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— What is Spectroscopy?

Stretched String
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https://www.researchgate.net/publication/330406720_Synthesizing_the_note-specific_atoms_based_on_their_fundamental_frequency_used_for_single-channel_musical_source_separation

String oscillation
harmonics

Spectra of
piano note B3

0.06
’ [Azamian, Kabir]
0.05 1
0.04
€003/
< |
I
0.02 ‘
0.01 \ ‘
0 L \‘
0 200 400 600 800 1000 1200
Frequency(Hz)

Ivan Polyakov

of electron in
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What is Spectroscopy?

Radial wave functions

Radial wave functions
of bb quark system

—_ 1S wavefunction
,,,,, 2S wavefunction

[Johannes Eiglsperger]
Mass spectra of
Y(nS) states

10000

8000

Candidates / (25 MeV/c?)

6000
4000

2000

o B R STy i S
9000 10000 11000
m( Wy ) [MeV/e?]

4


https://www.researchgate.net/publication/330406720_Synthesizing_the_note-specific_atoms_based_on_their_fundamental_frequency_used_for_single-channel_musical_source_separation
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Why decays?
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DISCOVERY OF A NARROW RESONANCE
In e*e™ ANNIHILATION
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Light (conventional) hadrons

ol bati _ m .~ 2-5MeV
™ - )
Highly non-perturbative regime m.~ 100 MeV
Ao ~ 200 MeV
= Extract effective parameters baryons
from ground states mesons =
(1% harmonics) - * - *
[Karliner&Rosner, PRD 90, 094007 (2014); q2 qZ/
Gasiorowicz&Rosner, Am. J. Phys. 49 (1981) 954] @ g)}
State (mass  Spin Expression for mass Predicted _ _
in MeV) [24] mass (MeV) J=0 J=1 J=1/2 J=3/2
7(138) 0 2m — 6b/(my*)? 140
p(775),w(782) 1 2m™ + 2b/(m™)>2 780 2000 Durr et B
K (496) 0  mp+m—6b/(miml) 485 1Sci 352.122 4
K*(894) 1 my+mp+2b/(mrmy) 896 1 §|26n3808 ' ] ~-K
¢(1019) 1 2m™ + 2b/(m™)? 1032 1500 ] 1227, ] & =
State (mass Spin Expression for mass Predicted ] —— = % z
in MeV) [24] mass (MeV) = — A
N(939) 1/2 3mb —3a/(ml)? 939 ) i Bl
Afronpy.  gi5 3-:-:1% + 3a/(m?)? 1239 = 1000 eyt | = N
A(1116) 1/2 2m? +mf — 3a/(m})? 1114 = a Ep
3(1193) 1/2 2mE+md+ a./(:mg)2 4a/mbm"’ 1179 i
3(1385)  3/2 2m§ +m? +a/(m))* + 2a/mim} 1381 500_‘ —— experiment
=(1318) 1/2  2m?+ m) +a/(mf)? — da/mim? 1327 i —~ K == width
=(1530) 3/2  2mi+m) +a/(mb)?+ Za/mbmb 1529 1 o input
Q(1672)  3/2 3m? + 3a/(mbh)? 1682 " J s Qch (Lattice
)

good description within 10 MeV!
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Quarkonia

= Heavy quarks - semi-perturbative regime m, 4~ 2-5 MeV
YA - P 2 m_~ 100 MeV

= Much clearer systems Nycp ~ 200 MeV
m_~ 1300 MeV

= Great progress m_~ 4200 MeV

Potential between two quarks
(Cornell model)

>15 [ y(4S) or hybrid
5 L V=-1.02/r + 0.927r Linear \I’(z D)-‘. TvW_J!‘}I
S5 | h A B
= ce(2S) 2 y3s) zg
S’ —
> 1 ce(1P) R LS - Xa(2P) %a(2P)  pp,
075 | ccdS) — I = RB 387ww T
- bb(1S) 2 M(D) (p@y) iy
st 1l M VB @0 O F—sa Y ) " e e e e e e e e - - -
0.25 | ’b 1(1 P) x:2(1 P) H
0 Xco“ P)-
i =
0.25 .
Charmonium
v family
075 |
ot 1+ o+t

1 1 1

[Eichten, Godfrey, Mahlke, Rosner,
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Other Heavy hadrons

: : — m -~ 2-5 MeV
]
Rich structure in Qq and Qgqg’ hadrons & (T Y
. m ~ e
with heavy quarks s
Aqgco ~ 200 MeV
= One example: D° [cu] excitations m_ ~ 1300 MeV
_ . m, ~ 4200 MeV
3000l D,*(2806) 3~ D, (3079) 3"
. D,(2806) 2 D, (3074) 3°
—D,(2801) 2 D,*(3074) 2°
S D*(2796) 1
> —D,’(2618) 1 D.*(2479) 2*
Ep 2500 Dn(2553} 0 =D:-;;459]] 1
" —D,2419) T
g D,*(2380) 0
2000 _ D*(2023) 1
— D(1864) 0
—D(1884) 0 [Godfrey,Isgur, PRD 32 (1985) 189] [LHCDb, JHEP 09 (2013) 145]
1s 25 1D 1P 1F 2 e TR P e 4 :
Resonance | Final state Mass (MeV) 60000
Dy(2420)° D*+p= [ 24196+ 01 +0.7
D5(2460)° | D'z~ | 24604+ 04 *12 o
D3(2650)° | D**x~ | 26492+ 35 +£35
D4(2760)° | D**r~ [ 27611+ 51 +£6.5 40000
;{2 580)° | D*+x- | 25795+ 34 +55 o
D;(2740)° | D**a~ 273704+ 35 41120 &
D;(3000)° | D**r~ | 29718+ 8.7 g
D3(2460° | D¥m- | 24604 £ 0.1 £0.1 O 20000
D.}{QTEH]” Dtr= | 27601+ 1.1 +3.7
D%(3000° | Dt~ | 3008.1 4+ 4.0
D3 (2460)" D%* 2463.1+ 0.2 +0.6
D5(2760)* D+ 27717+ 1.7 +38 0 5560 S e i o
D%(3000)* DO+ 3008.1 (fixed) (D7) [MeV]
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Other Heavy

= Rich structure in Qg and Qqgqg’ hadrons
with heavy quarks

hadrons

= Lots of results from the LHC (mainly by LHCDb)

11.5 1 L 1 1 L L L 1 L 1 L 1 1
11.0 52 new conventional hadrons at the LHCI $ o W ¢ W g
' -- - -I B bq ® coq cqq
X5(3P) 1 Xb2(3P)
10.5 1 o 46 by LHCb 1 .xzi(.%m 1 .
: ' b-quarkonia
7.5 1 ]
1 |
1 " i |
10 l1 ron B.(25)* B.(25)
- c 1 + |
6.5 - ~ _ Ap(6152)0 Qy(6340)" _ ]
- 262270y A6laee W 0(@227)°  mae3zne =,(6005)° I
6.0 - 15659450 N,(5920)° 25(5955)= 2 B(5970)*° @ g B, 6100 W= (60870 I
’ 1 Np(5912)° = (5935)!.13;(584&)‘“U I,(6097)°  A,(6070)° B, (6114)° 1
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>
@ 5.0
245- - I----------------------------I
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1]
s 4.0 1 - 1 w(3842) ®1.(a000) !
3.5 - i 0.(3327)° .
g 0 i
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Conventional is not enough

= Progress limited by quark configurations studied

\ 1 "“"""?: |
e H H N
= 4/5/...-quark states (exotic hadrons)
have been anticipated since 60’s
= NoO success in light sector no clear conclusion reached due to
= First candidates for tetraquarks in 90’s: large widths & theoretical ambiguities
fo(500), K*0(8OO)’ o Iater D*SJ (2317)’ . |Fazio, 2004" Eidelman, Gutsche, Hanhart, Mitchell, Spanier, 2020 (PDG)|

