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Charmonium(like) Bottomonium(like)
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Observation of the 'real' x_(2P)?

Phys.Rev. D95 (2017) 112003

Belle 2017: New analysis of e'e” — J/yw D°D°: X(3860)

O 18| arXiv:1704.01872
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Phys.Rev. D95 (2017) 112003
Belle 2017: New analysis of e'e” — J/yw D°D°: X(3860)
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Phys.Rev. D95 (2017) 112003

Belle 2017: New analysis of e'e” — J/yw D°D°: X(3860)

— arXiv:1704.01872

Events / 50 MeV/c?

800

600

Open problems:

- what is the X(3915) , then?

- where is the J=1 state? 400
(X3872 is NOT a simple cc)
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BESIII: XYZ scan

Y(4260) : PDG2016: M = 4251+ 9, T = 12012
BESIII, PRL 118,092001(2017)

- ee— J/yam

100 Y(4220) decay modes:
B - o/
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From the simultaneous fit of XYZ data (40 pb™/pt), and Rscan data (7-9 pb™/pt),

BESIII shows that Y(4260) is made of at least two Breit- Wigners:
Y(4220) M=4222.0+3.1 +1.4, T =44.1+4.3 +2.0

Y(4320) M=4320.0+10.4x7.0 , T =101.4757 +10.2
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BESIII: XYZ scan
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BESIII; XYZ scan
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BESIII: XYZ scan

The very fast change of the Dalitz Plot from 4.23 to 4.26 GeV

+ - ! - :

- e'e > suggests that the region is populated by at least two states.
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BESIII: XYZ scan
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BESIII: XYZ scan

- e'e—nh,mwh

At least two peaks are needed to describe the
dipion transition.

More statistics is needed to understand the
structure of e’e—nh_

Very different from bottomonium where

on the Y(4S) peak e*e'enhb is dominant
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BESIII: XYZ scan Two Zc are observed in the = h_final state
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Belle: e'e— Y(1,2,3S) L
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Belle: e'e™— hb(1,2P) T

The analysis of the 6 points (1 fb™ each) in the proximity of the Y(6S) show a clear
evidence of dipion transitions to both the h_states. The small statistics does not allow to

quantify the fractions decaying via Zb(10610) and Zb(10650) .
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Belle-ll is planning to take more data at Y(6S) during the first or second year of data taking

LP2017, Guangzhou August 7-12 2017 R.Mussa, Hadron spectroscopy 17




3600
Q@

S

J400

<

1200

1000
800
600
400

200

-200

Charmonium(like) Bottomonium(like)
= J![d?ﬂ] xﬁ
g | BB W — . — . —.
i y(4400) By S i w A ey staw s v
il Xia5e0) U-T el
—— I: j o e — E"T— ----------------------------------- -
- P oD - et bttty
— C | BB """ MASyeHanaideaianaidnguaney
o - w(4160) )
B Yo ' D'D" " yga0z0)
B B%ZC D,D; ¥6s)
_ — p5- =y 85—
B we Z D*D £(2P) hy{2P )
B C w1’y o
1
[ DD 617 oy
g 568 T .
— n,(25) :ifz— %ASIYESI
B 456 454 —
B h{1P) h1P)
— 1{1P)
B 1 {1P)
B i 5
[ iy 45 Y(18)
— -84 “nfs)
~ n.(18)
— ] | | | | | | | | | [
ctuud ctsSB  coudB  coudy CGL=0 ctl=1 ccl=2  ®9  phudy bbL=0 bbL=1 bbL=2

LP2017, Guangzhou August 7-12 2017

R.Mussa, Hadron spectroscopy



/

Quarkonium Tetraquarks

L. Maiani, A. Polosa, V. Riquer, F, Piccinini,
Phys. Rev. D 89, 114010 (2014) and reffs theremn

® compact tetraquark

M.Cleven, F.K.Guo, C.Hanhart, Q.Wang and
* lecul T > e HE
e @ Q.Zhao, arXiv:1505.01771 and refs. therein

