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YeM UHTEepecHbl agpoOHHble CNEKTPbI?

e OOMH M3 KNOYEBBIX CNOCOOOB U3YYEHUS U MPOBEPKU HALLIETO MOHMMAaHUSA TEOPUN CUNBbHbIX
B3aMMOJENCTBUIN B HEMEPTYPOaTUBHOM 0baacTu.

e bonblLoe KONMYECTBO HOBbIX HEOXXUAAHHbIX PE3YbTAaTOB:
e OTKpPbITUE YAPMOHMENOAOOHbIX 1 6OTTOMOHNENOAO0OHbIX COCTOSIHUMN,
e OTKpbITUE NEHTAKBAPKOB,
e OTKPbITME pe30HaHCcoB B cucteme J/PJ/ Y,

e OTKpPbITUE 3K30TUYECKMX ME3OHOB C 3apsAA0oM 2.

01.04.2023




ATOM BOAOPOAA U €ro CNeKTp

DNIEKTPOH U MPOTOH C NOTEHLMaNOM B3aumogencteusa 1/r. Cnekrp n=oo
Ja€TCA peweHneEM CTaubMoOHapHOIo ypaBHeEHNA LIJpe,u,MHrepa:
ﬁz o EE . . n==6
——V" = 'I.L’l['il“, H! ':P} - El."b{'r! H: {P) —s
2p Amegr n=
Pfund
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n=424 b
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toTh EEE - -«
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Ultraviolet
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PenatuBucTcKkas KMHeMaTUKa

e 4-eKkTop (4acTuua Man cuctema 4yactul):
p = (E, px, py, pz)
e MHBapuaHTHasA Macca:
2—F2_n2_-n2_-n2=m?2
p’=E*-p2-p2-p2=m
e Macca oTckoka (recoil mass):

MZ = (ptot _ pmes)2

rec

)
e S ECM
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J/1IeMeHTapHble 4acCTubl U P€30HAHCbI

e [JO/ITOXKUBYLLME 3aPSHKEHHbIE YacTULLbI BUAHbIE MO TPEKaAM B JiETEKTOpE

e MaTeMaTU4eCcKM 0OMEH YacTUL, COOTBETCTBYIOT MOJIOCY B aMMANTYAE
npouecca 1

e KOPOTKOXMBYLLME YaCTULbl MOTYT 6bITb BUPTYasIbHbIMU («BHE MaCcCOBOM
MOBEPXHOCTU») BUAHbI KaK NMUKK (onucbiBaeMble popmynoi bpeita-
BurHepa) B pacnpeaeneHue no MHBapMaHTHOM Macce KOHEYHbIX YacTul,
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HeMHoOro ucropum

1947 15 years later particle zoo:
e K-mesons (1947, 1951)
A\ — hyperon (1951)
A(1232) (1952)

> n = hyperons (1953)

p, W, N Mmesons (1961)

» Nucleus consists of nucleons - protons and neutrons

» Nucleons are bound strongly by rm-meson (pion) exchange
e [B-decay — weak nuclear forces

e Question: why p meson is necessary?
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N30CnKnH U CTPAaHHOCTb

e [1pOTOH M HENTPOH UMEIOT NPAKTUYECKM OAMHAKOBbIE MaCChl M B3aMMOAENCTBYHOT OANHAKOBO
C TOYKN 3PEHMUS CUJIbHBIX B3aUMOAENUCTBMN —> MX MOXXHO CYUTATb BYMS COCTOSSHMSMU OHOM
YyacTULbl B U30TONMYECKOM NpocTpaHcTae (I=1/2, | = +1/2). I30CNWH 1 €ero NPoeKLUmIo HO «OCb

Z» 0606LLaeTCcs U Ha Apyrne YyactTulbl.

e CTpaHHOCTb - KBAaHTOBOE YMCJI0, BBEEHHOE B CBA3U C TEM, YTO HEKOTOPbIE YaCTULLbI
POXJa/MCb MapaMU, XOTS He BbIIN YacTULLEN U aHTUYacTULUEN (HanpuMep, p+p = p + A +KY)
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MyabTUNAETbI YacTUL,

s=0 n P
s=-1 3 pIus
q=1
s=—2
== =0
q=-1 q=0
OkTeT 6apmoHoB ¢ J=1/2

- (
s—g A A At At

OKTET N CUHINET NCEBAOCKANIAPHbIX Me30HOB (JP = 0-)

[ekynnetr 6apnoHoB ¢ J=3/2

01.04.2023




KBapkoBas Mmoaenb

fenn-MaHH u Ueir (1964): yBuaenn cBasb u
MYJILTUIJIETOB C NpeAcTaBaAeHnaMn rpynnbl SU(3). il
KBapKoBasi Moaens ¢ U, d U s KBapKaMu: W
e Me30Hbl - qq '

e OapuoHsbl - qqq e

| strange

m ? Jleryanwue ckansspHble HOHETbI

JPC 25411 Me3soHsl Honer
0+t 18, nnn K MCEeBA0CKAMAAPHBIH
. 1— %5 pw @ K* BeKTopHbIii

CocTosHue Knaccnduumpyrotca no GaemnBopHoMy 1+ 1ip - .
COCTaBY W KBAHTOBbIM YMCIaM ! Ll B TICERAOBEKTOPHEM

0t 3R, ag fo [ K} cxanspHbii

1t i ay f1 f{ K| aKCHanbHbIH BeKTOPHBIA

27+ 3P, as fo f3 K; TeH30pHBIii
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KBapkoBas Mmoaenb

