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Exotics and heavy quark sector
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anti-triplet as anti-quarks §. Baryons can nowbe _ Ty xasg ff o i
constructed from quarks by using the combinations = | ey (it <: N P
(aqq), (@aqqdq), etc., while mesons are madeow , | T — <Q i R— X (D07
of (3d), (qqgq), etc. It is assuming that the lowes = T seosee DD
3759 o N N DD
Hidden-charm sector is ideal for exotic searches | _har aaan =22
® Theoretical models well-established <z
for conventional states 3251 e
J, L'(l.qp .
. — exp: QQ-like
e Experimentally easy to measure 300 qasn R
o Narrow and non-overlapping , , , . . . B
—_ 0 1 1t 0+t 1+ 2+ ? 7+
o Agreement below DD threshold -

= Exotics easier to identify respect to light and heavy-light sector
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The unresolved nature of exotics

Elementary
particles

Nature States could also be mimic by

Rescattering effects

Quarks & veloreliple. PRD 92 (2015) 071502
< : > mesons and PLB 757 (2016) 231
gluons baryons PLB 757 (2016) 61
. . d oth
strong interaction and ofhers
(long-distance
effects)
Compact tetra/pentaquark Hadronic molecules _ .
PRL 105 (2010) 232001, + 448 hybrid, glueball
PRL 115 (2015) 122001 .
PRD 100 (2019) 011502 (R) or mixture

Diquark-antidiquark and others
PRD 71, 014028 (2005)
PLB 662 424 (2008)

Lattice-QCD is expected to

play a leading role in the future
[PRD 10 (1974) 2445, JHEP 07 (2012) 126... ]

Color Forces

Hadrocharmonium/
adjoint charmonium
PLB 666 344 (2008)
PLB 671 82 (2009)
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The unresolved nature of exotics

Elementary
particles

Nature States could also be mimic by

Rescattering effects

Quarks & veloreliple. PRD 92 (2015) 071502
<: > mesons and PLB 757 (2016) 231
gluons baryons PLB 757 (2016) 61
strong interaction and others
(long-distance (
Compact tetra/pentaquark Hadronic molecules i NoO consensus yet,
DR 113 3015) 122001 : What can we do in experiments?:
Diquark-antidiquark PRdD 1}? 0 201901302 (R)
- ¢ : . . :
PRD 71, 014028 (2005) e : = Different decays and production :
PLB 662 424 (2008) : :

Color Forces = Measure M, T", J©

Hadrocharmonium/
adjoint charmonium
PLB 666 344 (2008)
PLB 671 82 (2009)

= Isospin multiplets
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How to unravel the New Particle Zoo?

. . Category States / Candidates
About 50 exotic hadrons with at least one Y—like: xo1(3872),
heavy quark (c or b) have been observed ) Xe0 (3860), Xc0(3915), xc2(3930), X (3940)
I=0 —like: (4230), 1(4360), 1(4660)
so far

with s3: xc1(4140), x.1(4274),
Xe1(4685), xe1 (4500), Xc1(4700)
X (4150), X (4630), X (4740)

Qi\\/ . .
d I:}\]-V > hep-ph > arXiv:2410.06923 I=1/ Tizs (3985)~, Tuze1 (4000)~/9, Tozyq (4220)~

Meson-like seen in ete™: T.z1(3900)*/0,

Hidden Charm

High Energy Physics - Phenomenology (incl. tetraquarks) I=1 T.2(4020)+/9, Te(4055)

. . . ) seen in B decays: T:z(4050)*", T.z(4100)7,
[Submltte:d on 9 Oct 2.024 (v1), last revised 2.4 Feb 2025 (this version, v2)] Ty (4200) Tcz(4240)‘ﬁf (Tcz(4)250)‘ﬁf (Ta51(21430)+
A Brief Guide to Exotic Hadrons ~o T(10753), Y(10860), 1(11020)

. . . Hidden Bottom n "
Nils Hiisken, Elisabetta Spadaro Norella, lvan Polyakov I=1 Ty, (10610) T, Ty, (10650)
Hidden Double Charm Teece(6550), Teece(6900), Teece(7290)
Accepted by Modern Physics Letters A Di-like: D% (2317)F, D,1(2460)*
Open Single Charm
Tes/cst Tes0(2900)°,
Te50(2900)°/+F, Tes1(2900)°
Open Double Charm Tec(3875)F
P.=(4312)F, P.z(4440)*, P.s(4457)+
P 1 3 cc b cc )
Baryon-like Hidden Charm I'=1/2(%2) P.(4380)+, P.5(4337)F
(incl. pentaquarks) o
I=0(1) P.:5(4458)0, P.z5(4338)°
FNHP2025 School - GG, Firenze 5
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A guide to the new landscape

4.2 The xa (3872) (also known as X (3872))

* Field guide: states with similar aviantum mumbers: 16(/7) = 04(1+%) -
properties are collected in cards, S et e AV
grouped by the fo”OW|ng Crlterla ATLAS, BESIII (and potentially E705, COMPASS ) wf

production: B*, B B? and A} decays,
prompt pp, pp, pPb (Pbp) and PbPb collisions,

T

ete™ = 7xa1(3872), wx(3872) |
* number of quarks, with the first likely via 1(4230) Tor o)
: : decay modes: ntr~J/v, wJ/vp, D*D°, 10 (1P), WM I e
- flavor content and isospin (I, Vi o) | Figure 3: Discoveny of the
o A _ R nearby threshold: D*°D Xe1(3872) by Belle [71].
Spln parlty’ width: 1.19 +0.21 MeV (in 777~J/+ channel)
 production and decay channels
?: B 3000 Vomennes < 3a0G/c* LHCh “7;_; <
I 1 35 2
§ osp “ = =
S M 310 e
S 02 . i ] s m
- g . " :
385 38 387 388 389 39 w 3.9 3.95 38 385 39 395
My [GeV/el] MDD’) (GeV/c?) m, (GeV/c?)
arXiv:2410.06923 Figure 4: The xc1(3872) seen in J/$ntn~ at LHCb [72] (left), in D*°[— DOx%|D° at BESIII [73]

(center) and in J/vry at BaBar [74] (right).
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VELO: vertex detector

LHCb detector

The major player in spectroscopy
thanks to its unique dedicated design
e high invariant mass resolution
e PID for separate K, i, p
e highly performant trigger

™S \ ":" 4 =N
S
Luminosity:

Run 1 and Run 2: 9 fb-!

