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ew particle Zoo: charmonium above flavor threshold

Above the flavor threshold: More exotic states than cc¢ states!

_ Old narrative (before 2003) = _ New narrative
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Figures from Olsen,Skwarnicki,Zieminska I -
Rev.Mod.Phys. 90, 015003 (2018); arXiv:1708.04012 Mesons are predomlnantly (qCI) bound
Mesons are (gg) bound states. states below the open flavor threshold. They

| will review most, but not all, quarkonium-like ~ @ré more complex structures above it, and
exotic hadron candidates. we have not yet understood them.
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Status of X(3872)

2018 Review of Particle Physics.
M. Tanabashi ef al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)
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harmonium near or above flavor threshold: back to complexity -0
Belle: Discovery of X(3872) (> m=m”)

PRL 91, 262001 (2003) No charged partner found: 1=0. BR(X(3872) > w//P(1°S)) _ o\ .
The most cited Belle paper (1441 citations) Isospin Violating decay BR(X(3872) N 7.[+7.[—]/¢(1351)) = VU.ox U.
R _
i B> (mn /K X(3872) - ,00]/1/) p’ > mm 0(782) Suppression of isospin allowed
300 - —_ 3 — —— X(3872) = w] /Yy can be blamed on
i Y(25) 1 3 p(770)0 n phase-space Am = 774.8 MeV
- _ . T 100~
- DD* 1 8 LHCDb BR(X(3872) - y]/$(1°S)))
07 oo | very narrow [} £ " BR(X(3872) » m*m ] /P (1351))
- 11 X(3872) i S eof _
i | [ S hev B g £
i : ) Am = 795.2 MeV
100 - X(3872) 1 o bb
-] ‘/( ) 1 F } BR(rp (2°P) > yY(1381))  _
T B e e M LR
o Ler', Lo 1] S Xp1(2°Py) > '~ Y(1°S))  not seen
3500 3750 4000 4250 (MeV) LHCb J™*=1
M(rtn~]/Y) Xc1(23P;) ? Enhancement of isospin violating
] X(3872) -» wtm~] /¢ relative to
:{f E} = radiative transitions rules out
B_{ b . pure y.,(23P,) interpretation
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harmonium near or above flavor threshold: back to complexity -0
Belle: Discovery of X(3872) (> m=m”)

PRL 91, 262001 (2003) No charged partner found: 1=0. BR(X(3872) > w//P(1°S)) _ o\ .
The most cited Belle paper (1441 citations) Isospin Violating decay' BR(X(3872) N T[+T[—]/¢(1351)) = VU.ox U.
-| ] | I _II_ I_ | || I |- . B
B> (/0K 1 x(3872) — p% /4, p° >t h ©(782) Suppression of isospin allowed
300 - 1 s, T X(3872) = w//y can be blamed on
i Y(25) 1 3 p(770)° | phase-space Am = 774.8 MeV
- — . T 100~
- DD* 1 8 LHCDb BR(X(3872) - v/ /}(1°5,))
200 |pp | very narow] 2 BR(X(3872) - n*nJ/(135))
- 1 X(3872) E © 60r =
i | [ S hev B g £
i : ) Am = 795.2 MeV
100 |- X(3872) - : bb
-] ‘/( ) 1 F } BR(rp (2°P) > yY(1381))  _
e e T e
o L. P oG o4 xp1(2°P) > Y(1°S1)  not seen
3500 3750 4000 4250 (MeV) LHCb J™*=1
A M(rtn~]/Y) Xc1(23P;) ? Enhancement of isospin violating
r’ ‘ oy _ N X(3872) —» ™ ] /y relative to
- ndisti mX.(3?]72t))IN ""f‘l;]". ;\nD*O radiative transitions rules out
eSOmS indistinguishable within the errors oure y..(23P,) interpretation
. not at all! lecule 2
are simple molecuie -

8.2 + 0.2 MeV below mpy+ + my.+ T > natural source of isospin violation
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Mass near DpoD*o

X(3872): molecular features

. e 390 394
Karliner,Rosner, Skwarnicki 2017 T ;
arXiv:1711.10626 M(D™DY) [GeV]

threshold |
DO . T
- 2 p- f LHCb Known decay rates: N
Enhanced isospin violating cu |5*0 = 100k X{§§72) s \"J‘Q
~ 100} ’
decays ‘ z t xR N
0 \ 5 3 > <
X(3872) = p°J /Y uc z } = | IV
Euo'—ll.ll.l.l'll"_: ‘ 0 ? !
& toof- : : ~
- LHCb + - S S
Y E g 3
B sof pO 3 E ;
40:_ + _: E»r_: 50
» + 4 3 ‘é
20 + E - . [ R P
NI o AP | ‘Narrow width Z o , Huge fall-apart mode from
weomedt 1N decays to cc 3.82 3.86 3.90 the resonance tail above the
Mdhyme) [Cev] . D°D*0 threshold
only small admixture of Lz =z | BaBar
D" S |
21 2 10§
- . =3 5 |
cd D*~ 8 MeV heavier TEE 0-1- interacting in S-wave
.. constituents = a | | compatible with JPC=1+*
C ok
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Prompt production of X(3872)

pp > X(3872) +... @Tevatron Dispute if large prompt production cross-section

6000 « 500

COF T o fa) og| .fb) | | . . . . .
2 400 v ~ Is compatible with molecular interpretation:
§4ooo 2 3005_ W §++ ++ g:: +% | Bignamini, Grinstein, Piccinini, Polosa, Sabelli, PRL103, 162001 (2009);
= g7 | ﬁ#ﬁ%—ﬁf@j 2.  Artoisenet, Braaten, PRD81, 114018 (2010); PRD83, 014019 (2011);
égooo :é 200" ; t %“ F{ Bignamini et al, PLB684, 228 (2010); Guerrieri, Piccinini, Pilloni, Polosa,
3 S yl<1 g PRD90, 034003 (2014); Esposito, Guerrieri, Maiani, Piccinini, Pilloni, -
10004~ : I<ii<2f) =™ Polosa, Riquer PRD92, 034028 (2015); Albaladejo, Guo, Hanhart, MeiRRner,
I o) @ Pr VL Nieves, Nogga, Z. Yang, Chin.Phys.C41, 121001 (2017), arXiv:1709.09101;
PRL 93, 072001 (2004) M, eeM,., (GeVic) a Esposito et al. arXiv:1709.09631 (2017); Wang Chin.Phys.C Vol. 42,

PRL 93, 162002 (2004 o
pp — X(3872) +... @LHC (2004) 043103 (2018), arXiv:1709.10382.