_ | A. Ali, L. Maiani, A. D. Polosa and V. Riquer,
e diquark-onium Phys. Rev. D 91 (2015) 1, 017502 and refs. therein
X.L1, M.B.Voloshin, Mod. Phys. Lett. 29(2014)
12, 1450060 and refs. therein
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Tetraquarks The tetraquark idea was meant to sort all the states in the scalar

meson multiplet. Later on, it was used to explain the nature of the
Maiani et al, Phys.Rev.Lett. 93 (2004) 212002  €XCited Ds mesons and of the X(3872).
t'Hooft et al, Phys.Lett. B662 (2008) 424-430

o = [ud][ad)]
[sufud] RO k = [su][ud]; [sd][ud] (+ conjugate doublet)
[su]lds] g .
[sullds] —_—— o _ [sul[5u] + [sd][5d]
H lud]ld] l“’”“”) 0 \/E
[ud]lud] fodd) - [sul[sa] — |sd][sd] -
(ds][ds] —— ap = [su[5d]; |sd] [5u]
" [su]l5u] (®) V2
Tetraquark in the heavy sector
mul\flaiani et al (2014) Phys.Rev. D89 (2014) 114010
e Kqc fixed by
o mass difference
g e between Z(3900)
S ww e and Z(4430)
- N—
a e
Interaction within di-quark dominates %E e Kaq fixed by
L2 . 00 e mass difference
H ~ 2}ch (Sq-Sc -+ Sq-sc) )' """" baryons
Interaction across di-quarks dominates .

0-3-+ 1+1-+ 1-}-— 24—+

H ~ 2K45543(sqg +1)

JPC
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XYZ as Tetraquarks
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Tetraquark picture for charmonium-
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As announced in Gao's talk this morning....

<R | S '
> LHCDb 13 TeV
2 160
" 140 —+ Data
= — Total
8- 120 e Si(gnal tlliu;r(ow ftrticture in ’[het
O - mass spectrum.
;z 100 ---Background 'I' E C ”W i | P
= 80 £3 §  Significant displacement
= 'l' 'l' &= di _]_ 'l' 'I' congistent with a weakly decaying
o 60 -I- 1 H‘ particle.
Ll -
40 } 'l' :
Observed in two LHCb data sets.
20 F
| b : Consistent with =, (ccu).
0 1 1 1 1 2 1 [ 1 L L
3500 3600 3700
m_, (Z:) [MeV/c?]

Mass: m(ZL) = 3621.40 + 0.72 (stat) & 0.27 (syst) £ 0.14(A}) MeV

S b
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PHYSICAL REVIEW D 90, 094007 (2014)

Baryons with two heavy quarks: Masses, production, decays, and detection

Marek Karliner

Raymond and Beverly Suackler Faculty of Exact Sciences, School of Physics and Astronomy,

Tel Aviv University, Tel Aviv 69978, Israel

Jonathan L. Rosner'

Enrico Fermi Institute and Department of Physics, University of Chicago,
5620 South Ellis Avenue, Chicago, Illinois 60637, USA
(Received 5 September 2014; published 10 November 2014)

The large number of B, mesons observed by LHCb suggests a sizable cross section for producing doubly
heavy baryons in the same experiment. Motivated by this, we estimate masses of the doubly heavy J = 1/2
baryons Z._., 2,5, and Z,., and their J = 3/2 hyperfine partners, using a method which accurately predicts
the masses of ground-state baryons with a single heavy quark. We obtain M(Z..) = 3627 =12 MeV,
M(E;.)=3690x12MeV, M(Z,,) = 10162 + 12 MeV, M(Z;,) = 10184 £ 12 MeV, M(E,.) = 6914+
13 MeV, M(E').) =6933 =12 MeV., and M(E;_) = 6969 £ 14 MeV. As a byproduct, we estimate the
hyperfine splitting between B and B, mesons to be 68 &= 8 MeV. We discuss P-wave excitations,
production mechanisms, decay modes. lifetimes, and prospects for detection of the doubly heavy baryons.

DOL: 10.1103/PhysRevD.90.094007 PACS numbers: 14.20.Lq, 14.20.Mr, 12.40.Yx
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Double beauty Tetraquark

ArXiV:1707.07666

Discovery of doubly-charmed =.. baryon implies

a stable bbuid tetraquark

Marek Karliner®il and Jonathan L. Rosnerd

* School of Physics and Astronomy
Raymond and Beverly Sackler Faculty of Eract Sciences
Tel Aviv Unwwversity, Tel Aviv 69978, Israel

® Enrico Fermi Institute and Department of Physics
University of Chicago, 5620 S. Ellis Avenue, Chicago, IL 60637, USA

ArXiV:1707.09575 FERMILAB-PUB-17/289-T

Heavy-quark symmetry implies stable heavy tetraquark mesons );(;q.q

Estia J. Eichte and Chris Quig

Fermi National Accelerator Laboratory
P.O. Box 500, Batavia, Illinois 60510 USA
(Dated: August 1, 2017)
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COM rules! Part 2