Tracking: momentum

8 resolution of 0,/p~05-1% IP resolution: ~25 um

g 2231‘ L e 010 # 2018 2012
= e - 2016 (6.5 TeV): 1.67 /b
b 2015 (6.5 TeV): 0.33 /b /‘ /,)n_' 7
g o) - meuorenan p e
E 1.6 2010(3.5Tev;:o:o4:wb j]r’f 2016
3 14
3 IJ// /’2011 Muon chambers, hardware
§ 09 VI / trigger with ~90% efficiency
0.7 i »
g . L 7 s ;
E° S At Calorimeters. hadron tr RICH detectors for particle
£ 02 ot alorimeters, hadron trigger .
RIS =3/ (i ’ &8 ID. pid(p - K)~95%

with ~50% efficiency

Month of year


http://dx.doi.org/10.1088/1748-0221/3/08/S08005
http://dx.doi.org/10.1088/1748-0221/3/08/S08005

Analysis techniques

Invariant mass fit Amplitude analysis
stp° stDb*° . HeI|C|t /

1200 Phase Space. DATA MODEL Tenso?l
o fome masses and angles .
£ 1000F  prcyaround FIT formalism
?z'; 800-— : +
; Maximum . fit lineshape
5 to extract parameters

M V] | To measure JP, mass and width | Moment analysis
_ & account for reflections

To extract properties of Legendre polynomial

states, M and I’ = more important for exotic expansion
hadron studies |
BUT cannot measure J* —> Mode
independent check
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First exotic candidates

L BN r————_——_——_—_——_———_———————————— ————— ————— ————— -
// \\ I
T Xa(3872) | _ |
K N | 450 F { a) |
by Belle in 2003 in | sg E |
7 _ \ * [} é I
. Bt = Jlyrntn K decays | D*59(2317) e W |

/ \ 3 t
II ; — ‘\ : }200 - t *'1“”{ |
/ g cc ? \ ! : Eiso b ot |
l .| by BABARIN2003 &' F i ol
! 330 %) ! | . . . . . ® 100 £ P, |
i 3 S ! | in the isospin violating  so = 1 1 1 |
| 52 o i : D+ .0 decay © 24 2.2 2.3 2.4 25 |
| pay l [ |
'. o 3 o 140 | |

\ 9\ 1 | - C
\ © | 120 |
“ 15 S /| PRL90,242001(2003) X F |
\\ 10 1_" ’I | g 00 :— |
\\ 3 /’ I e ] 80 :_ :
\\\ 5 E /l/ : B 60 ;'— |
Y | ;I ) I ) $ w0k |
RS ) S RS SO S SR { PR / | CS: > 2 |
b, 382 3.84 3.86 3.88 3.9 3.92 )/ | @ 20 E } I
. M(J/ y nrr) (GeV) S | N l I l I
N L I 0 21 2.2 2.3 24 25 |
S gl : m(D, n°) GeV/c? I
S~ ___ -7 L o e e |
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Nature of x_,(3872) state

Many experiments contribute to it:

e  Spin assignment: J*¢ = 1 [1] = consistent with y,,(2P)
® Mass is consistent with m(D9%) + m(D*9) = disagree with quark
model calculation by 100 MeV [2]

e  Width is surprisingly narrow

Its nature is still under debate!

— conventional x_,(23P,), DD" molecular state,
tetraquark, hybrid, vector glueball, or mixed?

T T T
LHCb [JHEP 08 (2020) 123] " -
LHCb [PRD 102 (2020) 092005] " LHCb [JHEP 08 (2020) 123] HetHl
mpo + Mpeo 3] .
PDG 2018 [PRD 98 (2018) 030001] e LHCb [PRD 102 (2020) 092005) ! StUdylng decay processes
CDF [PRL 103 (2009) 152001] HeH e .
Belle [PRD 84 (2011) 052004] ot i e can help understand its nature
LHCb [EPIC 72 (2012) 1972] P LRSI (L 12 o014 Obion)
BESIII [PRL 112 (2014) 092001] —e
BaBar [PRD 77 (2008) 111101] e BaBar [PRD 77 (2008) 111101]
BaBar [PRD 77 (2008) 111101] |————
BaBar [PRD 82 (2010) 011101] BaBar [PRD 73 (2006) 011101]
DO [PRL 93 (2004) 162002]
L L 1 L " L " L i
3868 3870 3872 387 0 1 2 3 4 5
2
M) [MeV/e?] Ty, (3872 MeV 1] PRL. 110 (2013) 222001, PRD 92 (2015) 011102(R
Xe1 )

JHEP 08 (2020) 123

Elisabetta Spadaro Norella

[2] PhysRevD.69.054008
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w contribution in x,(3872) > J/www

Phys. Rev. D 108 (2023), no. 1 L011103

Large isospin violation observed in x.,(3872) decays [Belle, BaBar: Phys. Rev. D 82, 011101 (2010)]
— How large isitin ., = J/yatn™?

Previously only x.,(3872) = J/Yp (isospin Now with LHCb: w contribution of 2%,
violating decay) dominates the phase space enhanced by w-p interference (~19%)

)
N
S

T T T T

T
E LHCb

& 04F arias b % 150
> 0.35] V=8 TeV, 11.41b" # E I 9 fb!
2 03 G = F o
L B E 2 2s0f o
q F [l xesr2) - v w) - M 8 0k — total fit
8 0.2 7/, X612 ymMC phase space) b 8 8 e —p°
X 0.15 # % 150 _— ®
£ 01 o 2 777 = 1008 ... p’-o interference
2 0.05k 7 3 s0F
5 £ y b E
O oMz 70700 w0 = 0 e e
- 03 04 05 06 07 400 500 600 700
M, [GeV] m,.,.- [MeV]
Isospin violation = ratio of isospin violating to isospin conservin : .
P P 9 P 9 : = X.,(3872) is not a pure

couplings is much larger than expected for a charmonium : .
: charmonium state;

Ixe1(3872) =00/ _ 0.29 + 0.04. Gy (28)m0dpp 0.045 + 0.001 Likely reIaEeOd tgothe ~8 hfeV splitting
Yx1 (3872)>w b 9i(28)—nJ/i : between DD and D "D~
FNHP2025 School - GG, Firenze 12

Elisabetta Spadaro Norella



https://arxiv.org/pdf/hep-ex/0505037

2.1(3872) radiative decays

JHEP11(2024)121
Study of y.,(3872) = J/yy/lw(2S)y - First observation of BT — (x,,(3872) - w(2S)y)K*
in B decays by LHCb at 4.8 (60) in Run1 (Run2)
+ Ratio measured to be:
DRt over . DraGsT200@9Y _ 1 674 091 £01240.04 =5 Larae rabio
w BT G872 S y@S)nk Dyer (38725 3y 3
o ] I el I e .
=100 C0 B* - xa(3872)K*  9fbt 7 = 100F E B x.i(3872)K*  9fp! | .
2 50 Coma TZ s G f Previous results Sizable charmonium or
g ™ | fFe compact tetraquark
5 | 15 . } BaBar 2008 [1] ,
T - . component are more likely
3 20;@; ‘; S 2o Belle 2011 2]
o- e et ok . — ==
5 5.1 52 53 54 3.75 3.84 393 4.02 [l un —
eG4 meesy 1G] LHOb/Runt 2014 3] Pure molecular DD*
B" — (x,(3872) = Jlyy)K ~ BESI 200 [ hypothesis is questionable
—2.4X10 — . < 12X10° " . ‘ . : . _
% e OV . 1;5 S — 9“;,39?; -« But small admixture of cc
Ero oo DS i : e LHCb/Run1 2024 component is sufficient to
Cion = S Fog T oma ; g LHCb/Run2 2024 : explain the data
| LY £\ | : [PhysLettB 2015 0213]
S 04* .""-~...,,,,, e . : 1 ° Q;: F%cdwsswwgv > R
Lo Iz Eaas S e Ty 38720500y
2.1 52 mJ/wYK+5.3 [GeV/CZTA 8
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https://www.sciencedirect.com/science/article/pii/S0550321314001941?via=ihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.102.132001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.242001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.091803
https://link.springer.com/article/10.1007/JHEP11(2024)121
https://doi.org/10.1016/j.physletb.2015.02.013