5 o 005 . X(3872)hy(2S) production ratio nearly
o 1200:_ 10 Deuteron @ALICE H .
- 100 \ ALICE, PL,B754,360(2016) universal:
2 "’““5- . PR,C93,029917(2016) > inB decay modes
800[~ 102 He :_‘.3._:-)”. ALICE - . . . ~ . )
| o & of o v @ATLAS » prompt production in pp and pp including
:::;_,»"g‘F',J S S & \* ), dependence on transverse momentum
| il mn N L (*jag%;f;gﬁpoﬁﬁ_ﬁ;x ATLAS JHEP01,717(2017) and rapidity
3600 3700 3800 ) 3900 ) = 10°2 UN
' . M(J/\]J;j:’t)[MEV/(K:] . N My Own Oplnlon:
; v » Strong evidence for compact component
) 10 N at short distances (cc¢ or tetraquark)

@ UL
F La\'()r creation

| S pr (6o ~ » Not necessarily incompatible with DD*
. A. Esposito et al. (ATLAS data inserted by S.Olsen) component at Iarge distances

SE I
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Radiative decays of X(3872)

phase-space:

BR(X(3872)—>y(2S)y) . Suppressed

BR(X(3872)—>J/y(1S)y)~—— favored
= 2.48+0.64+0.29 (>0 at 4.40)

LHCb NP B886 (2014) 665

BR ~ | <y r|y>[2E}? by a factor of ~100!
() .. . Radial wave functions __ | ZS| |2P |2
1 > %c1(2°P14s) v
10 b 2
Hard to find other ) molecule | <1SIr]2P>]
mechanism to favor 3 _
w(2S)y over Jly(1S)yy %
as effective as 2P— 2S | ' | <2S| r|mole.> | molecule
-10 n:2 1 <<
| <1S]| r I[mole.> |2

» Points to x4 (2P) component in X(3872)
» Does not rule out DD* component at large distances (F.-K. Guo et al., PL B742, 394 (2015); arXiv:1410.6712)
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X(3872) mass vs y.,(23P,) expectations

Hadron Spectrum Collaboration (LQCD m_=240 MeV) JHEP 1612, 089 (2016)

M — M, (MeV)

mm CC | . =
— measured = i
1000 + — ‘ v s ‘
X(3915) — ~— 5 _
g — = T mm T X387)E. T - - - - R LQCD and potential models
R T et s overestimate masses of
I e T y . :
e | , | excited charmonium states
500/ i e —a | above the open flavor
- o~ threshold, since they do not
| below the open flavor include large couplings to the
Ty — | threshold mass predications | decay channels
o are more precise, since
o . — decays are slow ]
:1—— ot 17— 27t 27— 3 4t 4 :U+‘ 27— ott 1t 1ttt 27 3t 3ttt 40T

« The mass of X(3872) is not low compared to the expectations for y.,(23P,) state!
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X(3872) story

Adopted from Steve Olsen
at SCGP Workshop on Exotic Hadrons and Flavor Physics, May 2018
http://media.scgp.stonybrook.edu/presentations/2017/20180529 Olsen.pdf

70 years ago

K-mesons quark
discovered -- gssociated production — strangeness — SU(3) -- model
Dec. 1947 <« 16 years » Jan 1964
16 years ago
?‘1(3372) - molecule?  charmonium? molecule? — charmonium? -
discovered  _ giquark? —molecule?- charmonium? molecule? - ***
Aug. 2003 < 16 years > today

charmonium — molecule mix ?

Need high statistics coupled-
channel analysis to clarify its
nature
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Experimental prospects for X(3872) h

Details of prompt production
Mass and natural P PtP

| in forward region at LHC rove statistical errors on  Ciarify BES-III
width of X(3872) LHCb radiative decays of X(3872)  e*e~ —Y(4260) - yX(3872)
LHCb X(3872) = ] /ymta~ B — X(3872)K ” b
S - sof  Bellell, LHC
PANDA [ 5o | o]z ) /CoF ) \w% o | Belle ° S S (L@D
- X(3872) = “F i M = ol =1y N\ O NN
=100k K {2 /| |\ o PP DI
g TR E f e | LHCb  U. Phase |Belle
LHCDb % ‘TP B T~ on - I Il
o= — e 1
CMS, ATLAZ >_toof & e 2 Freery G 1| Decay mode 3 8 50 300 07 50
More g Kﬁztl- I = w(2S)y % " fb! fb! fb! fb! ab! ab’!
production gso n\ 45 I
modes 5 J‘“f\_"‘ E Bt - K*X(3872) 1k Sk 33k 200k 0.17k 11k
B, B, Ay o 3?8/(;\ .éo/ il EX R T (=) gmn7)
— X(3872) + - e GV (y(nS)y) [GeV B* - K*X(3872) 36 02k Ik 7k 2k
A | BaBar 4 (= ¥(2S)y)
§‘ﬁ? Z ok ; B* > K*X(3872) 0.6k 24k 15k 90k 36 2k
| } : (= J/pS)y) A
Study line 23 & FI [l crude projections
h AN _\ =i | Tt i ] LHCb Upgrade
shape In DD ; okl Look for:  X(3872) = w1 yuy (1P
.90 .
COUp|ed- Karliner, Rosies Skwarnicki 2017 M([_)*ODﬂggV| . . ( ) w1 XC]_( )
channel line- Improve statistical errors on SInce N 0o
shape fit X (387 w]/y (clarify 2nd BR(Yp1(2P) » n™n™, "1 xp1 (1P))

Belle Il, LHCb Phase Il Upgrade peak: X(3915)) LHCb, Belle I =(0.9 £ 0.1)%
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X(3872), so far, in unique!

* The only exotic charmonium-like candidate
which shows up consistently in many
different productions mechanism,
accompanying well-behaved cc state L
— 1(2S), and detected in many different =~ "'

[ xpy(5P)  predicted

Mass [MeV |
=
S

decays modes S SR
» If coincidence of y.(2°P;) with the D°D"* 10200 | A measuren
threshold is responsible for it, then there is t0000] 1
no narrow analog of it in bottomonium osool
* Any other states like this, with conventional %DOE
qq and exotic properties mixed In? |
9400*
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Charged and neutral (I = 1) threshold states Z
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3940!-‘ cene 2D
I } O15) s agmm oL ID DD*
i - X387 = Y {ID— 10200
- "I"HD pn__[g /
 (25) V), Y R - DD
m ".""" . S ) 10000
[ :: "? ,r‘-‘.':“" "'“wb’w‘-: SR 1P)
- i ) T P -
[ Tl SLD) - 9800
. Ve ! 9600
[ Iy
n.1s) At PV,VV (none at PP) thresholds! 9400
4+ (- - -
0 ] 2 0" 1 27 27 &other

13

(28).-

c"b L L] I | |

C”BI L] I 1 I I L L] I:

= "‘:
+

s

Y{58)
= (10360)