Ground State Splittings

—
o
o
o

— hf
ﬂt:u;lr

| Cor _ 0469 0484 0458 0479 0457 0423

Mass (MeV/c?)
Q0
o
o

600

400

200

-200

-400

qd/qaq sd/sqq sf/ssq cglcaq cslcsq csicss bg/baq bs/bsq bs/bss
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AdS/CFT? Ground State Splittings

400

200

-200

-400

— hf
ﬂbar

Db . 0469 0484 0458 0479 0457 0423

qd/qaq s/sqq sf/ssq cgfcaq cslcsq cSlcss bg/baq bs/bsq bs/bss

Brodsky, Dosch, De Teramond: “Superconformal QM at work!”
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Brodsky, Dosch, De Teramond: ArXiV 1504.05112

Hadronic triality: Baryons and Baryon-Meson SUSY
From light hadrons...

(1) (3)

4 — dim Light — 5 —dim _
Front Dynamics Classical Gravity Al

1-2015 1-2015
8872A1 lu=Lg+1 8872A3 Ly=Lg+1

1 —dim
8840A1  Quantum Field Theory

(2)

Superconformal Quantum Mechanics  [Fubini and Rabinovici (1984)]

Isomorphism Conf(RY) ~ SO(2,1) ~ AdS,

1-2014



Brodsky, Dosch, De Teramond: ArXiV 1504.05112
Hadronic triality: Baryons and Baryon-Meson SUSY

From light hadrons...
(1) (3)
: ; : 6 T T
4 — dim Light — 5—dim _ of .
Front Dynamics Classical Gravity Al . w
S A I
0} 5] P3 gt o5t 7
NE 5| i NE VA2,A2,A2,A2
2_ -
[AX0)
0_ _e
0 1 ] 1 |
0 2 4
BaToA Sa72h0 Lu=Lg+1
8 _I D,Ac,Zc | _I D'=" | 4
= c « 56(2520) |
gor :% (2420) [ 'é; (25460) .
= 4t - le D* (2007) .
(@ | (b) ]
2 1 1 | 1
8 Dy=oz=l - Du=e 7
L = I . =c(2645) |
N%G i WU Ds1 (2536) | ® Ds2 (2573) |
—di o Da; (2460)
1-2014 1 fj'm %, ~ _
8840A1  Quantum Field Theory *0s
I © | d ]
(2) 2% 4 0 %
Bas0R1 Ly=Lg+1 Ly=Lg +1
Superconformal Quantum Mechanics  [Fubini and Rabinovici (1984)] ... To heavy ones

Isomorphism Conf(RY) ~ SO(2,1) ~ AdS,



Brodsky, Dosch, De Teramond: ArXiV 1504.05112
Hadronic triality: Baryons and Baryon-Meson SUSY

(1) (3)

4 — dim Light — 5 —dim
Front Dynamics Classical Gravity

1 —dim
Quantum Field Theory

(2)
Superconformal Quantum Mechanics

Isomorphism Conf(RY) ~ SO(2,1) ~ AdSs

1-2014
8840A1

From light hadrons...
6 T T
6 ke
1_1+
41 _
g 8 P3; + + 5t 7+
e 2 A2 A2 A2
NE ol B C\IE 37A A2 A2 A
2 -
k4 P,0,
0 - L3
| ] | 0 1 ] 1 |
0 2 4 0 2 4
St Ly =Lg+1 SeroAs Lm=Lg+1
T
38| B,ApZ - B3,
(\; 34 nZp - s
s | *B; (5721) | * B} (5747) |
= .Ab
% 30f )
o B ® B J
(a) (b)
26 | n ! ]
881 Bs,=p - BuZp
P ! o =b(5945)
o 34 g 21 (5830) L * B}, (5840) -
S | =b
=
30 | _—
* B, ° Bs |
(c) (d)
26 . n : .
1 0 1
BeB0n2 Lm=Lg+1 Lm=Lg+1

[Fubini and Rabinovici (1984)]

... To heavy ones




AC excited states CLEO, PRL86 4479 (2001)

. 8001- A = 2766 + 2 MeV
The ground state is made of a qq 'good - T =50 75MeV

diquark’ (jqqu) and a c quark.

600

Spin/parity of the excited states will
beJ=L+s_;P=(-1)"

Events /5 MeV
F -9
-]
S

Studied by CLEO, Babar and Belle. 200 " A
Open problem: D-wave state with ol

J=3/2" missing.