Manifestly exotic

-(6900): d| - resonance

CCCC

Tetraquarks s

Pentaquarks

by LHCb in 2015 in A, — J/y pKui

|
| |
| | >
| ' §
| I <
I | 3
I | g
| | Ze(4000) (- T,y - ;
| cs csl s
. P..(4312)"+ 2 peaks at 4450 MeV | Do 3
S300F fﬂ
I ) L =0 P, I o F ,,We(425 435)GeV ] 2 20k
oL 5D ;D | i £ B o
[ H : ] 200 7000 8000 9000
: 1200 : Z.F LHCb ] My 5, MeV/c?)
| F —data | I ~200F + pata 9 1" T
'3 1000 |- fotalfit : £ 150F + Total fit 31 N
| = "°F —background | S 7 E Ne z,m 5 Doubly charm tetraquark T..(3875)"58
| B sook : | £100F — Z,,000) § + < O T pep e : ]
I8 ' o _t ' ] > F LHCh =35 ] E
.- i | 50F + Q60 9fh-1 £ 11
| 8§ 600f 1l | L ] S Sl JIJ[ 1]
I g [ LA LT I L £ 50 T4 11
", ¢ : i | 38 4 T = il o
: 2 400t P(4:§12)+ P(a440)" f P(4457) : R = + D | =l
c - ata 3.874 3.876 -
I 200 i : 30[- _— oo [GeV/e?] ]
| [ r otal ]
| L LJA&. N | [1PRL 115, 072001 (2015) g ]I 77777 0 ol E
: 40200 4250 4300 4350 4400 4450 4500 4550 4600 | {g} igt 112227’ 202822000(_;1 ((22001291)) 105_ * \%{} + H # + + ﬂ JﬁﬂH +_E
| m, [MeV] | ) o R
| " | [4] Sc. Bull. 2020 65(23)1983-1993 . M Iﬁ? Iﬁﬁ f I + it
___________________________ - [5] Nature Physics (2022), E L 3
[6] Nature Comm., 13, 3351 (2022) ol EY o 3-89 [Ge\//cg]
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Classifying Exotics...

Hidden-charm pentaquark Hidden-charm tetraquarks Beyond hidden-charm
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Classifying Exotics...

Hidden-charm pentaquark Hidden-charm tetraquarks Beyond hidden-charm

P_; (also known as Pf/y or P.) P ;. (also known as Plj,\s or P.)

BARYON-LIKE/HIDDEN CHARM /ISOSPIN=0(1)

BARYON-LIKE/HIDDEN CHARM/ISOSPIN=1/2(3/2) states:

states: P(4312)%, P.;(4440)", Pz(4457)", , o
P.;(4380)", P(4337)" o [(JP)=0(Y/27): Pss(4338)
o I(JP) =0(7): P.s(4458)°

PRL 115, 072001 (2015),
PRL 122, 222001 (2019) PhysRevLett.131.031901

Elisabetta Spadaro Norella FNHP2025 School - GGI, Firenze
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The observation of P, states

First observation by LHCb in A,—J/YpK
with Run1 data [PRL 115, 072001 (2015)]

V)

e
©
S
S

~
o
o

Events/(15 M

P (4450)* M=4450%2+3 MeV
[=39+5+19 MeV
Fit fraction=4.1+0.5+1.1%
P (4380)* M=4380%8+*29 MeV
['=205+18+86 MeV
Fit fraction=8.4+0.7 4.2 %

FNHP2025 School - GG, Firenze

Run 1 + Run 2 dataset:

new state: P (4312)"+ 2 peaks at 4450 MeV

[PRL 122, 222001 (2019)]

1200
— data

— total fit :
— background

—
o
o

800

600

LI B L B S B B L e

IIIIIIT—%

400

Weighted candidates/(2 MeV)

P(4312)*

n
o
o

—0 =0
D s:D*

4200 4250 4300 4350 4400 4450 4500 4550 4600

M e [MeV]



B~ — J/yAp decays

PhysRevlett.131.031901

Search for pentaquark candidates in J/Q/A and J/p

b Vcb c
Full LHCb dataset: 9 fb-! = 4600 candidates in 2.50 RN
. . B~ o
around peak with 93% of purity VZ‘ZC; A
. — = d
< F T T T ] — u —
5 1600 LHCb Bier 3 > oshigmy . | (d
S L 9 fp! —Total fit 1 8 LY - \ 7 5
1400 - — Signal - = - 7]
o ; Backeround: = 18.6[
— 1200 - - DacKgroun - < - e
S : : S84 -» Narrow structure
8 F ; S in JAA
S 800f = 8 182}
8 S00F E 18] e )
400F k : e
200 | k . 1781 e,
C R A N IR R P
502()0 5250 5300 53150 164 166 168 17 172
m(J/y A p) [MeV] mX(J/yp) [GeV’]
FNHP2025 School - GG, Firenze 18
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Pentaquark with strangeness in J/QpA

PhysRevlLett.131.031901

S180F LA, | <D 2 °F % " LHCb ]
. 160F 9 fb! — Nominal fit 120 9 fb’! .
Mass and width (RBW) measured: E i —Null-hyp. it E ! * ]
\\/140.‘ + NR(/y p) =~ 100k ]
A ok | mpoad Lty :
m(Py) 4338.2 £ 0.7 MeV Siof W | oderoms | 5 |
8 o F 4 3 -1 8 _f
r(Ph,) 7.0 + 12 MeV 2 wf | -
O 60F g : Q P
S 40F 3 3
Significance larger than 100 20k E 20f
ghb—r T s 0t
. e 42 425 43 435 205
= Spln-Parlty. m(J/y A) [GeV]
J =2 determined = M emeaaen ) @250
. C 1 O r
P = -1 favored, 2+ rejected @90% CL S o H} 1 S
~ 120 * = §ZOO
¢ r 1 8
............................................................................... gk {3,
- 1 =
v Narrow state = | 5 |
v Close to E.+D- threshold and in S-wave 8 o {1
, . 40f ;
Is it a molecular state [1] or triangle sof ] 50
singularities [2]? 1) pysrevd. 106.036024 ob Lo
SO ctvtessosesssssoosssss o m(JIYP) [GeV)
Elisabetta Spadaro Norella FNHP2025 School - GGI, Firenze 19



https://arxiv.org/abs/2210.10346
https://doi.org/10.1103/PhysRevD.106.036024
https://doi.org/10.1016/j.physletb.2023.137715

