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(Very brief) introduction to the spectroscopy of hadron states

LHCb spectrometer - an excellent tool for heavy hadron spectroscopy
X.1(3872) (X(3872)) state

Candidates for pentaquarks

Candidates for tetraquarks
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Date of arXiv submission

» At least 25 states (discussed in this talk) do not fit into the convention
of baryons and mesons
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Standard vs Exotic States

Phys. Lett. 8
S S (1964) 214-215
California Institute of Technology, Pasadena, California

M. GELL- MANN
Baryons can now be
constructed from quarks by using the combinations
(aqq), laaqqqd), etc., while mesons are made out
of (qq), (qqqa), etc.

> Exotic states: but also:
Pentaquark H-dibaryon D
u ,n’lu,o,m,
— @Q -
meson-antimeson hisd h .
diquark-diquark- diquark-diquark- diquark-diantiquark Ll adrocharmonium
antiquark diquark 5
q q ‘g‘h % K
Molecule Hybrid Glueball ;:_.,ﬂ R
g » N
(=]
ﬂ',:../@ W % = meson-baryon L. .
@’ e~ molecule adjoint charmonium
g 2

Rev. Mod. Phys. 90 (2018) 015003

and near threshold kinematical effects: cusps, anomalous triangular singularities (ATS)...
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tacy  Exotic Hadron Naming Convention

» New taxonomy, as proposed by the LHCb

arXiv:2206.15233

T is for tetraquarks, P is for pentaquarks

Subscript(s) - heavy quark content Minimal quark . o o 1@, JP© Proposed name
content
Superscript — indicates isospin, parity o Xa(3872) 1€ =07, JPC =17 xa(3872)
: ccud Z.(3900)* I =1+, JF =1+ T}, (3900)*
and G-parity: ceud X (4100)* 1€ =1- T,,(4100)*
P states ceud Z.(4430)* I¢ =1+ JFr =1* T}, (4430)"
ct(s3) Xe1(4140) 1€ =0F, JPC =1+ Xe1(4140)
I=0 I=5 I=1 I=3% ceus Z.,(4000)* I=3,J° =1t T}, (4000)*
A N B A ctus Z,(4220)* I=1Jr=1 Typs1(4220)F
cece X (6900) I¢ =0t JPO =277+ Ty, (6900)
T states cstid X(2900) JP =0* T.50(2900)°
zero net S, C, B T states csud X1(2900) JP=1" T.1(2900)°
(RG) I : ot i 1 non-zero net S, C', B ceud T..(3875)" T..(3875)"
E::;; ST (P I=0 I=1 I=1 bbud Z,(10610)"  I6 =1+, JP =1t  T% (10610)*
(+.4)  f b (=) n T ™ ceuud P.(4312)* =1 P} (4312)"
(+-) & a +) f 4 a ccuds P,4(4459)° I=0 P}, (4459)°

» Tools of exotic spectroscopy:

angular distributions, amplitude analysis, model independent approach, Dalitz and Argand plots, ...
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Lach

Y&'\C °

The first hadron-collider experiment that
is dedicated to heavy flavour (HF) physics

Run 1 & Run 2:
9 fb1

The geometry of forward
spectrometer 2 <n<5§

RICH:

Separation of K, p from
g(K2K)=95% e(m2K)=5%
e(p2p)=95% e(m=2p)=5%

Vertex Detector:

Impact parameter resolution:
orp ~ 20 pm

Decay time resolution:
heavy hadrons: =50 fs

Dipole magnet:
Bending power: 4 Tm

Precise tracking system:
g(trk) = 96 %
Momentum resolution:

JINST 3 (2008) S08005;

IJMPA 30 (2015) 1530022

LHCb: Spectrometer and Data Sample

Run | Years | Lum. NG O | Ocz
[fb~'] | [TeV] | [ub] | [ub]
1 2011-12 3.0 7.8 70 1400
2015-17 | 3.8 | 13 | 150 | 2400
2 2018 2.2 13
=
.
LR L
9
adro alhloc

Electromagnetic and
hadronic calorimeters

Vo Lty 10 %

Muon system:
U2 M) =97%
gn2u)=(1-3)%

— =05% p=5GeV/c

1.0 % p =200 GeV/c

Spectrometer:

very good mass resolution U(mB—mh) ~ 22 MeV

Tadeusz Lesiak

Highly flexible, currently have “offline quality”

Trigger:
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YW,;“% Xc1(3872): Past and Latest Measurements ﬂ?

> X(3872) - the trigger of exotic revolution
= Belle (2003): observation of narrow state Xin B — [="n J/v| K decay

* The current nomenclature of the PDG: | X(3872) = xa(3872) |

PRL 91 (2003) 262001

Surprisingly narrow width

» The (striking) properties of x_,(3872):

Mass consistent with the D°D% threshold:

M(D° 4 D%) = (3871.68 + 0.10) MeV /c?