Me30HblI bapuoHbI

(f(uﬁ—d(f) :{7;\
) )
[
[

us \ [ K7
ds | KO

) uuu AT uus y*F
sd\ [ K° wud | | AT uds | =| X0
s )~ \ K- ddu A° dds n*-

ddd A~

\/% )(uﬁ +dd — 2s5) = 7(550)
6
—=x0
| (3)-(57) o
_ S8 =
(uti + dd + s3) = 7' (960)

Vo

SU(3) cuMMeTpusa HapyLLaeTcsl U3-3a Pas/INdHbIX Macc
KBApKOB, MNO3TOMY BO3MOXHO CMeLLUNBaHUE
COCTOSIHUM C OANHAKOBbIMM KBAHTOBbIMM Ynciaamu!
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Pion Kaon Proton

e M, ~ 140MeV o Mg ~ 490MeV o M, ~ 940MeV

e Spin 0 e Spin 0 e Spin 1/2

e 2 light valence @ 1 light and 1 "heavy” @ 3 light valence
quarks valence quarks quarks

Higgs generated masses of the valence quarks:
Mgy~ 7 MeV M 1)~ 100 MeV M gy ~ 10 MeV

From O. Denisov, EHM 2020
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KoHdaHMeHT

From C. Meyer “Light and exotic mesons”

| Energy . 6-IIIIIIIIIIIIIIIIIIIIIIl

| density in |
the color -
field 4

dislance

lIlIlIlllIlll

dislance : | _2

1,(V[r] = V[2r,])
N
L T T T T Texcited states

0 1 2 3 4 5

1/t

_ Potential: ~1/r for small
Lattice QCD distances and linear for
large ones
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KoHdaHMeHT

From C. Meyer “Light and exotic mesons”

Energy
| density in |
the color -

field
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_ Potential: ~1/r for small
Lattice QCD distances and linear for

large ones
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MoTeHUUaNbHble MOAENN AN ME3OHOB

O_ oY - v 27 2F 3 37 47 47 5
2.5

e B ¢peHoMeHOoNornyecknx noTeHumManbHbIX MOAENSX = o i 1

npeanosaraeTcs, YTo KBapK U aHTUKBAPK Ol51 e 4 . . 4

B3aMMOAENCTBYIOT NOCPeACTBOM 3GPEKTUBHOIO £ *

noteHuunana (1/r Ha ManbIX PacCTOSAHUAX U ~F Ha “ 1.0 1 | e Bstablished

* Not Established

6onbLLIMX) 0.5 —— Quark Model
» KBapkun uMetoT 3pHeKTUBHYIO Maccy R T O e O I B
e Mopgenn obbIYHO Pa3INYAKOTCS CMIMH-3aBUCUMbIM K Ky K K Ky, Ky, K3 K; K, Kj Kj

B3aUMOJENCTBUEM

A OnucaHue KOHHbIX CMEKTPOB
e AHaJIOrM4YHO aTOMY BOAOPO1Aa COCTOSAHUSA (Credit: B. Grubbe)

Xapaktepusytotca L, S, J, n (*nL)
e [lpocTpaHCTBEHHAS U 3apSA0BbI€ YETHOCTU

P = (_1)L+1 B KBapKOBOM MOAeM BO3MOXHbI HE BCE KBAHTOBbIE YMCAA.

C — (_1)L+S B yactHoCTH, 3anpellueHbl KBaHToBble yucaa JPC = 1-+.

01.04.2023




AMNAUTYAHBLIN aHaAun3 n Janvuy-amarpaMmm

e CnWH YacTMUpl 3aJa€T YIN10BblE 3aBUCUMOCTU
NPOAYKTOB pacnaja, aHaAn3upys Kotopble, ero
MOXXHO OnpeaenuTh.

B aMnanutyaHoM aHanm3se aMnauTtyda npouecca 5 10
MW pacnajga annpoKCUMUPYHOTCS HabopoMm
PE30HAHCOB B Pa3/IMYHbIX MapuuanbHbIX BOJHAaX. 4
(PasnoxkeHue Ha napLmasibHble BOJIHbI BbITEKAET U3
C/IOXKEHMUSA YINOBbIX MOMEHTOB B KM.) 3 0

e Tpex4yacTu4yHble pacnagbl yaobHO aHa/mM3mpoBaTh C K,*(1430)  --of--
nomollbto lanvu-guarapMmsi.
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AApoHHble cneKTpbl B KX/

OCHOBHOW MHCTPYMEHT MOy4YeHMUS
npefcKasaHuii - nepTypbaTtUBHOE pa3/ioXKeHne
no a..

pyrve noaxoabi:
e PelleToyHble BblYMC/IEHUS

o [JlyanbHble mogenu (AdS/CFT n AdS/QCD)
o (deHoMeHonornyeckne MoaebHble
BblUMC/IEHUS

Ha AaHHbIM MOMEHT Yy Hac HET AOCTaTOYHOro NMOHUMAaHMS
KX B peXXxnumMe CMAbHOM CBA3MN.
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AApoHHble cneKTpbl B KX

© | @& https://www.claymath.org/millennium-problems B | - b d + In D d‘@ 2@ O (

L , Millennium Problems 4 ijlion USD prize from the Clay
Despite significant theoretical and Yang-Mills and Mass GapMathematics Institute!

eXpe ri m e nta I EffO I’tS n 0 Experiment and computer simulations suggest the existence of a "mass gap" in the solution to the quantum versions of the Yang-Mills equations. But
Sati Sfa Cto ry u n d e rsta n d i ng Of no proof of this property is known.

formation of hadrons has been

achieved! Riemann Hypothesis

The prime number theorem determines the average distribution of the primes. The Riemann hypothesis tells us about the deviation from the

average. Formulated in Riemann's 1859 paper, it asserts that all the 'non-obvious' zeros of the zeta function are complex numbers with real part 1/2.