= Pentaquark ©* [uudds] in 2003 Jater shown to be false

[ Trilling, 2006 (PDG) |

Ivan Polyakov 10


https://doi.org/10.1103/physrevd.75.054502
http://pdg.lbl.gov/
https://doi.org/10.1088/0954-3899/33/1/001

e First exotic hadrons

= First one uniquely identified as exotic was x_,(3872)
discovered in heavy sector in 2003;

= First pentaquark in 2015 in heavy sector as well;

much smaller widths and
clearer understanding of cc

allowed to exclude 2> RN Y
Sy - et X ,(3872) 7 2
conventional interpretations > b cl 1 3
ST T ~JIPTrTr | 2
LKL IS -
2 200l [ccqq] 7 @

S I d

w) L a

- L J

g) 100 M

- C i

0 [l ..J il

0.40 0.80 1.20

M(z* 7 I"T) - M(I'T) (GeV)
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https://doi.org/10.1103/physrevlett.91.262001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.072001
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50+ exotic hadron candidates

N. Hiisken, E. S. Norella, I. Polyakov

Table 2.  All known exotic hadron candidates up to date. States we consider well-established are underscored.

Category

States / Candidates

Hidden Charm

Meson-like
(incl. tetraquarks)

x—like: x.1(3872),
Xe0(3860), xc0(3915), x02(3930), X (3940)

=0 w—like: 1(4230), 1¥(4360), ¥(4660)

with 8 xe1(4140), xe1(4274),
Xe1(4685), Xe1 (4500), xe1 (4700)
X (4150), X (4630), X (4740)

I =1/ Tozs (3985) =, Trze1(4000) /0, Toze1 (4220)~

seen in ete™: Tz (3900)+/0,
T.=(4020)*, T.=(4055) "

=1
seen in B decays: T,z(4050)T, T,=(4100)T,
Toz1 (4200)F, Toz(4240)F, To=(4250)*, Tozy (4430)F
1=0 T(10753), YT(10860), T(11020)
Hidden Beauty
=1 Tz, (10610) 7, T,z (10650)*
Hidden Double Charm Tzew(6550), Tepes(6900), Tmes(7290)
Di-like: D*,(2317)F, Dy (2460)F
Open Single Charm
Tas/a§: Tcso(QQDD)O:
T.50(2900)°/++ | Tre1 (2900)°
Open Double Charm Tee(3875) T
I = ya(s)2) P.=(4312)*, P.2(4440)F, P.o(4457)+
ron-=11 - ‘ 7 | e + | e +
. Baryon-like Hidden Charm P.z(4380)", P.z(4337)
(incl. pentaquarks)
I=0(1) P.z5(4458)°0, P.zs(4338)°

23 at the LHC, 21 of them by LHCb

12



— Exotic charmonium
— 4| X -like (aka X) , >4 GeV

Xeo(3860), xe0(3915), xc2(3930), X (3940)

=0
with s5: x1(4140), x01(4274), StateS:
idden Charm ¢1(4685), X1 (4500), xc1(4700) & ; . .
mase o S, Xean o IG(JFC) =0F(0"): X0 (3860), xc0(3915)
. I=2 Toea (3985) , Tezen (4000) /0, Ty (4220) also known as X (3915)
) {\/[:s;)n-llke . seen in ete”: T,z (3900) /0, a PC + ++ :
(nl tetraquarks) . L) T 05 o JG(JFPC) =0F(277): x2(3930)
seen in B decays: T'.z(4050)", T,5(4100)*, a7 ra?? fom Ay
T.z1 (4200)F, TQE(4§40)+,(ng(zl)zso)t(nm()4430)+ L IG(JPGJ = " (" ! ): X(394U)
I=0 T(10753), T(10860), T(11020) ' _ . -
Hidden Beauty — T Tt minimal quark content: |c¢|, possibly [céqq]
Hidden Double Charm Tozea(6550), Tumea(6900), Teer (7290) EXPEFImEHtS: BE].BE].I', BCHC, BESIII, LHCb
Open Single Charm D3tike: Dop(2817)7, Der (2460)" production: ~y+-collisions and
Tog et Tesn(2900)°, ey . .
Tero(3000)0/ T (2900)0 B-decays, e*e / pp collisions
Open Double Charm T..(3875)F

o P BTE)T  Pe@i0)F, Poalalo) decay modes: DD (except X (3940)),
. Baryon-like Hidden Charm N Fez(4380)7, Pez(4337) T & T i =4
(incl. pentaquarks) I=00) Peaa(1458)0, Prms (1338)0 D D (X(394U )) 4 UJJ/TTJ_ (Xc[] (391!)) )
nearby thresholds: D*D, Df D

mass (GeV)

4757 Y .
w - - - L]
characteristic widths: ~200 MeV (x.0(3860))
1,50 4 Aenl(4500)
_ and 19-37MeV (xc0(3915), x.2(3930), X (394
4254 T <mmm M '7 '”‘“' DD B i
"”I;::::::::""""' e M, N £ T ij'+ij'- ' EEEX(3842) * ----- bkg
' wtiis o S 200 = 1000 EE X2 (3930) total
Xm('(:ﬁl]} : ‘:_', r i 800 il L:“.'E"I‘J
375 D R =
‘ e . £ &'mwf“N
™ Xeal1P) ;‘3 10 -E 6{]0

—h(1P) XallP) — r =

3.50 - e — wr—— r s
e — 5'?_ = 400
i =5 e 38 385 389 395 4 405 41 415 42 I
_ yeus e m(Iyo) (Gevic) O L P B v — RN
oo G o v, Ty Fig. 5. Xec0(3915) — J/yw signal at 38 38 35 385 4 405
e o < e BaBar B3 : mpn [lfm‘»-'ff-a]
0 T T of T T T T L
‘]P(‘

Ivan Polyakov N 13



Category

Exotic charmonium

States / Candidates

Meson-like
(incl. tetraquarks)

x—like: x.1(3872),

Xeo(3860), xe0(3915), xc2(3930), X (3940)

h—like: 1)(4230), 1(4360), 1»(4660)

with s5: x1(4140), x01(4274)

Xe1 (4685), X1 (4500, 1 (4700)

X (4150), X (4630), X (4740)

Tze (3985) =, Toze1 (4000) /0, Toza1 (4220)

seen in ete”: T,z (3900) /0,
T.+(4020) | Tom(4055) 7

seen in B decays: T.z(4050)F, T,z(4100)*,
T2y (4200), Tz (4240) T, Ton (4250)F, Timy (4430)

T(10753), T(10860), T(11020)

T,5, (10610) ", T,7, (10650) "

Tz (6550), Tozew(6900), Temes (7290)

D2-like: D*(2317)F, Dy (2460)*

Tes fest Teso (2900)0,
To50(2900)%/++ | Tegq (2900)°

T..(3875)*

Baryon-like
(incl. pentaquarks)

Pz(4312)F, Pz(4440)F, P=(4457)F

Pc(1380)%, Pec(4337)*

I1=0
Hidden Charm
I=12
=1
1=0
Hidden Beauty
=1
Hidden Double Charm
Open Single Charm
Open Double Charm
1=172(502)
Hidden Charm
I=0(1)

Puzs(4458)°, Pez.(4338)°

475
1504
1254
;
i
e 4.00 9
i
375 4

3504

3254

300 <_’M 13)

¥({4660)

Xen(4T00} <m (4685)
Aea(4500)
Xe1(4274)

X (4630)

X(4150)

Xe{1P)
i

< oxp: QQ-like
Qaqi'

3

exp: QQaF

Ivan Polyakov

X -like (aka X) , >4 GeV

(with ss pair?)

