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Teopernueckue u IKCIEPUMEHTAIbHBIEC
NEPCHEeKTUBLI B (PU3UKE aPOMATHBIX
a/IPOHOB, KBAPKOHUSA M MYJILTUKBAPKOB

OpHO W3 IEPBOCTENIEHHBIX 3a1a4 aJPOHHON (PH3UKH
SIBJISICTCSl U3YUCHUE IMPUPOALI caMHX aapoHoB. [Tostomy
OCHOBHAsl IIeJIb WCCJIENOBAaHMI CBsi3aHa C JByMs (yH-
JaMCHTaJIbHbIMU BOHpOC&MI/I: N3 Y€Tr0 COCTOAT aApOHBbI
1 KaK OHM poXparoTcss B pamkax KXJ| — cubHOB3an-
MozeiicTBytomieit  komroHeHTbl CTaHaapTHOW Mojen?
AJIpoHHAs CHEKTPOCKOMMS SIBIISIETCSI TTOJIE3HBIM M IIPOBE-
PEHHBIM BpPEMEHEM HMHCTPYMEHTOM Ayt moHnManust KX/
OKCepUMEHTANbHbIE UCCIEIOBAHUS CTPYKTYpPhl M CIICK-
Tpa apoOHOB B MpOIEccax aApOH-aJPOHHOTO PACCESHHS,
(hOTOH-, ME30H- M ANEKTPOHHOTO POXKJICHHUSI M3 HYKIOHOB
Ha MHpPOBBIX YCTaHOBKax MNPHUBEIN K OTPOMHOMY POCTY
MMEIOIINXCS JTAaHHBIX, KOTOPBIE 3HAYUTENBHO YITyUIIMIH
Hallli 3HAHUSI O CIIEKTpe OapHOHOB U ME30HOB, YCTAHOBHB
IpPU 3TOM CYIIECTBOBaHME HOBBIX (opm Mmarepuu [1, 2].
Hecmotpst Ha 310, MHOTHE OOHAPYKEHHBIE COCTOSIHHUSI OCTa-

I0TCs1 3araJIOYHBIMU U HE HAXOJSIT OTHO3HAYHOM HHTEpIIpe-
TaIMX B PaMKaX CYIICCTBYIOIINX TEOPETUUCCKUX MOJICIICH.
D710 CTUMYIHUPYET AalbHEUIINe TIOMCKH, UICH U MOIXOJIbI
JUIsT BBSICHEHHMsI uX Tipupozs [3, 4]. CyrectByroriuie Kc-
MepUMEHTaJIbHBIE YCTaHOBKH, Takue kak BES-111, Belle 1l u
LHCb, a Taxxe crposuuecs FAIR, NICA u moxepHusupo-
BanHas Bepcust J-PARC npencrasisitor coboii moaxosiiye
HWHCTPYMEHTBI JIJISI IOCTHKEHHST YKa3aHHOMN LIEITH.
HccrienoBanue TSHKEIBIX apOMATHBIX aJpOHOB U Yap-
MOHUENONOOHBIX COCTOSHHUM SABISIETCS OXHMM M3 Hanbo-
Jiee aKTyaJbHBIX M IMEPCIICKTUBHBIX HAIPaBICHHHA B CO-
BpPEMEHHOU (hpHU3HKE IMEeMEHTapHbIX YacTull. IMeHHO oua-
POBaHHBIN KBAapK pacrioiaraeTcs B He COBCeM Onarorpu-
STHOW 00JIACTH MAcC, MOCKOJIBKY HE SIBJISICTCS HU JICTKUM
KBapKOM, Ui KOTOPOTO OMpaBaHa [[BETOBAsi CHMMETpUSI,
HU JOCTATOYHO TSDKEIBIM IS TOTO, YTOOBI MOXKHO OBLIO

M. Yu. Barabanov, A.S. Vodopyanov, A. Kisiel

Theoretical and Experimental Challenges
in Flavor Hadrons, Quarkonium

and Multiquark Physics

One of the primary efforts in hadron physics is to
understand the nature of hadrons. Therefore, a great deal
of research activity revolves around two fundamental
questions: what constituents are the hadrons made of and
how does QCD, the strong interaction component of the
Standard Model, produce them? To understand the mea-
surable content of QCD, hadron spectroscopy is a valuable
and time-tested tool. Experimental investigations of had-
ron structure and spectrum via hadron-hadron scattering
processes, photon-, meson- and electro-production from
nucleons at facilities worldwide have produced an enor-
mous growth of available data that vastly improved our
knowledge of baryon and meson spectrum, establishing
the existence of new states of matter [1, 2]. Even so, many

observed states remain puzzling and cannot be uniquely
explained in the framework of the existing theoretical ap-
proaches. This stimulates and motivates for new searches
and ideas to understand their nature [3, 4]. The existing fa-
cilities and experiments: BES-I11, Belle 11 and LHCb, and
the planned ones: FAIR, NICA and the J-PARC upgraded
represent excellent tools to this end.

