(2370) ++ (0} :&Slgnal)((zsm) ¥ 3 IS L e B S B S B S B
S [ Jhp—>K* K n'+ c.c. S 300f Jhp— K™* K n'+c.c. p L J/ 1ol i j
2 o : I 5 n— ywn
(=) 00 7’ sideband + 1 (=X [ -~ sideband t +; A e & 10 —J w;Ynnn Y P 14 l
2 | ] @ 200fF L o] o - —- Data
[ ] F - = -
2 of R o 2= £ L [Paa  PRD103,012009(2021)
i [ &2 1 @ 10of A E [0} 8- N
w B o e -~ : w o g 0] L B2 X(2370) :
olf AR e v 0 B i R R Ve o 4oy 3 S [ ---n'sideband ]
2 2 1 2 2 2 3 2 4 2 5 2 6 2.7 2 21 22 23 24 25 26 27 5 6 Chebvchev
Ky (GEV/C?) 3 B M, (GeV/c?) o - y (
30— 90 —_— = -
I Jh 040 v o + - -5 K0 0 s 9 0 0 e 3 w
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[ M LA T o o gani
> - i > ]
= T ¥ M (GeV/c?)
ok g 00 0 D s Ronped S L E
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Mg (GOVED D Mo, Govie) * Observation of X(2370) - KKn'

My (2370) = 2341.6 + 6.5(stat.) =+ 5.7(syst.) MeV/c?, with stat. significance of 8.30
T'x(2370) = 117 + 10(stat.) % 8(syst.) MeV, * No ev¥dence of X(2120) —» KKn
* No evidence of X(2370) — nnn’
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B Studies on the (2170)/Y(2175)

* A strangeonium(-like) state: Y-particle with strange quark

22 —
a ° 2.0 :_ r]‘(l‘)S(h ?.{.23.‘?:..'. .r.".(.z‘.n.".'.'. f.(1950) 'fzfl.’.(_ll).).
> ThCOI‘IStS explaln ¢(2170) as 8 E f'su b 1850) 9_1_1_"‘_:‘.‘1’_'_. 2'p, lz'.l’. 2'p, ";"f"‘""’_"’_z_'_'fj‘f'.'_ 0,(1850)
v sSg hybrid 1.8 - 2'P, 1'6;’(-. [y1710) i'p, 1'p, 1D,
v 23% y 338, sS 16 | ER a5
1 or 1 §S C ml’-zs» h,(1415) (14200 1'p,
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- . O
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06 —
E llsﬂ
04 —rc_g 1 r 0 " i T T - 3
Ec .| PRD74, 091103 (2006) | - PRDSY, (')31'1'0'1'('2'0?%)'5' ] “["PRL 100, 102003 2008)

a(9f,(980)) (nb)

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

0
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M(¢ f,(980)) (GeV/c?)
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BESII More results on the ¢(2170)/Y(2175)
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BGS]]I new!

ete™ - wn”

PLB 813, 136059 (2021)

30 F E s 4 This work + SND(2000)

F 25F % + SND(2016) — Total fit
251 R - Y(2040)  --p

= E s- p(1450) - - p(1700)
20F | ik 155! - Interference

2 ] A 1.2 4

150 A . %
10f /' b T e e

..
-~

o(e’e’ = w n) (nb)

_5;—

* a structure Y (2040) with stat.

significance >100
M = 2034 + 14 + 9 MeV/c?
=234+ 30+ 25 MeV

* close to the isovector state

p(2000) or p(2150)

Xiao-Rui LYU

The isovector states

ete” - n'ntn”
PRD 103, 072007 (2021)

300 a —=— BESIII .
ire) - (2) --¢-- BABAR ]
[«% T & — Total fit
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T - Continuum
+l=.’ Interferenée

B

Lo | I I ! I
2 22 24 2.6 2.8 3 32 34
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* a structure around 2.1 GeV:

stat. significance >6.30
M = 2111+ 43 + 25 MeV/c?
['=1354 34 £+ 30 MeV

consistent with the
Y(2040)inete” - wn®
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FUTURE
0
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BESIII Physics

FYomsa— . l

IHEP-Physics-Report-BES-I11-2008-001

Physics at BES-III

Editors
Kuang-Ta Chao and Yifang Wang

Int. J. Mod. Phys. A 24, S1-794 (2009
arXiv:0809.1869 [hep-ex]].

