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|Instead of Introduction '

S.L. Olsen, T. Skwarnicki, D. Zieminska, Rev.Mod.Phys. 90, 015003 (2018):

“This nearly total disconnect between the hadrons that we
observe in experiments and the quarks and gluons that appear
in the theory is a problem of large proportions in particle

physic5.3 This is what we refer to as the “QCD dilemma. In
addition to the intellectual dissatisfaction with a theory that
is not directly applicable to the particles that are used and
detected in experiments, there is also a practical problem in
that many SM tests and searches for new physics (NP) involve
strongly interacting hadrons in the initial and/or final states of
the associated measurements.’

'As Frank Wilczek put it in a recent interview (Wilczek, 2016):
“We have something called a standard model, but its foundations are
kind of scandalous. We have not known how to define an important
part of it mathematically rigorously,...”
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|Models of Hadron Production '

MODELS FOR NONSTANDARD HADRONS

(from Olsen, Skwarnicki, and Zieminska, REVIEW OF MODERN PHYSICS, VOLUME 90, JANUARY-MARCH 2018)
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+QCD hybrids (also glueballs)
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+Kinematically induced resonance-like
mass peaks (such as, e.g. threshold cusps)
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| General '

e What is behind the nice pictures above: how distinguish

different possibilities experimentally - a question to theory?

e Strong interaction was deprived attention lately

compared to C'P violation, v physics, astroparticle physics

e In the light meson sector:
Many “extra” states (e.g. scalars), which of them are “exotic”?
Mesons between 2 and 3 GeV, high-spin states
Rather old (LASS) studies of strange mesons

e In the heavy meson sector a variety of new states with exotic properties

among heavy quarkonia, but scarce knowledge of open-flavour mesons
(D**, Dsj, B**, Bsyj)

e Situation with baryons is far from satisfactory

S.Eidelman, BINP /LPI p.4/45
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|Hadrons with Light Quarks '
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|e+6_ Colliders — 1 '

| ST T T Y N N S
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CMD-3 Detector SND detector
VEPP-2000 will run in the c.m. energy range 0.3-2 GeV for another 7-10 years

Cross sections of ete™ — hadrons as an input for the (g — 2), problem
Dynamics of multihadronic production of mesons

p, w, ¢ and their excitations

Cross sections near the NN threshold
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|e+e_ Colliders — 11 '
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BaBar
BaBar

Strong interaction of nucleons in the Paris potential convolved with
c.m. energy spread of 0.95 MeV and radiative corrections explains all o’s
A.I. Milstein and S.G. Salnikov, Nucl. Phys. A977, 60 (2018)

R.R. Akhmetshin et al., Phys. Lett. B794, 64 (2019)

Is the effect o« B in pp annihilation?

The effect of strong interaction of NN near threshold
is common for ete™, J/v¢, D and B decays

p.7/45
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|e+e_ Colliders — II1I '

The Belle Il detector

Resistive Plate Gounter (barrel outer layers)
Scintillator + WLSF + MPPGC (end-caps, inner 2 barrel layers)

Kt and muon detector: ]

EM Calorimeter:
Csl(Tl), waveform sa

\

electron (7 GeV)

ticle Identification:
e-of-Propagation counter (barrel)
P Prox. Focusing Aerogel RICH (fwd)

Beryllium beam pipe:
2 cm diameter

5, = . positron (4 GeV)

| Fé /
Vertex detector: / %’A

2 layers DEPFET + 4 13 SD 7}
— % -

Central Drift Chamber:

He(50%):C2Hs(50%), Small cells,
long lever arm, fast electronics

Readout (TRG, DAQ):

Max_ . 30kHz L1 trigger

=100% efficient for hadronic events.
AMB (PXD) + 100kB (others) per event
- over 30GB/sec to record

Offline computing:
Distributed over the world via the GRID

First new particle collider since the LHC
(intensity rather than energy frontier; ete- rather than pp)

arXiv:1011.0352 [physics.ins-det]

BESIII Detector

The c.m.energy range: 2-4.6(4.9) for BESIII, 9-11.02 (7) for Bellell
Study of dynamics in multihadronic processes using ISR, vector meson decays in

the ¢ and T families, baryons of light quarks, some baryons with charm

S.Eidelman, BINP /LPI p.8/45
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|e+e_ Colliders — IV '
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Bellell and BESIII will strogly improve the BaBar measurements
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|€+€_ Colliders — V (R measurement at KEDR)