M (xc1(3872)) = (3871.65 & 0.06) MeV/c* (PDG)

I'=(1.19 £ 0.21) MeV/c* (PDG)

Spin-parity

» The interpretation of x_,(3872) (23P,) — most probably a mixture of conventional P-wave [cc]
meson with a DD* molecule, but also options for tetraquark, hybrid meson, glueball etc.

> LHCDb studies:

Production:

Decay:

Mass:
oo s A

Lineshape:
PRD 102 (2020) 092005

Spin-parity:
PRL 110 (2013) 222001
PRD 92 (2015) 011102(R)

Inclusive production
Multiplicity dependence
Ap = xc1(3872)pK ™~
Ay — xc1(3872)pr™

BY — x01(3872)¢

BY — x01(3872)7r ™

JHEP 01 (2022) 131

PRL 126 (2021) 092001
JHEP 09 (2019) 028

JHEP 05 (2021) 095
JHEP 02 (2021) 024

JHEP 07 (2023) 084 *

Xc1(3872) — pp

PLB 769 (2017) 305

Xc1(3872) — ¥(25)y

Nucl. Phys. B886 (2014) 665

Xe1(3872) — wha— J /4y

PRD 108 (2023) L011103 *
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@%‘? Xc1(3872): Selected Latest LHCb Results [/

> Xc1(3872) - the most precise mass measurement (in Bt — (J/¢nt7~)K* decays) SHEe
/ m

Moy (3872) — My (3823) = (47.50 £ 0.53 £ 0.13) MeV /c?

The measurements Mgy (3823) — Mayp(2s) = (137.98 £ 0.53 £ 0.14) MeV /c? =)

of mass differences: m,, (3823) = (3824.08 + 0.53 + 0.14 + 0.01) MeV /c?
My, (3872) — Map(es) = (185.49 £ 0.06 £ 0.03) MeV /c?

)

m,, 3s72) = (3871.59 + 0.06 £ 0.03 + 0.01) MeV /c?

JHEP 08 (2020) 123

150

— 80— .

T T
F ﬁ data
- LHCb BY = ye1 (3872) 7t 7w

L ofh! BY = Jfpmtatr—a— |

> First observation of B? — x.,(3872)n ™

LHCb
9fh~' -

BY — x.1(3872)7F ™ © 155 & 23 events (7.30)

100

Candidates / (5 MeV/¢?)
T
4
I
I
1 23
1
1
Candidates / (2 MeV/e?)

0 T o
B = ¢2S)m7r 2 1301+ 4T events | (normalization channel) = - LH ] ﬂjﬁﬁﬂ p
B(B? = x.1(3872)777m7) x B(x1(3872) — J/opmta™) # ﬁ*+j/\+++ 3 i - 1 ]
SRR it ]
— (16 :I: 03 :l: 01 j: 03) % 10—6 _ 53 5.35 54 5.45 3.88 3.89 39
JHEP 07 (2023) 084 s poriarmn [GEV/E] M3 jmin- [GeV/E]
» Study of w contributionin y.1(3872) — J/Yynn = ;‘Sg rane -
Xc1(3872) — J/¢p — violation of isospin symmetry |y = - _ 9 fiy
Xc1(3872) — J /1w — isospin conserving 1011103 S asof ~da
& F —total fit
LHCb: The first observation of a sizeable contribution g WE
from x.1(3872) — J/vYw: | (214£23+20% | [ 7.10 PUE
g 100 ... 0_ .
(through p%- w interference) of P interference
Ratio of isospin violating to isospin Bx1(3872)=p3/% _ 00 4 () (4 0 gyt e
conserving couplings (6x cC expectation): | &x.(3872)-wi/y e . o 790

Mot [MeV/c?]
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@] Pentaquarks: the First Observations in J /Yp

LHCb (2015): LHCb: repeated study with Runl + Run2 data
Amplitude analysis of A, — J/YpK (Runl data)

T 2D stD*
- structures close to the thresholds: £ D% X D :
1 . 1200 |~ :
Two narrow states in [/ /¢p]: P(4380) and P (4450) AP . LHCb
=3 - — total fit i
= 1000 __ hackground
— % 800 N
> °
§ . * E 600 |
0 700 | P.(4380)" | 4 LHCb 3
~ @ 400 :
TR + K] * N P.(4457)"
£ eoof- | 9o § 4 P,(4450)" = |
(0] 200
o -
LLI 500 B
0

4200 4250 4300 4350 4400 4450 4500 4550 4600
2
mypp [MeV /c“]