states:
b I(JPC) = U(U—H_): Xc[](4500)= Xc[l(4TUU)
o I(JPC) = 0(1F1): xo1(4140), x1(4274),
also known as X (4140), Y (4140), ...
o I(JPC) =0(?"%): X(4150), X (4630), X (4740)
also known as X (4160)

minimal quark content: |cc],
more likely [ceqq| or [c¢Es3] F

experiments: CDF, CMS, D0, BaBar, L
LHCDb, Belle

production: BT — J/yoKT, ...

decay modes: J/p, D*D* (X (4150))

nearby threshold: D D, D:D?

characteristic widths: 51-174 Mc

e

Candidates/{ 100 M

E of s --U&“

T = F
P T e b Mt 0 S P

4800
Me

4100 4200 4300 4400 4500 4600 4700
e |

Fig. 9. Resonances in J/¢¢ at

LHCLL1E

14



D
Category States / Candidates
x—like: x.1(3872),
Xeo(3860), xe0(3915), xc2(3930), X (3940)
I=0 :
Hidden Charm Xe1(4685), xc1 (4500), xc1 (4700
X (4150), X(4630), X (4740)
1=1/ Tz (3985) 7, Tezs1(4000) /0, Tzg1 (4220)
Meson-like seen in ete”: T,z (3900) /0,
(incl. tetraquarks) -1 T.z(4020)*, T.z(4055)F
seen in B decays: T.z(4050)F, T,z(4100)*,
Tz (4200)F, Tz (4240) T, Tz (4250)F, Tz (4430)+
I=0 T(10753), T(10860), T(11020)
Hidden Beauty
I=1 Ty, (10610) 7, T,7 (10650) "
Hidden Double Charm Tezz(6550), Tezew(6900), Teaes(T290)
D2 -like: D*(2317)F, D (2460)F
Open Single Charm
Tosjest Tes0(2900)°,
T,50(2900)%/++, Tee1(2900)°
Open Double Charm T..(3875)F
- + - + — +
. N I = 1/a(372) PM(4311)23 4!31;63 £44§)E 4,11:;{4457)
. aryon-iike Hidden Charm e (4380)T, Pez(4337)
(incl. pentaquarks)
I=0(1)

_ i
4759 H
'
X (4630) :
1,50 4
4251
i SR
— 4004 T
w
i,
........................
3.75 4
< 39
(1P
1Py Xe1{1P) —
3.50 4 iz -
<Py
3.254 quark model
v QG
J/ (18] < Q0.
— —— exp ke
3004 < 7.(15) : Qqq
Qg

Exotic charmonium

AI Y-like (aka Y)
states: /(4230), 1/(4360), ¥ (4660)
also known as Y (4230), v (4260), Y (4360),
quantum numbers: 1¢(JF¢) =07(177)

minimal quark content: |cc],

possibly [ceqq| or [ceg]

experiments: BaBar, CLEO, Belle, BESIII,
possibly D0

production: ete™ annihilation,
possibly b-decays (1(4230))

decay modes: 7wJ/v, mm(2S), mwhe
NI, KKI/Y, 31N, WX, YX:;(3872), ...
uy, D*Dm, DD7m, ...

nearby threshold: DD

characteristic widths: 48-118 MeV

100

0 T 100 —— Fit result
80F @ = Rwan F Solution I —— gatal BW
g V5=3.8713 L 0] i ingle
s i o Non-resonance
=i 60 Inteference

60

o(e'e — n'rlly) (pb)

50- -
a0F B
30: 20 :_
20f 0

ale’e —n ny(3686)) (ph)
=

- 1 1 1 1 1
4 41 42 43 44 45 46 47 48

x(c)
hobo

TSP Y T W e S e KR s (GeV)
38 4 42 44 46
Is (GeV) ete” — wrw 4(25) (right) cross-sect

Fig. 7. ete™ = wtx—J/1 cross-
section at BESII1102]

Ivan Polyakov
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Category

Exotic charmonium

States / Candidates

Hidden Charm

Meson-like
(incl. tetraquarks)

x—like: x.1(3872),
Xc0(3860), xc0(3915), x2(3930), X (3940)

h—like: 1)(4230), 1(4360), 1»(4660)

with s3: xe1(4140), xe1(4274),
Xe1(4685), x1(4500), xc1(4700)
X (4150), X(4630), X (4740)

1=12 Tezs (3985) ", Teza1(4000) /0, Tozer (4220)

seen in ete”: T,z (3900) /0,
I=1 Tz(4020) ", T.=(4055)*

seen in B decays: T.z(4050)F, T,z(4100)*,

Tz (4200)F, Tz (4240)F, Tz (4250)F, Toz (4430)F

I=0 T(10753), T(10860), Y(11020)
Hidden Beauty
I=1 T,5:(10610) 7, Tz, (10650)F
Hidden Double Charm Tizez(6550), Tezez(6900), Tzez (7290)

Open Single Charm

Di-like: D*,(2317)F, Dy (2460)*

Tesjemt Teso (2900)0,
Tus0(2900)%/F+ | Teg1 (2000)°

Open Double Charm T..(3875)F
Poz(4312)F, Po(4440)F, Po(4457)F
I = 1/2(3 ’ ’
Baryon-like Hidden Charm /2(5/2) Pz(4380)T, Pz(4337)T
(incl. pentaquarks)
[=0(1) Pezs(1458)°, Pz, (1338)0

4.75 9
(4660)
1.50 4
1254
=
(5
&
= 400
o
%
3.75 4

3504

....................................
: : : :
1 Xeo(1T00) £y (a685) ' E H
] —— .
H : : X (4630) :
' H '
! : : :
430) § ' ' .
. ]
H ' ' H

X (4150}

quark model
7 Q4
J/6(15) < T
o &) exp -like
3.00 4 7:(15) = : < wp: Qaq

: === N.Hiisken, E. S. Norella, | <
g Qegs

A

0 1 1+ ot 1+ 2+ ? L 3
JI"(‘
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T __ states (aka Z )

seen in ete- annihilation

states:

o IG(JPC) =11(11): T,z (3900)1/0

o [G(JFPC) =11(2"7): T.5(4020) T, T,z(4055)"

minimal quark content: [ccqq ]
experiments: Belle, BESIII, CLEO-c, DO
production: ete™ — Tl .7

possibly through (4230) /1(4360),

T.z1(3900) potentially in b — J/yatn™+X

decay modes: 7.J/¢, D*D and

possibly pn. for T,z (3900),

m+the(1P), D*D* for T.z(4020),

mt(2S) for T.z(4055)
nearby thresholds: D*D, D*D*
characteristic widths:| 13-45 MeV |1 e'e

=
@ (=]
(=] (=]

Events / 0.01 GeV/c?
(%]
(=]

M) (GOVID)

Fig. 11. T.#1(3900) signal
BESI1TL40)
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Category

Exotic charmonium

States / Candidates

x—like: x.1(3872),
Xeo(3860), xe0(3915), xc2(3930), X (3940)

¥—like: 1(4230), ¥(4360), ¥(4660)

with s5: x.1(4140), x.1(4274),
Xe1(4685), X1 (4500), xc1(4700)
X(4150), X(4630), X (4740)

Tozs (3985) 7, Tuze1 (4000) /0, Tozap (4220)~

I1=0
Hidden Charm
I=12
Meson-like
incl. tetraquarks
( quarks) o1

seen in ete”: T,z (3900) /0,
T,2(4020) | T,=(4055)F

seen in B decays: T,z(4050)", T.=(4100)",
Tz (4200)F, Tz(4240) T, T.z(4250)F, Tiz (4430)

Hidden Beauty

Ty, (10610) 7, T,7 (10650) "

Hidden Double Charm

Tz2(6550), Tezew(6900), Tz (7290)