Studying hadron spectra and

search for states beyond the P vs NP Problem
conve ntlonal q uark mOdeI can be a If it is easy to check that a solution to a problem is correct, is it also easy to solve the problem? This is the essence of the P vs NP question. Typical of
Cl u e | the NP problems is that of the Hamiltonian Path Problem: given N cities to visit, how can one do this without visiting a city twice? If you give me a

solution, | can easily check that it is correct. But | cannot so easily find a solution.

Navier-Stokes Equation
This is the equation which governs the flow of fluids such as water and air. However, there is no proof for the most basic questions one can ask:do

solutions exist, and are they unique? Why ask for a proof? Because a proof gives not only certitude, but also understanding.

Hodge Conjecture

The answer to this conjecture determines how much of the topology of the solution set of a system of algebraic equations can be defined in terms of

furthar alaschrair armiatinne Tha Hadas ~aniactiira ic bnawm in rartain enarial racae a0 wihan tha ealiitinn cat hae dimancinan lace than fanir Rutin
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Hadrons beyond conventional QM

Nothing in QCD forbids existence of
» other multiquark states

tetraqu.a rks, Pentaquark H-dibaryon Tetraquark
hadronic molecules

pentaquarks, ﬁ
dibaryons u

e hybrid states, diquark-diquark- diquark-diquark- digquark-diantiquark
e glueballs.

Ways to identify them: Molecule Hybrid Glueball

» Specific production and decay properties {%z

« “Extra” states in hadron spectra “:--,@ L T 8,8
 Exotic quantum numbers @ z

. eee

Difficulties: Figure: S. Olsen

» Complicated interferences in experimental spectra
e Can mix with ordinary meson with the same quantum
numbers
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Hadrons beyond conventional QM

Nothing in QCD forbids existence of
» other multiquark states

tetraqu.a rks, Pentaquark H-dibaryon Tetraquark
hadronic molecules

pentaquarks, 10u ﬁ
dibaryons dQu u

e hybrid states, diquark-diquark- diquark-diquark- diquark-diantiquark
e glueballs.

Ways to identify them: Molecule Hybrid Glueball

» Specific production and decay properties i B E

* "Extra” states in hadron spectra Gell-Mann: “Baryons can now be constructed from quarks by using
« Exotic quantum numbers the combinations (qqq), (qqqqq), etc., while mesons are made out
* of (qq), (aqqaq), etc.”

Difficulties:

. Complicated interferences in experime Zweig: “In general, we would expect that baryons are built not only
« Can mix with ordinary meson with the from the product of these aces, AAA, bujc also from AAAAA,
numbers AAAAAAA, etc., where A denotes an anti-ace. Similarly, mesons
could be formed from AA, AAAA, etc.”
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JKCNepuUMeHTbI

The Belle detector

The BaBar Detector

” ’ Electromagnetic Calorimeter
Aerogel Cherenkov cnt. : 2 e o) Minstrumented Flux Return
SC solenoid n=1.015~1.030 ST TUand Virwca 1218 layers of RPC/LST
15T 3.5Gev & wm
CsI(T1) _—
16.x, -

e*[3.1 GeV]

- = . ay Cherenkov Detector
8 GeV‘//,' = g . Centhl Drift Chamber 144 quartz bars P —
o ; /\ir'n'all cell +He/C,H; KT p separation
AN tracking + d'E/dx.

3(4) lyr. DSSD lii/f;l}(}fg};gf;e e silicon Vertex Tracker
iy wpphrpgrrid
Tsukuba, Japan, 1999-2010 Stanford, US, 1999-2008
Peak luminosity > 2.11 x 10**sm™s™ Peak luminosity > 1 x 10%sms™!
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JKCNepuUMeHTbI

/ / Ecar HCAL Ma M5\
i SPDVPS M3 =

BESIII LHCb
Beijing, China, 2009-now CERN, 2011-now
Peak luminosity 1 x 10%3sm2s™* Peak luminosity 10%sm2s?
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£ T g

2004: start of BEPCII construction
2008: test run of BEPCII
2009-now: BEPCII/BESIII data

BESIII @BEPCII

re

: BEPCII
| Beam energy: 1.0-2.45 GeV

Relative energy spread: 5 x 10

Design luminosity 1 x 10*/cm?/s @(3770)
Achieved luminosity: 1.01 x 10%3/cm?/s(05.04.2016)

Vil.V4.LV4LO




The BESIII detector

NIM Aé614, 345(2010)

EMC: Csl cristal
e Energy resolution: 2.5% @1GeV
e Spatial resolution: 6mm

Superconducting magnet: 1 T

MDC:
« Spatial resolution: o, = 120pm

e Momentum resolution:0.5% @ 1GeV
dE/dx resolution: 6%

TOF (double/single layer scintillator):
Time resolution: 80ps (barrel)
110ps [60ps] (endcaps)

Muon ID:
9 layers RPC (8 for endcaps) in the flux-
return yoke
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Data taking

BEPCII Status

e+ e- TCB1 @) OFF
Energy(GeV) 1.8496 1.8497 IS
~ ~ nj.State iti
Current(mA) 655.9 671 ) SR
Life(Hrs) 2.16 2.4 Repetition Rate(Hz) 50
InjRate(mA/min) 0 0 Op.Mode Colliding
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STOP.
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Physics @BESIII