* Newstate | m[P}(4312)"] = (4311.9£0.7152) MeV/c?
P%(4312)+: L[PY(4337)"] = (9.8 +2.7437) Mev/c? || 730

b P * P_4450)* resolved into two separate peaks:
B e AT TTTs T o, N 7 N +
o 42 44 26 4.8 5 P¢(4440) and P‘IJ(4457)
masyp [GeV/c?] State Mass [MeV/c?] | Width [MeV/c?]
PJ'(4440)" | 44403 +1.3737 | 20.6 £4.977]
Results confirmed with the Legendre polynomial Py (4457)* | 4457.3+0.6777 522 2.053¢
expansion approach * Quark content [ccuud] - P%
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T pl(as37)

Amplitude analysis of B — J/ypp 797 £ 31 events PRL. 128 (2022) 062001 PRL. 122 (2019) 191804

Evidence for a structure in [J/Yp] and [J/yYPp] m[PE(4337)+] = (43371712) MeV /c? T
= (S e
7
Very close to the (2} D ™) threshold TPy (4337)%] = (297757 1)) MeV/c?

No evidence for P%(4312), nor for f,(2200) (glueball)

o)
-
L] l L I
I
oN
-
L} I L] I
I

e e

] D]

O O

S 40f 1 S 40}

EB! !

§ 20_ __5 20 _

= - o) "

© 41 42 43 44 ¢ 41 42 4. 3

mJ/wp [GGV/C2] mJ/¢5 [GGV/C ]

Quark content [ccuud] - look for strange counterparts [ccuds]
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Amplitude analysis of £, — J/YAK decays | 1750 £ 50 events sl Bl Sl (2w 12k

PLB 772 (2017) 265

Evidence for a new pentaquark with strangeness in [J/YA] — 19 MeV/c? below the (E‘C)D*O) threshold

m[P%(4459)°] = (4458.8 £ 2.9%}7) MeV/c?

I'[P4,(4459)°] = (17.3 £ 6.5759) MeV /c?

Quark content [ccuds]

J¥ not yet determined

. - .
—— Data9 fb'

10°

- [ 2,
7~ : LHCb see@en 5(169())7
<4 [ =(1820)
s 10 A A Z(1950)
= : ' . E(2030)
— L. ] "‘.“ ~~~~~~~ NR
L — | *'- L] :.’
:._5' IOE .- nit?ﬁwl" \"
CHN S

]l E !i' ‘E’“r" """

E i o N

E s

o Fad | . Lo ~Ll

2.0 2.5

mar- [GeV/c?]

———

llllllll | llllllll 1 lllllill L lllllllj

> 1

[}) - =

S [ 9w

2 sl |H

3 i

- I

> 20 - ++ *‘ahi s

mJ/¢A [GeV/c2]

Theoretical expectation: two states with JP = 1/2- and 3/2 and mass difference of 6 MeV/c?
Current study cannot confirm or refute the two peak hypothesis

Two new =*- states observed: =(1690) and =(1820)

Tadeusz Lesiak Exotic Spectroscopy at LHCb
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Amplitude analysis of B~ — J /Y Ap decays 4620 + 70 events

— ] 40—

Observation of a narrow pentaquark :zg: phee i 3 b i * LHCb
state in [J/PA] : % 140f b Towm 4 3 0k ;
= 120k —NR(Ap) 3 = R ]
o F ALIL the — Py I 2 0F -
A 0 9 \‘; 100F Y ] ---Background 4 3 C ]
m[P?,(4338)°] = (4338.2 £ 0.7 £ 0.4) MeV /c £ ol EE E
=] C . — r b
3 % 2 40f .
T[PA (4338)°] = (7.0 + 1.2 + 1.3) MV /c? 5 “F S f ]
[ ’lﬁS( 338) ] = ( .0 . 3) (S /C | 205 20:- =
M === R o Erthe r—
¥ it s 4.2 4.25 4.3 4.35 2.05 2.1 2.15
Very close to the (2. D) threshold mypn [GeV/c?] map [GeV/c?]
Quark content [ccuds] — . — 250
140F LHCb | H - L + LHCIb
v =120 * 1 & o1
=, o () VS 7 ]
iy odd parity strongly preferred = 100F i s 'h
J==- —excluded at 90% C.L. g k=
2 E 60f =
1 1 T3 =l 40F §
1600 LHCb - Data = % - Q
E ofb! —Total fit ] O a0k
% I400:— :glagctidéroum; i E
T “F E 00s Al 215
= 1000F - ~ 2
3 8OOF 3 m g5 [GeV/c]
E 600 =
S 400F = i i
i l ! i The small Q value of the decay =» the most precise single measurement
B0 5250 5300 5350 of the B mass: m([B~] = (5279.44 + 0.05 & 0.07) MeV /c?