Open Single Charm

Di-like: D*,(2317)F, Dy (2460)*

Tes fest Teso (2900)0,
To50(2900)%/++ | T. o1 (2900)°

Open Double Charm

T,.(3875)%

; I =1/2(3/2)
Baryon-like Hidden Charm

Pz(4312)F, Pz(4440)F, P=(4457)F
Pez(4380)T, Pz(4337)F

(incl. pentaquarks)

Puzs(4458)°, Pez.(4338)°

4259

4004

mass (GeV)

J/(18)

300 <_’M'-“'

ot T T T o

Ivan Polyakov

T __ states (aka Z )

seen in b-hadron decays

states:
o IG(JFPCY =1 (1) Tra

also known as R.q(4240)

o IG(JPC) =1F(7"7): T.z(4240)

(4200) ", T.z1(4430)"

. Z.(4240)

o [C(JFC) =1(7"T): T,:(4050)", T.z(4100)*,

Tez(4250)

minimal quark content: [ccqq']

experiments: Belle, LHCb

production: B — (cé)nt K ~, where

(cc) = J/v, ¥(2S), Ney Xer

T.z(4200) also potentially in Ay — J/vmp

decay modes: J/ymt, 1)(2S5)
nearby threshold: D*D*

ﬂ-+a nc'ﬂ-_'_a Xel 'ﬂ-_'_

b2

characteristic widths:

82-370 MeV

.L b-decays

10 H-‘-.ri('»w-x - GeVie*

Events / 0.% GeVie
=)
—F

100

Fig.

LHCb

LHCb
tt +

i :*%k

Z(4240) - 2

. -

15 16 17 18 19 20 21 22 23
M2(y(28),n") GeV/c?
12. T.z(4430)+

signal at
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Category

Exotic charmonium

States / Candidates

x—like: x.1(3872),
Xc0(3860), xc0(3915), x2(3930), X (3940)

h—like: 1)(4230), 1(4360), 1»(4660)

with s3: x.1(4140), xe1(4274),
Xe1 (4685). o1 (4500), xe1 (4700)
X (4150}, X(4630). X (4740)

Tezs (3985) ", Teza1(4000) /0, Toze1 (4220)

=0
Hidden Charm
I=12
Meson-like
incl. tetraquarks
( quarks) o1

seen in ete: T.z (3900) /0
T.z(4020) ", T.z(4055)+

seen in B decays: T,z(4050)F, T,z(4100)F,
T (4200)F, Tz (4240)F, Tz (4250)F, Tomy (4430)

I1=0 T(10753), T(10860), Y(11020)
Hidden Beauty
=1 T,5:(10610) 7, Tz, (10650)F
Hidden Double Charm Tezz(6550), Tezew(6900), Teaes(T290)
Di-like: D*,(2317)F, Dy (2460)*
Open Single Charm
Tosjest Tes0(2900)°,
Tus0(2900)%/F+ | Teg1 (2000)°
Open Double Charm T..(3875)F
I = 1/a(372) Pop(4312)F, Pz (4440)%, Poo(4457)+
Baryon-like ) o Poz(4380)T, Poz(4337)T
(incl. pentaquarks) Hidden Charm
I=0(1) Pozs(4458)0, Puzs (4338)°
. T : CYTTTTTTTTY ST :
AT H H E Xen(4700) £ (4085) E H E
: | : H
1504 H Toea (4430 i Xeol4500) ' i
3 A vla135) f—— H "

Xe1(4274)

4254 vl vta220) LT =
s <Xn(4140)
»
&
st 4004
w
ot
=
SR :
3754
’ 1)) nhH
7:(25) T
<
(1P
__ Py XeallP) T .
3.50 4 i
=Sy
3.254 quark model
xp: QG
J/6(15) < T
o | oxp -like
B d (15) < o 263 q5
300 Z2L N Hiisken. E. S. Norella. | Polvakon g
u 5. N E yakowv 2 alla
T 0 ™1 T T i AR 7] T B
JP(‘

Ivan Polyakov

T___ states (aka Z 5)

states:

o I(JP) = 1(7%): Tzs(3985)~/°

o I(J7) = 1(17): Tuzor (4000)~/°

° I(JP) = %(1?) Tc351(4220)_
minimal quark content: [ccsq]
experiments: BESIII, LHCb
production: ete™ (Tzs(3985)),

B~ = J/Yd K~ (Tuz1 (4000), Tizs1 (4220)),

B — J/¢podK2 (T2 (4000))

decay modes: D D*"/°/D*= D"/,

J/WK~, JJvK2

nearby thresholds: D, D* In €'€ H(x)*/o

characteristic widths:

8-13 MeV

(Tes(3985)),

130-233 MeV (Tcﬁsl (4:000), TCEEI (4220))

£

b-decays

Candidates / (10 MeV)
z g

Lh
=

LHCb

- - Data 9 b
4~ Total fit

E -4 No Z,, fit
100 — Z,,(4000)

m e(

inve

4.25,4.35) GeV

My

42
[GeV]
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Category

Exotic charmonium

States / Candidates

x—like: x.1(3872),
Xc0(3860), xe0(3915), xc2(3930), X (3940)

W—like: 9(4230), 1(4360), 1(4660)

Hidden Charm

with s5: x.1(4140), x.1(4274),
Xe1(4685); xe1 (4500), xo1 (4700)
X (4150), X(4630), X (4740)

1=1f2 Tz (3985) ™, Tezs1(4000) /0, Tz (4220)~
Meson-like seen in ete”: T,z (3900) /0,
(incl. tetraquarks) -1 Toz(4020)F, Tz (4055)F
seen in B decays: T,z(4050)F, T,z(4100)*,
Ty (4200)F, Tom (4240)F | T (4250) T, Topy (4430)
I=0 T(10753), T(10860), T(11020)
Hidden Beauty
=1 Ti5, (10610)F, Typ, (10650)+

Hidden Double Charm

Tz (6550), Tozew(6900), Temes (7290)

D2-like: D*(2317)F, Dy (2460)*

Open Single Charm

Tes/ci: Tcso(QQDD)O,
Tem0(2000)%/ 5+, Tee1 (2000)°

Open Double Charm

T..(3875)*

; I =1/2(3/2) I
Baryon-like Hidden Charm

Pz(4312)+, Pr(4440)F, Ps(4457)+
Pz(4380), Pz(4337)F

incl. pentaquarks
(incl. pentaq ) I=om

Ivan Polyakov

Puzs(4458)0, Pez.(4338)°

P__ states (aka P )

states: P(4312)", Pa(4440)", P&(4457)",
P=(4380)", Pz(4337)"

minimal quark content: |[ccuud]

experiments: LHCb

production: A, — J/ypK ™,
likely Ay — J/¢pr~ (Pz(4440(4457)),
BY 5 J /gy (Pul(4337))

decay modes: J/¢p

nearby threshold: X} D(*)°

characteristic widths: 10-30 MeV
and ~205MeV (P.=(4380))

0
IiD r: b+°

1200
— data LHCb

— total fit

L e background

g

=

L LI B LRI L L

Weighted candidates/(2 MeV)

400 : :
i P.(4440)' [P ({4457
P.(4312) |

200

rrr[rrr.