Z;(10650) | B*5*
. +0. - g BB:-
_EL:,,'J““E"_E 63— BB

rr

I-H- 2 ++ 2“

0++
Their masses follow the thresholds not
the heavy gquarkonium excitation spectrum
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Charged and neutral (I = 1) threshold states Z_}

ete™ - Y(58) - Zjin~ Y(58) - Z} V@ Z,(10650) - BB* e+e— 700
805 — - fs S N argume_nt agalnst_ sof Z& — J /gt == .
z b =2 1} 2 ile |- s f tetraquark interpretation % oot | 7o
E [ o) g > E 1Uk" g ) g |+ E + ;NSFME E
: O —~ : ._‘_‘ H 5 — : Siceband T
= [ Ql N = 1S ™ —~ 4 =
5 F N N a| 2 N ? = sof S A @ 5 2
= f Y s S| = 3= WS RS > i3
- i | H ok + o 30 |y m
B T w2 IS b
i \L - \L u ﬁv: s 1
> ~| 2104 = 240"mN‘T,- R > z
K == | S S | ::.;::é. e = <
- JE 2l & |2 g = =
<z g B Z | b = =
= * § :L i S = %
4 i By ws RS E z

ol

Events/5 MeV

> = 60F
Z = > = | "
= = o = [ |
= = = ' 40f i
i~ Z 3 = |! -le
7 i = b 2 - EL il
R | 2 M(B*B®) [GeV] 5 5 20} '
> a8 D m . LA
- i R ! -
0 0= 0 _. 0
1016 10.7 106 10.7 3.7 3.8 3.9 40 41 3._9* *4.0 4.1
Y(nS)rtt) [GeV] M(Y(2S)n®) [GeV] Charaed and neutral 1=1 M(D™D*) [GeV] M(D*D") [GeV]
Kartiner RosnerSkwaricki 2017 B g et Resner Shovamicks BES III
arliner,Rosner, arnicki 2 elle JP(C)—1+(—) Karliner,Rosner,Skwarnicki 2017

No confusion with quarkonia states (charge!).
Near thresholds. Relatively narrow. Large fall-apart rates. Observable rates to quarkonia. @@ @O
Molecular states? Tetraquarks interacting with meson-meson thresholds?
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Quarkonium-like

10750 [

If X(3872) exists thanks
to the coincidence of

|
|
—.n |
23P, ccand of the D°D*° | =
threshold, then these I =
may not exist :
|
|
|
|
|
|
|
1 =
]
I =

X(3872) is unique
(see previous slide)

3800~

15

L
XE |I = #
_________________ I .i.__r_.—;____o__‘_r.-_._____._ B B
o 1} 24(10650) )
E e I I ..... ;.___ =] BB
o 1} 2(10610)
e T 1 BB
||
o] " [I=1
I II
d L ]
I L] e #*
: ....... O-=--=-= : i _________ + _.___._._._._.__ D D
- X(4014) 117+ (4020,/4026)]
: : ]
|
- I + —
_______________________________________ _ BD*

. observed o predicted

Picture from Marek Karliner

For a broader review see: “Hadronic molecules”,
F-K. Guo, C. Hanhart, UIf-G. Meil3ner, Q. Wang, Q. Zhao, B-S. Zou, Rev.Mod.Phys. 90,15004 (2018); arXiv:1705.00141

near-threshold mesons

(0000

The only clear “spectroscopy”
emerging from XYZ states so far

No sign of such states at
DD and BB, hints at forces
dominated by m exchage

Many molecular candidates among light,
and heavy-light mesons and baryons:
0*%ay(980), f,(980) [KK],

1++£,(1420) [KF],%_ A(1405) [KN],

0*DZ,(2317) [DK], 1* D4, (2460) [D*K]

Alternative viewpoint:

tightly bound tetraquarks
A. Ali, L. Maiani, A. Polosa, V. Riquer,
PRD91, 017502 (2015)
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 Y(4220)and Y(4320/4360) do not align with cc states
- T, widths suppressed by 10%3

Anom us charmonium-like vector states
13D, 35, )
¢(377§E§(;;’;0)@} w4160) 415)}1}‘L 4} Decays via
TR h;b' ete™ —>f1adro:s + Y(4260) - ZC+(O)7T_(O)

ete” smtn ]/

- +-h+++ﬂil+ 4y +ﬁill ota i -

= BES 111
e

* [, widths huge

Hadron Spectrum
Collaboration (LQCD
m_=240 MeV)

JHEP 1612, 089 e
(2016)

= hybrid (n=1,L=0)

BJB ar ete” - nra™YP(29)
(4660) =cc
» ﬂ”r*{l I y(4415)
'-_wﬁi *fiqm ,iﬁh; b o 4t 4 b Y (4360)
— bt == v(4260)
Fete™ > i h, , 60) ‘ete™ - ATAZ 600y = w(4160)
: 4| 1] D |e . PRD96 116001 (2017) +0
- BESII ) A 400 |T  — y(4020)
—_ 111, . }1?“:.‘ “?’,‘ ] [ 200 +Q)
AR g8 % HWWH ﬂ“ AR oz =
v b T R ) ' L
- I.le{:'}? lllll","l 1 _J_.__._.,SJ_Z_._,_.,SJT_ v(3770)
3.8 40\ 4.2 44 6 48 5.0 ; ;
Karliner,Rosner,Skwarnicki 2017 ECV[ [GGV]

F.Close, P.Page PL B628, 215 (2005)
E.Kou, O.Pene, PL B631, 164 (2005)
S-L. Zhu, PL B625, 212 (2005)

Hybrid-charmonium ?

Masses not too far from the predicted 1--
hybrid by the lattice QCD:

* Only one 1-- hybrid expected in this mass
range

» y(4020),y(4160),y(4415) not well
reproduced by lattice

I SUppressed by a spin-flip needed to
produce cc in S=0 configuration

ny can proceed via DD** rescattering

However, expected to decay to DD,

but not observed [CLEO-c PR D80,
072001(2009)]

P.Guo, A.Szczepaniak G.Galata, A.Vassallo, E.Santopinto PRD78, 056003 (2008) ...
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Anom us charmonium-like vector states

LD, 3s, .
W(3770) ¢(4040)@} 1{1 -1»].60) 415) -
mg | BES gl s, o Decays via oo
p] T z s ete” —>f1adro:s Y(4260) - ZC T
80
ete" s J/Y

Belle
1Bll e+e_ -7

: |

% 0) B SR
Dle

g(ete” > n*n~h.) o(ete”™ »ntn~yY(25)) olete” »n*nJ /)

0
200
160F
120 3 BES 11
80F
40F
0
=

L l 'S ' L l
3.8 4.0

Karliner,Rosner,Skwarnicki 2017

Eete” > i h, , e
YRR ., PRD96, 11600i (2017)

e 400

BES III i (LDLEAUM) } 1t 200

il . 'L H{ﬁﬂﬁﬂm HHI MH; H 4" 0

)

c

alete™ - AtA

18

51@ ©0)o

molecule Q.Wang, C.Hanhart, Q.Zhao,
PRL 111 (2013) 132003

IJ] [r———

Y ([ 42i40)

Asymmetric shape: M.Cleven, Q.Wang, F.K. Guo, C.
Hanhart, U-G. Meil3ner, Q. Zhao, PRD90 (2014) 074039

@)

« Tetraquark (diaguarkonium) L.maiani, F. Piccinini, A.
Polosa, V. Riquer, PR D89, 114010 (2014):
— Tetraquark—tetraquark transitions:
Y(4260)—Z.(3900)r, Y(4260)—>X(3872)y (possibly
observed by BESIII)
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Anomalous charmonium-like vector states
13D, 3%S; 23D, 43S,

ke i ﬁ“

)

5 $G770) wumog; w(+160) W(4415) .