— 3000 + A(2940)7
% B A . o
s 2900 _1D.5/2 A,(2880)° S ol
% 2800 ; lD, 3/24- ‘g : - : 1800 ;?ﬂth "y ++ _
C 4 N2 < 2500 1 1
2 2700 - 3 Ac (2765) p . { 600 e "
F _1P, 312 A (2625)F ] S o f t* A(2940)* {
:_ - E S * = ‘tIH 2.9 2
2500 : 1500 |- o "o
2400 ;_ —; . __f- ¢ pﬁ:w;‘-"-._.rﬂ%‘
ook 1S 12° 4 2 _/ S
2200 E : =0 {;w &;mm%%&%wmwm&w@wqm "
PR

I.i.i...iJI]].I.J.lE.I...IJ.lII.II.
85 24 2.95 i o =

T VR z T 15
P 2. U3 . .10
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A excited states LHCb, ArXiv:1701.07873
C

LHCB: search for A/ in A — (pD")K'

Sample:11k A o )
b > 300 ] 2
I 2
§250;- <
9'2005 500
ﬁ 150; 400
%1002
g sof 300
08 285 29 295 3 200}
= =g M(D'p) [GeV] :
100
M(A.(2860)7) = 2856.1772 4+ 0.5(syst) "5 ¢ (model) MeV
T'(A.(2860)") = 67.615%" + 1.4(syst) 55 o (model) MeV

preferred J© = 3/2~

M(Ac(2940)7) = 2944.875C 4+ 0.4(syst) 75 6 (model) MeV

T(A:(2940)7) = 27.77532 + 0.9(syst) i 4 (model) MeV
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A.(2940)
N A.(2880)
A.(2860)
A (2765)
A(2625)
— A.(2595)
Ae
|
clqaql,L=0 clqq),L=1 clgqg),L=2
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Q

Study of 5 different =. states:
=, (JF =1/2"),

=.(2646) (J¥ =3/21),
=.(2790) (J¥ =1/27),
=.(2815) (J& =7)

using several decay modes
Measurements of masses and widths

All measured values significantly more
precise than PDG: to investigate
hadron mass models including isospin
splittings

Good agreement with theoretical
expectations, modest disagreement
for the =.(2980) state wrt previous
measurements

Events/(5 MeV/c?)

Events/(1.25 MeV/c?)

— . BELLE, PRD94, 032002 (2016)
= excited states

=.(2980) — =7t

&

(@)

300

LN RRRRY LAAR
——

250

200

150

100

50

...................................
2?.88 2.9 292 294 296 298 3 302 3.04 306
M(Z°x*) (GeV/c?)

=.(2790) — =7t
=.(2815) — =. 7+

&

250

(a)

200

150

100

50 e

£?7 278 279 28 281 282 283 284 285 286 287
M(=°x*) (GeV/c?)
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= excited states
€ =1 (3055), 4 (3080)

BELLE, PRD9%4, 052011 (2016)

S
®250
— . O I
@ Study of =¥ decaying to AD™ and 8
AD" states Szo0p
@ First observation of the Z.(3055)" 8150

with 8.60 :
M (Z.(3055)°) = 3059.0 £ 0.5+ 0.6 =
['(Z.(3055)°) =6.4+21+1.1

@ Combined analysis coomparing AD™ oo T RTINS
. _ — 3 302 304 306 3.08 31 312 314 316 318 32
with 27T K~ and 27T K M(AD") (GeV/c?)

B(Z2.(3055)" — AD")/B(Z.(3055)" — XTTK™) =5.0941.01 +0.76
B(Z.(3080)" — AD™)/B(Z.(3080)" — X7 TK ™) =1.2940.30 & 0.15
B(Z.(3080)" — X7 7(2520)K ~)/B(Z.(3080)" — X7 TK~) =1.07+£1.01£0.76

@ Contradictions with expectations from theory
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EC excited states

BELLE, PRD%4, 052011 (2016) %’DO_ = coss
o

@ Study of =¥ decaying to AD™ and i

AD" states 400
@ First observation of the Z.(3055)" el )

with 8.60 _

M (Z.(3055)°) = 3059.0 £ 0.5+ 0.6

['(Z.(3055)°) =6.4+21+1.1 ;
@ Combined analysis coomparing AD™ m ;

with 277K~ and X" T K~ o

csg,L=0, 19:0.1 csq,L=1,j SQ:U c8Q, L=2.jm=0

B(Z2.(3055)" — AD")/B(Z.(3055)" — XTTK™) =5.0941.01 +0.76
B(Z.(3080)" — AD™)/B(Z.(3080)" — X7 TK ™) =1.2940.30 & 0.15
B(Z.(3080)" — X7 7(2520)K ~)/B(Z.(3080)" — X7 TK~) =1.07+£1.01£0.76