R

* ADONE-pm ® KEDR
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1.84-3.05 GeV R = 2.225 4+ 0.020 + 0.047 (Rpqcp = 2.18 £ 0.02)
V.V. Anashin et al., Phys. Lett. B770, 174 (2017)
3.05-3.72 GeV  Ruaqs = 2.204 + 0.013 £ 0.030 (Rpqcp = 2.16 £ 0.01)
V.V. Anashin et al., Phys. Lett. B753, 533 (2016); B788, 42 (2019)
Total (syst. error) 3.9% (2.4%) at low, 2.6% (1.9%) at high /s
R measurement from 5 to 7 GeV in progress

Confirmation by BESIII awaited impatiently

S.Eidelman, BINP /LPI p.10/45
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|Lepto— and Hadroproduction '

EM calorimeter

shlik technology, /— Cherenkov counter
ligh granularity structut

beam Cherenkov counters
ounters with different threshold

G

Coverage: 1° < 0 < 120°,all ¢ counter
Tracking: (i,,/[) ~1%—5%
Calorimetry: o, /E ~ 6%/\/E +2%

Liquid Hydrogen Target

" \
diamond forward drift magnet yoke —)
IgNnetic d

barrel  time-of
calorimeter -flight

beam line

drift tubes stations wired chambers

tagger magnet

tagger to detector distance
is not to scale

VES COMPASS
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lT lepton as a Source of Resonances '

e A pure laboratory to test Standard Model

e All three basic interactions are probed:
electromagnetic production in eTe™ — 7777, weak decay,
strong form factors in hadronic decays

e Low decay multiplicity = smaller combinatorial BG

e Each hadronic decay is saturated by a single resonance:
21, 4dm, nmm —p+p 4+ ..., 37 — a1(1260) + a] etc.

e At T(4S) o(ete™ — 7777) ~0.9 nb, so 1 ab™! gives ~ 10 777~ pairs

e Bellell will collect a data sample
3 orders of magnitude higher than CLEO

S.Eidelman, BINP /LPI p.12/45
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7 Decay to Three Pions and a;(1260)

e Current values of mass and width show a high scatter of values

caused by different parameterizations
e Determination of decay dynamics (pmw, om, KK*, ...)

e More light on a;(1420) and possible a} at 1640 MeV

S.Eidelman, BINP /LPI p.13/45
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m1(1600), nm, n'nr

@ Only single 1~ "-wave pole required to describe peaks at
14 and 1.6 GeV/c?
@ Mo = (15'54 fEI*’-lstﬁL = = 8653«5,) MEVKCZ
o I = (492 £ 54 gt % 1025y5) MeV /c?
o Consistent with 71 (1600)
o First measurement of pole parameters of 1 (1600)

@ Raises doubts about existence of 7r1(1400)

Rodas et al., Phys.Rev.Lett. 122, 042002 (2013)

What can be learned about the n7m and n’m systems from the combined analysis of
the n(n')r 7~ system in eTe~ (CMD-3, SND, BESIII),
photoproduction (GlueX) and 7 decays (Bellell)?

S.Eidelman, BINP /LPI p.14/45
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| Vectors '

menu_gluex_dirc - menu_gluex_dirc.pdf - Mozilla Firefox
File Edit View History Bookmarks Tools Help

J [ menu_gluex_dirc- m... x \+

# (€ ) ® a | https://halldweb.jlab.org/DocDB/0040/004075/006/menu_gluex_dirc.pdf
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Expected DIRC performance

BESIIl: J/v» — nontn™

GrueX” Simulation

Y (2175) — ¢mtm™

Events/(0.02 GeVi?)