" }BES e W Decays via
2 TAu ™ o B ] va260) - 2, @g-©
= 80 Y(4260) Y(4320 A
lT: 0F  — Y (4220) | ete” satn ]/
LQ) 40 +
& zol: \!‘I" '|1|+ ﬂ# -
B B ek i v gttt ittt Y (4660): the same or different state in
£100 ete” > mtn~Y(25) and ete™ —(y) ATAL
i B0 5 ete” - mnTY(25) Dai et al., PRD96, 116001 (2017)
= 60l Y(4660)
)
®

' — > y(53S,) or y(63S,)?

_gigg Eetem st =il 600 <
= 160k = » tetraquark?
& 120F BES III elle 400 .
+t1: 8of  BESIII o MH L ' » baryonium?
aof T < : :
PO S 101! “ f *} M ittt 1S G.C. Rossi, G. Veneziano, NP B123, 507 (1977)
v ERsEae—T b et e ety e

Karliner,Rosner,Skwarnicki 2017 M [GCV]
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Anomalous behavior of 1- states | bb Y‘SS? Y(65)
0.4}
above open bottom threshold *
=~ F i f
% 4| hy(1P) m 0.3:— oL m”] f
E | 0.2 ﬁiﬁﬂ
= 2 e o However, Y(5S), Y(6S)
% L s TS mn — Y(1S,2S,3S) nn
_ o E widths are 100 larger
i ol ] o than Y(CiS), Y(2S) —»
i 4 0 Y(1S) n
% % ;_ Y(2S) rre OZl-rule violation
* % c i Also widths for Y(5S), Y(6S)
3E- + -
“i0s 1085 109 1095 1 2 ' A — hy(1P), hy(2P) n'n _
E. (GeV) E ¢ . are comparable, but require
PRL117,142001(2016) 9 "
PRD93,011101(2016) % , heavy quark spin ﬂ!p
%, T Y@S) ' HQSS violation
e’e” - Y(1S,2S,3S) n*n~ and hy(1P,2P) n¥r & 'S¢ L —
proceed via Y(5S), Y(6S) = 0;— Like in charmonium!
0fF—
Unlike in charmonium! osf

= N — —— —— L —— L I L |
10.6 10.65 10.7 10.75 10.8 10.85 10.9 10.95 11 11.05
's (GeV)
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Charged charmonium-like states in B decays

4800F
i — Y(4660) q) X(4700)
woor | e e
i D) X(4500) — i
4400F"" — V(439 - PE(445{):|
I _-Y&_%ﬁo ! P rempriasg)
4200- ‘II[:ED Tl: :’ ‘:_X(li:ﬂ_l} K :”if _Z_I-I-::“J:'
-—X(4160}|I| A  =X(4140)
4000F _ Z. (4020) - D*D*
3940}‘ o 1S
- T2 (3900) T e (387 (ID——DD
3800} o S )V .
; V(2S); e DD
LS S
36001 ii ) " S
[ " ey ()
aooF T =
200F W " Produced in B —» KZ*
W Decays: Zt —» ' (cC
s ys: 2 ™ (cC)
3000 7= * - (cd)(uc) not seen.
4 (- | -
0 1 l{) 07 I 27 27 &other

— 112001

=

eV

11000

10800

Mass |

10600

10400

10200

10000

9800

9600

9400

21

c"b L L] I | |

'C”BI I I | LI | I LI
o =
(R N .

Y(6S) .-
Y{55)
=, (10860)
|
':"'.“"\
rr\.'\\. .
T N Z;(10650) B*B*
= BB*
\ummr:u
. Ju— o5

(25),-"” 4L

xw(’:rp) I (EP}

xw(EP}

Y,(1D)

No equivalent production

mechanism in bottomomium
0++ ytH 2

F

I-H-
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BO—) \|f(28)7t+K

22

PRL 112, 222002 (2014)

o = o
- =
i o | - \@®
S k4 - + g
£ b Z.(4430) =
g 0 > y2S)r >
P K = Tetraquark ?
ISE- 0 b*&u = 0 *
C D C + -
178 B d+\_§}zc —~ D D (28)
‘ ! = 00
16? ——————————————— >}5 i
15 . . §|?j 1l B
05 1 > 25 Broad structure: g S = Molecule or cusp?
_{ % }J/IP 111-+ [GeV ] rZ(4430):18liSl MeV  (.A®D 7'0) /sdeninien
. s 1 o ke 1430 3 -#- data
: (892) }K 2( ) 13Gs% —=— total fit  ---e-- total fit with no Z{4430)
“;2000 C _ oRoe eees 27D, 2D, i — 254431])' excluded -
St 3w QMpredicted  —S55,— I K (892) The results improved on
s I LHCb | 2 af e 2 TR g= || T ‘. 51:“;;'; the earlier
gy [ - d X C =z I'D, , 8 E 3 — . .
51500k Run_ll = data S woof PEes EI%T‘“T Ak -.-zf443m characterization of
& [ 31b oAl 1600F= S ESb e 4+l — background Z(4430) by Belle.
[ —— K,(1430) X 1400:—2'30“3 o 1"p = [ 2 K.(1680)
1000}~ — ZGasoy K PSS § 27l K (1410) _
- TR S Q wEg E D EIip i 4 expected and well experimentally
5 S- F c w S = . .
ook K*(1410) . established kaon resonances in the
i m - g Il established” . .
[ TES 2 steoriingto PDG 4D amplitude fit
: Sl i, (]UOSIS“; 1 1 l 1 -
0 O """'-.".'_:-'.;::-_-"' A A T B et J 400b—— 5 1 0 T T Y > L ; TR
mz, [GeV?] oo 02 22 13 33 24

Kaon excitations
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Charged charmonium-like s

Events/0.2 GeV?2  Events/0.2 GeV?

Events/0.2 GeV?

80

40

200

100

200

100

BY - (2S)m* K™

L T !
2 v
: Lo
= L
S LHCb 4
= e d 1
e o )
—
= “;l
= —l data I
L —=—noaal fin
D —— Z{44230) enciuded |
i K::E!'.'I-?j |! &
e
v —— I.‘l.lu.l.uluulul [ o i
~ e W 2N
Tl-‘:'. K;:’L{.‘!-D:; ___*' $ 1_&
= A~

Y
= L) S
\; gi e
— W‘ i~
o JP= 1+H-
k
= '
= LHCb - +
% ’ 7
2 L
o 4 S i
i “ o
L L :‘-'E":i':?nj
14 20

M) (25))2 [GeV?]