@ Contradictions with expectations from theory
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LHCb, PRL 118 (2017) 182001

QC excited states

@ Observation of 5 new excited (2. states with significances greater than 50

@ The broad state (£2.(3188)) could be a superposition of several states

@ The largest systematic uncertainty is due to possible interference and due to the =5

mass knowledge

~ 3

> i

Resonance Mass ( MeV) T (MeV) Yield N, 2 400 LHCb ]

2.(3000)° 3000.4402+0.1%3%  45+0.6+03 1300£100+ 80 20.4 — +EK i

bt — Full fit :

2.(3050)° 3050.2+0.1£0.1793 08£02+01 970+ 60+ 20 20.4 = R |

< 1.2MeV, 95% CL & 300 Fecd-downs |

2.(3066)° 3065.6+0.1+0.3"32 35+04+02  1740+£100+ 50 23.9 ;‘.5 E! sidebands -

2.(3090)° 3090.2+£0.3+0.573F 87+£1.0+£08  2000+140+£130 21.1 E ]
@)

2.(3119)° 3119.14+03+09%9%  1.1+08+04 480+ 70+ 30 104
< 2.6 MeV,95% CL

T T T T ‘ T T T T | T T T T [ T T T T | T

2.(3188)° 3188+ 5 +13 60+ 15+11 1670+ 450 + 360 100
— 35 g
O =
> 4 .m§ 3 073000 3100 3200 3300
R w0y m@%%?‘ m(E;K") [MeV]
N 0 N\ a3 77 B A . .
s 3.1 :-3333333333333EEZEEEEEEZEEEEEE“:‘"‘S’?E;%@,{ Karliner-Rosner (ArXiV: 1703.07774): narrow
2; .'ﬁx width suggests that the ss diquark is very
e E tightly bound, and the decay
| 3 c(ss) = q(ss) cq= ED’
265— : is kinematically forbidden.
P s S PP P P P D DD D D D
j # ll 31 il) ll ; ; ; ll ; ; §2 ; 23 isa, Hadron spectroscopy 38
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In conclusion ...

Neutral bottomonium and charmonium bound state spectroscopy is approaching
completion: recent progress was made on charmonium 2P wave

Above the thresholds, analogies and differences are still not completely
understood:

- Zb and Zc exhibit different BR patterns

- BES-III is discovering a much richer phenomenology between 4.2 and 4.4 GeV

Heavy meson and baryon spectroscopy are tightly bound

LHC-b is showing its huge potential in heavy hadron spectroscopy
- confirmation of the Zc(4430) tetraquark

- observation of 4 tetraquark states in psi phi

- observation of the first pentaquark

- discovery of many excited heavy baryons

- discovery of the first double heavy baryon

LHCB, BES-III and Belle-II future data taking promise new and even more exciting
results

LP2017, Guangzhou August 7-12 2017 R.Mussa, Hadron spectroscopy
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DD* D* *D* ArXiV:1209.6450
Zb—>BB+BB,BB ! g

40
— preliminary ;
BFLY(55) = B™B™x]  pgelle 121.4 bt significance § 4
BB <0.60 % at 90% C.L. i
BB* + BB* (4.25+0.44 +0.69)%  9.30 ;
B*B* (2.12+029+036)% 570 & 10
0
Channel Fraction, % M%), GeV/c
Zp(10610) Zy(10650) o} aad s ness M (B*B*) [r—
T(1S)x™ 0.32 + 0.09 0.24 + 0.07 "o
T
T(2S5)n* 4.38 + 1.21 2.40 + 0.63 :
T(3S)x+ 215+ 056  1.64+ 0.40 3
hy (1P 2.81 +1.10 8
hy(2P) %+ 4.34 + 2.07 :

10.8 1065 107 10.75
560 + 3.6 rM(n), GaV/e’

B+ B0 4+ RO+
prepw-
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High energy scans: bb vs cc

Differences:

- Y(5,6S) peaks are well resolved,
Y(4.26,4.36) are NOT
. . . 3
- Transitions to h, dominated by Z , £
. . . O
While only 20% of hC is reached via Z
) 4
@ 25F
= =
o 1.5F
o;— o ¢
of
R ‘
la® 6;
= )
3 _S.
2F
g
(1] = —
A e
T asf 7
><E 22_ g
@ 1.5F
e :
0.5 =i
0 =
-0.5 ? é
10.6 10.65 10.7 10.75 10.8 10.85 10.9 10.95 11 _11.05
Vs (GeV)
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