Mg/ Ap [MeV/CQ]
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Four-charm Hidden-charm, hidden-strangeness Hidden-charm
Ty (6900)°
> e T’ (3960)°
Doubly charmed Xe1(X)(4500)
[D°D°r] (X)(4700) e E
; Xcl T, 41 (Zes) (4000)
Te.(3875)" Xe1(X)(4274) || xe1(X)(4685) T o1 (Zes ) (4220)
a*
open
charm
¢ C
—w+
0 ) D K]
e A Tes(2900)° 3 /K]
T2, (2900)° Tes0(2900) Tes1(2900)° T, (4000)°

Tadeusz Lesiak
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"ids  Four-charm Tetraquark T,,,(6900)°

Science Bulletin 65 (2020) 1983

Interference (destructive) - between the
threshold maximum and continuum NRSPS
(Non Resonant Single Parton Scattering)

Two structures observed in di-J /3 mass spectrum:
* Broad maximum close to the J /Y] /1) mass threshold
* Narrow structure around 6900 MeV/c? - quark content [cccc]

~ 220 —————F—————1——— ~ 220 p——— —
\\."_ —I— Data _:\_) _I_ Data
> 200 LHCb — Total fit > 200 w— Total fit
(5 ]
2 1 80 Resonance 2 l 80 == Resonance
w== = Threshold BW1 = = [nterference
(93 160 ' = = Threshold BW2 % 160 BEZ2] interference BW
~ 140 { [ vps = 140 &3 ors
w M NRSPS ] 1 )
,“_.t; 120 Lyt ! i -l — = DPS-NRSPS % 120 ‘
e gl T = 100
§ § 80
3 T %
% %n 40F
= s 20
= .

8200 7000 8000 9000 8200 7000 8000 9000
Mgy [MeV/c?] myppare [MeV/c?]

> Model | (nointerference) | 252 + 63 events | Model Il (with interference) | 784 + 148 events
m[T,,;,(6900)°] = (6905 + 11 + 7) MeV /c? | m (T, (6900)°] = (6886 £ 11+ 11) MeV/c? |

T[Ty (6900)°] = (80 & 19 + 33) MeV /c?

I'[Ty,(6900)°] = (168 + 33 £ 69) MeV /c?

arXiv 2304.08962

» T,y structures recently seen by CMS and ATLAS
» Confirmation of T,6900)° state

» Confirmation of hints seen by LHCb at 6600 and 7200 MeV/c?

WPCF2023, Catania Nov. 2023
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@:\5 Hidden-charm, Hidden-strangeness Tetraquark X(3960)

» Amplitude analysis of Bt > D} D;K*

(Df > K*K 7mt™") 360 events

= A near-threshold peaking structure X(3960) - Df Dj

M[X(3960)] = (3956 £+ 5 & 10) MeV /c?

I'[X(3960)] = (43 £ 13 + 8) MeV/c?

= Additional structure, X,(4140),
in the D} Dy mass spectrum — accounting
for the dip at 4.14 GeV/c? via interference

M[X(4140)] = (4133 + 6 & 6) MeV /c?

T'[X(4140)] = (67 £ 17 £ 7) MeV /c? |3‘5"

= Two known conventional states
Y(4260) and Y(4660)

PRL 131 (2023) 071901

20

Yield / (20 MeV)

> 120 JPC — ot || > 9g
50 '.'- — T T T
i LHCb <4 Data i
40 E 9 fb-! Total fit h
[ — X(3960) 1
- X0(4140) ;
30 —— 1 (4260) §

10:— j
0; N S 1

1 (4660)
-------- Nonresonant D} D; -

....................
.......
.............

= X(3960) - acandidate for [cscS | state 2> Tf (3960)

* Dipat4.14 GeV/c%: either a destructive lnterference with the X,(4140) 0** resonance,
or the coupled-channel effect of the J /Y ¢ < DY D

42 44 46 48
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rHCD.

THCD

Hidden-charm, Hidden-strangeness [csCS |
and Hidden-charm [cucs | Tetraquarks

1*: X(4140), X(4274)

> LHCb (2017, 3fb™t): the 1st amplitude analysis of the B* — J /Y @K*

- observation of four states in J /¢ mass:
0*: X(4500), X(4700)

- quark content [csC5 |

4289 + 151 events

PRL 118 (2017) 02203

PR D95 (2017) 012002

» LHCb (2021, 9fb?) : 6x larger signal yield

24220 £+ 170 events

seven X — J /Y statesandtwo Z.; > J/PK™

500
Xc1 |- quark content [csCS | 400
State Mass Width JP | Signif. | = x630) 300
[MeV /c?] [MeV/c?] o] | = x@s00) 200§
X(4140)° | 4u18+11t5g | 162421755 | 1F 13| = X@00 100§
X(4150)° | 4146418433 | 135+£28%5 | 2- | 48 |— XMR '
X(4274)° | 4204447 | 53L£545 | 1F 18 | — X@140) 700 FE '
X(4500)° | 4474+£3£3 | 77467 0t 20 | T X 600
X(4630)° | 4626416738 | ra2rtt | 1- | 55 | T TR se0
X(4685)° | 4684773 | 196415837 | 1+ | 15 | T YV
X(4700° | 4694%47° | 87£87 0° | 1T | L, a0 300
Zes(4000)*, 4003+£677, |131+£15+26 | 1F 15 r -
Z,s(4220)" |\ 4216 £24730 | 233452%5] | 17(17) | 5.9 -
Tysr || TS | - Quark content [cucs ]