T 2(4430=181%31 MeV

Events/0.2 54 GeV?2 Events/0.2 54 GeV? Events/0.2 54 GeV?

23

AL . ) (dominated b
B° - J/UmTK~ B - y.mttK~

160F, £ <
L3
=V
80
D 1 | 1 1 2= = 1
-
80} =
v v
a0}t
}
0 L " )
~ ‘{JP:F
40} ¢
i ﬁ Belle
20} 3
=1 >0

M(]/Ymt)? [GeV?]
T214200=370%120 MeV

Events/0.4 GeV? Events/0.4 GeV?

Events/0.4 GeV?

i
(]
1

()
o
1

M(K~m*) < 1GeV

SO .
[ N s
i b b

20f

Belle

1< M(K-mY) < 1.34 GeV

20r

10

L 1.54 GeV < M(K~n*)

14 20
My, ) [GeV?]

K*0 > gtK~— resonances;

7Z.(4200)* Z.(4050)"
Z.(4250)* await
confirmation

Z.(3900)* and Z.(4020)*
observed inete™ » n~Z,*,
not observed in B - K Z_.*,
(and vice versa).
Sensitivity to production
mechanism, points to
hadron-level interactions.

No clear explanations.

» Too broad to be
molecular bound
states?

» No tetraquark model
can accommodate all of
them.

» Rescattering effects?

» Artifacts of complicated
amplitude analyses?
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Resonant structure of Z(4430) ?
« Detailed studies of “exotic” amplitudes desired to shed light onto their nature: example Argand diagram

of Z(4430)~ - Y(2S)m~.

! i N | S | """ ] ! L

< é o.f HHCP Run L3 b7 ATTMeV <’:Eo.z- LHCb Run T3 fb - TTMeV ] = 0o LHCbRunT3 fiy! 4277 MeV

o = [ 4344MeV + 1 = | + : il —+—

< i L

S i \>6Q 7 - | i I 1

— | | A O T N - 1] S e = O —

o N B | i 1

N (4411 L ] I | ] I | ]

% | MeV 4\605 MLV = i 1 4605 MeV - 4605 MeV A

W 02 - 0.2 | 1 0.2 .

2 I I + | I ]

S -04f | - 0.4 | - 0.4} .

T - 4475 MeV M_=4475 MoV 4541 MeV j 4475 MeV | ] i 4475 MeV ;

— [ | F.,—-ll?é ey | o | LHCb Phase I upgrade 50 fb' 0 LHCDb Phase II upgrade 300 fb™! |
-0.6t————— O T
"0 04 T 02 0 02 06 04 02 0 02 06 04 -02 0 02

Breit-Wigner 1 Re AZ Re A” Re A”

; 2 2 — . .. - .
amp(')'tﬂde M, -m, .~ —1IM.I; Statistical accuracy will be sufficient to distinguish
D"D*(25)~ cusp would be smeared by I['r+(2600) = 139 MeV, between resonant poles and cusps/triangles.
and more round if produced via a triangle diagram Systematic errors hard to predict.
_ LHCb UPhase | I Belle I Need to scrutinize dependence on:
« formalism (work with JPAC; see Mikhasenko et
Decay mode 3ot 8 fb 50fbt 3006 0.7ab! 50 ab’! al EPJ, C78, 229 (2018), arXiv:1712.02815)
° *
B® - w(28)m K+ 25k 0.13M  0.8M  5M 2k 0.14M K* model
B - /(1) K* 0.4M oM 62M 30k ™M | Huge statistics already for detailed studies of

0 - J/Ww(1S)n~ exotics. Phase-space in Km reaches to
B° » y ™K 19k 0.1M 0.5M 3M 2.7k 0.19M K:(2045) pole.
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Charged charmonium-like states in Bllzdﬂoecays

4800 > L
[ — Y(4660) I =7 X(4700) I EI 11000 [ TES) == -—— === Tt
o0 qa .. " K8 s
! A= - = - hx:\‘
g Y et LR —(#450) s 10800 pp &“
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; Dy G o ., Lo 1000) :
L "II[: LT ’ ‘ ,'f — 7(4250) 10600 __ T:-ES} f{-m Z-%' (10610) ¥ 1:3P} — E—i—
4200F_ gy _ I ———
o0 ‘11'[58} . _( p)'ﬁ — s e 10400F VG5, ;I:f;;;i_.-::::;.- | -
[ X(3040) e Rl - IS0 b 2P) g apys-- %, 2P) Xy
' mm;’ﬂ A\ /A b X(387) = ¥, (ID——DD* ' e e W
3800 wan) [ \f To 102001~ ] PN
N m— | M ’ / . i
b 29) , DD [ 25). Y CS)F
/ LZSIR
e /o D) 10000[== | e
3600 (1P) Ky - ! { b
i 4 . - | R
I N Nyl s
3400F ! 5 /
3200 Produced in B - KX° P00 T No equivalent production
[ - - 1S . i i
[ (15) Decays: X° — ¢(c¢) 94{]0% 5 = mechanism in bottomomium

3000
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+
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Thomas Britton, PhD, Syracuse. 2016
https://surface.syr.edu/etd/510/
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Bt—J /\l’ ¢ K+ PRL118, 022003 (2017)
3 . PR,D95,012002 (2017)
= 2F
2, - || <
= - - 14 X(4700) > =+
‘; 22:— | LHCb 8 o
S 12 Y. b
21 - X(4500 — < &
- : o . X@500) _, | X3
- - - - il s
>0 — - . L E —
: ~x —a? e
W s
- - B o ":{5 $ o
19 - —6 _‘__—"\“\\5}1{ X ©
u - . L - - [ -' — X(4274) — —
12— —4
- - —{
[ 2 4—
7k ;-I-r.- X(4140) —
C L | L | o .
—0
2.5 3 35 4 4.5 5 —> J/\|I(|) = = =
m [GEV_] (A2IN O1)/soepipue)
-~ T s
B —— dat @
g 300 .+. —_— toqtaei fit Godfrey-Isgur, 3 .77 _lf(_}‘S E
c; B _+_ -+- — b+ackgrour1d PRD 32, 189 (1985) 2P 2"“‘D: 23D3 P
< N —— T NRy = L QM predicted —=5— I, E%
7 250 K(T) 2 2 3'S P il 4 | 07— |io
5 n KO | Z]eoofd'S— 1402"P, 231’0’. = 1 VRS
= N —— K@) | 20 LHen D, L 176 TE, |
= - — K*(T ~ [ & : > 1D a |
S 200 — Kgng) S lxoo_- :; need = -i- F 'g' 'c‘ EE
© - K(0) + E confirmation =E (=il 12 BB Z |
- — N X (1600 25— < i ETDiT 065 |1
150 = ._..._ ']+ X(4140) -g = .—”'< ....‘< . |
. —— T X(4274) | = ,400_25*;' o 1"p125|:|;l—3p< Y ——
B Set 07 X(4500) 1 L g s ZTE 22 = not significant!
B —— 0 X(4700) SN = 5 Tie 2 <
100}— —— 0"NRy,, m POF =g 2P <
B . w g
: i T 1 LHCb
50— 800f- g P
[~ / ¥ - §§5 “well established”
B 'wmvm‘":;*hm.-mm et : o 60()_—115 < __.2 according to PDG
1’500 1600 1700 1800 1900 2000 2100 2200 2100 4001 R NP PR B

Kaon excitations

my - [MeV]

2 3
: L
022 1333 2'4

.....