Light hadron spectroscopy

Charmonium physics and XYZ states

Charm physics

R values, QCD and t physics

Exotic decays and new physics
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BESIII data sets
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The BESIII Collaboration

Political Map of the World, June 1999

Europe (14)

From 2017
=" Germany: Univ. of Bochum,
' . Univ.of Giessen, GSI
2 " Univ. of Johannes Gutenberg
US (4) e Helmholtz Ins. In Mainz
" _Russia: JINR: Dlﬂ)@*‘BINP Novosibirsk Korea (1)

Univ. °f Ha“"a" " Italy: Univ. of Torlno Umv of Ferrara, Fra
Carnegie Mellion Univ. Lab Seoul Nat. Univ.
li'jn‘:i‘: ‘ff”éiﬁ.'ﬁiii‘t’é? Nethérland s KVI/Univ.. afGromngm cnin :
Uﬂi\’..ﬂf I_!!diana Sweden: uppsala U‘nl‘."...__ -' % g <~ \.‘——:"—- Ji:l[)al] (l )

IR RTT]

— Univ. of Punjab
_COMSAT ClT

India (1)

= Indian Institute of
. Technology Madras

~450 members

61 institutions from 13 countries

5 l’aklstan (2),‘* :

_ » Toky() Univ.
“China(34) © 3

IHEP, CCAST, (yU(,AS"bhandong Univ.,

~ == Uniy. of Sci. and Tech. of China

Zhejiang Univ., Huangshan Coll.
-Huazhong Normal Univ., Wuhan Univ.

~ “Zhéngzhou Univ., Henan Normal Univ.

PekKking Univ., Tsinghua Univ. ,

~ Zhongshan Univ.,Nankai Univ.

Shanxi Univ., Slchuan Univ., Univ. of South China
Hunan Univ., Liaoning Umv

Nanjing Univ., Nanjing Normal Univ.

Guangxi Normal Univ., Guangxi Univ.

Suzhou Univ., Hangzhou Normal Univ.

Lanzhou Univ., Henan Sci. and Tech. Univ.
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Results on exotic states at BESII|

» Spectroscopy of XYZ states
— Y states
— X(3872)
— Z_states

» Search for hybrid states

* Glueball search
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Charmonium system

« Charmonia - mesons consisting
of a (heavy) cc pair

* “onium” stands for similarity
with positronium

« States below open charm
threshold are well-described by
potential and NQCD models

4.4
4.2
4.0
M [GeV]
3.8
3.6
3.4

3.2

3.0

2.8¢L

- —_—p(dd21) ]

i 17 === " p(4153) -
L d039)

2" s 1, (3929)

3 "= e N
— ' (3686) 100
——) (3638

L Lot +,(3556) ]

2. h'(3526)
}** T %,13511)

r 0" ===y (3415) :
— 111(3097) _

p T data, NRQCD, Gl 1

P

D

F G

BESIII Yellow Book, 2008
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Charmonium system

5 (4700)

% 46 :_ ¥, (455 N i _:
{‘2, : - - 14430 :
. . . - 44 — (4500 - T
« Charmonia - mesons consisting £ s __ ]
of a (heavy) cc pair z 9 = - e = e -
« “onium” stands for similarity S e ew T o
with positronium ¥y T e — : =
 States below open charm NP R E
threshold are well-described by F o :
potential and NRQCD models 34 = T —
32 | i

arXiv:2212.11107

01.04.2023




XYZ states

o XYZ states are charmonia- or bottomonia-like states which are hard to
accommodate in the quarkonia spectrum because of their properties.

e X - states with zero isospin, Z - states states with isospin 1
e Y -JPC=1--states
e PDG adopted the same names as for conventional quarkonia states.

e LHCb proposed naming scheme will be discussed later.
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Y () states
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Y states

5.5
5.0

45 -

4.0
3.5
3.0
25
2.0
1.5
1.0
0.5

Y, N

-0.5
-1.0

ete~ — hadrons
[BESII, PLB 660, 315 (2008)]

w(3770)

w(4040)
w(4160)

e e e s e s ... --- ==
Y 1

e U, (A

- -
----

| T I S ISl S S [T T R

1

Ecm(GeV)

Y(3770) = 13D,
P(4040) = 338,

P(4160) = 23D,
PY(4415) = 438,

37 38 39 40 41 42 43 44 45 46 47 48 49 50

Events / 20 MeV/c?

ee” — ysm T JR

< A I L T T
BABAR e
L 10°

30 H 0
L LY b, ey
L e ‘ 103‘ Nww, w”w “f”*’ﬁ‘f 5’}’ '? i ,
- Y(4260) |\ . Yl
20 ‘ 1356738 4 42 44 46 48

PRL95,142001(2005)

JPC = 1

Entries/25_kl\/|e‘u’/c2
o

—_
(9]
T

9)]
T T T

4 45 5 . 5

M(z'my(2S)) (GeV/c?)
PRL99,142002(2007)

unnaturally strong coupling to hidden charm states
(B(y(3770)—DD) / B(y—=rt+1t-J/) ~ 500)

difficult to accommodate in conventional charmonia

spectrum

candidates for tetraquarks, molecules, hybrids...
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e+e- — ri+i-J/P at BESIII

PRL 118, 092001 (2017) 100 arXiv:2206.08554
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[, =101.4_ *3%10.2 MeV