Chinese Physics C  Vol. 44, No. 4 (2020)

Future Physics Programme of BESIIT*

Abstract: There has recently been a dramatic renewal of interest in hadron spectroscopy and charm physics. This renaissance
has been driven in part by the discovery of a plethora of charmonium-like XYZ states at BESIII and B factories, and the obser-
vation of an intriguing proton-anti threshold and the possibly related X(1835) meson state at BESIIL as

well as the threshold measurements of charm mesons and charm baryons. We present a detailed survey of the important top-
ics in tau-charm physics and hadron physics that can be further explored at BESIII during the remaining operation period of
BEPCIL. This survey will help in the optimization of the data-taking plan over the coming years, and provides physics motiva-
tion for the possible upgrade of BEPCII to higher luminosity.
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BESII

Planned future data set

Table 7.1:  List of data samples collected by BESIII/BEPCII up to 2019, and the proposed
samples for the remainder of the physics program. The most right column shows the
number of required data taking days in current (T) or upgraded (Ty) machine. The
machine upgrades include top-up implementation and beam current increase.

to be complete
in 2022-23

Energy Physics motivations Current data ’ Expected final data ’ Tc / Tu
1.8 -2.0 GeV R values N/A 0.1 fb~1 60/50 days
Nucleon cross-sections (fine scan)
2.0-3.1GeV R values Fine scan Complete scan 250/180 days
Cross-sections (20 energy points) | (additional points)
J J /1 peak Light hadron & Glueball 324" 32 4h" N/A
J/1 decays (10 billion) (10 billion)
1(3686) peak | Light hadron & Glueball 0.67 fh~! £54h~ 150/90 days
v Charmonium decays (0.45 billion) (3.0 billion)
¥ (3770) peak D°/D¥ decays 2.9 fb~1 200 -1 <] 610/360 days

3.8 -4.6 GeV R values Fine scan No requirement N/A
XY Z/Open charm (105 energy points)
4.180 GeV D, decay 39 4h " 6 fb—1 140/50 days
XY Z/Open charm
XY Z/Open charm
4.0 - 4.6 GeV Higher charmonia 16.0 b1 30 fb~! 770/310 days
cross-sections at different /s at different /s
4.6 - 4.9 GeV | Charmed baryon/XY Z 0.56 fh=1 E5 1490/600 days
cross-sections at 4.6 GeV at different /s
4.74 GeV Y FA- cross-section N/A 1.0 fb~! 100/40 days
4.91 GeV Y2, cross-section N/A 1.0 fb~! 120/50 days
4.95 GeV =, decays N/A 1.0 fb~! 130/50 days

Xiao-Rui LYU
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351 Proposal of the upgrade BEPCII

v An upgrade of BEPCII (BEPCII-U) has been approved in July 2021:
the optimized energy is 2.35 GeV with luminosity 3 times higher than current

BEPCII and extend the maximum energy to 5.6 GeV

) _ Lum [10%2cm-2s71] 3.5
» Add another cavity per beam to improve the RF power 8 [em] 15 135
» Change optics slightly, increase number of bunches Buticly SUEE ]| L (=3
> Chall high beam intensities, backgrounds and aging effectin =~ .« e
allenges: high beam intensities, backgrounds and aging effect in PPrE— 110 250
the detector &, lum 0.029 0.033
. . . . Emitt d 147 152
> Small risk: can continue running with better performance than BEPCI| ~ tmtence inmrad]
Coupling [%] 0.53 0.35
» Timescale: 2.5 years construction + 0.5 year installation Bucket Height 00069 0011
> Installation: July — December 2024 and the upgraded machine ready % ™ 1o4 Lo
oz [cm] 1.69 1.22
in Jan. 2025 RF Voltage [MV] 1.6 3.3
.= A0 Upgrade BEPCII
, - A (BEPCII-U)
! o H r‘ ) - ::,w 8% 10%2} g ® \\Q
e e i 5 BEPCIL. /7 o o%% 3xLyo
= Ji 2 6x10%} N/ ‘\
g L ) '
i 3 X107 .) ; f..
i J A R a . \\%
e -l 2x 102} ~ =
% W® . A :
2.0 3.0 4.0 5.0 5.6
Ecm (GeV)