My s [MeV]

00 4300 4400 4500 4600 4700 4300

00
69

etraquarks?

0 0

Molecules or cusps?
6D amplitude analysis:
since mostly not established states,
LHCb determined K**— ¢K* content
entirely from their data (red points): 6
K* resonances (of 4 different JP) + 1
NR ¢K

Previously X(4140), X(4274) were
observed by CDF,CMS and DO
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Interpretation of J/y¢ structures?

) from Olsen,Skwarnicki,Zieminska
« P-wave charmonia” Rev.Mod.Phys. 90, 015003 (2018); arXiv:1708.04012
(Q-F.Lu,Y-B.,Dong PRD94, 074007 (2016) arXiv:1607.05570) 6

~ 600
5000 % (BaBar PRD82, 011101 (2010))
5P e = 500 —=— B*> J/yoK* BaBar
B IO - S —=— B J/yoK* LHCb
AP — ~_400
4400} X(4500) X(4274) <
3P % 4243 4336 I — 3 ‘%00 +
:; 4100t X(4140) % + :
4 - _ i (normalized to the same area)
= 3925 - 3221 e 200
2P —
3800 g
20 100
3502 1405 7!
1P 35007 3431 .
0
200 | Godfrey-Isgur model | 4100 4200 4300 4400 4500 4600 4700 4800
- h, Xeo Xel X2 My OF My [MeV]

It is possible to find matching y;,(nP) states

nP) states would couple to J/wy¢$ and J/yo the same way.
but the JP-mass patterns are different Xea(NP) P Vo A y

The J/y¢ structures do not show up in Jhyw spectrum.

|t appears unlikely that the J/y¢ states are pure cc states.
* Interplay of y.,(nP) states with (c5)(cs) or ((cs)(¢5))?
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Interpretation of J/hy¢ structures?
* A molecule/threshold effect?

. _ 0" 1* D *Dy,*
X(4700) | o= ‘o 12 123 oo DD, D D
4600 |+69+26 Me - " o
0+ —— , DD
X(4500) — 1— Be+Be2
4400 — 1 D +D *
1 ) ) _
X(4274) | e— e () DS* so*_ previously suggested
X 4:]_4%)200 1 0*,2 D, D.* Now ruled out!
( ) AMth: @ D +D *-
+66+5 MeV Dy
4000 % > _
gg S

No n-exchange forces (1=0)!
n-exchange possible, unless crossed-over (v.Karliner,J.L.Rosner Nucl.Phys. A954 (2016) 365, arXiv:1601.00565)

Except for X(4140) being possibly affected by a D_.*D_*" threshold, the

observed J/y¢ structures don't fit the D,(*)-pair mass thresholds or their
guantum numbers
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Interpretation of J/hy¢ structures?

« Tetraguarks?

X(4500)
PREDICTION
F. Stancu, X(4500)
J. Phys. G37 (2010) 075017, )
arXiv:0906.2485 —— 4418
Allow S=0 and S=1 diquarks. e
: ) : 4988
Allow diguarks in color triplet and
sextet configurations.
——— 4135
Calculated n=0,L=0 states.
——— 3995
(t+

09
69

Predicted two

1** states with

correct mass
splitting.

4359
— 4353 4356 4343

— 4272 X(4274)

4208 4105

X(4140)

Includes a state
with the right
X(4140) JPc

1+— 1t+ o+

U. Phase
I 1l

Decay mode b Sl

B* > J/YoK* 43k 15k

50 fb! 300 fb!

0.IM 0.6M

MANY MORE RECENT PAPERS

e.g. L. Maiani,A.D. Polosa,V. Riquer
PRD94, 054026 (2016) arXiv:1607.02405

Allow diquarks only in color triplet
configuration; cuts # of states in half:
only one 1** state.

Describe X(4500),X(4700) O** states as
the radial excitations (n=1).
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Charged charmonium-like states in Bmdﬂoecays

4800 > L
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A °— JhypK-: unexpected Jhyp structures

Nathan Jurik, Ph.D., Syracuse 2016
https://surface.syr.edu/etd/640/
PRL 117, 082002 (2016)

PRL 115, 072001 (2015)

12

2 0
'%w.‘QE—
4—‘0)(/)0)'
S = N &
o 27gE
5 O c 9]
gg«sE-_
>0 2 g
- T 2+ B
™ cX g &
= O O OJ
X = <
] q—"'5.
s ]
IIIIIIIIIIIIIIIIIIII
S £ = s = °©
E = =] =T [ ]

bkg-subtracted
eff.-corrected yield/20 MeV

4.8

4.6

44

6D amplitude analysis:

13 better established
T A* states (*** and ****),

in the amplitude fit.

Over 60 expected from

(\I,I_I i T T T T T T T T T i T T T T T T T T T T |_ (A'aw OE)JSIU:%‘AEI L %‘
- et e et > = G)
— ] —
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a8 E o 1o =
- Sl o 1 =
- b z e @
S0 e R I
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oo |
B 1o
B i )
0r * (4450)—
i ~+ (4380) — ; 5
18 .8832c5s
5 —> Jyp 5933388 o
i 88 =T=<=B
16 - e | b+
o [=] o o o O‘r
3 8 & g &
(AN GL )/ suang
d_’\ }A‘ _ Loring-Metsch-Petry EPJ, A10, 447 (2001)
. d = »600F QM predictions _ -
>2200 e oo ﬁ - . —
=5000 —e— total fit - N — — =
et LHCDb = background {2400 0 - - A(2350)
51800 Simee PL(4450) = f— - & T = = &
< —=— P,(4380) : F — — T T
@ 1800 --4-- A(1405) 2000 0 =2 il 1% acin
--3-- A(1520) F =S —S—aa —s =
1400 A(1600) ‘% wo0f- SER BT B
1200 A(1670) - - 3 L <! :poorly established A™s
--xe-- A(1690) 0 [2 700 g =2 Aas0)
1000 --3%-- A(1800) ol 1800(5 HE =8 = — = e
---FF-- A(1810) <i (AT - AQ690) . .
800 cde-- A(1820) L _ T8 = g0 = better established A™s
500 v A(1830) 160018 = 5:1573 AQs20) accizdlng tiEDG
---de-- A(1890) = - A(L403) (*** and )
400 SR -Sbos! Va0 = —
___&.___ - L)
200 o E b r -1 3 3 55779 9% I
L b _ e 1200 2\ 2 2 2 2 2 2 2 2 2
02 1.6 T8 2 2.2 4 s
Abaryonexutaﬂons my,, [GeV] PPN S R I B B SN

the quark model.