2
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Y states at BESIII
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Y states at BESIII

ete” = D*D*~nt + c.c.
arXiv:2301.07321
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Y states in PDG 2021

Properties of the Heavy y States (PDG 2021)

—_—
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What we know now:

: | T T T T T T 1 :
a) : Belle
300 | _ *
- W’ ; v Very close do the D°D’0 threshold: My (3872) — Mpop+o = 0.01 + 0.14MeV
[45] . BW +0.19
S i N N ] v" Very narrow: [y(3872) = 0.96Zg715 + 0.21MeV
S 200 B* = K'r-J/d S v JrC =
% B . v Charged partner not found (yet) — iso-singlet state?
c I~ |
& 100 | ] v" Large isospin breaking B(X—pJ/y)= B(X—wJ/y)
X(3872) | — v Produced in B decays, in hadron collisions, in e*e—Y(4230)—yX(3872)?
B r H 1 I |_-4“’1I'-[L'|_|—"‘JJ:' _—
o Ll nw wgen g T

0.40 0.80 1.20

MUCTCEE)-M(EE) (GeV) The nature of the state remains unclear. Multiple

interpretations:
e molecular state
¢ molecule mixed with charmonium state

Belle collaboration, Phys. Rev. Lett. 91, « other options not ruled out
262001 (2003)
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X(3872) @BESIII

Observation of .
e+e_%YX(3872), X(3872)%T[+T[_J/LIJ ObServatlon Of X(3872) 9 Tto)(cl(lp )

PRL 112, 092001 (2014)

PRL 122, 202001 (2019)
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X

Events / 5 MeV/c?

o(yX(3872)= ywd/y) (pb)

(3872) @BESIII

Observation of X(3872)— wJ/y

PRL 122, 232002 (2019)

—t+— Data
—— Fit

— . X(3915
== XESQEU;
........... %o

- - - Background
Sideband

M(wJdiyp) (GeV/cd)

—+-Data
-+ BESIII 2014
— Fit

4.6

s (GeV)

Observation of X(3872)— D*°D0

PRL 124, 242001 (2020)
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%
“>- 5
[«}]
—
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(/7] [
't 15}
0 |
> 0
ITRTO):
5t
0 39 3.05
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Observation of X(3872)— wJ/y X(3872)— D*°D0O

PRL 122, 232002 (2019) PRL 124, 242001 (2020)

Fit
_ X 3915} 10

\ 3960 B M (d) l
- Bﬂ:nlfnrnllnrl
94 BESIII produces small number of
X(3872), but in a clear environment. | |

Events / 5 MeV/c?

w'IIII|IIII|II

J
85 3.9 3.95 * | BESIIl established e+e+ — Y — yX(3872) o o
5 So0.g; .
= = | BESIII can measure X(3872) branching
3 S 0.6} : : :
2 s ratios to different final states. H
1 Fo4f ;
& 30-2:‘ l m @ T11 l
5 J % of L T L
46 % . 4.4 46 3.9 3. 95
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Events/0.01 GeV

BY — Y(28)K—nt

30

T T
PRL 100, 142001 (2008){

4.3 4.55 4.8
M(my') (GeV)

« Discovered by Belle (2007)
e Confirmed by LHCb (2014)

Events/ 0.01 GeV/c?

ete” - ntan=J/¢

100 PRL 110, 252001 (2013) ~+- Daa

60

40F

— Total fit

i ---- Background fit
80

== PHSP MC

20 [

37 38 39 40
Mo (TJAp) (GeV/c?)

« Discovered by BESIII (2013)
e Confirmed by Belle (2013)

M =3899.0 £ 3.6 + 4.9 MeV/c?
=46+ 10 +£20 MeV

Z:

(o

e carries electric charge
e couples to charmonia

e natural candidate for
tetraquark or molecular
state
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ZC states at BESIII

EVENTS / 0.015 GeV/c?

Events / 4 MeV/c?

ete™ — nZ.(3900)

PRL 119, 072001 (2017)

ete™ — nt(DD*)*

M(D°D*) (GeV/c?)
PRL 112, 022001 (2014)
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— total fit
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... PHSP signal
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PRL 112, 132001 (2014)
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PRL 113, 212002 (2014)
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PRL 115, 182002 (2015)
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ZC states at BESIII
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ZC states at BESIII
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ZCS states at BESIII
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Hybrid states
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n,(1855) in radiative J/ decays to nn’

PRL 129, 192002 (2022)

4000FT———— T T T T =
Hybrids i i
. . . . — i 2 = 7
« the lightest hybrid states is believed to have & - (a) }/dof = 1.57 -
. _ _ .5_:2 i -+ Data ]
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. . [ : e — 4% ]
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Search for glueball states
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e [ntobon npeackasaH okono 50 net Hasapg,

e CywecTtBoBaHue rnobona npeackasbiBaeTcs B 60/1bLLOM 129 0t m— | °
KOJIMYeCTBE Pas/IMYHbIX NoaxoaoB K KX/, -

e [pepackasanusa Quenched LQCD ans macchl rtobona: 10 B ° %IE 4
— CKaNsipHbI (0++): ~1.5-1.7 3B ol 5 37—
— TEH30pPHbIN (2++): ~2.3-2.4 3B o 2 m— " 3 %
— nceBaocKansapHbii (0-+): ~2.3-2.6 =B S B o™ " — E“{g