Xiao-Rui LYU

RF7: 2021 Update on Hadron Spectroscopy

29



BESIT  Potential physics with BEPCII-U

v' Detailed studies of the known Z ) states and search for "black swans" in the
higher energy region within a considerable amount of data sets.

v" Cover all the ground-state charmed baryons: production & decays, CPV search

2E = 4.69 — $.98 GeV i
Integrated Ifminosity 13.7 pb?
17 energy ints

=+ —*+Tl+ ~1}— b J‘Lﬁwa—%—

a5 50 55 6.0 6.5 7.0
)
e~ A2 el e~

Few data and potential physics for XYZ
and charmed baryons
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BESII

10 billon J/3 events on tape!

from Stephen Olsen

you never have enough J/y events

1996: 8 M J/y’s 2002: 58 M J/y’s 2011: 225 M J/y'’s 2016: 1.3BJ/y’s 2019:10BJ/y’s
J 9 n 150 5 T T & . HE J/ 9 TC+TC_ 4
al /y>ypP - ) /b (@) > vop 700 PRL 108,112003 e \V _ y ik
7N (d) pp 100 % | o ol 600 E
10‘Jk ‘ 50 /‘__W+ _: —‘; 3 ???
s |, T L s L L L]
R R L BN L | " C M(pp)
M(pp) Gev) - >y

0.0 0.1 0.2
M pv-ZmP(GeV/c')

PRL 76, 3502

1 15 186 1.7 18 19 & 2 21
Mnn'n] (GeV/ic)

PRL 117,042002 sta )% tuned

J/y>yntnn’
sof @ & ]
4 2.0 2.6 1
M(r'rn’) (GeVic?) 400
PRL 95,262001 300

1

M’ )(GeV/ic?)
PRL 106,072002
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BESII

/ / /
L L L e S RS- [ r | .I | 'I"| T
4000 |- (D ISR effective luminosity - _ 8 . / / II Besm
g Belle I @ 10.58 GeV : % P Fr— " _' ___________________ PR N
g 3000 | g S “ TN * T | O
- E = el ° —_
2 o i .
N g ge i . i % ]
S 2000} (- Q| TE———— Ctanneo.. S -
- 1000 - 07_5 = I i
R e e E
' il AN LT
. 4.0 45 5.0 55 6.0
Ecm (GeV) {s(GeV
We need further scan data samples =64
Competition with Belle Il exists, and for Ecm=4.00-4.15, 4.43-4.59, 4.90-5.60 GeV,
the scan energy points between 4.0 and some other energy points around
and 5.6 GeV need to be optimized charmed baryon threshold, such as

v 4.01 GeV: DsDs
v 4.6-4.7GeV: A, A,
v 495-497GeV: 5, &,
5.4-5.6 GeV: 1202
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BGS]]I Joint efforts among experiments and theories

« |t is crucial that different experiments, such as BESIII, LHCb and
Belle Il, exchange information in the efforts of amplitude analyses

v' Sharing the knowledge on analysis tools
eg, TF-PWA (talks given inside BESIII and LHCDb) attos./github.com/jiangyi1s/tt-owa

v' Constraints on properties of the hadronic states
« A few cases:
« /c//Zcs productions (e+e- annihilations or b-hadron decays) and decays
(to open or hidden charm states)

State Decay modes Seen by Y(4260)
Z (3900)*° | a=Jhy, (D*D)* BESIII, . — —
A Belle inete™ » ™ Zc -
CLEO - ‘9
[— S \
Z (4020y*° | x*h, (D*D*)* BESIII inete™ - 1~ Zc .
Z (4430) | m=w(29) Belle,
+ BaBar :

Energy-dependence
Patterns in productions and decays

X(3872) awamy Zc(3900)
orld-wide

experimental O .

efforts
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BESII

Summary

* BESIII 1s successfully operating since 2008, and will

continue to run for 5-10 years
— collected large data samples in the energy range 2.0~5.6 GeV

* Many new results have been published regarding to

spectroscopies

v’ observation of the Zcs(3985)

v' studies of the Y states in different final states

v more decay patterns of light mesons: conventional and

exotics
v oo

* Future plan:
high-lumi. fine scan between 3.8 GeV and 5.6 GeV
=» BEPCII-U: 3x upgrade on luminosity
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BESII

Thank you!

