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Outline

» General introduction on open/hidden charm states, and on BESIII apparatus/analysis

» Representing main results of BESIII three recent papers

1) arXiv:2403.14998 [hep-ex]

Precise measurement of the ete™ —» DD cross sections at center-of-mass
energies from threshold to 4.95 GeV,

2) arXiv:2402.03829 [hep-ex]

Precise Measurement of Born Cross Sections for ete™ - DD and Observation
of One Structure between /s = 3.80 - 4.95 GeV,

3) Phys. Rev. D 109, 092012 (2024), arXiv.2310.03361 [hep-eX]
Measurement of ete™ - n J/y Cross Section from /s = 3.808 GeV to 4.951 GeV,

» Summary
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General
Introduction

> Over past decades many charmonium-like states discovered: J°¢ = 17~

» Conventional charmonium states (y(3770), y(4040), 1(4160), ¥(4415)) decaying to
open-charm final states, such as D*D*, etc.

» Y states showing strong coupling to hidden-charm
final states, such as n*n J /Y

diquark-diantiquark

» Above-mentioned features suggesting that perhaps
the Y states not to be conventional charmonia

e EXotic composition most likely required

e Good candidates for hybrids, tetraquarks,
and mesonic molecules

*0Q _
qg-gluon“hybrid”

D° - D “molecule”

» Y (4260), Y(4360), and Y (4660) considered to be exotic candidates
e Currently designated as y(4230), 1(4360), and y)(4660)

» Precise measurements of production cross sections and resonance parameters needed
e to clarify nature of these states

¢ to distinguish among different theoretical models
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General
Introduction

» General-purpose detector BESIII RPC: 9 e gt ‘ RPC : 8
Nucl. Instrum. Meth. A 614, 345 (2010) 'ayers { ayers
N = ezersmmsmesmsnrssees |l
» Located at the Beljing Electron Solenoid NN ian

Positron Collider (BEPCII) - S
arrel <
ToF 2\%
> Started in summer 2008 and has EancFap ‘i
0 2

run at multiple energies .

Quadrupole

» Operating at peak luminosity at
1033 cm= st

» Given the center-of-mass energy
range from 2.0 to 4.95 GeV

> Detector recording symmetric ete™
collisions provided by the BEPCI|
storage ring

» Designed for studies of hadron
spectroscopy and 7 - charm physics
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ete” —» DYD; cross sections

[Motivation}

» Masses of y)(4230), 1 (4360), and y)(4660) lie above open-charm threshold

e Measurement of their couplings to open-charm channels crucial for understanding of their nature
» Such studies being very complicated due to presence of coupled-channel effects

» Knowledge of exclusive open-charm cross sections as highly desirable

e Such as cross section forete™ —» DS D

» This process previously studied by Belle, BaBar, and CLEO-c

» Larger data samples collected by BESIII over a broader energy range

e Allowing improved measurements of exclusive open-charm cross sections

» Recent publication by BESIII Phys. Rev. Lett. 131, 151903 (2023)

e Unusual line shape observed in cross section of ete™ —» DD~
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ete” —» DYD; cross sections

» Cross sections measured in cm energy range between 3.94 GeV and 4.95 GeV

e Having 138 energy points corresponding to integrated luminosity of 22.9 fb™! in total
e High-statistics XYZ data sets accounting for 95% of total integrated luminosity

e | ow-statistics R-value data sets for fine scanning, accounting for integrated luminosity
around 7 pb~1 at each energy point

» Given low background level and high detection efficiency at BESIII
e Only decay of D; - K*K 1w~ being reconstructed

e While D} being tagged by recoil mass

» To improve signal purity, D, candidates selected with two intermediate decay modes
e D > ¢pm~ with ¢ > KK~
or

e D - K*(892)°K~ with K*(892)° - K*m~
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ete” —» DYD; cross sections

> Clear cluster of events corresponding to DJ D pair observed in two-dimensional plots below

» Similar signals observed in data samples at other energy points

Left plots:

Two-dimensional distributions

: +
of recoil mass of D~ vs.
invariant mass of combination of

KTK 1~

Red arrows showing signal interval

Right plots:
Red curves showing fits to
distribution M(K*K ™)
Background shape shown in blue

Signal shape shown in yellow

Data points measured at
ECM = 4.26 GeV
Ecy = 4.68 GeV
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ete” —» DYD; cross sections

» Signal shape being described with signal MC samples convolved with Gaussian function

> Born cross section determined with

fit

OBorn —

20B(DF — K+K—7-

where
o Nj* obtained from fitting M(K+K~n¥) distribution

e N3 describing peaking background from ete”

e(l+0) i £

INn data

— DI D (only above E.y > 4.6 GeV)

e Factor 1/2 taking into account contributions from both DS and DS single tag reconstruction

e B -- branching fraction of DI - K*K 1

e € -- signal detection efficiency, (1 + 6) -- ISR correction factor,

1
°
[1-T1/2

-- vacuum polarization (VP), L -- integrated luminosity

IIJ Vladimir Khachatryan: BEACH 2024 conference, June 3" 2024, Charleston, SC BES]]I 8



ete” —» DYD; cross sections

» As notable observation is presence of broad structure spanning from E.,, = 4.1 to 4.4 GeV

» In particular
e Dip observed close to D;*¥D;~ threshold (4.224 GeV) and position of y(4230)
e Peak observed around 1(4040)

= CT ] T 71 1~ 71 —+——13 700 C 1 | 1 ]
Z 10 3 (a) - XYZ 3 600 ;— (b) BESHI —;
;2: L . 1 s00F ! CLEO-c =
V" * R-scan ] : -
0\ 102+ - Loy ? -4 400F Belle =
gy % ? il :::. ,’” E E . o . E
,r': N ‘ "‘3 MR 1 300F | I BaBar -
T ol 1 200 ;
E E 100 z_ s:. .: ::“: Y ! o v _;

- - =3 AP PIRE AT sey s EN
L S R S RN T B 0 o B N B S B

4 4.2 4.4 4.6 4.8 5 4 4.2 4.4 4.6 4.8

E., (GeV) E., (GeV)

Left plot: Measured Born cross sections of et e™ — DI D; in log scale as a function of energy

Right plot: Measured Born cross sections of ete™ — D} D in linear scale as a function of energy

Error bars include statistical and systematic uncertainties in quadrature
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General _ _ . ete > D°D° ete > DD _ .

introduction e*e” — D{Dg cross sections - | ete” - nJ/y cross sections | Summary

> Figures showing Born cross- © ¢ 12 | @ 170034 om -

section ratios wo| | | —Fitresult |~

o(ete” - DID;) 80| :

: e : + 0 r,0 I 60 |- ¢ -

» Significantly narrower width o(ete” > KoKJJ /) 40{ ' I

of 1(4040) than PDG value 2 * {H, 1 i -

observed T T BT T R

E., (GeV)

> Dip around DD}~ threshold gy M B

. ©lo- 0351 4 42/Ndf:0.66 Sy

and peak position of 1(4230) 03 E

observed glete- = D*D?) 025 —Fitresult

ng | py T o Mt b

e Suggesting influence of o(ete” - D;"D{) 0.15 'Hi ,,,.M - |

open channel effect 0.1} ! * i E

0.05 =

0 b T N B B R

» Two structures similar to R R e

those observed in modes of 2 6F

D;""D;_, K+K—]/1/)1 Kprbp J/U &lE 50 ;4() YINdf:1.67 . Com =

being identified g(ete - DID7) 40| ' ~Fitresut

e Critical for understandin il E

. ng o(ete” > K"K~ J/Y) - :

of non-exotic and exotic 0 i 1 . M E

states in this energy region 10— - i { { -

0_I4.|4I | I415 | 4.6 | I4l7 - I4|8I - 4.9I - ;

1]

Cross-section total systematic uncertainties evaluated to be (5.6 - 6.9) %
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ete” > DDV ete > DTD™