The physics of heavy-flavor hadrons and charmoni-
um-like mesons is one of the most relevant and promising
areas in modern particle physics. The charm quark, in par-
ticular, sits in an uncomfortable mass region as it is neither
a light quark for which a flavor symmetry extension is jus-
tified, nor is heavy enough to allow for a reliable heavy-
quark expansion and associated factorization theorems as
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WCTIONB30BaTh TPOBEPEHHYIO TeopeMy (PaKTOpHU3aIIHH,
KaK B cllyyae MpeJIeCTHOTO KBapKa. DTO MPHUBENIO K TOSB-
JICHUIO Pa3JIMUHbIX MOJIEJICH JIJIsl OITMCAHMsI CIEKTpPA TshKe-
JBIX aJJPOHOB, WX PACIaJOB, OCIIULIANNN U (opMPaKTo-
POB, Cpeih KOTOPBIX PENATUBUCTCKAE KBAPKOBBIE MOJIETIH,
npasuia cyMMm KXJI, a3 peKTrBHBIC KBAPKOBBIC TIOIXOIBI,
KX/I Ha pemeTke, HenmepTypOaTHBHBIC MOAXOMBI, TaKHE
kak ypaBHeHus [laiicona—IlIBunrepa n bere—Conmmurepa,
moznemn Ham6y—ona-Jlasunno, a Takxe >heKkTHBHbIC
JIaTpaHKUaHbl 1 MOJICIIH CBS3aHHBIX KaHAJIOB.

C npyroil CTOPOHBI, SKCHEPUMEHTHI 1O AAPOHHON
CIICKTPOCKOIIMU HaXOAUJIMCh B LICHTPE BHUMAHUA (l)I/I3I/IKI/I
MPOLIOro cTojeTHst. X pe3ynbTarhl MpuBeld, HampuMep,
K Pa3BUTHIO KBAHTOBOW MEXaHWKH W aTOMHOU (DU3UKH, a
TaKke KBapKoBOW Mmomenu. OmHako, eciu Obl MBI JeH-
CTBUTEJILHO TIOHUMAJIHM CUJIbHOE B3aUMOJICICTBHE, aipOH-
Hasl CIIEKTPOCKONHS Ka3anach OBl CKOpee CKYYHBIM, YeM
MEePCNEKTUBHBIM 3aHATHEM. B NeMCTBUTEIBHOCTH JEJ0
00CTOUT HA0OOPOT: B TO BPeMsl KaK IKCIICPUMCHTATIBHBIC
7 TCOPETUYECKIE UCCICAOBAHMS CTAHOBATCS OoJiee yTOH-
YEHHBIMH M CIIOKHBIMH, KOJMYECTBO HEPEUICHHBIX IIPO-
onem yBenunuuBaeTcs. Jlaxke, Ka3aaoch Obl, XOPOIIO H3Y-
YEHHBIE COCTOSIHUS C TSDKEJIBIMU KBapKaMU MPOJIOJIKAIOT
MIPETIOTHOCUTh MHOYKECTBO CIOPIIPHU30B. DTO YKa3bIBaeT
Ha TO, YTO HAllI€ ITIOHUMAaHHUEC JHUHAMUKH BSaHMOﬂeﬁCTBHH