Ilns ckansipHoro rabona:
e Unquenched LQCD: M=1795+60 M3B

e VHCTQHTOHHbIE BblUMCNEHNA ANA raMuabTOHMaHa KX/ B 2|
KYJIOHOBCKOM Kannbposke: M=1980 MaB Phys. Rev. D 73, 014516
e YpaBHeHusa [lancoHa-LLBuHrepa n bete-Connurepa: 0 ‘ ' ' ' 0
M=1850+130 M3B i '+ +' -
e JyanbHble Mogenn: M~1920 M3B 2 v
. LR N
J/% J/ M

PaguaumnoHHble pacnagp! J/P nageanbHo noaxoaat Ans
nomucka rno60/10B.
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J/P = YPP, YWV at BESII|

/P = ym )/ = yoo /b —=>yn'n’
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J/p = YPP, yVV at BESIII

) )
J/Y = ynn )P = yoo J/—=>yn'n
PRD 87, 092009 (2013) j PRD 93, 112011 (2016) PRD 105, 072002 (2022)
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Combined N/D fit with J/y = yPP

HaHHble BESIII Phys.Lett.B 816 (2021) 136227
PRD 92, 052003 (2015) PRD 98, 072003 (2018)
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J/U = YPP. ®neitBopHas CTpyKTypa

(events)
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L Jhy—yrtr?

15 MeV/bin

Jhy—vK K

40 MeV/bin C
L Jly—mn /
/ A
m&ﬁ 1 %M
40 MeV/bin d
Jhy—-yod
. DN
0 0.5 1.5 25 GeV

f0(1500) U f0(137o) 6 Phys.Lett.B 816 (2021) 136227
500} a S
=55 Q
ao0r © 5 M2 14832 + naGev?
s 4 a-108
2001
100} / 3l
1000 g=235° b 2t
751
1
50} my, = 1.483% + mj —m’, + naGeV*
25¢ N (1] n \ . : .
-2 -1 0 1 2 3 4
% o5 i 15 2 25 N
M., (GeV

®dnemBopHbIE CUHINET U OKTET:
‘1 _ - _
> ﬁ(uu + dc_l + s5)
> %(uﬁ +dd — 2s5)
Napei (f(1370), f,(1500)) u (f (1710), f,(1770)) pasHas nHTepdepeHumsa B Ut 1 KK
Oller, 2003: yron cmewmsaHua ans f (500) u f (980) coctaBnset (19+5)°

NHTepnpetauua: f (500), fo(1370) ,(1710), f (2020) u f (2200) - NpenmyLLLECTBEHHO
CUHINEeTHble cocToaHuA, f (980), f (1500),f (1770) ,(2100) f (2330) -
NPEenMYLLLECTBEHHO OKTETHbIE.

J/Y = yw: TeTpakeapkoBas KoMnoHeHTa B f (1770)
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J/Y = YPP. NMNapumanbHbie LWUNPUHbI POXKAEHUA ME3OHOB

Phys.Lett.B 816 (2021) 136227

J/d = yru, YKK, ynn, ynn', ywe )/ = yrm, KK, ynn, ynn', Yw® + «Y4s»
w 250 w 250
e a = b
9 200} ° M ~ 1872 M3B 2 200} e« M~ 1856 MaB
g « [ ~332M3B E e [ ~396M3B % :
g 150f ® 1507
[} [«}]
T T
E E 100
] b
50+
e .
Py — N P , , Py E—— peeeneiannas P , , .
0 50 1000 1500 2000 2500 3000 0 50 1000 1500 2000 2500 3000
M., (MeV) M, (MeV)
Haunyulas oLieHKa M = (1865 +25730) MeV T = (370 +50130) MeV
HenepTtypb6aTuBHbIN Noaxon, Pa6orta lMpenckasaHms Macchl MapuuanbHas WMprHa poxAeHUs
rno6ona (MaB) Bjrysvc = (5,8+£1,0) x 1072
Unquenched LQCD JHE1210, 170(2012) 179560
PelueTtoyHble BblYUC/IEHUA
MHCTaHTOHHbIE BblYUCNEHUS PLB577,61(2003 ~1980
( ) (PRL110, 021601 (2013))
YpaBHeHue [laricoHa-LLBuHrepa u bete- EPJC80,1077(2020) 1850+130
Connetepa By, _)yG=(3,8iO.9)>< 10°°
[lyanbHble Mogenu PRD104,034016(2021) ~1920
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N36paHHble pe3yabTratbl LHCb

BbigeneHune nepBUYHbIX M BTOPUYHBIX _
BEPLUIMHbI / pacnpeieneHne no Bpemeni .~ H2OHOB
pacnaza / nepBuYHbIe U BTOPUYHbIE /

O4apOBdHHbIE a4POHbI

Touka B3aumoaencTBuA NPOTOHOB/

OcobeHHOCTb ceveHmnn
POMAEeHUA OYaPOBAHHbIX
Y NpenecTHbIX aApoHOB
Ha BAK: Takne agpoHbl
BblneTalwT
NPEUMYLLECTBEHHO B
obnacTb manbix yrnos

o(IP) =~ 20um
op/p=04-0.6%

€track > 96 7

TPEKKPUHT

~ VAeHTUOWRALWA YacTuU, — oTOoD

 MIooHHas cuctema —
TarrMpoBaHme

EP‘JD(I‘LP} ~ 095 % %, B

HCAL

ECAL Mg MS

MisiD (K —m ~5% SPD/PS M3
Magnet

eprp(u) = 97 %
MisID (m — p) = 3 %

N Int. J. Mod. Phys. A 30,
' (2015) 153022

Cnang: A. [13t06a
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HoBasa cxeMa HAaMMEeHOBaHUA

arXiv:2206.15233

TeTpakBapKu npegnaraetcsa o6o3HavyaTb 6yKBoM T, @ NeHTakBapKu bykeon P;
K 3Tum cumBonam AonKHbl 4o6aBnATbHCA:

* BEPXHUE N HUXKHNE UHAOEKCDI, T 0(2900)"""
* macca (B ckobkax, B eanHuuax MaB/c?), csO
* 3/IeKTPMYECKNI 3apag, (BepXHUIA MHAEKC NOCAEe MacCChl);

BerHMM MHOEKCOM 0603Ha4aeTcs U30TONUYECKMUI CNUH COCTOAHWMA, a TaKXKe
4YeTHOCTb N G-YeTHOCTD, npuyem 0003HayeHun COOTBETCTBYHOT ME3OHHbLIM U
6apMOHHbIM COCTOAHMNAM

HUXHMIA MHOEKC ONUCbIBAET KBapKOBbIFI COCTaB 3K30TUYECKOIro agpoHa.

* Cumsonbl YV, ¥ n ¢ pobaBnsaoTCa AN COCTOAHUI CO CKPLITOM NPeNecTbio, 04apoBaHUEM U
CTPAHHOCTbIO, COOTBETCTBEHHO.

* CumBonbl b, ¢ n s nob6aBNAKTCA ANA COCTOAHWUIA C OTKPbLITOM NPEeNecTbio, 04apoBaHMEM U
CTPaHHOCTbIO.

* [lna TETPAKBAPKOB B HUMHUA MHOEKC ,ﬂ,OﬁaBﬂﬂeTCﬂ TaKXKe 3Ha4YeHUne CNMUHa aapoHa.

Cnang: A. [13t06a
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https://arxiv.org/abs/2206.15233

Pentaquarks
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P,(4380) and P, (4450)

[GeV?]

2
Jyp

N
o

Phys. Rev. Lett. 115 (2015) 072001

Events/(15 MeV)
w (s3] -] (o]
S 8 8 8

o
=]
o

300

6
mZ, [GeV?]

__State | Mass (MeV) | Width (MeV) | Fit fraction (%) | Significance [y

P.(4450)+

P.(4380)*

4380

4449.8+1.74£2.5

+8+29

205+18+86 8.4+0.7+4.2
39+ 5x19 4.1+0.5%1.1

Ag{
120

Run 1 data:

. two states P ¢(4380) and
P q1(4450) observed in J/yp
invariant mass spectrum;

e opposite parity and spins
3/2 and 5/2 are preferred

7.} [e]Ne)
——

=

=
> &
Ag\
I
[eN =F oY eIk~ E’Z
e

5,

—_——

01.04.2023




P ¢(4312) and P ¢(4450) split to two states

i: 18000

[aHHble Run-2 =

3 10000

LHCE

& oo -
4000 D
> 26| oo F
D E | | 0
g 5500 5550 5600 5650 57;'_1(1‘)‘?‘."‘r [ﬁga?

2
Jyp
n
N

22

20

Candidates/(0.105x0.045 GeV*)

18

|||||||||||||||||||| ||||||||||| lsaaalasan
1655335 4 45 5 55 6 65 |
m2, [GeV?]

17.03.2023 A 131062 @ 3umHaAs wkona MAAD

PAPER-2019-014
arXiv:1904.03947

Cratuctuka B Run-2 ysenmueHa B 9
pa3 (oTHocuTebHO Run-1):
YnyyweHue otbopa gaHHbIX (X2),
MHTErpasbHaa CBETUMOCTb (X3) 1
yBennymsLueecs cevyeHume (x1.5)

246k Ay, curHan \ 6.4% doH
Pa3speweHune no macce | /1p 2.3-
2.7 MeV (RMS) ans ananasoHa 4.3-

4.6 GeV
%
=1000f LHCb
o L
"',_‘5 L
(5]
£ soo:
3
& 600F
400F
: i
200F
......................
0 6 FB 5
My, [GEV]
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P (4312) and P (4450) split to two states

Phys. Rev. Lett. 122, 222001 (2019)

Run 2 data: 2D 3';~D*0

o fit of the M(J/Up) line shape, not the amplitude :
analysis

e anew state P¢(4312) is observed in J/{p
invariant mass spectrum;

—
N
o
o
|

[ — data
- — total fit :
[ — background

—
o
o
o

. P¢(4450) splits to two narrow overlaping peaks

800l
P¢(4440) and P¢(4457) [

Weighted candidates/(2 MeV)

» Confirmation of P (4380) requires full amplitude 600
analysis

400

, , 200}

State M [MeV ] I [MeV]  (95% CL) R [%] :

P.(4312)* | 4311.9 £ 0.778% | 98427737 (< 27) | 0.30+£0.07938 0 _
P.(4440)% | 4440.3 £ 1.3741 | 206 £4.9% 37 (< 49) | 1114033702 4200 4250 4300 4350 4400 4450 450,9,f55f&§§/6]00
= & e
P.(4457)" | 44573+ 0.6741 | 6.4+20% 37 (<20) |0.53+0.16701
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HoBoe neHTakBapKoBoe cocTosiHue P ¢SA(4338)°