Fie] [ ol
481}0 4250 4300 4350 4400 4450 4500 4550 4800
My (MEV]

Figure 19: P statesin Ay — J/ypK~
at LHCb [240)].
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Category

Exotic charmonium

States / Candidates

Hidden Charm

Meson-like

(incl. tetraquarks)

x—like: x.1(3872),
Xeo(3860), xe0(3915), xc2(3930), X (3940)

P___states (aka P_) |*

states:

h—like: 1)(4230), ¢(4360), 1(4660)

with s5: x.1(4140), x.1(4274),
Xe1(4685), xe1 (4500), xe1 (4700)
X (4150), X (1630), X (4740)

o I[JP) 0(Y/27): Pca(4338)n

1=1/ Tz (3985) 7, Tezs1(4000) /0, Tzg1 (4220)

o I(JP)=0(?): P (4458)°

seen in ete”: T,z (3900) /0,
T,2(4020) | T,=(4055)F

=1
B ey T IO minimal quark content: [ccuds]
T (4200)F, Tom(4240) T, Tom (4250), Tirmy (4430) .
I=0 T(10753), T(10860), T(11020) exp eriments: LH Cb
Hidden Beauty -1 T,z (10610) ", T,y (10650) "

Hidden Double Charm

production: B~ — J/¢YAp (Pz,(4338)),

Tz2(6550), Tezew(6900), Tz (7290)

Open Single Charm

Eb — J/UALI{_ (Paas(4458))

Di-like: D*,(2317)F, Dy (2460)*

Tes fest Teso (2900)0,
To50(2900)%/++ | T. o1 (2900)°

decay modes: J/¢¥A

Open Double Charm T (3575)* nearby thresholds: =D~ Z/D*0
— I = 1a(32) P@(43123+, Pug£4440)+, P&Sr4457)+

(incl. pentaquarks) Hidden Charm

Ivan Polyakov

characteristic widths: 7-17 MeV

Puzs(4458)0, Pez.(4338)°

> 180F LHCb ~ «Dma -
(5] 3 0 — Nominal fit
= 160 9 fb — Null-hyp. fit
% 140 F * — NR(Jyp)
8 120F E
S 100F ;
= E .
g 8{}:- E
O 6o E
40 E
20 E
95 425 43 435

m(J/yA)[GeV]

Figure 20: Discovery of the
Ps(4338)" at LHCD [254).
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Category

Exotic bottomonium

States / Candidates

Hidden Charm

Meson-like
(incl. tetraquarks)

x—like: x.1(3872),
Xeo(3860), xe0(3915), xc2(3930), X (3940)

¥—like: 1(4230), ¥(4360), ¥(4660)

with s5: x.1(4140), x.1(4274),
Xe1(4685), X1 (4500), xc1(4700)
X (4150), X(4630), X (4740)

Tozs (3985) 7, Tuze1 (4000) /0, Tozap (4220)~

seen in ete”: T,z (3900) /0,
T,2(4020) | T,=(4055)F

seen in B decays: T,z(4050)F, T,z(4100)*,
=1 (4200) . Tz (4240) T, Tz (4250)

=1 (4430) 7

Hidden Beauty

T(10753), T(10860), T (11020)

Hidden Double Charm

Tz2(6550), Tezew(6900), Tz (7290)

Open Single Charm

Di-like: D*,(2317)F, Dy (2460)*

Tes fest Teso (2900)0,
To50(2900)%/++ | T. o1 (2900)°

Open Double Charm

Baryon-like

(incl. pentaquarks) Hidden Charm

T..(3875)*
B ng(4312)+! P::E(4440)+! P,_,E(4457)+
I'=1/2(3/2) P.z(4380) . Pa(4337)F
I=o0(1) Pozo(4458)°, Prza(4338)°

analog to y-like states
from charmonia sector

Ivan Polyakov

T-like

states: T(10753), T(10860), T(11020)
also known as T(55), T(6.S5)

quantum numbers: [¢(J7¢)=0"(1"")
minimal quark content: [bb], possibly [bbgg] or [bbg]
experiments: CUSB, CLEO, BaBar, Belle, Belle 11
production: e"e” annihilation
decay modes: all in 7771 (nS) (n =1,2,3),
also wxp12(1P) for T(10753) (and possibly T(10860)),
mtr~hy(nP) (n =1,2), and possibly 7t 7~ 7%x12(1P)
nearby thresholds: BHE’,_;, BSE’:, B:B:
characteristic widths: 24-37MeV

g — - Belle data, =nY (25)
7 F -4 Belle Il data, ==Y (25)
i m
H -
w b
g 41
@ *"
el —
= —
8 2

F

'_J I 1 | i 1 I |

107 10.8 10.9 11
Center-of-mass energy [GeV]
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e Exotic bottomonium
T, . states (aka Z))

Category States / Candidates

x—like: x.1(3872),
Xc0(3860), xc0(3915), x2(3930), X (3940)

h—like: 1)(4230), ¢(4360), 1(4660)

with s5: x.1(4140), x.1(4274),

Hidden Charm Xe1(4685), X1 (4500), xc1(4700)
X (4150), X(4630), X (4740)

states: T3 (10610)", T\ (10650)"

= Py TR — also known as Z,(10610)7, ... or Ty, ... or X(10610), ...
Meson-like seen in eTe™: Tz (3900)+/0, & e PC 1 4 -+ +—
(1ncl. tetrauarks) L T (4020) " T (1055) T quantum numbers: [“(J7¢)=17(17")

minimal quark content: [bbud]
experiments: Belle

seen in B decays: T,z(4050)F, T,z(4100)*,
T,y (4200), T (4240)F, Top (4250) T, Tomy (4430}

I=0
Hidden Beauty — I, production: efe™ — T;E’?T_ around the T(10860) and T(11020)
Hidden Double Charm Tizcz(6550), Tezez(6900), Tezez (7290) decay modes: i'TT(nS) (n - ]., 2, 3), J‘Thb(nP) (Tb = ]., 2),
slike: D%, (27 , Dy * 2 * T 23 =
Open Single Charm D lkTDSQ(-2;17);‘)DDD;G(24GO)+ B B (Tbbl (10610))3 B* __B (Zﬂbé];k(l[:]ﬁoo))
Tono3000)0/ 0 Ty (26000)0 nearby thresholds: B*B, B*B
Open Double Charm T,.(3575)" characteristic widths: 11.5-18.4 MeV
I =13 P(4312)F, Pz (4440)F, Pe(4457)F
~ Baryon-like Hidden Charm =Y2(5/2) P.z(4380) . P.z(4337)F
(incl. pentaquarks) r=o(1) Przs(4458)7, Prg, (4338)0 100 L WAL AL LN L R LR BLELRLILE
D 8o g
P ]
2 60 -
) i ]
analog to T - states 2 :
cc o 0 .
. o L ]
from charmonia sector £t :

u‘ - et Tt e A T s
10.4 10.45 10.5 10.55 10.6 10.65 10.7 10.75
M(Y (28)7) (Gev/c?)

max '
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Category

Others

States / Candidates

x—like: x.1(3872),
Xc0(3860), xc0(3915), x2(3930), X (3940)

I=o0 U—like: $(4230), (4360), (1660)
with s3: xe1(4140), xe1(4274),
Hidden Charm Xe1(4685), X1 (4500), xc1(4700)
X (4150), X (1630), X (4740)
1=1f2 Tz (3985) 7, Tezs1(4000) /0, Tzg1 (4220)
Meson-like seen in ete”: T,z (3900) /0,
(incl. tetraquarks) o1 T.z(4020) ", T.z(4055)+
seen in B decays: T,z(4050)F, T,z(4100)*,
Tz (4200)F, Tz (4240)F, Tz (4250)+, Tz (4430
I=0 T(10753), T(10860), T(11020)
Hidden Beauty
I=1 T,5,(10610) ", T,z (10650) "

Hidden Double Charm

Tz (6550), Tezem(6900), Tozez (7290)

Di-like: D*,(2317)F, Dy (2460)*

T___ states i

states: TLECE(6550)G, TLECE(GQOO)D, TCELE(TQQO)G

quantum numbers: [¢(JFC) = 0+ (77F)

minimal quark content: [cécc]

experiments: LHCb, ATLAS, CMS

decay modes: J/u.J/v

characteristic widths:

80-191 MeV

Weighted candidates / (28 MeV/c?)