Cross sections

[Motivation}

» Looking into other processes for studying y¥(4230), y¥(4360), and (4660)

e Suchasete™ - D°DY and ete” - DD~

» These states may be pure charmonium states

e Should predominantly decay into DD final state predicted theoretically

» Currently, available observed cross sections existing for limited energy points
e Measured by BaBar and Belle using ISR process

e Measured by CLEO through direct e*e™ production

> Highly desirable to precisely measure exclusive Born cross section of ete™ - DD process
e To validate interpretations of established ) states

e To provide additional insight into energy range above open-charm threshold
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ete” > DDV ete > DTD™

Cross sections

» Cross sections measured in cm energy range between 3.80 GeV and 4.95 GeV

e Having 150 energy points corresponding to integrated luminosity of 20 fb~1 in total
e \With high-statistics XYZ data sample

e \With remaining low-statistics R-scan data sample

» Single tag technigue employed, given purpose of achieving high efficiency for event selection
e DY candidates reconstructed from K ntn* ™

e D' candidates reconstructed from K" ™t

e D° candidates inferred by mass recoiling against tagged meson (M5¢¢°!) via K~n*n* = system

e D~ candidates inferred by M5¢¢°!! via Kt system

rec01l _ \/ L |pD|2

with E, and pp to be energy and momentum for selected K " n* n~/ K n*n™ candidates
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ete” - D°D°

ete- - D"D™

Cross sections

> Signal yields for ete~ — DD process at each energy point extracted by performing
(extended maximum likelihood) fit to mass recoil spectrum
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Two-dimensional distributions of invariant mass My vs. recoil mass M

MEecoll ot \/s = 4.1992 GeV

Left plot: Dashed lines representing signal region for D meson in D°D°® mode

Right plot: Dashed lines representing signal region for D meson in D¥ D™ mode
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General . L . ete” - D°D?, ete” - D'D™
: ] ~ > DIDC cr sections ’ .
introduction 5 (& s s CTOSS Cross sections

ete” - nJ/y cross sections | Summary

» Signhal shape being described with signal MC samples convolved with Gaussian function

e Accounting for difference in mass resolution between data and MC-simulation

. 800;— [ [ [ | g . 700;_ [ [ [ | [ [ [ [ [ [ E
= 700F = = 600 =
= 0 E S 5001 E
2 : ] 2 - .
<> T = 400 E
e 400 E LN -
2 300F E ~ 3001 =
S 200 E = 2001 E
2 1001 = 2 100 E
g}' +: T f+ (2): + Hl ——t— +[*%
= o8 f ¢ bt it Ty = oRy al, ISRE
= 0f Hﬁ}-{}—;ﬁ—{rﬁfﬁ}—{ $ = of : }
~ -2:-#' T e T T l* *.*TH & = -2%%’; Hf‘f AR TW;IH f?H?
1.8 1.85 1.9 1.95 1.8 1.85 1.9 1 95
MEl (GeVied) Mn (GeVicd)

Fits to recoil mass M50 spectra at /s = 4.1992 GeV; Left plot: D°D® mode; Right plot: DT D~ mode

Data represented by dots with error bars Fit results indicated by blue solid lines

Signal shown by red short-dashed lines Background shown by green long-dashed lines
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ete” > DDV ete > DTD™

Cross sections

> Born cross section determined with

Nobs
77(5) = 5L B
2L(1 + )Il—l—IIQE

> Explanation the same as on slide 8%

» Simultaneous fit of dressed cross sections performed sdressed _ B /‘1 B H ‘2
for both processes of eTe™ - DYDY and ete™ - DD~

» Parameterized as coherent sum of eight relativistic Breit-Wigner (BW) functions

s P | J/TORTLBT
prdressed /oy — ;e ¢BWZ(\/§)\/P(M) BW (y/s) = M%< M

e relative phase between different BW functions -- ¢
e two-body phase space factor -- P(1/s)
e electronic partial widths -- I',,, decay branching fractions -- B
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ete” > DDV ete > DTD™

Cross sections

» Measured Born cross sections, along with results from the CLEO-c, BaBar, and Belle

» ISR correction factor obtained through QED calculations
e Cross sections measured in the analysis used as inputs and iterated until convergence

ete” - D*D™ (bottom)