Other pentaquark evidences

Evidence for P,;(4459) Evidence for P,-(4337) in
inE, - J/wAK at3.10 B, — J/ypp at3.10
: ] > [ +om " LHcb] PRL 122, 191804 (2019)
s e LHCb L of' | PRL 128, 062001 (2022)
© L 9 fb_l S NR decay |
= | € |[=er
8 40 +— § + :|Background + +
- | S 501 —
ICHN, = |
20 - - 1
I S £ e S orrperenzaeda] ok At S~ e
45 : 42 43 44
M1 GeV) MUY D)y, V]
= pentaquark with strangeness = P_..in B meson decay
v atELD™ threshold Mp, = 433777 (stat) & 2(sys)MeV,
I'p, = 29728 (stat) + 14(sys) MeV
Sci.Bull. 66 (2021) 1278-1287 N
PLB 772 (2017) 265-273 v JP ="+ for P preferred (?)
FNHP2025 School - GGlI, Firenze 20
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.191804

Prompt pentaquarks in ¥ D or A D?

PhysRevD.110.032001

Observed pentaquarks are close to mass threshold of some
charm baryon-meson combinations. [PRD (101), 074030]

No evidence is found of new or old states
& UL are set for all modes (32 modes):
- Is it coincidental or evidence of bound states? Scan with width of 5, 10, 15 MeV

* Are pentaquarks produced promptly? p k& o+

K- Highest global significance at 3.60
w‘\Aj D0L+ for A.z" D™ mode
5 ™

% 80 ;— ]S'II%I?bb_l ‘ —T_otal fit —;
= Inclusive search for pentaquark decays into E 70E ‘ --Signal 3

o 60F
open-charm X_ or A, baryons with D mesons 2 O H”

2 40F
THDO | TERp® | £itD- | TEEAT | TEeT | TREeT 2 3
£900 ¥ID- T g 2F ¥ 3
zz—i—-i-_DO zz-‘r-‘rDO zz—H—D— ZZ++D+ zz—i—-ﬁ-D*— M 10E AN , , —;
¥ 000 | =°D° | =D | ¥Dt | 5D | Iet % 200 400 600
A DO AL DO AD~ AFD* A D*~ AfD*F m(A'D) = m(A)) —m(n’) —m(D”) [MeV/c?]
/\E,"P%’*‘ AEDOnt | ASD—nt | Af DYt | AfD* =7t | AED* Tt ) . .
ANfDO7= | AF DO~ | AFD~n~ | Af Do~ | AED*~ 7~ | AfD*t 7~ Modes interesting to look at in the

Crossed combinations are statistically limited

Elisabetta Spadaro Norella

future with Run3 data

FNHP2025 School - GG, Firenze
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Classifying Exotics...

Hidden-charm tetraquarks Beyond hidden-charm

X, states in J/y¢

o I(JPC) =0(0"): x0(4500), xc0(4700)
o I(JPC) =0(1""): x1(4140), x1(4274),
Xc1(4685)
also known as X (4140), Y (4140), ...
o I(JPC) =0(7"): X (4150), X (4630), X (4740)
also known as X (4160)

Elisabetta Spadaro Norella FNHP2025 School - GGI, Firenze 22




x. states in J/yq¢

MESON-LIKE/HIDDEN CHARM /ISOSCALAR
states:

o I(JFPC) = 0(0""):| x0(4500), xc0(4700)
o I(JFPC) = 0(11F):| xc1(4140), x.1(4274),
Xc1(4685)
also known as X (4140), Y (4140), ...
o I(JFC) =0(?""): X (4150), X (4630), X (4740)
also known as X (4160)

minimal quark content: [cc|,
more likely [ccqq] or [ccss]
experiments: CDF, CMS, D0, BaBar,
LHCb, Belle

Elisabetta Spadaro Norella

Study of BY — J/w@pK™* decays
- First state, y,.;(4140), seen by CDF
* Amplitude analysis by LHCb with Run1 and later with Run2

LHCb Run 1
Phys. Rev. Lett. 118, 022003

Candidates/(10 MeV)

[MeV]

My
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.102.242002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.022003

. Sstates in J/y¢

MESON-LIKE/HIDDEN CHARM /ISOSCALAR
states:

o I(JPC) = 0(0+*):[xc0(4500), xeo(4700)

o] ‘]PC - 0(1++): Xc1(4140)’ Xc1(4274)1
Xc1(4685)

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 [ccqq] or [ccsS]
experiments: CDF, CMS, D0, BaBar,
LHCD, Belle

:Many states are candidates for conventional
‘charmonium, i.e. )561(4140) for ., (3P); but
:could also be a D+D molecule [1] or cusp [2]

Elisabetta Spadaro Norella

Study of Bt — J/w@pK™* decays
- First state, y,.;(4140), seen by CDF
* Amplitude analysis by LHCb with Run1 and later with Run2

Run1

: Imodel

LHCb Run1+2

£ T
E— X(4630)

F — X(4500)
E — X700)
E— XNR

F — X(4140)
E— x@24)
F— X(4685)
E— x150)

E* =+ Total fit
F = Data9 b’

FNHP2025 School - GG, Firenze

LHCb

PhysRevl ett.127.082001

46
My [Ge

48 36

Structures in J/wK

eV
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.102.242002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.082001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.80.114013
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.80.114013
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T+ in B meson decays
PhysRevl ett.112.222002

MESON-LIKE /HIDDEN CHARM /ISOVECTOR
states:
o IG(JPC) =17(117): T.z1(4200)7, Tier (4430)F
o JG(JFPO) = 17(7"7): T.e(4240)F
also known as R.y(4240), Z.(4240)
o [G(JFPCO) =17(7"F): T.x(4050)F, T,2(4100)7,
T.-(4250)*
minimal quark content: [céqq]
experiments: Belle, LHCb
production: B° — (c¢)n*K~, where ol . i
(ce) = J/¥, %(25), Ne, Xe1 15716717 18 19 20 21 22 23

I 1.0 <MK ) < 1.8 GeV/c*

| LHCb

T..(4430)" in
B - y(2S)n*K:
- First charged state seen by
- Belle in 2007
— ‘  Amplitude analysis by LHCb LHCb

Events/ 0.2 GeV%/c*

B ‘Width of 180 MeV and J* = 1+ :
T=(4200) also potentially in A, — J/¢Y7 p _ GEVIEE ] e S e
decay modes: J/ynt, (2S)nt, nart, xamt Figure 12: T,(4430)" signal at
nearby threshold: D*D* LHCD [164].

characteristic widths: 82-370 MeV

Find out more on the
other states in the review!

25


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.142001
http://dx.doi.org/10.1103/PhysRevLett.112.222002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.222002

Classifying Exotics...