Baryon-like

(incl. pentaquarks)

states:

e I(JP)=0(0"):

Open Single Charm — 000 Rﬂ?ﬂ o000
? ® Tas/cz: Tcsﬂ(ggno)nv Mdi_‘”"" (Mev;c—)
Tes0(2900)%/ | o1 (2900)°
Open Double Charm Tee(3875)F I I
o, P [ P e e T - states
1=0(1) Pz (4458)0, Pyz, (4338)0 I cslcs I
states:
*
Dsm1 states o I(JP) =2(0%): Toso(2900)°, Toso(2900)°, T (2900) ++
o I(JP)=2(17): T..1(2900)°
0(2317)7 also known as T, (2870)°, T%,(2900)°, ... or Xo(2900), X1(2900), ...
Py __ . N — R
o I(J7)=0(17): Dy (2460)" minimal quark content: |[csqq], [¢5q7 ]
minimal quark content: |[c35], or possibly [¢5qq] experiments: LHCb ) )
experiments: BaBar, CLEO, Belle, BESHI characteristic widths: 57-136 MeV & ' ' LHCh
characteristic widths: < 3.8MeV ... 800 Fi 7w/ 70 (b)
b 60
; 1200 | | 50
gwouo 4

2.1 2.2 2.3 2.4 25 2.6
D¢ =° Invariont Mass (Gev/c™)

Candidates / (17.3 MeV/c?)

30
20
14

T 3 i 3.
m(D™K) [GeV/e?]
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charmonium

Barnes, Godfrey, Swanson;
Eichten, Lane, Quigg; Suzuki; ...

q
a

e
hadro- \q A
charmonium
| Dubynskiy, Voloshin; ... |

O+ H

Ivan Polyakov

Theory models

compact
tetraquark

* see references
in Appendix

Wity ‘ N
U ul iy, |
(j//\mm\\\\\ ’4 q

DD* molecula

Braaten, Kusunoki; Swanson;

Maiani, Piccini, Polosa, Riquer;

Matheus, Narison, Nielsen, Richard:; ...

Wong; Tornquist; ...

\l
S
S

[T

=

—)
—
~

hybrid

Close, Godfrey; Li; ...

==

I
L)

‘ ‘x\\
| +
EEw

-

admixture

Faessler, Gutsche, Lyubovitskij; ...

Suzuki; Close, Page; Dong,
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Success of LHCDb

= LHCDb discovered:
48 out of 52 conventional hadrons discovered at LHC
21 out of all ~50 exotic hadrons known to date

= High b/c quark production rate | JINST 3 (2008) S08005

HCAL

ECAL M4 MS

/ / SPIVPS M3
RICHZ np 4

= Optimized for b/c-hadron

detection
= Excellent decay time resolution
= Excellent momentum resolution
= Excellent particle identification

= Data collected
= Runl: 1+2 fbt at 7 and 8 TeV
= Run2: 6 fblat13 TeV
= Run3: expect 15 fb* at 13.6 TeV

Ivan Polyakov 25


https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta

LHCDb perspective

= Access cc-like exotic hadrons in b-hadron decays via:
- B— Y + hadrons, Y = J/y, Y(2S), n_, X_,(1P)
- since 2020 also in B DD + hadrons

= '=1-20 MeV = [T =50-500 MeV
peak in 1D fit 4D-7D amplitude analysis
X.,(3872), x_,(3930), ... X. -, T _—(co)m, T . —INK, ...
cc’ ' ccs . f - 1_10%’

= (often) gives JP¢
= get’s harder to control
interference and coupled

channels effects
see more on narrow vs

wide states in backup

= f~0.1-1%
= Robust, no info on JF¢
= only selected states

= A guaranteed observation of 10+ more states with
- Increase in statistics and
- access to new decay channels

Ivan Polyakov 26



= Hard to measure

Problem of wide states

[PRL 127, 082001 (2021)]

LHCb

— X(4500)
—  X(4700)

— X(4274)
— X(4685)
— X(4150)
== Z.(4000)

1.5 2 4.2
My [GeV]

109F-. . 20(4220)! é 5: I { L
0 P s, Y ] | S e S e T

LHCb

46 48 3.6
My [GeV]

pole position of a resonance

= Hard to interpret

y 4
narrow
resonance

= Coupled channels make troubles
for both

Ivan Polyakov

AIm(E)

model
predictions

.%F.\ Re(E)

wide resonance
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Coupled channels

= K-matrix analysis of e*e™ annihilation in the Bottomonium Region
= Model with 4 vector states

Y (10756) :
Y(5S [Husken, Mitchell, Swanson,
Y(4S)| |Y)(6S) PRD 106 (2022) 094013]

B (a) BB Z'DD- + (e) B*B*
b 150F
4 3

= Complex interplay = pil 4

between different

10.8 11 11.2

DE
F 4
resonances, ok : © TSy
channels and 2
thresholds sof
— [ y ) L ) [ 0 & i
'E_ 0 10.8 11 11.2 10.8 11 11.2 10.8 11 11.2
Bt 11 ; ’
o [ (g) T(25)7w _ (h) T(35)mrw 4:_ (i) k{1 P)mw

= High standart
hard to achieve in :
other cases wE 12 ©F 11 12 I TR TP

(j) hal{2P)mm

{ 1o

108 11 11.2 10.58 106 10.62 10.8 11 1.2

Ivan Polyakov /s (GeV)



Root of the problem
= Interaction potential between quarks

color of quarks

\ diquark meson
A A 1

2 2 2

interaction
between quarks

—. grouping on qq and qq is often prefered

= Typical exotic hadron: [QQqq’], [QQqg’q"]

- has many channels to decay to or couple

- hard to measure & interpret

= Need states where it doesn’t happen

Ivan Polyakov

V(qiqj)N__ = V(QQ):s*:_V(q(_])l

29



T_ [ccud]

= Discovery of 2021: signal in D°D°rmt* just below D°D** threshold

- Model as T_* - D°D**(- Dm) for I1(J”) of T__as O(1%)

In this model width defined
by I'(D**) and 6m

= Results:
dMpole = —360+407; keV/c”,
Tpole = 484+ 2719 keV,

= 20x more narrow than
X.,(3872) and 1000x than

all other exotics

Ivan Polyakov

| Nature Phys. 18 (2022) 751 |
[ Nature Commun. 13 (2022) 3351

o 70_ . | — I T T ' ]
Y Eruch! | .
= ot B4 EE
= o | <= 200 I 17
E 50:_ " | p 15 + + + 37
< L | 10F + .
S 40F | YL ++ .
B i |£| ;\l}l DODrt 074 BBE?‘ V/e? -
30__ i — == b uk;_,mun:l e o =
B i 1.{!‘1. il ; .
20f ﬁ T R b
o 1Y Lot j E
: | H %Htﬁ +HH H‘H+ i
Qpetet T A7 =
— | | | | | | | 1
3.87 3.88 3.89 3.9
MpOp Ot [ '?\/r }
30


https://www.nature.com/articles/s41567-022-01614-y
https://www.nature.com/articles/s41467-022-30206-w

ch as molecula

= Compare DD* molecula to deuteron (pn)

1AM =1%-%>(07) | %25+%> (17) 137 = 1Y+ (%) | Yos%> (%)

mm&i @.‘alova/
= Now should probe compact component

non-resonant decay

¢ =
e
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Other doubly-heavy states, [bbud]

- The T__ below DD* threshold supports
predictions for long-lived T, [bb][ud]

|Semay, Slivestre-Brac, 1994|
[Janc, Rosina, 2003| = * | Karliner, Rosner |
- ) O b coim e i m m il
[Bicudo et al, 2015| =) DD* + BD BB
|Kar|iner, Rosner, 2017| %
|Francis et al., 2017| o
Q
lunnarkar, Mathur, Padmanath, 2018 | g 100}
:
... and many more £
3
o
—200 g
|
ce bc bb
= Suppressed wrt to T__ (150 events): 1000 1500 2000 2500

N urep(QQ')  (MeV)
- bbbb production: 1.5%
- BR(b - D1t/p): (0.1-1%)?