21 22 23 24
M(91,(980))(GeVic?)
PRD 91, 052017 (2015)

Kaon momentum (GeV)

Existing TOF
40 K/m Separation

PR SNt .slo PR Y 410 PR
Kaon polar angle (degrees)
* Significantly extends reach in search for exotic hadrons

(hybrid, multi-quark, etc.) containing strange quarks

MENU 2019 Justin Stevens, WILLIAM & MARY 35

v
@ It looks like you haven't started Firefox in a while. Do you want to clean it up for a fresh, like-new experience? And by the way, welcome back! Refresh Firefox...| x

Properties of excited vector mesons (p’, w’, ¢') are known badly
Strong evidence for the p’ at 2.2 GeV, Is ¢(2170) normal? w’

S.Eidelman, BINP /LPI p.15/45
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|K ¢ Mass Spectrum at Belle '

K~(892) PDGO7 [9gap)

R AR RTALEKS
0.8 1 1.2 1.4 1.6 885 887.5 890 8925 895 897.5

Vs, GeV/c? I\/IK*—(892), MeV/c?

The Mg, spectrum is well described by
the K*(892), K}(700) (k) and K}(1430) (or K*(1410))
M(K*(892)7) = (895.47 + 0.20 £+ 0.44 + 0.59) MeV
['(K*(892)7) =(46.2+0.6 +1.0£0.7) MeV
Are masses of K** and K*? different?
D. Epifanov et al., Phys. Lett. B 654, 65 (2007)

S.Eidelman, BINP /LPI p.16/45
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|Spectroscopy of K*’s '

About 3.5% of 7 decays are with kaons

August 16-21, 2019

State Jr Mass, MeV Width, MeV Decays

K (700)(k) | 0T 824 4 30 470 % 50 Kr
K*(892) 1~ 891.66 + 0.26 50.8 + 0.9 K
K1(1270) | 17T 1272+ 7 90 =+ 20 Knr
K;(1400) | 17 1403 £ 7 174+ 13 Knm
K*(1410) | 1~ 1414 £+ 15 232 4 21 Krm, Kn
K3 (1430) | 0 1425 £ 50 270 =+ 80 Kr
K3(1430) | 27 1425.6 £ 1.5 98.5 + 2.9 Kr, Krrm
K(1460) | 27 | 1482.40 +3.58 £ 15.22 | 335.60 & 6.20 £ 8.65 K*m, Kp
K(1580) | 2~ ~ 1580 ~ 110 K*m, K5(1430)7
K1(1650) | 17T 1650 £ 50 150 &£ 50 Ko
K*(1680) | 1~ 1718 £+ 18 322 4+ 110 Kn, Kp, K*r

12 more resonances from 1780 to 3100 MeV are badly studied

S.Eidelman, BINP /LPI
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K? Factory (KLF) at JLAB

SLAC 16 GeV

Tl Hall-D beamline and GlueX Setup
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|/<; properties at KLF '

Mass and width of the KF(700) (k)
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100 days of running

Measurement with KLF will reduce:
Uncertainty in the mass by a factor of two!

Uncertainty in the width by a factor of five!
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|Hadrons with Heavy Quarks '

S.Eidelman, BINP /LPI p.20/45
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| Main Players '

In addition to BESIII, Belle/Bellell, LHCbh, ATLAS and CMS,
there are also Super-c-7 factories and PANDA

I Target System Solenoid  Muon Dipole FTOF FRS LMD
Magnet System  Magnet

Barrel MVD STT Barrel GEM FE Disc FTS FRICH FSC
DIRC & TOF EMC EMC DIRC

pp — c¢ has high potential (all J* accessible)
Two difficulties — one should know the precise mass of a narrow state,
and PANDA can start too late (close to 20307) after Bellell and LHCb

S.Eidelman, BINP /LPI p.21/45
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|From Belle to Bellell '

T lintegrated luminasity
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Analyses of the first data are in progress,

the first paper on luminosity measurement will be soon submitted to CPC
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|LHCb upgrade - I '

Side View Tungsten

——— ECAL
Magnet & oo M3

Magnet Stations  geiFi TORCH  shicicing
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Tracker
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Phase-1l Upgrade
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|LHCb upgrade - 11 '

We are

here
I T T T T T VN VAR, U S, T RS W - = S, ~ S, VRN, PR
T T ¥ A " Py T T M M
R A A A A i i A

! !+ ! !t 7+ | ‘[ [ [ ! | | |

Install LHCb Upgrade Potential ‘stepping stone’ HL-LHC:

(Phasel) projects to prepare for Phase Il upgrade
Phase Il
Current detectnb Phase-1l ?
L=4x1032cm2s1 L=22x108¥cm2s!  (5x%) L=2x10*cm 257! (50x)
1.1 visible interactions 5.5 visible interactions 55 visible interactions
/ crossing / crossing / crossing
8 fb! collected 50 fb! collected 300 fb! collected