Hidden-charm tetraquarks Beyond hidden-charm
with strange quark content

T,z (also known as T, or Z,)

MESON-LIKE/HIDDEN CHARM /ISOSPIN=1/2

states:
o I(JF) =1/2(77): Tpes(3985)/°
o I(JP) =1/o(1%): T.zs(4000)~/° PRL 127, 082001 (2021)
o I(JP) =1/2(1"): Tizs1(4220)" LHCb-PAPER-2022-040
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Tetraquark with strangeness

In BY — J/w@K™ decays, 2 states Is it the same state as T

ith st b d cex(3985)"
WITh Strangeness are opserved.
J in D-D"* + DD’ by BESIII?

s s
+ +
ccs(4420) an ccs(4000) state by LHCb Nggg - Vs =4.681 GeV i _?’:I o

C30F T~ T - T F 230 (a) i
%3005 m,,,, E(425,435) GeV ] %25 _— E“(agas)o \
2250} . 1520 - D* (2600)°D"
S E  LHCb ,2 15F 4\ [Nt | IR 4 | - ngn-Res.
:200:'+Data9fb'1 7 312 “ ool .
8 : Yo, comb. B
%150}_:_?21&“ E . a1 4.,15
= -4 No Z,fi ]
2 100f— 20 § - D—— lf.hfflf:zfﬁey./f.z...F.’.Ff.L.?E?.‘?.??.” 10ee
= ol ] : : .
o R : Degeneracy can be explained in compact tetraquark
SN . : picture [arXiv:2103,08331v2] .
3.8 4 . #sors
Wms [GeV] : I
. o 3 B _
PRL 127, 082001 (2021) : S X(4140) |_,

Z,5(4003) Z.(3985)
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Isospin partners in B — J/y¢K. decays

PhysRevlett.131.131901

Searching for T?Es states, isospin partners of 7' states, is

crucial for identifying the complete SU(3) nonet

Extension of BY — J/y¢K* with BY — J/l//gl’)Kg
since the 2 decays are related by isospin symmetry

N
W
S

/>-\ | T ('\'l_| :_ T T T T T T T T T T T T T
S f LHC 1 Data E Sl - 20
Q 9 fb! — Total fit E = 17 = M 9 fb
~ b Back d ] §. - - ™ 15
5_3 150 ackgroun g NS§ 16;— ’ =™
o C . r | & ]
= 100 15 = 10
5 =
©) : &
50 | - :r 5
L - |
IERETTY S, © B PUTW L - ... = 0
5250 5300 18 20 22
My, o0 [MeV] My, [GeV?]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.131901

BY > J/ypK{ decays

Combined fit to B* and B decays:

o All components except T’ (4000)0 in B° decay are constrained by those in BJr decay

cCS

700E 4 Data LHCb 3 4 ' E
600 ;— — Total fit 91b" * £
500 F- ++*Background )

400F- - = ALK and X 4 \
300~ 7yn4220)
200 F- NT},,(4000)

100

B+

Candidates / (10 MeV)

N
NI

TIITTTINHN

. S ANC AN AN YN NN <

70E
60
50E
40E
30F
20
10E
0:

Candidates / (10 MeV)

Evidence for a new state with 4o
M (T¢s1(4000)0) =3991 7" +12 + : 7 MeV,
I(T7,,(4000)°)

T..(4000)" &
105 +§§ +§§ MeV, belng isospin partners, AM =121 Mev

(4000)*: consistent with

CCS CCS
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Classifying Exotics...

Hidden-charm tetraquarks Beyond hidden-charm

Di-y resonance

MESON—LIKE/HIDDEN DOUBLE CHARM
states: Tc6c6(6550)07 TcEcE(6900)07 TcEcE(7290)O
also known as Ty, (6900)°, ... or X (6900), ...

Sci.Bull. 65 (2020), 23
CMS-PAS-BPH-21-003
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Fully charmed states in prompt production

Sci.Bull. 65 (2020), 23

T T T
—F— Daa

—— Total fit
= Resonance
= = Threshold BW1
—— = Threshold BW2
B33 prs

= NRSPS

—— - DPS+NRSPS

My, MeV/c?)

Narrow structure at 6.9 GeV

-(6900)

Broad structure just above
double-J/ threshold

CCCC

— 50 deviation from NR

Elisabetta Spadaro Norella

CMS-PAS-BPH-21-003

CMS Preliminary 135 (13 TeV)
E 180~ ' ‘ ' _;
2 160 t Data —Fit E
140 =BW1 "' BW2[X(6900)]
g gl N BW3 — Background |
2 100/ =
© 80;— _;
60 — -
sl e
20 |
0 : .
E‘:’%m {%F Eﬁ} }mf %wm 0
2 gy %ﬂﬁﬂf NM {#ﬁ LRI
-3
6 75 8 8.5 %
Myyyuy [GEV]

-(6900) consistent with LHCb

CCCC

+ New peak at 6600 MeV with ~100
3rd peak seen with 40

FNHP2025 School - GG, Firenze

arX|V 2304.08962

T L L B L B

ATLAS Preliminary { Data
; Vs =13 TeV, 139 fo! — Sig.+Bkg.
i_dI-J/\V — Background ]
E - - - Sig. w/o Int. ]

Sig. Int.

I EPRPRTT EPRPRPET EPRPEP SRR SRR W
6.5 7 7.5 8 8.5 9
mg" [GeV]

T.:.:(6900) confirmed &
consistent with LHCb
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Classifying Exotics...

Hidden-charm pentaquark Hidden-charm tetraquarks Beyond hidden-charm

Open-charm tetraquarks

MESON-LIKE/OPEN SINGLE CHARM

states:
° I(JP) =7(0"): Tcso(2900)0, Ts (2900)0, Te50(2900) 1+
° I(JP) =7(17): Tcs1(2900)0

also known as T (2870)°, T%,(2900)°, ... or X(2900),

cs0
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.72.054026
https://arxiv.org/abs/2212.02716

First 7. in Bt - D*D"K* decays

[PRD 102 (2020) 112003, PRL 125 (2020) 242001]

T, states are observed in B decays to D mesons:

——— —— — — F - = T

o I e O 2 2F
—22r > 120 > 10
- F = 100f = 60
> 20 ok o _E
& F S sof & YE
—18F Pl C N 1] =

5 3 o 3 “E T.a(2900)
L < r < =
Q 16F < 4oF T 20F
A r - =
S g 20F g 10F
14+ Q C O g
C L ! 0 0

L L L " 1 L " L 7
6 8 10 12

m D K*) [GeV?c] m(D*D") [GeV/c?]