Molecules
or cusps
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Expected complexity of A excitation spectrum within the mass
range relevant to A, JypK- amplitude analysis

Loring-Metsch-Petry EPJ, A10, 447 (2001) R.G.Edwards et al (Hadron Spectrum Collab.)
§ 2600f~ — — — LQCD predictions
—_ M B b - —_—
2400 =_ T A0
S I T
! noof — _;E-"_;_F ,_;2199 2100
S| Sim=FEs = m =391 MeV
| =S —STg+t _5-",“: Lo —
<o SERT_ESLL S- n
~__ = red < ! !poorly established A™s
OB g e BE A ~57 sdu states
< AT S L E AL60) . ~7 Sdug-rlch states
[ _=LE 1550 B better established A*s hvbrid
160()_‘% "‘5_1573 Aas20) acciiding tE*EDG ( yorl S)
:;! M_T ("™ and )
"1400F =
I S0 R A A L A A A A U
1200 21 2 2 2 2 2 2 2 2 2 2
L 0.8F
lﬂnn_ 1 1 ] 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I IIIIIIIIII ]:I I : I 5I I :

« Many overlapping states at high mass. Widths and couplings to pK not well predicted.
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Amplitude analysis of A ,°—> JhypK-

rest frame
A, rest frame W rest frame Ab ey (R'@c —

6D maximum likelihood fit
MGk My Oupr Py O P 1) oy

A
tt P.rest fram:
Al fit displays with / ‘>//
JP =2 for P.(4380)*

A rest frame

2 . .
s+ Nathan Jurik, Ph.D. thesis, Syracuse 2016  LAB frame
JP == for P,(4450)"
2 ¢ | — | <T
My pp — Mpc(4450) Pc(4450)
%250:— 5,90‘3'— #
o I LHCb I I LHCb
> I Ph.D. thesis 3 '
wof- n g S Ph.D. thesis
...... F —— total fit
oof D E S Totaa
- o P(4380) so0f- P.(4450) + P_(4380)
[ . ] L = P_(4450)
A(1670) o Pld450) + PL43%0) 40 e p4as0) :*:4:
o-total fit - A(1690) F *
— background - f ﬁgg?g; il
-E—Pc(4450) 50 :l;EtlE
s P,(4300) 7R e +_+_
.+.Rglggg; --A(1890) i .:L i -:l % '::"';:.:E::::::::: ...... ;1..:: ..... l: ; R
Ao B S s B S T
A(1600) -:,—-A(Q‘I‘IO) 1 CIS 0E 04 D2 D 02 CI4 06 OB 1

Negative interference “¢

between the P, states U

ReQUIres tWO Pe g action of A* contributions | source of ambiguities in J°
Sta’_[eS of _ peaking at large cos0p, determination of P_s.
opposite parity
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Interpretations of P (4450)*,P_(4380)" ?

PN Molecules Tightly-bound penatquark

_ 00

D*O
M= h, =
5— . .
J/w No E molecules in this mass range
Szczepaniak PL,B747, 410 (2015) with reasonable values of binding
Guo,Meissner et al PRD92, 071502 (2015) energies — Can accommodate E_When at
and others PRL115,122001(2015) 3 i least one diquark in S=1 state
and others A500 Maiani et al PLB749, 289 (2015);
Y +D*0 b (4450 5T 37 Ali et al PRD94, 054001 (2016);
1t P A1 e | Pc( )2 2 _ and others
5 WV - 103 Mgy | wm—m or 2 Such mass dnfferenc_e
+1+3 Me B and the opposite parity
44003 (4380)*3% 57 can be explained by
P.(4380)" is too —_— or 2 AL=1 and AS=1
broad to be a molecule? _ : : :
. ,, It is crucial to determine JPs!
- JP “preferred” rather
4300 than defl.nltely Need more robust verifications
determined

of resonant hypothesis.

Realistic rescattering mechanisms LHCDb U. Phase
(cusps, triangle anomalies) have I I Both require better

the same J” selection rules as Decay mode 3ot 8 b 50 b 300 fb! understanding of A - pK
realistic _molecular models (must ~ contributions (work in progress
happen in S-wave) Ap = J/YpK 2ol | @D GRS in collaboration with JPAC)
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Other channels related to P_(4450)*,P_(4380)"

Decay mode 5 il
Ap = J/YpK~
Ap = J/Ypr™ 1.9k
Ay = xeDK™ 0.45k
Ap = ] [YppKdm™
Ap = J/Ypp

U. Phase
I [

8 fb! 50 fb! 300 fb-!

0.13M 0.8M 5M
10k 63k
2.2k 15k

0.4M
0.1M

Upgrade statistics will allow for
amplitude analyses of sensitivity
comparable (much better) than in

the discovery paper

Ay = J/Ppprc™

L T T T T I T T T T | T T T

40E LHCb

35; Run |

- 3fbtl
30E :
25F mpn>1.8 GeV ¢
20F "L, =
152— ?;':% } Z_—)]/I,DT[__;
10F e hiln e £

r Lq - .

0 " :,: -| — " | = : ]
45 5 5.

Candidates / (5 MeV/¢?)

LHCb-PAPER-2016-015 M yjyp LGEV]

200

180
160
140
120
100
80
60
40
20

0 I T S T T S T
5450 5500 5550 5600

Hints of J /yYp structure; complicated by ambiguities with Z— — J /Y™
A coupled-channel to J /Yp. The y.p mass threshold near P_(4450)".

‘ﬁ LHCb

Run |

rrrrr

rrrrrrrrrr

36350 3700
m(y  pK ) [MeV/e?]

LHCb-PAPER-2017-011
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Heavy-light-light baryons

[/ =700 +3S, * Qqg baryons are a perfect place to study diquark
0qq Jog = L +Soq structures as the heavy quark spin decouples from light
baryon |- - guark spins
L

* QCD motivated diquarks need to be in the ground
state, n,,=1, L,,=0 ,which eliminates a large number of
possible excitations:

— States can be labeled with n,L of the diquark orbiting around
the heavy quark, which will be a dominant effect in mass

— The main mass level hierarchy like among mesons!
in usual diaquark model: S, =01 Diaquark spin S,, can be 0 or 1 (scalar and axial vector

=1 Lgg=0 Scalar and axial-vector diquarkS)I

diquarks — Since quarks are light (relativistic), and the diquark is in L,,=0
state, their hyperfine mass splitting s, - 5, can be large.

