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Due to the lack of time, (tAhere are ~15 talks with wide
range topics), | left-out:

« Hadron production‘in-media
« Conventional hadron-decays
 Gluonic excitations

« Fragmentations
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v Cross section measurements
Quarkonium polarization
Associate production
Dependence of multiplicity

Stay tuned for Halina’ s talk

HEAVY-FLAVOR PRODUCTION

« Probe both perturbative and non-perturbative aspects of

QCD calculations
 Crucial to modeling backgrounds for precise

measurements & discoveries



Charmonium production

Non-prompt (from B-hadron decays) — probes ~ ° ocoee “
open b quark production,
fragmentation and B-decay kinematics 9 TEETOO" b

Theoretical approaches for open-heavy-flavor production: ,
FONLL: matched NLO+NLL ( “massive” NLO + resummation) pPérturbative

GM-VFENS: ( “massless” NLO + mass-dependent terms)

Prompt (Produced directly or through feed-down decays from

higher charmonium states) — probes specific mechanisms of QQ system
production and transformation to a meson

Theoretical approaches for Quarkonium production:
NRQCD: Color Singlet (CS) and Color Octet (CO) terms.
Long-distance matrix elements (LDME) determined from
experimental data

Color Singlet Model (CSM): only CS diagrams

Color Evaporation Model (CEM): only one LDME

Factorization between a QQ pair production (perturbative)
and its binding (non-perturbative)




Quarkonium cross section and non-prompt fraction, 13 TeV
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Test factorization and NRQCD
Constraints for PDFs



Forward J/¢ production at 13 TeV
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13 TeV / 8 TeV: NRQCD reasonable agreement, FONLL below data

bb cross-section at 13 TeV from b —» X_uvX
LHCb-paper-2016-031
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Beauty meson productlon

B+—J/WK*, 13 TeV
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X(3872) production at 8 TeV
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FONLL is higher
and harder

= (3.57 £ 0.33(stat) + 0.11(sys))%

Smaller than 18 + 8 % estimated from Tevatron data

o(pp — B,)Br(B, — X(3872)

)

o (pp — non-prompt X (3872))

= (25 + 13(stat) + 2(sys) + 5(spin))%

Non-prompt X(3872) production suggests enhanced Bc contribution

Searches for X,, -- the b-partner of X(3872)
« Non-observation in Y(1S)rm at CMS and Atlas
« Non-observation in Y(1S)w at Belle




Conventional hadrons
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SPECTROSCOPY

« Hadron spectroscopy is a key tool to access non-perturbative
QCD in confinement regime

« New forms of hadronic matter provide crucial insights of the
effective degrees of freedom of QCD

QCD Exotic hadrons

Hybrid Glueball  Tetraquark Pentaquark

D¢ #

! @A Proton
@‘Neutron

Deuteron: p-n molecule

Hadronic molecule

W —

Color singlet beyond
quark model



XY/Z states:

Cannot fit in the spectrum of conventional heavy quarkonia

Additional degree of freedom from

light quarks and gluons?

Mass (GeV/c?)

Open charm threshold

c- and b-quark are heavy
Non-relativistic QM applies

NRQCD approach is a spectacular

success, validated by the

consistency between (cc) and (bb)

Charmonium
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WEs P.:unexpected structures in m;

Pentaquark? Hadroquarkonium? Molecule? Threshold effect?
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K6 A, - J/YpK-

Argand plots:

Amplitudes of Pc without BW assumptlon
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w Phys. Rev. Lett. 117, 022003 (2016).
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Observations of Z_
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BES

Summary of the Z_ at BESII|

Z.(3900) Z.(4020) DD* threshold
ete >t lt/vy ete>ntnh, (3875 MeV)
M=3899.0+3.6+4.9MeV M= 4022.9+0.8+2.7MeV D*D* threshold
I = 46+10+20 MeV ' =7.9+2.7+2.6 MeV (4017 MeV)
Z.° (3900) Z:°(4020) Two isospin triplets
ete >n'nl)/y ete>ninlh, -