LHCb

Tadeusz Lesiak
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@f? Hidden-charm Tetraquark Tf,',sl(4000)° -

» LHCb (2023): PRL 131 (2023) 131901

Amplitude analysis of the B® — J /K9 | 1866 + 47 events
- evidence for a structure in [J/PK?] system:

?_) 70
Z 60 I |
© 9
=z 50 { ' "
E, 40 !"'."! i % ., ,
3 30 | 1 T Rl 1A }
‘g 20 ﬁ‘ ‘.l " “ifﬁ; . |
Y0 _,_. §r-
O ¢ sw L3 LA ATIART ALRAAT RRLLAY AR O, et RN \\\\\ WA L VOO Al "
1.5 2 4.2 4.4 4 0 48 3.
mgx [GeV/c’] My e [GeV/c?]
M]T}c, (4000)°] = (3991113737) MeV/c* | | T[T%;(4000)°) = (105¥32*37) MeV/c* | - quark content [cdc5 ]

5.40 | - assuming isospin symmetry (total likelihood of the B* and B° decays)

Zes(4000)

>

The mass splitting: | AM = M[T, (4000)°] - M[T’, (4000)*] = (-12733%5) MeV/c?

Tadeusz Lesiak Exotic Spectroscopy at LHCb WPCF2023, Catania Nov. 2023




@%‘? Open-Charm Tetraquarks T 1(2900)° ‘ﬂi‘

» LHCb (2020):
. 4 . % PRD 102 (2020) 112003
The first amplitude analysis of the B* - D* DK+
with the inclusion of known charmonium and D~ K™ resonances [ 1260 events
—_ ]40 N I K ! v ' 1 ' v ! - —_ v ! 1 ! ' ! N I ' v ! '
(o] _— _.I. ol 80
= : LHCh{ = LHCb
> 120F 4 = 7
L - (a) . L
- 100 | - = 60
3! C : !
= 80F 4 =
g - . T 40
w 60 0 )
Q » . L 30
3] B i (3]
- 40 r .=
&S i ] g5 20
S 20F = S 10
o oF . E & oF . |
. 3.5
mMp+p- [GeV/cQ]
--------------- 3770) — D* D
Evidencefortwo newistates: Li, £ S0 e L n il Opl, il S e n B ORI S s ;’;(393)0) s
0] _ o Al —— 3930) — D* D
M]Tes0(2900)°] = (2886 £+ 7 £ 2) MeV/c M][Tes1(2900)°] = (2904 + 5 + 1) MeV /c? - ?3‘04 eygle
— — - y(4160) - D* D
I'[Tcs0(2900)°] = (57 £12 + 4) MeV/c? T[Tes1(2900)°) = (110 £ 11 + 4) MeV /c? 5]
P A+ P_ q- X,(2900) — DK*
J =0 | quark content [udcs ] J 1 X,(2900) — D'K*
No evidence for D*K* structures 0 ditullbs il

Tadeusz Lesiak Exotic Spectroscopy at LHCb WPCF2023, Catania Nov. 2023




Open-Charm Tetraquarks T

0,++

cs(

(2900)° £

> LHCb (2020):

The first amplitude analysis of the B® —» D°D{n~ & B* - D™ D}n™"

(with the inclusion of known D~ K* resonances )

Evidence for two new states in [Dm]:

4009 + 70 events

B° - D°D}n
M]T2,,(2900)°] = (2879 + 17 + 18) MeV /¢’
I[T%,(2900)°] = (57 £ 12 £ 4) MeV /c?

6.60

quark content [cdsu |

Bt - D" D{n* 3870 & 64 events
M(T2,,(2900)") = (2935 + 21 + 13) MeV/c?
I'(T2,(2900)"") = (143 + 38 + 25) MeV /c?

4.80

quark content [cusd ]

No hint for DD structures

70 0] I S S S S S B B S L B B 7

4+  Data
LHCb Background
= Total fit

(]
n
=
=

D(3000)- DS

100 - *

Candidates / (0.014 GeV)

50

0

—1 4
9 b < D;(2460)7 D ]
Dy (2600)- D

) I i s
200 (a) -~ Dg(2300)- D> 7
Dy (2750)- D}
150 | D/ (2760)~ D} ]

D*(2010)~ D} ]
EEER T%(2900)° D°
— 0*NR(D® N D 1

T L

4+ Data
~ 250 LHCb Backlgt[uund
- — Total fit
S 9 fb~! -~ D460 D
< 200 E,‘(mmwn;
= (a) D300 D; ]
S 190 D; (2750 D; 4
= D;(2760)° ;'
2 D(3000)° D;!
Z 100 - D*(2007)° Dy 2
o T%(2900)** D~ 1
ié - 0*NR(D"x) D}
= 50
@)

20 22 24 26 28 30 32

34

mp-r+ [GeV/c?