Ha OOJBIINX PACCTOSHHAX BCE €Il HaXOAUTCS Ha JIOBOJIb-
HO NPHUMHUTHUBHOW CTAJMH, U HAM €II[¢ MHOTOE MPEICTOUT
y3HATh U3 OYAyIIHX IKCIEPUMEHTOB 110 CIIEKTPOCKOIIUH.
B wactHocTH, HOBBIE (DOpPMBI Marepuu, TaKHe Kak
MYJIBTHKBApKOBBIC COCTOSIHUS, TIIFO0O0JBI WM THOPHIBI,
CIIOCOOHBI yIIIyOUTh HAIIW 3HAHUS O CHIBHOM B3aUMO-
JICUCTBHH U a[pOHHOU MaTepuu. B aToM cMBbIciie Oyayiue
SKCIIepUMEHTalIbHbIe ycTaHOBKH FAIR m MmomepHU3npo-
BanHas Bepcus J-PARC OynyT ciryxutb XYZ-pabprukamu,
MIPOM3BO/ISIIIMHI HE TOJIBKO MHOXKECTBO HEYJIOBUMBIX CO-
crosiuuii, Takux kak X(3872) wnu Z¢(3900)*, Ho u MHO-
rUX ApYyrux ¢ OGecrnpeneneHTHO# craTucTHkod. dusnka
D-Me30HOB Taxke NPONOKUT CBOE PAa3BUTHE, IOCKOIb-
Ky KBaHTOBble uucna Mezonos D*(2007)0, D*(2010)%,
Dy(2317)*,  Dy(2420)*, Dg(2536)*,  Dy(2600),
D*(2640)*, D.3(3040)*, manpumep, 10 CHX TIOp OXKHIA-
0T 9KCIEPUMEHTANBHOTO MOATBEPXKICHUS H SBISIOTCS
OOBEKTOM ITOBBIILICHHOTO HHTEpEeca Ul 3KCIEPHMEHTOB
BES-1Il u PANDA. Beicokasi paspeinaroiiasi Crocoo-
HOCTb OYIYIINX YKCIIEPUMEHTAIBHBIX YCTAHOBOK IT03BO-
JIAT BBINOJHUTH NPCHHU3UOHHBIC W3MCPCHUA JIMHENHBIX
pasMepoB ITHX YACTHIl, B KOHEYHOM MTOIE BBISBIISS HX
HUCTHHHYIO IPUPOAY, @ UMEHHO BBIICHHUTb, SBIISIOTCS JIH
OHHU ME30HaMH, TeTPaKBapKaMH WIIH aIPOHHBIMU MOJIe-
kysiamu [5, 6]. C apyroit CTOPOHBI, CTPYKTYpa aIpOHOB H

for the beauty quark. Various complementary theoretical
tools have emerged to determine the heavy hadrons spec-
trum, their decays, oscillations and form factors; among
them are relativistic quark models, QCD sum rules, heavy-
quark effective theory, lattice QCD, nonperturbative con-
tinuum approaches such as Dyson—-Schwinger and Bethe—
Salpeter equations and Nambu-Jona-Lasinio models, as
well as effective Lagrangians and coupled-channel models.

On the other hand, spectroscopy experiments were at
the heart of physics in the past century. Their results led, for
example, to the development of quantum mechanics and
atomic physics, but also to the quark model. However, if we
really understood the strong interaction, hadron spectrosco-
py would nowadays be a dull rather than a challenging en-
terprise. In fact, the contrary seems to be the case: while the
experimental and theoretical studies become more refined
and complex, the open problems are emphasized. Even the
heavy-quark states that were thought to be well understood,
have continued to produce many surprises. This indicates
that our understanding of long-distance dynamics is still at
a somewhat primitive stage, and we still have a great deal
to learn from future spectroscopy experiments.

In particular, new forms of hadronic matter like mul-
tiquark states, glueballs or hybrids will deepen our under-

standing of the strong interaction and hadronic matter. In
this context the future experimental facilities such as FAIR
and J-PARC upgraded will not only be a XYZ-factory pro-
ducing copious amounts of elusive states like X(3872)
or Z.(3900)* but many others with unprecedented statis-
tics. D-meson physics will also be pursued, as the quan-
tum numbers of the D*(2007)°, D*(2010)*, Dg,(2317)*,
D4(2420)*, D431 (2536)%, D;(2600) , D”(2640)%, D43(3040)*
mesons, for instance, still await experimental confirmation
and are of strong interest for the BES-I11 and PANDA ex-
periments. The high resolution of future facilities will also
allow one to make precision measurements of line shapes
of these particles, eventually revealing their true nature,
namely whether they are mesons, tetraquarks or hadronic
molecules [5, 6]. On the other hand, the structure of had-
rons and their formation imply the even deeper question
of how confinement is realized in QCD. From a different
viewpoint, one may likewise ask under which conditions
hadrons can be deconfined using temperature and density
as parameters. To this end, the existing heavy-ion collid-
ers, as well as the forthcoming ones such as NICA, repre-
sent the primary source to shed light on the phase diagram
and deconfinement.
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mporecc uxX (GOpMUPOBAHUS MOIPa3yMeBaloT emie Ooee
CJIOKHBIM BOIIPOC O TOM, KaK B JICHCTBUTCIHLHOCTH pea-
mu3yercsa koHpaiameHT B KX /1. Bompoc MoxHO mocra-
BHTH ¥ MHAYE, UCITIONB3YsI B KAUECTBE ITAPAMETPOB TeMITe-
parypy W IUIOTHOCTb: IPU KaKUX YCIOBHSIX PCaTH3yeTCs
nexoH(paiaMeHT? CyIecTBYIOINE KOJUTAWIEPHI TsKe-
JIBIX UOHOB W Oymymiue koytaitaeps!, Takue kak NICA,
MIPENICTABIAIOT COO0I 0CHOBHOW MCTOUYHHUK, KOTOPBIA MO-
JKET TPOJIUTh UCTUHHBIN CBET Ha (DAa30BYIO AMATPaMMY U
nexkoH(aHMEHT.