= |

T o1 e

-;2 o ‘Ir-‘ll ‘ . % ‘lf ' §

from /s = 3.80 GeV to 4.95 GeV © 200 T LR L
0 ' CTHE Ty
1000 ¢
Error bars include statistical and systematic .
uncertainties in quadrature | [

600 )

Comparisons shown for BESIII measurements
and those from CLEO, BaBar, and Belle

: 1200~ |
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~ B —m— CLEO (c°°%)
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ete” > DDV ete > DTD™

Cross sections

» Good assumption of using eight resonances in simultaneous fitting from /s = 3.80 to 4.95 GeV
» Potential new resonance R observed around 3.9 GeV with significance > 200

= B : D™D - .
= I | 3| One solution of
Ieg 2 sl gk = | simultaneous fits
T T 400 B = | to dressed cross
‘o vy VE { E sections for
) =iy E processes
2 5100 Ny 3
. QPR | ete” - D'D"
= = e o ° o ° . .o o ° ¢
- 0w e e 2 T eten 5 DYDS
£ z i s ' .
C I R RS B T M e R V7 R I YR K RS R [ R S5 s e S v o s
/s (GeV) /s (GeV)
> However, according to » Also, line shape strongly model-dependent
Int. J. Mod. Phys. A 26, 4511 (2011) » Structure R may be not a cc resonance
Phys. Rev. D 99, 072007 (2019) e Threshold enhancement due to opening

of D*D channel ?
e See arXiv:2404.03896 [hep-ph] for detalils

there should be at least 128 multiple solutions
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ete” - nJ/y cross sections

> Looking into other processes for studying y(4230) and y(4360) [Motivation}

» (4230) observed In processes of
sete” s atn J/y, n'n®J/Y, KK J/W, KTK™ ]/, ntn~yY(3686), mTn h,, ttm~ wy
» 1)(4360) observed in processes of

e ete” >t Y (3686), mtn " h,, mTw"Y,(3823)

» Similar parameters of each of these two resonances to be known (masses and widths)

e But differences between decay modes still existing

> Updated analysis of ete™ - nJ/y at 44 cm energies between 3.808 and 4.951 GeV
performed by BESIII

» ] /Y and n reconstructed via

e J/W o eTe” and J/Y - utu~
e > yy (Model) and n - nz*n~ (Mode II)
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ete” - nJ/y cross sections

Top plots: Distributions of M(I717) vs M(yy) and M(IT17) vs M(r°m*m™); both at+/s = 4.226 GeV

Region enclosed by red long-dashed lines showing signal region
Region enclosed by blue long-dashed lines showing sideband region
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Bottom plots: Distributions of M(yy) & M(m°m ™) in J /Y signal region of data sample at /s = 4.226 GeV

Data represented by dots with error bars Events from J /1 mass sideband given by green histogram
Fit result, signal, background shown by black solid, red long-dashed, blue short-dashed lines, respectively
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ete” - nJ/y cross sections

» Born and dressed cross sections determined with

oB = Nobs O.dressed _ oB

> Born cross section’s explanation the same as on slide 9th

» Fit function parameterized as coherent sum of three Breit-Wigner functions

e Describing structures around 4040, 4220 and 4390 MeV, and non-resonant component

_|_BW2(\/§)6’5¢2 1+ BWS(\/E)QZQ% ‘2 S — Mz2 + M. 1';

gdressed( /g \\/ONY V's) + BWy(y/s)e \/127TB¢F?+€FZ’\/(I)(\/§)

» Non-resonant part parameterized following BaBar method

3
O(V/'s) = % \/UNY \/‘I) Vs)eroupy  u = /s —(My+M;j/y)
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ete” - nJ/y cross sections