- expect yields of only ~10% even in 2040
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https://arxiv.org/pdf/1707.07666.pdf
https://link.springer.com/article/10.1007%2FBF01413104
https://arxiv.org/pdf/1707.07666.pdf
https://arxiv.org/pdf/hep-ph/0405208.pdf
https://arxiv.org/pdf/1810.12285.pdf
https://arxiv.org/abs/1505.00613
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.142001

« T, _[bc][ud] may be below BD threshold by O(10) MeV

|Kar|iner, Rosner, 2017||Semay, Sllvestre-Brac, 1994|

Other doubly-heavy states, [bcud]

|Carames, Vijande, Valcarce, 2019” Meng et al., 2021| | Karimer Rosror |
= e
£ °’['pb* fBD BB
= Opposite expectations in some £ |
molecula models  [Gsmtozuzz] ¢
| Liu et al., 2019 |[Hudspith et al., 2020 &
é —200 r + 7
... and many more : ce be bb
1OIOO 15IOO 20‘00 25‘00
Much more interesting! Hrantend L Sd
= Prospects for searches at pp (LHC/LHCD) :
1-10 events per mode in Run3.
real chances to find (if combining several modes)
Ivan Polyakov 33


https://arxiv.org/abs/1211.5007
https://arxiv.org/abs/1902.03044
https://link.springer.com/article/10.1007%2FBF01413104
https://arxiv.org/pdf/1707.07666.pdf
https://arxiv.org/pdf/1707.07666.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.014006
https://www.sciencedirect.com/science/article/pii/S0370269321000356
https://arxiv.org/pdf/2006.14294.pdf

Six-quark state with b/c quarks

Down (b) Strange
= Hyper-nuclei with A(Z/AN) are explored since 50’s qék e "I
do Ou doOu doOu

Proton Neutron /\ partlcle

= Long story of searches for stable AA di-baryon
(H-[uuddss])... still not found, but not excluded
[see refs in backup]

. . Normal nucleus N hypernucleus
shall adding heavy hadrons give a breakthrough,
again?

= Theory calculations on Qqggq and Qqggqq states since 1980’s,
may be loosely (2-10 MeV) bound and long-lived [sé€ refs in backup]

lllllllllllllllllll

B H_[ssuudd]: i AN i =n may expect

easier to

produce ’2231 Mev i 2254 Mev  for LHCb:
H_ [csuudd P AN PP En
- 9! I: ’340§Mev.§ 5’3407Mev. O(10°-10°)
.................... R,
hardertov H __[bsuudd] : : NN R O(10-1000)
produce 6735MeV 6732 MeV
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Conclusion

Exotic Hadron spectroscopy is a most promising way to
advance understanding of non-perturbative QCD

Great progress in last 20 years...
... Just discovering another one is no longer enough ...
... how need to focus on specific and simpler systems,
like T

LHC (especially LHCb) has great prospects for this

Ivan Polyakov
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Exotic charmonium

Ivan Polyakov

D
4.75 7
Xen(4T00) Y1 (4G85)
{46E0) X (4630)
4.50 4 Tooa (4430) A x (4500}
{4415)
T T(4300]
Xe1(4274) e e
e [ — ] T, (4250) T 240
4254 W(4230) FT | (4200) e B [ 4250) ._ I ':4.—.'“ ! DD
T EVTAT] Ty { 4200) < Yea{4140) X (4150)
;' vl MR LAY e Fmar 5 5 §T(4100) T a1 )
KE eI i R S e QEPTIC [101] et e - D;*D; )
s 4004 e Wandn). - (W Leua (I000) R oo - F R ———— D-p-
: : S—— Xgoaoy - (D.D)
& SE—— T T S—— <xﬂt.su.3m_ . : e DD-
-E: TLEL X oo(3860) _xni{:lhfﬂ} DD
pd ki) s
3.70 1 Y no
ne(@s) TE===
=
X:2{1P)
5 s . Sy =
I T -1
XoiiP)
3.25 9 o
exp: @9
J0(18)
= - expr QQ-like
3.00 - SeliE) = g 5 W exp: QQqq’
< N. Hiisken, E. S. Norella, I. Polyakov oG *
e qF
P
T I:J } T 1 T ll T UII T ]|| 2" T ,?'J T a7 T - T
‘JPC *il 1 C-pa I b
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The X _,(3872) as example

N. Hiisken, E. S. Norella, 1. Polyakov

4.2. The x.1(3872)
MESON-LIKE /HIDDEN CHARM /ISOSCALAR
quantum numbers: 1¢(J7¢) =0T (11T)
minimal quark content: [c¢|, more likely [cc(uu + dd)]
experiments: Belle, CDF, D0, BaBar, LHCb, CMS,
ATLAS, BESIIT (and potentially E705, COMPASS)
production: Bt BY BY and AE decays,
prompt pp, pp, pPb (Pbp) and PbPb collisions,
ete™ — Yxe1(3872), wy.1(3872) potentially via
- or y.-like states
decay modes: 77~ J /v, wJ/v, D*°D° 7% . (1P),
I/, v (2S)
nearby threshold: D*'D°
width: 1.19 +0.21 MeV (in 77~ J/¢ channel)

(also known as X (3872))

m(x.,(3872)) — m(D°D*°) = -0.07+0.12 MeV
LHCDb, JHEP 08 (2020) 123

Ivan Polyakov / IHEP EPD Seminar

Events | [ 0.005 GV )
-]

B

20

r1lH T

i - ;
182 388 39 182

M{2l s =) (Gev)

| Belle, PRL 91 (2003) 262001 |

Fe
=)

36 - 20x103
signal events

Candidates/(1.25 MeV/c?)
s 2 S
. [=3] (= <] —
T

=
]
T

o
F vy s

|||||||||||||||||||||||

gy tetase  tat

-

Ty N

3.85

3.86 3.87 3.88 3.89 3.9
Mpp et [GeV/e?]

[LHCb, JHEP 08 (2020) 123
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https://doi.org/10.1007/JHEP08(2020)123
https://link.springer.com/article/10.1007/JHEP08(2020)123
https://doi.org/10.1103/PhysRevLett.91.262001

charmonium

Barnes, Godfrey, Swanson;
Eichten, Lane, Quigg; Suzuki; ...

q
a

e
hadro- \q A
charmonium
| Dubynskiy, Voloshin; ... |

O+ H

Ivan Polyakov

Theory models

compact
tetraquark

* see references
in Appendix

Wity ‘ N
U ul iy, |
(j//\mm\\\\\ ’4 q

DD* molecula

Braaten, Kusunoki; Swanson;

Maiani, Piccini, Polosa, Riquer;

Matheus, Narison, Nielsen, Richard:; ...

Wong; Tornquist; ...

\l
S
S

[T

=

—)
—
~

hybrid

Close, Godfrey; Li; ...

==

I
L)

‘ ‘x\\
| +
EEw

-

admixture

Faessler, Gutsche, Lyubovitskij; ...