S.Eidelman, BINP /LPI p.24/45
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|LHCb upgrade - 111 '

LHCb

Decay mode 23fb~! 50fb~! 300fb!
Bt — X(3872)(— Jivmatn )KT | 14k 30k 180k
Bt — X (3872)(— v(29)y)K* 500 1k 7k
B — (28)K~nt 340k 700k AM
Bt — DI DYDY 10 20 100
A} — T pK ™[] 680k 1.4M 8M
E,— Jhp AK™ 4k 10k 55k
Eft 5 ATK ntat 7k 15k 90k
Er— JWES 50 100 600
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|LHCb upgrade - IV '

§ - . -+ LHCb3fb! -
T r LHCDb 4+ LHCb 300 by
<N 0.2~ + . simulation 7]

i . —Breit-Wigner ]
g i JB L M ao = 4475 MeV |

r =172MeV ]

7 (4430)

-0.4 -0.2 0 0.2
Re Az 4430y

S.Eidelman, BINP /LPI p.26/45



HADRON19, Guilin

August 16-21, 2019

Study of Charmonium-(like) States — I
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Z(4200)" i
Z,(4050) -

Z..(4020)" >
Z.(3900)"

2002-2016 Discovery of
18 exotic charmonium states
All of them above open charm threshold

|
3__JPC
’ [F. Naxnosa, HoBocnbupck, 19 gekabpa 2017]

Dots — good old guys,

Exotic because of the too large number of states with given I¢.JF¢
or unexpected decay pattern (J/¢m™

Dots — new states matching Quark Model

Dots — neutral, triangles — charged states, exotic?

Rectangulars — potential model predictions

S.Eidelman, BINP /LPI

7w~ instead of open charm)
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Study of Charmonium-(like) States — II

Parameters of the Peaks in e*e” Cross Sections

° F

3 2F (4160)_

£ E V(4415)_

< —

g 180 :_ O "Y(4220)"nn‘]/w
160 :_ "Y(4320)"mw/w
140 F- O a0y
120 — Y(4390)" .o

— le(4220)"
> 3 nrh,
— le(4390),l
. 3 . W\ (N D “ijr"”lhc
M3
“ :_ ‘ nDD

iz | ' | ! ! ! !
4150 4200 4250 4300 4350 4400 4450 4500

Mass (MeV/c?)

Huge data samples needed to perform a coupled-channel analysis

resulting in a consistent set of resonance parameters

S.Eidelman, BINP /LPI p.28/45
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|LHCb — J/Y¢ system '
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From a controversial Y (4140) of CDF to
Xe1(4140), xe1(4274), xc0(4500), xc0(4700) of LHCb

Once again about importance of full amplitude analysis!
R. Aaij et al., Phys.Rev.Lett. 118, 022003 (2017)

S.Eidelman, BINP /LPI p.29/45
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X (3872) Production at ATLAS

Cross section of prompt X(3872)

in pp-collision (LHC experiment)

5 T
& 102l ATLAS Y
> 10°EEE 4 4
% 3 R :35—8 1;9:(‘318;; fb -
107k o romp vl
_8_ 3
g e
= 10 4 - — =il
& F EiEE—.
Z 1p5L FATLAS data ]
= S S i)
= | Enonraco e
I 10% : -
g 3 Assumlnglx“(ZP) ‘ ) 3
E 10 20 30 40 50 6070
5 X(3872) p_ [GeV]

(JHEPO1(2017)117)

Inconsistent with pure
molecular interpretation

« Support DD* — y.,(2P) mixture
state.

— Need further information
about production and decay

* Current X(3872) total width:
[y < 1.2 MeV

S.Eidelman, BINP /LPI
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Width [MeV]
M
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Determination of the X (3872) Width at Bellell

i Belle 1l [+ 20%C.L
- simulation |+ 30 significance
i h + 50 significance
I { %++ Current upper limit
- ﬂ ﬁ'; (90% C.L.)
e *'H';ii

L 11 i ii*i i

s - . ] iii, ata .

t.‘. n .ve .....:::A::ll‘.:l.lh‘:““:‘:“=
| I I » .|. .I.