DKCIEPUMEHTBI C MPOTOH-IIPOTOHHBIMUA M IPOTOH-
SIIEPHBIMHU  CTOJIKHOBEHUSIMU C SpN o 27 I'»>B u cBe-
tiMocTbio L mo 1032 em2-¢7L, mwranupyemsie Ha NICA,
MOTYT CIOCOOCTBOBATH M3y4eHUIO CTPYKTYphl X(3872) u,
BO3MOXKHO, HEKOTOpPHIX Apyrux XYZ-me3o0HOB. B skcrme-
pUMEHTaX POXKIACHMsSI BOJW3M 1Mopora B 00JacTH SHEPruid
TopsiKa m ~8 B 1nomo0HBIC COCTOSIHUS MOTYT PO-
JKIAThCS C XapaKTEPHBIMH KHHETHYCCKHUMH JHEPTHSIMHU
OKOJIO HECKOJIbKUX COTE€H METadjIeKTPOHBOJIBT B CUCTEME
meHTpa Macc. CormacHo Hanbolee JeMOKPATUIHOW HHTEP-
nperaiu X(3872) npencrapisier THOPHUIHOE COCTOSIHUE
C OMHHHPYIOIIEH MOJEKYISPHOW KOMIOHEHTO# [7, 8].
ITockoTbKY BEpOSTHOCTD BEKUBAHUS MTOJOOHOM «MOJICKY-
JBI» C pa3zMepoM Ims ~ 9 M BHYTPH SICPHOTO BellleCTBa
OYCHBb Majia, € POXKJICHHC Ha SACPHON MUILICHH C pa3Me-

The experiments with proton—proton and proton—nu-
clei collisions with /S,y up to 27 GeV and luminosity
L up to 1032 cm=2.s71 planned at the NICA facility may
be suited to test the structure of X(3872) and, possibly,
some other XYZ mesons. In near threshold production
experiments in the \/%zS GeV energy range, these
states can be produced with typical kinetic energies of a
few hundred MeV in the center of mass system. Following
the most democratic interpretation, X(3872) represents a
hybrid structure with a most dominant molecular compo-
nent [7, 8]. Since the survival probability of an ry,s ~ 9 fm
“molecule” inside nuclear matter should be very small,
its production on a nuclear target with r,ns~5 fm or more
(A~60 or larger) should be strongly quenched. Thus, if the
hybrid picture is correct, the atomic number dependence of
X(3872) production at fixed /S,y should have a dramati-
cally different behavior than that of y’, which is long-lived
compact charmonium state (see the figure).

Few years ago the Memorandum of Understanding
was signed between the Joint Institute for Nuclear Research
(JINR) and the European Centre for Theoretical Studies in
Nuclear Physics and Related Areas (ECT*, Italy). ECT*
provides dedicated and structured combination of scientif-
ic activities for a large international scientific communi-
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POM Fyms~5 M 1 Gostee (A~ 60 u Gomee) GyeT CHITBHO 1O~
naBieHo. TakuM oOpa3zoM, ecrnu THOpHUIHAS UHTEpIpeTa-
st X(3872) BepHa, TO 3aBUCHMOCTh POJKICHHUSI OT aTOMHO-
ro HoMepa sipa npu (PUKCHPOBAHHOM 3HAYCHHH SHEPIUH
‘/ﬂ Oy/leT HOCUTh COBEPIICHHO WHOI Xapakrep, Hexe-
7 JUts citydast, koraa X(3872) npencrasisier co6oi 10iro-
JKUBYII[EE KOMIIAKTHOE COCTOSTHUE YapMOHHS ' (PHCYHOK).