M=3894.8+2.3 MeV M=4023.9+2.2+3.8 MeV established

[ =29.6+8.2 MeV I Fixed at Z.t(4020)

Z.*(3885) Z.*(4025) Mass/width
e*e->n(DD")* e*e->n(D*D)* difference in two
M=3882.2+1.1+1.5 MeV M= 4026.3+2.6+3.7 MeV modes to be

[ =26.5+1.7+2.1 MeV [ = 24.845.6+7.7 MeV understood

Z.9(3885) Z.9(4025)

e*e>n'(DD*)° e*e>n(D*D*)0

M=3885.7+5.7+8.4 MeV M= 4025.5+4.7+3.1 MeV

[ =35+12+15 MeV [ =23.0+6.0 +1.0MeV

« JPofZ.(3900)=1* determined from PWA
« DD* dominates Z(3900) decays and D*D* dominates Z.(4025) decays
« No significant Z.(3900) - h.m, Zc(4020) - J/ym



Observations of Z,,

Belle: PRD91, 072003 (2015)

Bu _I TTT | L | T T | T T TT | L | T T 1T TTT I_ 100 _I TTT | L | T T | T TT | L | T T TT TTT I_ 120 _I L | L | L | T T 1T ‘ L I_
[ (a) ®W@'n)>0.20cev/ct ] - (b) M (n'm)>0.14GevY/c’ . o b (€ Wmn)>0.106ev7/c! 3
B r T . 80 — ] N‘-‘ C ]
L] - — = - i
< 60 — i + v N ‘ 1 —+ ] 9] N O -+ 1
S %0 Y(1S)r™ 3 & - Y(29)w 1 S web 1Y (35)m ]
2 L | ] e C ] e C 3

L ] = 60 | T ] = - ]
o L _ n - Le b n r 1
o 40 . SO ] L 60 ]
mo L 1 5 40| - 5 F ]
) L ] 'E' C ] -E' [ ]
g _f . s [ | 8 0 E
s 20 — — B L 4 [ ]
2 7 1 = ®C 1 < 2l ]
0 L A R R R A R R R (M | 1 | | 0 C B T W DA 00 9, i v e S SR ML VR 0 i FOLIPL PP ¥ vz o e 1
101 102 103 104 105 106 107 108 10.4 10.45 10.5 1055 106 10.65 107 10.75 1058 1061  10.64 . 107 10.73
M(Y(18)W) .., (Gev/c?) M(Y(28)W) .., (GeV/c?) M(Y(38)m) .., (Gev/c?)
e Belle PRL116,212001(2016)
o arXIV.1 508.06562 100 _I T ‘ T T | T T ‘ L | T T | T T ‘ L | T 7T i
-Q I I -
S 4l H—|— - r (a) h BZ we data —+— RS data
— 7 h-b(lpjn Yy 80 Jf - Model-0 |
e L P k) Model-1 ]
+ I T [] r k% —— Model-2 N
13 - = 60 r By s Model-3 ]
& 2 AN ) v L I Yoo, Background |
% : a0 | Beely :
= g L S B %0 50 %+
@ < r J JRRR50Y. 1505056 * *
o oLt 1L It - S ok g B + BB
| LSRR ARRRS,
C osletetelatetsletetelece’s 1
C GRS ]
N N e 100 C o ST STt NNe et % %6 %a% % % % %Y eTe% %% '
fe) r L ]
a R [ WS data 4 RS data |
—~ 6r ~ 80 [ 7
BT o Model-0 ]
B a4l Se0 oce- 1
o 41 =80 Model-3 + ]
S - ?: [ —— Background | ++ + ]
o 2 40 — AR ]
= A i L OG
m B g L i
© o T 220 : -
u £ ]
‘ SNt e ]
C B SRt ]
e b b e s e e IR AR B (A0 O L L S
108 1085 109 1095 11 10.57 10.59 10.61 10.63 10.65 10.67 10.69 10.71 10.73 16

E.. (GeV) M, (1), Gev/c’