~ 900

Ve T T T T | T T T T T T T T b Vcb c ;; FIRIIELHCF :D:It: .
>180F LHCb  Data S e e | ]
B B - = F c = 600F E

preliminary — Nominal - V’!‘C s 2 s

=160 0 fiy! — Baseline = Su

NR_ i (_ 3 0
140 + Ry 7 |
PA n P $oo 2% 5300 5350

a0k E
7 :
%1205_ __________ B%(S:kground_g | AR
S100F i * 4600 cobbITUN-KaHAMAATOB
—c% 80 - * Muk B pacnpeaeneHnn J/PYA
O 60F 3 * 3HaynmocTb >100
400 E * Henb3a obbacHUTL K*, 5,
20F 5 r
0 e o CUAS, T E ] Mp =4338.2x0.7 £ 0.4 MeV _]Pz]_/z_
4.2 4.25 4.3 435 IT'p, = 70+ 1.2 £ 1.3MeV
arXiv:2210.10346 m(J/wA) GeV -

Cnang: A. [13t06a
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Doubly charmed tetraquark
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TeTpaKBapK € ABOWHbIM o4apoBaHuem (T*_ )

Nature Communicatitions, 13, 3351 (2022)  °L 10— i T -

= N | = a5t 1 4

E 60— | LHCb . 1 4

o+ = ¢ IRCTUR E

DO @A K @/ = i %‘20 ]

X <% e | ERE: -

Ko Py g % - i 10F 3

o G‘? a+ = 400 | s ' 7

[{_ - I+ data 0 ]

301 i [ 1 DODOn 2] 1

B [ ba{‘kground —

C i total ]

- | D*+D" threshold —

o 20? + i ————  D*D% threshold ]

* Y3Kuin pe3oHaHc 0bHapyxeH B cucteme DDt - J{ | | J[ + ]

C ! ]

Me30HOB. 10~ : + #J#ﬁ}% 1%% H* {[—_

* SK30TUYECKWUI PE30HAHC C ABOWHbIM O4apOBaHUEM 0: Lo H s #r + + %

MMmeeT maccy 4yTb HMXKe nopora D *D? macc 1 . Ly
MMHUMaNbHbIMA KBAapKOBbIN cocTaB ccud. 3.87 3.88 3 89 3.9
Mppot |GeV/c?]

Cnektp macc cuctembl DDt n ero annpoKcumaums.
Ha Bpe3ke noka3aHa obnacrb curHana or pacnagos T, °.
BepTuKanbHble AMHUK 0603HAYaOT KUHEMATUYECKHNe
noporu ana nap D*D"° u D°D™ .

48

Cnang: A. [13t06a
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Tetraguark with double
hidden charm
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T, lIJ(6900)

Science Bulletin 65 (2020) 1983

T T T T T T
+ Data

LHCb ——— Total fit

Resonance

T T T
—I— Daw

213
3=

% 200 LHCb = Taotal fit

— Resonance

180 E
160 E-

—— = Theeshold BW1
m—w Threshold BW2

€ ors
— NREPS

« Anarrow structure T ¢(6900) S S Tk — s
in M(J/J/ W) is observed : - - 1T

« notable p_ dependence

e The data.ﬁtte.d under two o = N wh pEi
assumptions: Mgy, (MeVic?)

= [nterference
m Interference BW

= NRSPS

140
120

Weighted candidates / (28 MeV/c?)
g

e 3resonance fit

e interference between 2 , - ‘ 2
X — 54+ 11 4+ 7MeV/e [ X (6900)] = 6886 & 11 + 11 MeV/c
TW(6900) ~nd NRSPS m[X (6900)] = 6905 7MeV/c m[X (6900)] eV/c

[[X(6900)] = 80 £ 19 4+ 33 MeV, ['[X(6900)] = 168 £ 33 + 69 MeV.
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T, lIJ(6900)

Science Bulletin 65 (2020) 1983

assumptions:
80

o 220 —T T3+~ 220 . —
%‘ ?23 LHCh e 4 S 200F ;g s
= 160 CMS Preliminary 135 0" (13 TeV) |- i
E 14[) = [T T T T I T L | T T T T [T T T T T T ToTT T ] Interference BW
S % 180 = . = E
« Anarrow structure T, (6900) £ 20 = 1s0F- t Data —Fit =
. . o = 100 o = -
in M(J/PJ/ ) is observed ERR): 2 1401 == BW1 ' BW2[X(6900)] =
= 604 2 = -
« notable of dependence 2 4 J 120 win BW3 — Background =
ey he] - -
. o2 c 100 —
« The data fitted under two = 0 S F -
200 80— — poo 9000

e 3resonance fit 40 :
e interference between 20 TN/ 2
m[X (6 11+ 11 MeV/c
T,,(6900) and NRSPS X .
= 3
Ll 2
[[X( |5 ¢ 33 £ 69 MeV.
(] 1
2
3

3-.5 9
mJl"q.'JJ"Lp [GEV]
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3aKJ1lo4yeHue

e B agpoHHON cnpeKTpockonuu 3a nocaeaHme 20 net nosyyeH 60/bLLIoH
Habop HOBbIX HEOXKUAAHHbIX pe3ybTaToB. K HacTosAWEMY MOMEHTY He
Nnosly4yeHa UxX HaJexHas uHTepnpetaums

e JTa obnactb B3 B 6amKaniee BpeMs dbyaetr akTMBHO pa3BMBATLCA KaK
CO CTOPOHbI TEOPUU, TaK U CO CTOPOHbI 3KCNepnUMeHTa. BO3MOXHO, 3TH
pe3yabratbl OyaeT KA04YOM K yAy4lleHUIO Hawero noHnManmsa KX/, s
peXXmme CUAbHOM CBA3MW.
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Cnacmnbo 3a BHMMaHue!
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