Suzuki; Close, Page; Dong,
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Theory

charmonium

- Barnes, Godfrey, Swanson, Phys. Rev.
D 69 (2004) 054008 & Phys. Rev. D 72
(2005) 054026;

- Eichten, Lane, Quigg, Phys. Rev. D69
(2004) 094019;

- Suzuki, Phys. Rev. D72 (2005)

606 114013;

hadro-
charmonium

compact
tetraquark

models (References)

DD* molecula

- Maiani, Piccini, Polosa, Riquer, Phys. Rev.
D71 (2005) 014028;

- Matheus, Narison, Nielsen, Richard, Phys.
Rev. D75 (2007) 014005;

- Braaten, Kusunoki, Phys. Rev. D69
(2004) 074005;

- Swanson, Phys. Lett. B588 (2004) 189;
- Wong, Phys. Rev. C69 (2004) 055202;
- Tornquist, Phys. Lett. B590 (2004) 209;
- Hanhart, Kalashnikova, Kudryavtsey,

Nefediev, Phys. Rev. D76 (2007) 034007

hybrid

I Dubynskiy, Voloshin, Phys. Lett. B666 (2008) 344; |

Ivan Polyakov

- Close, Godfrey, Phys. Lett. B574 (2003) 210;
- Li, Phys. Lett. B 605 (2005) 306;

admixture

- Suzuki, Phys. Rev. D72 (2005) 114013;
- Close, Page, Phys. Lett. B578 (2004) 119;
- Dong, Faessler, Gutsche, Lyubovitskij, J. Phys. G 38 (2011) 015001,
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Wide and narrow states

= <20 MeV = [ =50-500 MeV
peak in 1D fit often 4D-7D amplitude analysis
- X.,(3872) and few other x -like - Y-like, some x -like, all x_— J/\p¢
- T States from e*e o from b-decays
B Pcc(s) B TCECE
-T and T, states "o
-D *

0/1 . . .
> = lives less than its size/c:

can structure at all be discussed?
= suppressed decays to

J/P/Y+hadrons - moleculas? _
[Marek Karliner, - SU(3) symmetries, EFT, ...

CERN Courrier Nov 2024] _
D D
X.,(3872)

Ivan Polyakov 41



Similar moleculas with heavy quark

= Qggqg and Qqqqqq are candidates for stable compact multiquarks

Since 19803 Dover, Kahana, 1977 || Gignoux, Silvestre-Brac, Richard, 1987 || Lipkin, 1987

= Arguments for both  instability and stability can be found

‘Pepin, Stancu, 1998||Park, Park, Lee, 2015] Leandri, Silvestre-Brac, 1993, 1995
|Vijande et al., 2016| Chow, 1995

Wang et al., 1995{ [Stancu, 1999
Huang, Ping, Wang, 2014 | |Park, Cho, Lee, 2018

Meng, Wang, Zhu, 2020
Instability of compact-state — short-range repulsion for molecula?

= Molecula configurations may give ~2-20 MeV binding
— |Ong—|ived states |yamaguchiet al., 2011 |[Huang, Ping, Wang, 2014

I3 =%+ (%) %) IO =%+ (%) -4 (%)

Ivan Polyakov 42


https://doi.org/10.1103/physrevd.57.4475
https://doi.org/10.1103/PhysRevD.92.014037
https://doi.org/10.1103/PhysRevD.94.034038
https://doi.org/10.1103/physrevd.51.6327
https://arxiv.org/abs/hep-ph/9910547
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.47.5083
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.51.3628
https://journals.aps.org/prc/pdf/10.1103/PhysRevC.89.035201
https://journals.aps.org/prc/pdf/10.1103/PhysRevC.51.3411
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.84.014032
https://journals.aps.org/prc/pdf/10.1103/PhysRevC.89.035201
https://arxiv.org/pdf/1811.10911.pdf
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.064002
https://www.sciencedirect.com/science/article/abs/pii/0370269387912445
https://www.sciencedirect.com/science/article/abs/pii/0370269387900554
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.39.1506

Hypernuclel studies

= Hyper-nuclei with A(Z/AN)
are explored since 50’s

- ANin  °He &  '°Be seem

to provide extra binding
(0.7-4.5 MeV)

Up
quark
u

doou
\

Proton

= Not found yet, but not excluded

Chrien, 1998|| Belle, 2013 ||ALICE, 2015
STAR, 2015 | | BaBar, 2019

= |s attraction between AA strong enough

to make bound state?

|Ga|, Hungerford, Millener, 2016|

/\ partlcle

¥ e

Normal nucleus

= Stable A\ di-baryon (H-[uuddss]) proposed

IN 1970S [rafte, 1977 Hogaasen and Sorba, 1979

A hypernucleus

ALICE, 2019

E (\A) =3.242.6 MeV
E_(/A\\\) < O [kamiyaetal, 2022
Ivan Polyakov / IHEP EPD Seminar

Hypermucleus Number of events By + ARy (MeV)
aH 204 0.13 = 0.05
H 155 2.0 + 0.04
i He 270 2,30 + 0.03
EHe 1784 3.12 = 0.02
5 He 31 4.18 +0.10
AHe 16 not averaged
ALi 296 5.58 + 0.03
iBe 35 5.16 = 0.08
iHe 6 7.16 + 0.70
ALi 787 6.80 + 0.03
*{Bu G .84 =+ 0.05
?Li & £.50 4+ 0.12
1|5L.~ 277 6.71 &= 0.04
“B 4 £.20 4 0,18
" Be 3 9.11 +0.22
‘\B 10 R.80 + 0.12
AB 73 10.24 + 0.05
\B 87 11.37 + 0.06
aC [ 10.76 + 0.19
'aC 6 11.69 + 0.12
uc 3 12.17 + 0.33
125
T | ta=11
i Vo2 Sh) t | ya=12
75 | t/a=13
—_ 50
D
s
> 0
-25
-50
HALQCD, 2020
-75 . .
0.0 05 10 15 2.0 25 3.0
fm]
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https://arXiv.org/pdf/1605.00557.pdf
https://arxiv.org/pdf/1905.07209.pdf
https://arxiv.org/abs/1506.07499
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.38.195
https://arxiv.org/abs/1302.4028
https://www.sciencedirect.com/science/article/abs/pii/S0375947497007148?via%3Dihub
https://linkinghub.elsevier.com/retrieve/pii/S0375947420300476
https://doi.org/10.1016/0550-3213(79)90311-0
https://doi.org/10.1103/PhysRevLett.114.022301
https://doi.org/10.1103/physrevlett.122.072002
https://doi.org/10.1103/PhysRevC.105.014915

Experimental feasibility

TEET T [A T [T R Oa T Foa 0 [ R G [ 4 0

= ALICE observed hypertriton [pn/\] Ler A

= o ALICE Performance B
. . © 16 pp Vs=13 TeV -
In both PbPDb, pPb and pp collisions  =... PRI
IALlCE, 2021' %12; —éignaT+Background é
g 102_ ------= Background _f
£ af -
L r ]
6 =
R E
2[H+
avenne e NI A A YR R e AR 0
297298299 3 3.013.023.033.04 3.053.06
. . M(He + m) (GeV/c?)
= LHCDb has observed hypertriton in pp o
e o
| LHCb-CONF-2023-002 | IS — sl
T2
S I

8960 2980 3000 3020 3040 3060
m(PHe ) / MeV

= Higher prospects for hexaquarks (6-quark vs. 9)

= LHCb has searched for long-lived [budud] & [bsudu]
In J/YpKm & J/Ppo channels
0*BR(pp - P, X)/0*BR(pp - A,) <~ 2 X 10-3[LHcb. 2018 |

compare to a(d)/a(p) ~ 1.5 x 103

Ivan Polyakov
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https://arxiv.org/abs/2107.10627
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.032010
http://LHCb-CONF-2023-002/

Expected Yields

= a(H_ /oA, ) suppression is either
= o(d)/a(p) ~ 1.5x10°°

= or [O-(/\C)/O-(D)]3 = [01-03]3 — (01 — 27)% | LHCb, 2013 |
[o(A)/o(B) = [0.4] = 6% [0

= Additional 0.01-0.1 suppression from BRs x efficiency

- In Run3 expect 0O(103-10°) signal candidates for [ai
O(10+-10°) for H,
O(1-10) for H__

= High chances for observation / effective exclusion

Ivan Polyakov
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https://doi.org/10.1016/j.nuclphysb.2013.02.010
https://doi.org/10.1103/PhysRevD.85.032008

The two cases of T

= Having mass below/above BD threshold
means very different signatures

= Om<0: only weakly decaying, long-lived

Ivan Polyakov 46
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