PRD 108 (2023) 012017

Candidates / (0.014 GeV)

Ly | }
(b) | ]

| Ll
et R

Candidates / (0.014 GeV)
(]

2.2 2.4 2.6 2.8 3.0 32 34

mD_s'_ﬂ'Jr [GBV/CQ]

Mass splitting
AM = M[T2(2900)"1] — M[T2,(2900)°] = (28 + 20 + 12) MeV /c?
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@5 The Doubly Charmed Tetraquark T_(3875)*

The first observation of double-charmed tetraquark with the quark content [cciid] in its decay to D°D°r*

- manifestly exotic

- :
Mass of T_(3875)* very close and slightly below to the D**D° threshold: e

om = m[T¢.(3875)"] — (m[D*"] + m[D°]) = (—273 + 61 + 571} (model)) keV /c? 117 + 16 events 29

Extremely narrow
(the narrowest exotic state observed to date):

~
<

e
=]

(o))
o

lllllIITllIlllllllllllll|l|ll]l|ll

wh O

LHCh
i

ofh~! 8 25 |
' s f

K L
N
- data 3.874 3.876
T+ 00+
B T D°Dx Mo Dot [GeV/cQ]

=== background

1d/(200 keV/e2) |

T[T (3875)%] = (410 + 65 + 43713 (model)) keV /c?

Y
7

Consistent with the isoscalar J° = 1* hypothesis 40

Yield/(500 keV/c?)
n
(=)

S

30

T..(3875)" is the first manifestation of the family

of the [QQ’qq’] hadrons, which are expected 20 JY . l};i:‘,{' i —
to be almost stable against strong interaction " + + m + Jl + J{ ﬂ }l .
— 10-20 , SIRE
( 10 s) +H Mﬂ “Hﬁﬁﬂ{ ﬁ! +H% H Hﬂ*
| S S .
Observation of T_(3875)* strongly supports 387 388 389 3.9
the existence of mpopor+ [GeV/c’] [GeV/e’]

« [bbud] tetraquark that is stable w.r.t. the strong and electromagnetic interactions
« [bcud] tetraquark state about 10 MeV below BD threshold
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Summary

» A plethora of new (exotic) hadron states discovered by LHCb; those discussed in this talk:

3.8+ Y(1°0,) CERN Courier =
2 My PS5y ki Xe1 (X)(4700)
7425) Xe1(X) (4685)
3.6 l 0 Y %eal1P) Xe1(X)(4630)
Y .~ xer (X) (4500)
- b Heol1P) Xe1 (X)(4274)
S
: V. e
% A PN(4337)* | | Py, (4338)°
’ xer (X)(4140) T
32-
s - Xer(X)(4150) | [ 74 (4000)° |
4
o ms) xa(3872) | 1+ ][ 1-
JFC =0 1= 1= o+ At  had + + — — — —_
L=0 0 1 3 1 1 0 1 1 2 ? 2 2
2.8
» The systematic explanation of the current picture of exotic spectroscopy
will be troublesome (and equally exciting)
» In the recent period, LHCb has been one of crucial players in heavy flavour spectroscopy
of exotic states
» More precise spectroscopic measurements from the LHCb experiment and, hopefully,

some new observations should follow with the analysis of Run 3 (2x) and Run 4 (7x) data
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. Université
> degli Stuc
/& di Ferrara

Hidden and explicit exotics

Hidden exotics Explicit exotics
e Minimal quark content "mimics" e Minimal quark content
regular hadrons structure manifestly exotic
o [ccuul, [cedd]... e "Charged quarkonia" such as Z,

e Careful study needed Zy with [ccud] or [bbud]

e Quantum numbers Open-flavour tetraquarks: |csud)

e Production cross-section Doubly charm tetraquarks: [ccud]

o
°

e Unusual mass and/or width e Fully charm tetraquarks: [ccéce]

e Unusual decay pattern e Pentaquarks: [ccuud], [ccuds]

Studied by many different experiments: LHCb, BESIII, ATLAS, CMS, Belle,
Belle 11, BaBar, CDF, DO, ALICE...
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Baryon Spectroscopy @LHCb, Hawaii APS-JPS 2018, Tomasz Skwarnicki 5 D
(Colored) diquarks in QCD

color

(antisymmetric) sextet
an?i?rlic;)::let eymmetie)

color color
triplet  triplet

quark quark
q q

repulsive color force

quarks will pull apart in any

attractive color force sextet configuration
perturabative QCD: half as strong as in the meson

(qq) d iquark Color flux tube

building block in stretched between
QCD?

the quarks and
extending to other
color partners
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Discovery of J/psi J/psi mass structure, Tomasz Skwarnicki, Unicamp, Aug 5, 2020 5 ?
Compact tetraquarks (pentaquarks) vs meson-meson (meson-baryon) molecul
+ The same quark content can, in principle, create a compact tetra- or penta-quark with direct color
couplings or create a loosely bound hadron-hadron “molecule” via nuclear-type couplings

» However, mass spectrum (“spectroscopy”) from these two types of bindings are very different

- -

compact tetraquark . meson-meson molecule .—.‘.