T501(2900) - D™K*: first csaid tetraquark
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.242001

B — DDzt decays

arXiv:2212.02716, arxiv:2212.02717

Signal yields: ~4000 with 90% signal purity 3750 with 95% signal purity
B° > D°Din~

S 12F T T | I 102‘& S 12F 3
= | s 1' I S
= 0 o = 2. =
1Ok ael -8 S -~ S
+Rra .:: 3 .:....: 71 10 § +l§ra B _ §
g s Aasi 13’y 8 r | -
S B | =

sl ] O i 4 @}

LHCb
9 fb! 1

‘LI ' FRET|
—
(=)}

6 LHCb :
9 fb! Il
1 N N N 1 N " N 1 n N L 1 L L N N N N N N N N N N
- 6 8 10 B 6 g 10

M¥D'r) (GeV?) MA(D' ") (GeV?)

Horizontal band at M*(D,x) ~ 8.5 GeV?

= tetraquark candidates?
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https://arxiv.org/abs/2212.02716
https://arxiv.org/abs/2212.02717

csO

T.(2900)"**in Dfz~

PhysRevl ett.131.041902,

arxiv:2212.02717

Isospin symmetry = combined
amplitude analysis of the 2 channels

T ..5(2900)"" observed with

large significance (> 90)

& JP= 0+

M = 2.908 £ 0.011 £ 0.020 GeV
I' = 0.136 + 0.023 & 0.011 GeV

Argand
diagrams
confirm the
resonant
nature

Elisabetta Spadaro Norella

Imaginary part of amplitude

(RBW)

« | Breit-Wigner of T%(2900)° 4
| Start point m=2.657 GeV) ]
4| Spline lineshape -

0.00 F

-025F

-0.50
-0. 5

0.0
Real part of amplitude

~ T T T T
% + Data
©» 250 LHCb Background
<+ ) —_— Iotal fit
= 9fb -~ D5 (2460) D}
S 200 D; (2600) Dy
NG D; (2750) D,
% | Dy (2760) D} 1
£ 150 D(3000) D;
= - D" (2007)° Dyt
g 100 |- B .
8 ~—— DxS-wave D/}

50 = 1 . -

L
oL A -
2.0 2.2 2.4 2.6 2.8 3.0 32 34

250 |-

T T T T 3
4+ Data

Background

Total fit b

D5 (2460) Dy

—— D;(2600) D}

D; (2750) D;

D (2760) Dy

D(3000) Dy

- D*(2010)~ D
B T%(2900) D

—— D S-wave D

e

26 28 30 32 3¢
M(D 7~) (GeV)

FNHP2025 School

- GG, Firenze

M(D~nt) (GeV)

—~ T T T T T T T
% 100 .
&) LHCb
X
3 80
=2
2 60
=
=]
T 40
<
O
20
: 32 34
M(D} x~) (GeV)
—~ T T T T T T L |
s
6] LHCb
250 9 fp-! ]
(]
=
NS i i
: |
Sob
;é 40 } T
<
O 1 £ L1 B8 25 ST d
20 ',ﬂ*'ﬂ - e W ]
A ~t "
f:"'"r"' L ittt SN U o, ‘;;:v.:jL\A
o Ll B it s : -
22 24 26 28 30 32 34
MDD 7+) (GeV)
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https://arxiv.org/abs/2212.02716
https://arxiv.org/abs/2212.02717

T .(2900)** in Dfz~/*

CSO arXiv:2212.02716, arxiv:2212.02717

First tetraquark_c_andldates_ - T..,(2900)"" = first doubly-charged tetraquark
composed of c5itd and csud :

e Do they belong to an isospin triplet?

T.,(2900)°

T _0(2900)+ ? = to be searched for in D+72'0 [1]PRD 2005, 72: 054026, PRD, 2009, 79: 094004
CcS

T,50(2900)** 3 T,501(2900) LHCb ‘

70F
60F
50
40
0E
20F
10
05—

e Same mass of T,4(2900) observed in B — D™D~ K" [1]

T, (2900) csud
T.20(2900) c5ad

= SU(3) flavour partners?

Candidates / (17.3 MeV/c?)

 m(DK*) [GeV/c2]
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https://arxiv.org/abs/2212.02716
https://arxiv.org/abs/2212.02717
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.72.054026
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.094004

. NEW
T..in other decays?

¢ L HCb-PAPER-2024-040

B~ — D~DK? decays to search for T, states (slide 32)

« State with 5.30
T* (2880)° — DKY

—  Background

[\
S

€240_ —_— QIZO_- T T @ r
= - LHCb = [ LHCb NS :
. . L —4— Data ]

Model includes: > [om' - pp— S L % 1201
" 0 2 1801 (a) — Fit w/ T/,,(2870)° | 2 80: 2 F
- H - L e DY (2573) C L
« D, statesinD"Ky 3 ¢ st g S
S & N D, (2860)° S 60f e i
« S-and P-wave NR e | RN % | g 60
;g 60: SN 71,0870 § 40 § :
3 3 g T
8 8 § 20p

Q Q Q

0

-
=

S

i\

S

N

5

3 ER—— 4 45
My, ko [GeV/c?] Moo [GeV/c?] m,_ . [GeV/c?]

It is consistent with T;’;O(287O)0 seenin B — D D K™,
also known as 7..,(2900) [PRD 102 (2020) 112003]

What about the spin-1 state, Tc*s‘l(29()0)0?

+ Significance of just 1.80

M(TX) = 2883 & 11 + 8 MeV/c? : . S
o ’ - Ratio of fit fractions in the 2 decays can
[(Try) = 87722 £ 17MeV, y

provide test of isospin symmetry
FF(TX — D°KQ) = (2.6 £1.2 4+ 0.4)%,

cs0
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https://cds.cern.ch/record/2918979

Classifying Exotics...

Hidden-charm pentaquark Hidden-charm tetraquarks Beyond hidden charm

Doubly-charm tetraquark

MESON-LIKE/OPEN DOUBLE CHARM

quantum numbers: I(JF) =?(?7), likely 0(1")
minimal quark content: [ccud]
experiments: LHCb

production: prompt pp collisions

Nature Physics (2022);
Nat. Comm. 13, 3351 (2022)
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https://www.nature.com/ncomms

Observation of doubly charm tetraquark

Nature Physics (2022); Nature Communications 13, 3351 (2022)

—~ 70 .
First observation of same-sign — L ;‘;ﬁ '
double charmed tetraquark, 75.(3875) — D'Dz+ é i3 BCTCRU + e
= exotic quark content cciid % 501 ‘ I =
3 r ! > 10F g
2 40E ! E +ﬁ¥+i£,‘g 1
40F 3 ]
. 0+ 7 - |+ Data L 3+8j4 3.876 ]
Mass is below the D”D ™ threshold and very narrow 30F e Chii mpopor:  [GeV/c?] ]
dm = — 359 £ 40%¢ keV 20 ﬁ e y =
I'=48+2%0, keV 3 E
-4 105 H}Hf o mt H}ﬁﬁﬂ# 1 tjﬂ t H JerHﬁ {
Consistent with an isoscalar with JP=1+ ) ]
i i - 7 - 3.87 3.88 3.89 39
in accordance with expectation for a cciid ground . [GeV/c2]
state A R A :
- 1=0is supported by no peaks found in DT D* and : Likely it is predominately a DD* molecule,
D*D%z channels : but also a compact component is allowed [1] :