I |
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BESII What have we learnt about X(3872)

Xiao-Rui LYU

X (3872) nature is still uncertain, although

many studies are performed since 2003
_ JPC =1+

— Mass =3871.69 £ 0.17 MeV

—  Width < 1.2 MeV @90% CL
OF = (mD*O +mD0) — mx(3872) =0.01 i 0.20 MeV

Production

— Ine*e™ collision, see strong connection of

Y (4260) resonance decays
[BESIIL, PRL 112. 092001 (2014); 122, 202001 (2019)]

— In b-hadron decays: B, Bs, A,, ...

— Prompt production in pp /pp and heavy ion
collision

What is it?

— Loosely D°D%* bound state?

— Mixture of .4 (2P) and D°D%*?

Important to fully explore its production and
decay properties

Mode

Fraction (T'; /T)
28x 10
2z " Jiy(1S5)
2“x 2" Jiy(15) notseen
an. (15)

* wl‘\.' 15)

o not seen
D'pD =
) ¢ DD

D'p
DD

» Radiative decays

| Y iy

DD

f{) D

1

£

" * wi(l$) 45+20
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State | Mass (MeV/c?) |

Width (MeV)

| Decay |

Process

Z.(3900)*  3899.0+3.6+49 46+10+20 wt] ete” > mtm~]
C
Z.(3900)°  3894.8+2.3+27 29.6+8.2+8.2 | ete” - o)/
C
3883.9+1.5+4.2 24.8+3.3+11.0 (DD*)*  e*e” -» (DD")*rm*
Single D tag Single D tag
+ = — =
Z(3885)"  38817+1.6+21 26.6+2.0+2.3 (DD*)t  e*e” - (DD*)*n*
Double D tag Double D tag
Z.(3885)°  3885.77%3+84  35tll41g (DD*)°  e*e” —» (DD*)°n”
Z.(4020)*  4022.9+0.84+2.7 7.94+27+%26 nth, ete” > mntn~h,
Z.(4020)°  4023.9+2.24+3.8 fixed nh, ete” » nonCh,
Z.(4025)*  4026.3+2.6+3.7 24.8+5.61+7.7 D*D*  ete” - (D*DH)inT
Z.(4025)0 4025.51%7+3.1 23.0+6.0+1.0 D*D* ete” - (D*D*)°n?
Xiao-Rui LYU RF7: 2021 Update on Hadron Spectroscopy



BESII Spin-parity determination of the Z. (3900)*

« Zc line shape parameterized with Flatte-like formula ~ PRL 119.072001 (2017)
1

BW(s) =
s — M2 +i(g1pr/p(s) + gpDeD(s))
4.23GeV PR
% 300: + ( ) § E -—.va-WaveJ/\pi ( ) oy 400
S ik a 350 1,1270) Jhy b o | ahiaiaahice
) Foo t1270) 0y o E e ZiTHeC. ~ e
O] 250 g ‘I‘ (0] 300;_ — total ) 350 | —?— :
S W ; 2 O e ey
S 15();— 'I o 3 g ;':‘____‘_:-":":-.':::'4':::‘: _____________________
2wk : N 0 W 250 - S
Z E ! } = --0 e
L0 prftaet et & wf % (a)
W o 700 on 08 10 0 6
5 m,.. (GeV/c?)
—1+
Jr=1 4.26Ge
I | Q S Wave iy N
S 160F  ---axS-Wave iy S E .(1270) iy :
E 140[ - 1,1270) o1y . (c) E 160;— | -~->22:(n'+c.3=- (d) S
o 120F ez d s o
oS 100? — total + A 5 120: Z
2 wf 17§ s ' i
0 eoE + ,.|‘I ~ E E
= 40 ot ‘ ! ol fe 1-6‘?)
E 20} _{‘d'.j h_.i' e E zoz g . . 0
W 92=""%4 o5 o8 0 mm S 5 .35 4 W
m,... (GeV/c?) My, (GeV/c?) ;
, Icos(6,,)!