@ ; 5
((GG)(aa) (69)-(99)

Usual phenomenology describes binding
forces here via exchange of light mesons:
@ > TE; Qn 0‘), n; .
Very rich mass and JP
spectrum expected (all o
)|

V(r) s Typically expect only one-two
% v v states n—/, L=0, S5=5,QS,

No obvious mechanism
to suppress fall-apart to

: !
- | 1
1} f : . P fai i
il . simpler hadrons — wider ..., 2 tm - Mass and J f.'_nrly constrained
e . states expected N S coats. a3 from the constituents.
2| . (except if near/below abont -2 Mov - rt sl -
afd | strong decays o) | all-apart prevented by spatia
ol " thresholds) separation — narrow states if

r below the related threshold.
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LISHEP2023, Rio de Janeiro, Mar.2023, Multiquark Exotics, T.Skwarnicki

Summary =N
._— Two nearly separate One confinement l .
'.‘ confining volumes. volume. .

By now overwhelming evidence for hadron- Best evidence for compact tetraquarks is a
hadron interactions playing an important ! rich spectrum of broader charmonium-like
role in creating narrow mass structures Don't trust the extracted states [Z., Z.] seen in B decays

near the corresponding thresholds in spectrum details since the U/ym*, ] /K=, ] /YKL,
meson-meson amplitude models are missing YROTEYRHKE?, ] )W, xeami]
[Z,(10510)%°, Z,(10560), Z.(3900)%, coupled-channel effects. as well as existence of J/y ]/, Y(25)
0 ++
Z.(4020)%° 7..(3985)*° « > : : J/¥7?, Tes0(2900)°, T50(2900)™ 7,
¢ and mesonc-sbaryon Other production mechanism? T..(3875)% states
[P.(4312)%, P.(4440)%, P.(4457)%, ___ Isospin pariners? Isospin partners for some of them
P.;(4438)°, P.,(4456)°?, P..(4468)°?]  Other decay modes? Other decay modes?
interactions Other production mechanism? Other production mechanism?
Compact pentaquarks? [P-(4337)%?]
Not clear if well formed bound-states (“molecules”) Various color binding schemes possible
or other forms (e.g. virtual states) (e.g. “good” and “bad” diquarks?)

Many states can mix more than one dynamics; the two above if narrow and near thresholds [e.g. T..(3875)%, X(3872)], with
ordinary mesons [e.g. X(3872), some J /Y ¢ states, Y states] and with hybrid states [e.g. Y(4220), Y(4660),Y(...)]

The systematic multiquark spectroscopy explaining unambiguously all states will be difficult. The best we can
probably hope for, is demonstrating presence of various binding mechanisms on systems in which they dominate.
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Amplitude analysis

Isobar Model Helicity Amplitudes for A, — J/iA*

Matrix Element M” parametrized as a function of 5 angles and one mass m?
pK

A, unpolarised

A, rest frame
¢A* =0

A rest frame

7 Standard contribution:

C
o, J b w E}W J/p — ]
d
lab frame [PRL115(2015)072001]

Sebastian Neubert (Uni Heidelberg) Baryon Amplitudes at LHCb Hadron2017, Salamanca 4 /19 NLex
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Amplitude analysis

Isobar Model Helicity Amplitudes for A, — J/i A"

m Angular structures (no free parameters)

m Helicity couplings < complex numbers, floating in fit

m WCETIEIRTENEIS variety of possible parametrizations

(Breit-Wigner, Flatté, Polynomials, Splines)

MY = ? MOV A — Kp, AZei’"f"p“ dy! ar,(8,) x
"

1
2

* i Ap+ 0 Iag
/\%k Ab_)Anl(‘b)«A*,A,/, e A AAbaAA*_’\'lIJ(BAb) dAA*r:z\p(eA*)

Sebastian Neubert (Uni Heidelberg) Baryon Amplitudes at LHCb Hadron2017, Salamanca
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Amplitude analysis

Adding Helicity Amplitudes for A, — P.K

Exotic contribution: S}K_
W<l uy . A rest frame b —T
p rest frame b
o
P

¢ —m P.rest frame 0
Construct M;’Zb APe AP in the
helicity formallsm lab frame
analogously to M A, AN [PRL115(2015)072001]