- Perfect agreement with model considering only decays B rttsssssssssssssssssssssssssses rersers sl ;
% L [1] arXiv:hep-ph/0405208
to DD* [Nature Communications 13, 3351 (2022)]
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https://www.nature.com/ncomms
https://arxiv.org/abs/hep-ph/0405208
https://www.nature.com/ncomms

00'gg’ states

T is the first representee of (QQ’'Gq’) hadrons

— almost stable against strong interaction: 7 ~ 10™?Ys

= It supports existence of:

Ty, (bbiid): stable against QCD with binding energy
about 215 MeV with respect to BB" threshold

Tgb (bciid): either stable or almost, like TC+C

Elisabetta Spadaro Norella

100

Distance from threshold (MeV)

FNHP2025 School - GG, Firenze

—-200

,,,,,,,,,,,,,,,,,,,

cc be bb
- 10‘OO‘ ‘ 15‘00 = ‘20>OO » 25‘00'
MRED(QQ') (MeV)
Phys. Rev. Lett. 119, 202001 (2017)
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Many new exotics at LHC

Lots of exotic states discovered in recent years

115 . . . . . . . . . . . . .
11.0 4 |23 new exotic hadrons at the LHC| cclag) @ cccc M ccaqq
' ® ccqq ® c4qg
10.5 L o

7.5 s

7.0 076900 - No coherent theoretical picture to

6 .Tcécf(eﬁoo)

5 ) )

oo describe all observed exotic
RN I hadron candidates
. L
8 3.0 Xeo(4700) | X1(4685) .
2 45 Paladso)r @ xa(a500) Pa(44s7)" Xid30) o338 . = call for more experimental
0 (4140) Xc1(4274) IPK(4440) T.n(a220¢ W ces( )
(ZB 404 Xe1 Pce(4380)* Pce(4312)* Tees1(4000)* Tees1(4000)° _ X1(4010) |

7. {5875 X(3960) studies
3.5 -
3.0 1 T2 (2900)° « - L
Ton(2870)° 'Izgt%iﬁﬁio
2571 Link I
2.0 : : : : : : : : : : : : .
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

patrick.koppenburg@cern.ch 2025-02-21 Date of arXiv submission

Elisabetta Spadaro Norella FNHP2025 School - GGI, Firenze


https://www.nikhef.nl/~pkoppenb/particles.html

What’s next?

LHC ERA . HL-LHC ERA —
3fb?! +6fb? 23fb? 50 fb* 300 fb*
| 2011-2012 | 2015-2018 2029-2032 2035-... o 205 .
= E — 2024 (13.6 TeV): 9.56 fb
Run1 Run 2 Run 3 Run 4 Run5... > 18 :gggg g]gg Ex; gg; gg:
Current LHCb N LHCb Upgrade 1(a) LHCb Upgrade 1(b) LHCb Upgrade 2 g 16 ? :38]%]2@; 3;? ;b
& > ‘E 14 —2016(13TeV): 1671
5 £ 2015 (13 TeV): 033f‘
3 g —2012(8TeV):2081b”
o £ — 2011 (7 TeV): 1.11 fb”
. 8 10k 2010 (7 TeV): 0.04 fb™ LS2 Vs
LHCb Upgrade | (in Run3 & Run4) S o /
g -
Brand-new detector and fully software-based trigger % °c / / s ﬁcg
L 4
. . . . F LS1
+ Allows operation at higher luminosity % Ny /
c C L | 1 1 L 1
= detector read out at 40 MHz T 05 2011 2013 2015 2017 2019 2021 2023 2025
Year
= x5 luminosity increase: L = 2 X 10*3cm 257! Boosting data to a new level!

9 fb~! of collected luminosity so far
* X2 statistics per lumi wrt Run2
= Already x4 in statistics

+ Improved efficiency in hadronic modes

Firsk resulks to come oulk soon!
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What’s next?

LHC ERA -
> HL-LHC ERA -
3fb?! +6 fb? 23 fb?! 50 fb! 300 fb?*
| 2011-2012 | 2015-2018 - 2029-2032 2035-...
Run1 Run 2 Run 3 Run 4 Run5..
Current LHCb LHCb Upgrade 1(a) LHCb Upgrade 1(b) LHCb Upgrade 2
. . . Y
More investigation of the observed states: Po0(4404) Po+(4404)

uddce uudcc

- Confirm states in different channels
- Measure JP, study lineshape and resonance parameters

P1-(4609) P1+(4609)
: I
ddscc ~ I3
Many new states to explore: -
- Access to bc tetraquarks and pentaquark with beauty g :
. . SScC usscc
- Search for exotic flavour multiplets P2-(4719) P20(4719)
PhysRevD.96.014014
Thank you for the attention!
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.014014
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Exotic hadrons at LHCb

11.5 1 1 1 1 1 1 1 1 1 1 1 1 1
1104 123 new exotic hadrons at the LHC ctlaq) @ cccc M ccaqq ink
: ® cc4g ® <4qq LINK
7.5 _
7.0 A .Tcm(6900) L
Teecz(6600)
6.5 - ® -
6.0 L
& 5.5 A L
[¢)
~~
2 5.0 -
O Xc0(4700) . Xc1(4685)
= 45 Pc(4450)* Xco(4500) Pcz(4457) X(4630) . i
wn T Xc1(4274) P.:(4440)* T..(4220)* .Pc55(4338)
0 Xc1(4140) P.(4380)* P(4312)* cesl . .
§ 4.0 A « e Tees1(4000) Tes1(4000)° _ xa(4010) |
7. 875y X(3960)
3.5 L
3.0 4 T..1(2900)° S — L
®7. 28700 .TE*ZEﬁzgoo;‘)
2.5 A -
2.0 T T T T T T T T T T T T T
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
patrick.koppenburg@cern.ch 2025-02-21 Date of arXiv submission
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https://www.nikhef.nl/~pkoppenb/particles.html

What about the spin 1 state, 7 (2900)?