Beepxy: poxxaenune X(3872) Ha npoTOHHON MHUIICHH (Fyms~ 1 hm).
Buano, uro X(3872) nokumaer o6iacTh B3aUMOIENCTBHS 10
TOrO, Kak chopMHpyeTCsl CBSI3aHHAS DD -KOMIOHEHTa. Buugy:
pokenne X(3872) na sjepHoit MuiieHd. BuaHo, 4To Hajau4ue
SZIPHOTO BelIeCTBa HapyaeT KorepeHTHoCTh (<200 k3B) mMex-
1y OT/ebHO BhIpaskeHHbIMH DO- 1 D" -cocrosmusmu (n306pa-
JKEHO MyHKTUPHOW JIMHHEH)

Top: X(3872) production on a proton target (r,ms~1 fm). Here
X(3872) escapes the target region before it establishes a signifi-
cant DD~ component. Bottom: X(3872) production on a nuclear
target. Here the presence of nuclear material disrupts the coher-
ence (<200 keV) between the well-separated D9 and D ° states
(represented by the dashed line)

ty. It promotes coordination of research efforts in nuclear
and hadron physics and the related areas. Following the
Memorandum, the two institutions will seek further oppor-
tunities to cooperate in the scientific research.

In 2019, it was decided by the ECT* Scientific Board
and the current ECT* director at that time, Prof. Jochen
Wambach, to hold an international workshop on this import-
ant and relevant topic entitled “Theoretical and experimen-
tal challenges in flavor hadrons, quarkonia and multiquark
physics”. The Scientific Board approved the international
organizing committee. To introduce and promote the top-
ics of the incoming events to a wider audience, ECT* has
proposed the series of “colloquia style” presentations. The
recorded presentation of the topic related to the workshop
is available on the website https://youtu.be/XweiOlqg6VvIA.
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Heckonbko et Ha3ax OBUT MOAMUCAH Me-
MOpaHIyM O B3auMonoHnMannu mexay OSSN
u EBponeickuM IEHTPOM TEOPETHYECKUX HC-
ClIeZIOBaHWH B OONACTH sAepHONH (GU3UKH H
cMmexHbix o0mactsax (ECT*, Wramus). ECT*
o0ecrieunBaeT IEJICHANPABICHHYIO H CTPYKTY-
PUPOBAHHYIO HAYYHYIO JEATEIHHOCTH B MHUPO-
BOM Hay49HOM cO0O0IMIecTBe. ITO CIIOCOOCTBYET
KOOPIMHAIIMN YCUJIMA B 00JAcTH SIIEPHON W
aapOHHON (H3MKH, a TakK)Ke B CMEXHBIX 00Ja-
CTSIX. B COOTBETCTBHM ¢ MEMOPaHIYMOM IBE
HayYHBIC OpTaHU3aINHU OyIyT MCKAaTh AabHEN-
IITH€ Ty TH COTPYIHUYECTBA B 00TACTH HAYIHBIX
HUCCIEIOBAHUMN.

B 2019 r. Yuensrii coBer ECT* coBmect-
HO C JEUCTBYIOIIMM B TO BpPEMS ITHUPEKTOPOM
nenTpa npodeccopom M. BamGaxoM mpuHsiIM
pelIeHne MPOBECTH MEXKIyHapogHOe padodee
COBEILAHUE 10 ITOM BAKHOM M aKTyaJbHOU Te-
MAaTHKe O]l Ha3BaHUeM « TeopeTHdecKne 1 K-
TIepUMEHTANIFHBIE TIEPCTICKTHUBEI B (PH3UKE apo-
MaTHBIX aJPOHOB, KBAPKOHHS M MYJIBTHKBap-
KOB». BB yTBEpXkKIE€H MEKAYHAapOAHBIA Opr-
KOMUTET. YTOOBI TTO3HAKOMUTH ITHPOKYIO ayIn-
TOPUIO C TEMATUKOM MPENCTOSALINX COBEILIAHUH,
ECT* npeanoxuii cepuro Mpe3eHTaIHii B CTUIIE
KOJUTOKBMYMOB. 3amcaHHast Ipe3eHTaIHs, CBSI-
3aHHAs C TEMaTUKOW COBEIIAHWs, TOCTYITHA I10
ceouike https://youtu.be/XweiOlg6vIA.
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