Cross-section total
systematic uncertainties = 3.8 %

» Increased statistics compared to previous BESIII measurements

. 100 - } oB BESIII (2012) oB BESIII (2015)
Measured Born cross sections and i . .
- L - o8 BESIII (2020) o8 Belle
upper limitsofe™e™ - nJ/yY 80 — I o8Thiswork v oY This work
= [
Current BESIII measurement in 200d ey § 60—
agreement with Belle and with earlier 2 b &
results from BESII! Tt SR
ty 20 [ b 1
~—" B A v
© ] i } Aq' ALA
220 = ‘4 i AT Dy My fox f UK
~#- nJ/y (this work) 4+ K.K.J/ v B
200 +jr+7r_J/yf K+KJ/1// -20 __
180 77T y(3686) -8 1°70J/ y ! C | | | T T
. 3.8 4 4.2 4.4 4.6 4.8 )
160 | “%a e /s (GeV)
~4— 7*D°D" PDG
_140F <f»
é 120 Comparison of masses vs widths of
= 100;— Y (4230) and 1¥(4360)
80 :ff'_' from previous BESIII measurements
60 i —] and using average values in PDG
40
N .
20 |- Results in bottom left are for y(4230)
0 _l | | | ] | | | | | | | ] | | | | | | ] | |
4200 4250 4300 4350 4400 : :
Results in top right are for ¥(4360
Mass (MeV/c2?) esu P T8 ¢( )
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ete” - nJ/y cross sections

i Solution | ¢ Data : N Solution Il § Data ]
— — Total fit  — 100 — Total fit
- --- y(4040) ] - ‘ --- y(4040)
~ C - = y(4230) T A~ . - -.-w(4230) _J
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- — Continuum - = - . — Continuum -
£ wf - £ wf X -
~ 40 _ ~ 40 |- . ‘ _
S Of : >. 40f :
=~ o ] - o 7
E 20 I ] E 20 h ]
- _ 0 [ _
T |: : : T |j -+
' N ¢ Data i ! [ ]
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Fits to dressed cross sections of ete™ — 1 J /Y corresponding to four solutions
(see additional information to this slide in Backups)

Measured dressed cross sections given by black dots with error bars

Best fit results represented by blue solid curves with interfering amplitudes of
1(4040), ¥ (4230), Y(4360), and the non-resonant component
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ete” = wy,1 Cross sections

> Born cross sections of eTe™ = wy,., , measured at cm energies from 4.308 to 4.951 GeV

» Assuming signal of ete™ - wy,., coming from single resonance, mass and width consistent
with well-established (4415)

e Implying existence of hidden charm decay ¥(4415) - wy,,

» Assuming signal of eTe™ - wy,.; coming from single resonance, structure of line shape
observed first time

30,

g l f'g 60 BESIII paper

520+ Naol | Phys. Rev. Lett 132,

S | = 161901 (2024)

.I 101 .I 20‘_ Observation of structures

0 i o . In the processes

B O: .I. Y oY 0 ete” > wy.,1 and Wy
4.4 4.6 4.8 4.4 4.6 4.8

/s (GeV) /s (GeV)

Fits to cross sections of eTe™ = wy,; (left)and ete™ - wy, (right) with one single resonance
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» We presented cross-section measurement results from three analyses conducted by BESII!

» Namely

1) Cross sectionsof ete™ —» DI D
e Several new structures observed in cross-section line shape
e Giving iImportant input for coupled-channel analyses and theoretical model testing

2) Cross sections of ete™ —» DD
e Here also, interesting structures observed in cross-section line shape
o Critical for deeper understanding of non-conventional/conventional states in given energy range

3) Cross sections of eTe™ - n J /Y

e Mass and width of measured two states consistent with those of previously measured
Y(4230) and ¥ (4360)

e Providing more precisely studied line shape than before

Thanks !
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General
Introduction

[Additional information}

» Understanding strong interaction dynamics through a way provided by hadron spectroscopy
» Experimental data playing important role on various theoretical models

» Abundance of XYZ states existing with charm and bottom quark content

» Properties of XYZ do not fit to heavy quarkonium spectrum

» Majority of these states observed in e*e” collisions and heavy hadron decays, like In
e BES, BESII and BESIII experiments

e Belle and Belle Il experiments

e CLEO and BaBar experiments

» EXxplore other production mechanisms as well, such as in electron-proton scattering in

o COMPASS-II, JLab experiments and EIC
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General
Introduction