Hypothesis A(—21In L) A(ndf) Significance

17 over 0~ 94.0 13 7.60 P: N

1+ over 1= 158.3 13 10.80 J | 1s.measured to be 1* with

1* over 2= 151.9 13 10.50 significance larger than 7.60

17 over 27 96.0 13 7.70
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BESII PWA of the Z(3900)°

PRD 102, 012009 (2020)

Fit@Vs=4.226 GeV | _ [ " ! g * :

eraesia ] f H 1 cd ioe Simultaneous PWA fit of
S ] S ete >m%7%] /1 to the four
2 | ) S 20f
" iy energy points

n ,
t }
Fit@ \!3:4.236 GeV

puII
U’|O U'IO
r

1,
Fooe Hf‘,#““ ++.+,{ e ”h,j N"'++++*‘ﬂ‘—

pull
(6 =]4,l=]

nonizean ,  The spin-parity of Z.(3900)%is
g 2 : determined to be 1*
V I * The nominal fit includes the
| 2 K ek intermediate process a/ /v,
5 v i £(980)] /1, £ (1370)] /3 and
iy 13, n° Z.(3900)°.
i I Lok i e Mass and width of Z_(3900)° is
r& - measured:
. M(z(3900)) -

: o & FETLELTLLIN ; 0 —
s ! et e I'(Z.(3900)9)
3.2 34 36 38 4 42 2 04 06 08 1 12
* \ J,‘,,(geV/c )16 (Gevic?) M. (GeV/c?) (442i54i83) MGV

oy
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BESIT Cross section of eTe™ - m¥J /Y

PRD 102, 012009 (2020)

* Cross sections relative to those of the charged channel ete™ -» ntn~J /Y
follows isospin symmetry
 Fittothe ete™ —» n°m% /1 returns
M(Y4220))=(4220.4+2.4+2.3) MeV/c? ; I'(Y(4220)) =(46.2+4.7+2.1) MeV
 Stat. significance of the Y (4320) (fixed to the charged channel) 1s 4.20
* The mass and width are consistent with those measured in the charged process

50 T — ————
g_ E —+-data E
= 40 —Fit -
N :
> B - Y(4220) ]
— - Y(4320) =
€ %f (4320) :
T . T .
Q2 20 -
(.} C . "
© w S ‘ "
(] I G T S ".. __:
o L ‘_..-:.". s ' ,,{;- ................... B R
Iz ——————————————— -
213 0sbt }
K[k 0.5 FF-eee Fooo T L T | .{.‘ E
BIE AFEd . % oy %y
ole 038 4 4.2 4.4 4.6
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BESIT  Cross section of ete~—m®Z,(3900)°

PRD 102, 012009 (2020)

= LR UL R JEACELELTS L I AL NI LL RO
£ —+—data 7

= — Fit _

5 ¢ WE o7 e Y(4220) T Parameters Solution I Solution II
o

O: m?enrlf:leance ] Po(c*/MeV) 0BTl 5

T 7 P1 (1.8 £1.9) x 10~
Qo ] M(R) (MeV/c?) 42319453

% 1 Tu(®) MeV) 412+ 160

T R R Lee Br_ 297, (3900 (eV) 053015 0.22 +£0.25
' : i #(R) (-103.9 £33.9)°  (112.7 £43.0)°

© -5 [owmwlnmeoliasanloscolosssliosoeloneclcmnn ]

41 415 42 425 43 435 44 445 4.5
/s (GeV)

* 7Zc(3900)° resonance parameters are fixed to the results of the previous four-
energy-point fit

« The Born cross section of ete™>m%Z.(3900)° -»7° 7%] /4 is extracted.
e C(lear structure around 4.2 GeV is observed
— M = (4231.945.3+4.9) MeV/c?,
— I'=(41.24+16.0+16.4) MeV.
* Compatible with the Y(4220) line shape
* Indication of correlation between the production of the Y(4220) and Z.(3900).
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BESII Search for Z E')Jr - PN,

PRD 100, 111102(R) (2019)

* Search for new decay mode of Z(3900) and Z_(4020)

_ B&:—pn)
* The ratios of z§’) - pn_.to z§’) - 1] /Y (mh,) may S TR
discriminate the tetra-quark and molecule models. B B(Z: - pn,.)