. T;‘;l(2900)0 contribution is not significant
. T:s%(2870) and T;’; 1(2900)O states are observed with 6.4 c and 1.8 ¢
« Test of isospin symmetry: I(T:SO) =0orl
« Relative width of T:s%: RI(T*O) =I1(T,, — DOF)/F(TCS —- D'K™) ~ 1

csO

. Ratio, Ry, of T.9/T. should be equal in B~ — D"D'K?and B > D"D*K"~

csl’ "¢

=> For T.: consistent with isospin

Observable Result . ) . .
invariance, although large isospin
RI(T*0(2870)0) 33 +11 +11 =+11 violation cannot be excluded at
“ current precision
Ri(T%,(2900)°) 0.15 £0.15 +£0.05 +0.05 => For Tcsl: much lower than unity

_ which indicates isospin violation
Rpp(D°K®)/Rpp(DTK™) 0.044 £ 0.035 + 0.020 P

Isospin violation can be explained as

Ry(T™) = B(B~ — D" D°K°)FF(T) — D°KY) state caused by triangle singularity or
Wes/ ™ B(B- — D-D+K-)FF(T*® — D*K-)’ not definite isospin.
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Model with only K*

LHCb-PAPER-2022-031, arxiv:2210.10346

:fg‘;z_'mcs' T e ] ST Taee ]
160—9fb.| “Toulfit S 120} ** 9fb!
Amplltude_contrlbutlons: S uof + _,’j“(‘z;”;) 1 Soof * ﬁ * ;
- NR@A) Dol wee | D) L
- K* — peaks out of phsp, no obvious 5 10F IS BN
2,3,4 p i ) i _p .pl ) ) g 80:- + + "Background_; g 60 + ]
contribution in pA distribution O f + 41 © wf f ]
40F 3 [ ]
i ] 2o [T ~. ¥
Resonance Mass (MeV) Natural width (MeV) J° 235 e B of S -t
* + + 42 425 43 4.35 2.05 2.1 2.15
K (2045) 2045 +9 198 + 30 4 m(J/A) [GeV] m(Ap) [GeV]
K3(2250)f 2247417 180 £ 30 2 _ S |
K3(2320)t 2324424 150 + 30 3+ 2 140} LHCb ' * I | ' LHCb
PDG 2020 = ol 9" | ﬂm 1 Sl
= 120f ]
. . : SN | &
Model with K" cannot describe data g 100k { 1 5
S o DR -
o 80 n
. T ol 1 §
Goodness-of-fit test 3 “F ;
40f :
x%/ndf = 123/33 of £ E
T Y
m(J/yp) [GeV]
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https://pdg.lbl.gov/rpp-archive/index-2022.html
https://arxiv.org/abs/2210.10346

Exotics

Hidden-charm tetraquarks Beyond hidden-charm

& hidden-strange

4
X(3960)

cCSs ? arXiv:2211.05034,
arXiv:2210.15153
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B+> D +*D-K+: new X(3960) > D .*D_-

arXiv:2211.05034, arXiv:2210.15153

8
7
6
S5
4
3
2
1
0

Signal yield: 360 events with 9 fb-1 P L
Near threshold o |k
enhancementin DD~ % [ |™
New states with JP=0++: ; 8:—
- X(3960) to describe the near-threshold enhancement
- : to describe the deep oL i
— but also described by J/p¢ — DD, rescattering T T —
m(D;D;) [GeV’]
;50 L L L L L
§ [ LHCll) 4+ Data _ ]
= 4of 91fb = ;?53162; . Same state as x,,(3930)7?
el X0(4140) ]
320F - ﬁf{ggg; ] Exotic c¢ss or conventional state?
B Ny e Nonresonant Dy D; 1 Conventional charmonium predominantly decay to
20F ] e :
; D)D), while:
10F I(X2D'D )
:._J N(XoDTDD) — 0.29 £+ 0.09 + 0.10 = 0.08
0 L it

4.0 42 44 46 48
m(D3 D) [GeV]
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Looking again at X(4140)

;50_"""""""|"'|_§50_"I"'I"'I"'I"'I_
2 | LHCb + Data o | LHCb 4+ Data
40 9 fb-! — Total fit i = a0 E 9 fb-! —— Total fit ]
8 [ — X(3960) ST ‘ K-matrix 1
= | Xo(4140) { = | —— 3 (4260)
=30F = P (4260) 1 Z30F ---- 1 (4660)
Sl --=- 1 (4660) 1 & | .
-------- Nonresonant DDy { > [
20F 71 20F
10 10 _
4.0 4.2 4.4 4.6 4.8 0 g
. 4.0 4.2 4.4 4.6 4.8
m(DyDy7) [GeV] m(D;D{) [GeV]
The default model: Can also be described by
dip@4.14GeV modelled considering J/y¢ — DD
by a new resonance, rescattering in the K-matrix
Xo(4140) formula
No definitive conclusion on existence of X;(4140)
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T (2900)"+in Dg*tar-/+

arXiv:2212.02716, arxiv:2212.02717

§ L L L B NN B ; L B LN B R BN LR BRI R
& 191 LHCb | 7 & | LHCb
= 9 fb-! 1 =87 g ]
S 80 B =) l
S S ]
~ * i 60t } i
CRAI 13 i | * * |
< . 4
é or * } L # { 1 % o H * . } * 1]
a 0/++ O AT 3 L I
TC.;O (2900) / > 90. & JP= 0+ 20 B R {+~ e ’\1'”&1 ‘ * B “ 20 - :}f{w‘ * f . h LF‘L_L;‘ -
g Srap— .:';:,,,,.,4,‘,‘,:,ifqg,w...,.,:,,,;,4,{ % r E:_,A . et - 1, R 1
0 2*2“32"4‘“’;6 e R A e e e B P AP

22 2.4 2.6 2.8 '3.0 342. ‘ I3.4

0
M = 2.908 £+ 0.011 £ 0.020 GeV M(D; 7~) (GeV) MDDy 7*) (GeV)

—~ Lt B B L B T < T T T T T T T
I' = 0.136 £ 0.023 & 0.011 GeV S 100} ] g
&'™[ LHCb (a) 3
RBW) 2 | ono 2w :
S i ; S
Nl } Z 60| i
£ ) g
s Ly Sl _
e e W
O [ L O
e T
0047 e # e ] - ]
e S
22 2.4 2.6 2.8 3.0 3.2 34 2.2 2.4 2.6 2.8 3.0 3.2 3.4
M(D; 77) (GeV) M(D; %) (GeV)
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https://arxiv.org/abs/2212.02716
https://arxiv.org/abs/2212.02717

LHCb naming scheme HCb-PUB-2022-013,
arxiv2206.15233

Impact on existing states
No PDG rule for P 9

o exotic mesons with s, ¢, b [ini :
Minimal quark Current name 1@ grP©) Proposed name
quantum numbers content
o no extension for pentaquark cc Xa(3872) 19 =07, JTC =1 . (3872)
states ceud Z.(3900)* I¢=1% JF =1* T, (3900)*
ceud Z.(4100)* 19 =1- Ty (4100)*
ceud Z.(4430)* ¢ =1+ JF =1* T, (4430)*
Idea of the proposal ccus Z,4(4000)* I=1Jr=1* T9.,(4000)*
o T for tetra, P for penta ceus Zcs(4220)* I=3J" =1 Tys1(4220)*
. . "CeC X (6900) 16 =0f, Jre =27+ Ty (6900)
o Superscript: based on existin ceee / W
Sup p_ _ . _ 9 cstd X(2900) JP =0t T.40(2900)°
symbols, to indicate isospin, esiid X,(2000) JP —1- T,01(2900)°
parity and G-parity ccud T..(3875)* T..(3875)*
- Tord G __ P __ b
o Subscript: heavy quark content bbud £,(10610)" I =1%J =17 77 (10610)"
ccuud P.(4312)* I=3 PJ(4312)*
ccuds P..(4459)° I=0 Pyl (4459)°
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