[Additional information}

» Detector cylindrical core covering 93% of the full solid angle and consisting of
e helium-based multilayer drift chamber (MDC)
e plastic scintillator time-of-flight system (TOF)
e Csl(TI) electromagnetic calorimeter (EMC)

e all enclosed in a superconducting solenoidal magnet providing a 1.0 T magnetic field

» EMC measuring photon energies
e With a resolution of 2.5% at 1 GeV in the barrel region

e With a resolution of 5% at 1 GeV in the end cap region

» TOF time resolution
e 68 ps in the barrel region

e 110 ps in the end cap region

» End cap TOF system upgraded in 2015 to provide 60 ps resolution
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General
Introduction

[Additional information}

» BESIII detector’'s geometric description and detector’s response included
GEANT4-based MC simulation software packages (BOOST & EVTGEN)

> Beam energy spread and initial-state radiation (ISR) in e e~ annihilation simulated and
modeled by KKMC program

» Combined TOF and dE/dx information used to perform PID
» Charge particle final-state radiation (FSR) incorporated with PHOTOS package

» Charged track candidates reconstructed from hits in multilayer drift chamber (MDC)

e polar angle to satisfy cos 0 < 0.93

e point of closest approach to e™ e~ interaction vertex to be within £10 cm in beam
direction as well as within 1 cm in the plane perpendicular to the beam direction

» Signhal MC samples used to determine reconstruction efficiencies, ISR correction factors
and vacuum polarization (VP)
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ete” > DDV ete > DTD™

Cross sections

[Additional information}

Fit results to Born cross section

S symbolizing statistical significance

First uncertainties are statistical, second uncertainties are systematic

eTe” — DD
Resonance Y(3770) R (4040)  (4160) Y (4230) Y (4360)  (4415) Y (4660)
Mass (MeV/c®) 3773.7 (fixed) 3872.5+14.243.0 4039 (fixed) 4191 (fixed) 4222.5 (fixed) 4374 (fixed) 4421 (fixed) 4630 (fixed)
Width MeV/c®) 87.6 (fixed) 179.74+14.1+7.0 80 (fixed) 70 (fixed) 48 (fixed) 118 (fixed) 62 (fixed) 72 (fixed)

T..BB (eV) 95-106 202-292 41-44 1-2 1-2 50-144 0-2 0-1
S(o) 10 > 20 13 7 11 11 4 8
x~/d.o.f = 346 /275 p-value = 0.002
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ete” - nJ/y cross sections

[Additional information}

+ —_
Fit results to e¥e™ — n J /i cross sections, with given fit parameters M;, I;, I € , B;, and ¢;

Label i =1, 2 and 3 symbolizing 1(4040), 1)(4230), and y)(4360), respective

Only statistical uncertainties shown

Parameter Solution I Solution II Solution III Solution IV
M ( MeV /c?) 4039 (fixed)

Iy ( MeV) 80 (fixed)

re'e” . By (eV) 1.0+ 0.2 7.1+ 0.6 1.14+0.2 7.8 +£0.6
M ( MeV /c?) 4219.7 & 2.5

['2 ( MeV) 80.7 + 4.4

rs' e . By (eV) 4.040.5 5.5 4 0.7 8.74 1.0 11.94 1.1
Ms ( MeV /c?) 4386.4 £ 12.6

I's ( MeV) 176.9 + 32.1

rs'e” . By (eV) 1.8 4+ 0.6 2.1+0.7 4.3+1.3 5.0+ 1.5
$1 (rad) 3.1+0.6 —1.8+£0.1 3.3+04 —1.6 £0.1
b2 (rad) —2.8+0.1 2.9 4 0.2 —2.0+0.1 —2.6£0.2
$3 (rad) —2.940.1 3.0+ 0.1 2.8+ 0.1 2.440.7
po (MeV™1) 1.5+ 0.4 1.5+ 0.4 1.5+ 0.4 1.6 +0.4
p1 (GeV™?) 390.0 + 155.3 389.3 + 155.6 389.5 + 155.1 389.5 + 154.5
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