? " B(Z - mhy)
Date sets:

« ~4fb1ldata set distributed at /s =
4.23,4.26,4.36,4.40,4.60 GeV

Strategy of this analysis:

« Start with looking for ete™ - n*n~n%,,n,—9
hadronic decays ST T T

e
D
o
o

—+ Data
— Best fit
=== Background

Entries / (15 MeV/c?)
o
o
o
I

» Strong evidence of
ete— mZ.,Z, > pn,is observed
at /s = 4.23, statistical
significance is 4.30. (3.90
including systematics)

« ete—> mZ,, Z,. > pn,isnotseen
in all data sets.

60F
50F
40F
30F
20
10
OF

-10F

-20F )

-30 E 1 1 1
3.7 3.8 3.9 4

M(p*n) (GeV/c?) M(p™n) (GeV/c?)

@ 4.23 GeV

Events / 10 ( MeV/c?)
Events / 10 ( MeV/c?)
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35S Evidence for Z.(3900)t-p™n,

Ratio Measurement Tetraquark Molecule PRD 100, 111102(R) (2019)
Rz 3000) 2:3£0.8[291 230130 [12]1  0.046703% [12]
027234 [12] 1.78 041 [17]
0.66 [13] 6.84 x 1073 [18]
0.56 4 0.24 [14] 0.12 [19]
0.95 4 0.40 [15]
1.08 & 0.88 [16]

1.28 £0.37 [17]
1.86 = 0.41 [17]

Rz (4000) <12 [4] 6.67%°[12] 0:010105% [12]

100, - PLB 746, 194 (2015)

Dynamical Z, tetraq.Type-l — | Z'c tetraq. (type indep.) —

Molecular Z. — Molecular Z'. —

91072
1074

T S R 0 100 1000 10~ Y 10
Rz Rz

® BESIII measurement of R 3900y is closer to tetraquark model overall.

® Molecule calculation is highly model dependent.

® Inconsistent with hadron-charmonium model.
Xiao-Rui LYU RF7: 2021 Update on Hadron Spectroscopy
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BESII

X(pp)/X(1835) from J/y radiative decays

— An anomalous strong pp threshold ) f/'rqjt;bs,i';\;sd by BESI in
enhancement structure which was first vn , , , ,
) _ * BESIII confirmed its existence with
observed by BESII in J/y—ypp

much higher significance
— BESIII confirmed its existence with * Spin-parity is not known

much higher significance and PWA « Mass = 1836.5 + 3.075¢ MeV/c?
(with FSI considered) is performed - Width = 190 + 9738 MeV/c2

e 0t PRL106, 072002
AN

« Mass = 1836.512°*18 119 MeV/c2 g o

«  Width < 76 MeV/c? @ 90% C.L. S oa0f W
%‘ il S X(2120) X(2370}

ézgg_ & 100f M

§500;— PRL108] 112003 0%4 16 13 _2:0 22 2;4 26 28

3400;— e M(mrn’)(GeV/e)

£ 300F Y =

2200f " Are they the same state? A pp bound state?

LR

What's the spin-parity of X(1835)?

8001 oz ‘0.23
MPE-ZmP(GeV/c )
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BES Strangeonium and strange-mesons 1n
J/Ww > KTK~m° and ¥ (3686) » K*K™n

PRD101, 032008 (2020)
448M Y (3686) decays

PRD100, 032004 (2019)
«10° /Y- KYK—m®

-$-data

4]
o

x2/nbin = 0.95

< | (a) % m sideband
(&) =
> | 2237M 2 9 ~Siieso
>
= 0 30
S 5 e
~ 3 20
£
g I w 10
> e i3
I.I.I I O i i i 1
01....115....21....215....3 1.5 2 c22.5 3
' : M(K'K) (GeV/
M, (GeV/c?) WEESRET
* Dip around 1.75 GeV requires another
* First observations of K5 (1980) and 17~ resonance X(1750) to introduce
K;(2045) in J /Y decays interference with ¢p(1680): could be
« Two broad K¥K~ 17~ structures are p(1700) or X(1750) (photoproduction
observed: possible from w(1650) and at FOCUS)
p(2150) e Broad KTK~ structure around 2.2 GeV:
contributions from p(2150) and/or
p3(2250) resonances
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