0 20 40

Integrated luminosity [ab™]

S.Eidelman, BINP /LPI

With 50 ab~! for DD 7°
the toy-MC gives for I'iot:
UL at 90%CL 180 keV
280 keV
570 keV

30 sign.

So sign.

Talk of H. Hirata
PANDA: T'/AT > 5 at I' > 50...120 keV

p.31/45
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|General View of the Novosibirsk c-7 Factory .

Super Charm-Tau factory project at BINP

Beam energy from 1.0 to 2.5 GeV o
Luminosity ~1E35 at 2 GeV Ko
Crab waist collisions

damping
ring

c-tau factory project status:
+ CDR completed in 2013

« Discussion with government and potential collaborators

* Project recently re-energized (Aug 2016) with the International Advisory Committee created

L,;/U Acc-QCD 2016, A. Seryi, JAI

S.Eidelman, BINP /LPI p.32/45
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|TW0 projects of Super-charm-tau factories '

Interaction Region: Large Piwinski Angle

Layout Coliision -

About injector:
For e+ and e-, no booster, 0.5GeV->1~3.5GeV
e+, a convertor, a linac and a damping ring, 0.5GeV
e-, a polarized e- source, accelerated to 0.5GeV

Novosibirsk: 2-6 GeV, L from 0.63 (1 GeV) to 1 (4 GeV) 10%°cm~2s~1
Hefei: 2-7 GeV, L from 0.5 (Phase I) to 1 (Phase II) 10**cm™?s™1

Both have longitudinal polarization of the initial e~ beam

S.Eidelman, BINP /LPI p.33/45
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|Detector for Novosibirsk SCTF '

Counting rate 300 kHz  Good energy and momentum resolution

High efficiency for soft tracks = Very high identification quality

Superconducting coil

Muon system and yoke
o Scintillators, drift tubes

PID system
o FARICH, ASHIF

~ Main tracker (DC)

~ Inner tracker
o TPC, cGEM, Si-strip

Beam pipe (Be)
Calorimeter
o CGCsl, LYSO, LXE

S.Eidelman, BINP /LPI p.34/45
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|Conventional Charmonia '

State J/p | p(25) | ¥(3770) | ¥ (4040)
M, GeV 3.097 | 3.686 | 3.773 4.040
I', MeV 0.093 | 0.294 27 84

[ Ldt,fb~" | 800 250 400 10

N 0% | 10" 2. 10° 10°

August 16-21, 2019

e Even for the J/v and ¥ (2S5) full decay pattern is unclear

e Is the ¢ (3770) a DD factory?

e 20 (25) fb~' needed to produce 10® 1)(4160) (v/(4415)) mesons

o ~ 10" x.s and 7.(15) in radiative decays of the J/v and 1 (2S)

e About 10® h. mesons in 9(2S) — h.7°

e 7).(2S) mesons can be produced in ¥ (25) — n.(25)~y or vy collisions

e Although believed to be conventional, these states are not well enough studied
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|Unconventional charmonia '

o All ¥(Y) states with J©¢ = 1=~ will be directly produced at /s = My-:
b(4260/4230), 1(4360), ¥(4660)

e Charged Z. states can be produced by scanning the /s range
and studying the J/ymm, herm, D™ D) final states

e Neutral cc states with other quantum numbers can be studied
in the recoil to 7w, 70, n, w final states

e (' = +1 states can be also produced in v+ collisions

e Between 6 and 7 GeV double cc production?
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|Mesons with open flavour '

e 9 D,; are known, what are D},(2317) and Dy (2460)7

e 12 D** are known

e O B™ are known

e Only 3 B, observed,
there is also X (5568) decaying to Bym® claimed by DO,
but not seen by ATLAS, CDF, CMS and LHCb

More efforts from both experiment and theory needed
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|BC and its Excitations — I '

The B. is well established and its parameters are dominated by LHCDb:
M = 6274.9 + 0.8 MeV, 7 = (0.510 & 0.009) x 10~ %5

The B.(2S) decaying to B.m "7~ is expected to be narrow.
ATLAS claims it at 6842 £4 £ 5 MeV

| —

} :‘ m R | ] T T T

é b By Jarn = 2008 N = g5 ATLAS Q,,, =288+ 5MeV :
A .'[""'”m Og, = 184£4 MeV = | o BaMeY
g b’ Getev e N, =2286 g 0 [La-1920 |

m 9

s ' g 2

300 400 500 600 YOO , 0 00 4 ; .
m{B,wu)m(B,)-2m(v) MoV} m{B, - m(B,}-2mir) [MeV]