B*B®) dominate Z, channels observed so far

Channel Fraction, %

Z,(10610) Z,(10650)
T(18)z+ 0.541016+011 0.17 500t es
T (28)xt 3.6210761079 13970387055
T3S+ 2.1570:55+060 1.6320357 03
hy,(1P)z 3.4510871086 8.415 51
hy (2P 4675130 1475553
B+ B0 + BOp*+ 85.61151)3
B*+ B0 13715005

Favors "meson molecule” configuration

[Voloshin PRD 87, 091501 (2013)]

Observations of Z,

PRD93,011101(2016)
arXiv:1508.06562
PRL116,212001(2016)

Z, are very close to B_B*,
B*B* threshold

IG JP{{JJ=1+ 1+ )

Observed both in the
hidden-bottom modes:
nY(15,25,385), &t hh(lP,ZP)
and open-bottom modes:
BB*, B*B* .



Cross sections and Y(4260) at BESII|
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< 80 | PRL110, 252002 § Y(4260) = Tt+1t-J/Y IS
* observed by Babar (2005)
and confirmed by Belle,
known for its anomaly large
Preliminary decay width to Tt+1t-J/Y
BESIII

40 { +++ Belle

‘tro” 3 Revisit the Y(4260)  BES

-- with improved cross section

X(4230) PRL114. 092003 3§ Measurements
BESIII

L]

Not a single/simple BW?

's there any connection to
D.*D.* threshold (4224 MeV) ?

39 4 41 42 43 44 45 46 47
Ecy (GeV)



Cross sections and Y' s at Belle
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Cross sections and Y' s at Belle

» B, cross section vs CMS energy NEW
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« Consistent with no continuum production
« Clear peak at the Y(5S)
« Y(6S) signal is considerably weaker
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X = J /Yo strutures:
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X - J/Y¢ strutures: New observations from LHCb

Significance of JP¢ =
X(4140): 5.7¢

DD Molecule is expected to be 0+/2*

++.
(4274): 5.8

Significance of JF¢ = 0T+ ;
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Anomalous line shape of n't*mt- near pp mass threshold:
connection between X(1835) and X(pp)

X(1835) observed in J/y-»yn'n X(pp) observed in J/y—ypp
BESIII PRL 106, 072002 (2011) , PRL 115, 091803 (2015) BESIII PRL 108, 112003 (2012)
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Anomalous line shape of n't*mt- near pp mass threshold:
connection between X(1835) and X(pp)

Model1: Flatté formula Model2: coherent sum of two
Breit-Wigner
2500_ |||||||| BARERRARNEREREEEE AREERNRRRRN RRRRNRR) ""|""T""\""|""""|""\""|""|"_
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The anomalous line shape can be modeled with equally good fit quality
« Suggest the existence of a state, either a broad state with strong couplings to
pp, or a narrow state just below the pp mass threshold

« Support the existence of a pp molecule-like state or bound state .



Multiquark Hybrid
Hadrocharmonium
Molecule
Threshold effects
Cusps...

What is the role of threshold

--Many new observations near thresholds: P, Z,, Z., ...
See reviews by Swanson (Hadron2015) , Eichten (QWG2016), Zhao(MENU2016) and ref. within

States or/and interactions

* Phase variations appear in many process: not unique for resonance

To have a complete picture, more clues are needed
- Energy-dependence

« Patterns in productions and Pole For XYZ, the picture is still
decays properties  unclear
World-wide
experimental . .
efforts

Photo-productions are proposed to test the

contribution of threshold effects [arxiv:1508.00339, 26
1508.00888, 1508.01496]



Other highlights from low energy

The observation of hydrogen-
like K atoms, DIRAC

120

arXiv:1605.06103

Atomic pairs

Coulomb pairs

non-Coulomb pairs

11A:349. +61.
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Summary

Probe QCD to a new level with hadron
productions and decays

Hadron Spectroscopy enters the new region
-- the picture is still incomplete

We need new theoretical tools for analysis

We can expect much more from the ongoing
and future experiments

Thanks