Ngq

* Also important is fine structure from L -§qq couplings

» Small hyperfine structure from j,,, -§Q
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Why the Q_**0 states observed by LHCb are narrow?

=D
| threshold
K~ —
@ /’ OZI allowed but he di "
rips the diquark the quar
Q *% () apart S survives
@ -+ §§. § X
— =
> Q
E 00 S 23S e |
LHCb PRL 118, 182001 (2017). = .S llga. _
Q o O—) =, +K— Significance of & 3001 % . % E:'\ol % Q(3188) ?
h of th R R ~60£19 M&
(Strong decay) f:scongnceesnarmwg 2001 = B The narrow states
> 100 © - gt observed by LHCDb
100 ” are likely 1P and 2S
d of c-(ss diaquark)

Tattooed on a
forearm of LHCb 3000 3100 3200 3300
grad student m(Z.K ) [MeV]




Heavy Quark Exotics, JLab June 2018, Tomasz Skwarnicki 38 >

Doubly-flavored tetraquarks tetraquark

baryon Replace the light quark with light anti-diquark (3
in color triplet configuration
N
o : Y
LHCb PRL 119, 112001 (2017)
2180F [HCh 13TeV | partof Run 113 o, g AR | | |
E LoE e Part of Run H—f s < d) - t The lightest 1* state
v 140 F +Data 1.7 fb_l _: e k- E < 100f
5, f — ol E W Y 72 .
i-' 120 ... Slgnal — o _E’ O State
8 100 :_ --Background ] . 2 6 (1] RIS . ............................................................
5 - the same toolkit v ?
T 80p . N S £ 1* state
5 60F = V =2 -100f ]
~ o’ ] 2 8 Stable tetraquark,
3 . g3 I +
20 = New holy grail of heavy [ will decay weakly -
- T S S : uark spectrosco oL . oA
0 3500 3600 3700 . P Py 1000 1500 2000 2500
LHCb-PAPER-2017-018 m d( E;f [MeV/cz] upen(QQ)  (MeV)
can .
Karliner,Rosner PRD90,094007-(2014) Ksaglén;;,(l)?.osner PRL 119, 202001 (2017)
State  Quark comtent MG/ —1/2) MU =3/2) Eighten, Quigg PRL 119, 202002 (2017):
Eii ceq 3690 & 12 Esposito,Papinutto, Pilloni,Polosa, Tantalo
= blcq] 6914 £ 13 6969 + 14 PRD88, 054029 (2013); and others
ke bleq) 093312 h Consistent results predicted by LQCD:
=, bbg 10162 + 12 10184 + 12

Francis,Hudspith,Lewis,Maltman
LHCb: 3621 + 1 55 PRL 1118,142001 (2017)
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Observation of double Y production at LHC

CMS L=20.7 "' (8 TeV) I?
D
3 ] g oneros ootz |
> ol -3
= .
o 4 2
2 3 1
E - 0
e g 1o 105
©
c 9 5 a0\
S @ O°

o 10 105 9
Mm [Ge\/] 1185 \w
First observation of bb + bb production at LHC. An example, where high luminosity of CMS, and central region
coverage, won over lower muon momentum thresholds in forward region at LHCD.
bb not in the same hadron yet.
Can look for (bb)(bb) tetraquark in decays to Y(1S)Y(1S) — some predicted it to be narrow.

In stable teraquark need to look for b — cWW decay. Look out for observations of bbg baryons, as signs of reaching
sensitivity to detect (bb) (ud). It will be hard to detect it even at LHCb Phase Il upgrade. A better chance to detect

(bc)(ﬁ) iIf stable or narrow (thousands of (b¢) mesons have been already detected at LHC).
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Summary

* New particle zoo for heavy quarkonia families above flavor threshold signals the crisis of the
“textbook” quark model (qq, qqq).

» |t sheds doubts at our view of light hadron spectroscopy as well (all excitations are above “flavor
threshold” for light hadrons). Perhaps experimental efforts to fill in all excited SU(3); multiplets and
find “missing” baryon states in misguided.

« Experimentally, exotic candidates do not follow the same pattern:

— X(3872), so far, is one of the kind, in its c¢ production and radiative decays pattern and exhibiting stunning
non-cc feature at the same time (huge rate to isospin violating decay mode)

— Family of PV, VV relatively-narrow threshold states, with I = 1 (manifestly exotic!) seen only in ete” >
n107Z+0 decaying to both n+°(c¢) and related meson-antimeson pairs

— Collection of ZZ produced only in B — Z- K decays, decaying only to *(c¢). Possibly ¢J/y states
produced in B decays belong to the same category.

— Family of oddly behaving vector quarkonia states above the open flavor threshold. So far seen only in
ete™ production.

— Afew other states | did not have time to talk about e.g. X(3915) - w//yY
It is possible that more than one dynamical effect is responsible for their existence/properties.

Need better experimental investigation of properties of all of these candidates to shed more light
Into their dynamics. Awaiting new exotic states as well!
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Future prospects S M e T i

* Need more data to make further s S ———
TOP 7 ECL
progress

| ~» ' BESIIl -

* More data are forthcoming! B~ e
Upgraded LHCDb —— At f: ~, (.' TOF  BEMC EEMC

R ——
Incident Orwara Spectrometer

beam Shashlyk Calorimeter
- Forward Straw Tube Tracker
—
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&Q
7 @ Interaction Point — Barrel TOF
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END
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LHCb data samples: present & future

- HL-LHC era

Run 1 Run 2 Run 3 Run 4 Run 5+
(2010-12) | (2015-18) (2021-24) | (2027-30) (2031+)
—>

LHCb  Int. Lumi. 3 fb1 8 fb1 50 fb! *300 fb™!

4x1032 cm-2s-t 2x1033 cm2s! 2x1034 cm=2s1

upgrade in anticipated
preparation upgrade

Inst. Lumi.

present

results The main mission of the experiment is to look for New

Physics indirectly (in quantum loops affecting rare decays
and CP asymmetries). As prospects for NP in direct
searches at LHC diminish, the importance of indirect
probes grows.

Broad supplementary program in LHCb, including hadron
spectroscopy.
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Amplitude analysis of B*— J/y¢K* ¢ ->K*K-
6D maximum likelihood fit

(Mgis My Oups P 0, 0p)

B’ rest frame

E = S

K rest frame

The inclusion of all decay angles in the
amplitude fit, allowed resolution of various
L e K¢ partial waves, and led to a firm

BT TEE determination of JPC of J/y¢ resonances:

& 0" NR, ke ]
& I X(4140) +§ﬁ3f;mh )]
=:E 1" X(4274) 7 .
W 0" X(4500) + K*(29)
e 0% X(4700) - K(0)

Candidates

X(4274): 1** determined at 5.8c
X(4500): 0** determined at 4.0c,
X(4700): 0** determined at 4.5