TiTi il il
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|Bc and its Excitations — II '

CMS and LHCDb have consistent, more precise results at 29 MeV higher mass

CMS Experiment
PRL 122, 132001 (2019)

T Thought to be B_(25)—B 't

Thought to be
B.(2S)—B_ ‘Tt — B Ymrv

E cms + Data
F L=143m" Fit result
60;" f5=13TeV W Signal
- Beldiy K) r*r”
éﬁﬂh— Comb. backg
© 40
@ 30k
5 b
@D 20F
10:—
D'-I'l | PR 1 £ 8 & @ 2 & 0 & o 3 5 0 5 3
6.7 68 6.9 7.0 7.1
M(B. mm) - M(B)) + mg. (GeV)
;—-‘ _i T LA L S S S S
L 45 — Daa
S 401 LHCb Run 1+Run 2 —— Toul fir
E’-’ 35| £ 2
| B3 5029
(5] |
e
W
L
3
g
o

: J - T PP
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AM MeV/eh

LHCb Experiment
PRL 122, 232001 (2019)

M(B.(2S)) =6871.0 £ 1.2 + 0.8 £ 0.8 MeV/c?
29+1.5+0.7 MeV/c? CMS

M(B.(2S)) =6871.1+ 1.3+ 0.1 + 0.8 MeV/c?
31.0+ 1.4+ 0.0 MeV/c? LHCb

LHCb second signal is weak (3.9c)

It would be interesting to search for B.(nP) as well as B} — B,y

The “Last Meson” definitely deserves more attention
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|LHCb — doubly charm baryon '

m Consistent mass measurements

PRL 121 (2018) 162002

3621.40 + 0.72 + 0.27 + 0.14(A}) MeV ———  Eft S ATk TRt
3620.56 + 1.5 + 0.4 + 0.3(Z}) MeV 5 it Ermt
3621.24 + 0.65 + 0.31 MeV LHCb — o Combined
L | ! ! ! | . 1 1 | ! ! ! | )
3618 3620 3622 3624

M(ES") [MeV/c?]

Mass difference: m(Z5") yep — m(E)seex = 103 + 2 MeV
»Inconsistent with being isospin partners

o To++ = (256735 £ 14) fs

e Confirms it is a weakly decaying J = 1/2 ground state

e A challenging search for ZF and Q1" in future
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For the (.(css) five narrow states are predicted with mass around 3000 MeV
and splittings about 30 MeV, two 1/27, two 3/27 and one 5/2~

400

Candidates / (1 MeV

]

The ss diquark is ripped

apart and made narrow 773000 3100 3200 3300

Not clear what is what

LHCb: R. Aaij et al.,

PRL 118, 182001 (2017)

Belle: J. Yelton et al.,

Phys. Rev. D97, 051102 (2018)
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R. Aaij et al., Phys.Rev.Lett. 122, 222001 (2019)
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|Searches for new baryons and maximum Bellell energy '

FPromising enerqy regions

Particles Threshold, GeV/c?
B B** 11.00 - 11.07

B B 11.13 — 11.26
Ap Ay 11.24
B**B** 11.44 — 11.49
B B** 11.48 — 11.68
Ay AF 11.53 — 11.54
s S 11621167
AF* AF 11.82 - 11.84

At the moment it is 11.02 GeV or slightly higher
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Circular Electron Positron Collider (CEPC)

Unique number of hadrons produced under clean conditions,

a study of various correlations

Operation mode Z factory  WW threshold Higgs factory
Ve (GeV) 01.2 160 240)
Run time (vear) 2 | [
Instantancous luminosity (107 ecm 25 1) 16-32 10 3
Integrated luminosity (ab™") 516 2.6 5.6
Higgs boson vield — - 10"

W boson vield — 107 107

Z boson vield 1104 10* 10"

Lepton Universality — How large is B(W™T — 77 v,)?
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| Conclusions '

Already now and more in close future there are

excellent possibilities to study strong interactions

Complementarity of different approaches,
both at the facility and analysis level, is crucial
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