Sebastian Neubert (Uni Heidelberg) Baryon Amplitudes at LHCb Hadron2017, Salamanca 6/19 ¥
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Amplitude analysis

Resonance parametrisation

Dynamical Terms Z3{5PE88 given by

m Relativistiv, single-channel Breit-Wigner amplitudes BW(MKp|M3",FQ“)

1

BW(M|M,, ) = ,
(MM To) = = iMor)

where

20, «+1
- g A My 2
(M) =T, (q—o) Mg, (a.q0.9)".

m Angular-momentum barrier factors B)(p, p,,d)

A 0,
R _ B P ) " BwW(M B g\
n(Mkp) E§ Uy, M_Ab X (Mkp) X £y MA;‘; -

m special case A(1405) is subthreshold: Flatté (K p and X 7 channels)

p(q) are momenta of the daughter particles in the rest-frame of the decaying particle.

Po(qp) calculated on the nominal resonance mass

Sebastian Neubert (Uni Heidelberg) Baryon Amplitudes at LHCb Hadron2017, Salamanca
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@-@é Threshold ,,cusps” ﬂi

Threshold cusps are ,,resonances created kinematically by rapid opening of meson-
meson threshold

Example: Y — wDD* | thelowest order diagrams:

n: D n: D D
:< :<>.< D and Dbar* rescatter
Y S ¢ ) ) elastically ONCE
D D D
tree one-loop
n, D D D
Y=<><>< D and Dbar* rescatter
D" D’ D’ elastically TWICE
two-loop

If D and Dbar™* are in an S-wave, the imaginary part of the scattering amplitude is zero for
M(BD*) < (mp +mp-)

2
And abruptly rises at threshold as: ST'(s) o< g™p(s)
(g — coupling constant, p(s) — phase space factor)
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@g@é Threshold ,,cusps”

To prevent the increase to an unphysically large value, it B 2k I3
has to be attenuated by a hadronic form-factor F(s): pls) = E (5)

For T(s) to be analytic, it must have a real part of the form:

0.15 +

1 *  ds'g?(s")p(s) ( P — principal value integral
R =2 / / - d at threshold
(s Sthresh § =S5 Sthresh — MASS Squareda a resno
0.2 : , _ , | _ . l

The resulting |T(s)| has a very sharp, cusp-like
structure that peaks slightly above the

| threshold at M = \/S¢nresh

- That peak originates from kinematics and has
-0.05 | L {1 nothing common with any resonant structure
in the D-Dbar* two-body system.

01 F

0.05 |

-01

02 010 01 0203 04
M(DD*)-mpy-m .« (GeV)
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ATS — such diagrams become singular when
the three virtual particles that form the
triangle are all simultaneously on the mass
shell

Pa

In kinematic regions where the conditions for
this singularity are satisfied, resonance-like
peaking structures that have nothing to do
with true particle resonances can be
produced

Db

Pe

If the rescattering is purely elastic, the effect of the ATS integrates to zero in the Dalitz
plot projections.

However, in case of many coupled channels, the above applies to the sum of intensities

of all of them, thus the Dalitz plot projections to individual channels can produce mass
peaks

Tadeusz Lesiak Exotic Spectroscopy at LHCb WPCF2023, Catania Nov. 2023
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Run | Years | Lum. | /s | o | 0Oce
[fb~*] | [TeV] | [pb] | [ub]

1 2011-12 3.0 s 70 | 1400
2 2015-17 | 3.8 13 150 | 2400

2 2018 2.2 13
Goal for Run3 and Run4: 50 fb!

2<n<45

LHCb MC

s=8TeV
Nucl. Phys. B871 (2013) 1 emh e

JHEP 03 (2016) 159
JHEP 09 (2016) 013

JHEP 03 (2017) 074
PRL 118 (2017) 052002

» All results presented here
correspond to Run 1 data:
3 fb?!
4 x 10'2 b-hadrons produced

> Run2vsRun1l:

= more abundant production
of b-hadrons

= improvements in trigger
and selection efficiencies

Integrated Recorded Luminosity (1/fb)

2.3 « 2018 (6.5 TeV): 2.19 /b ; :
«  2017(65:251 TeV): 1.71 o+ 0.10/b | | 201 8 201 2
2015 (6.5 TeV): 0.33 /fb
1.8F1 &« 2012(40Tev): 208/ -2017
2011 (3.5 TeV): 1.11 b
1.6 _ 2010 (3.5 TeV): 0.04 /b 2016
14 _ ......................................................................................................................................
Ny a4 2011
0-9 _i_ .......................................................................................................................................................................
0-? i_ .....................................................................................................................................................................
05—
5 : ’ . : . PR -'
?Aar May Jul Sep Nov

Month of year
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rHCh.

Y'Y | HC timeline

i HL-LHC
‘ I Run 2 | | S
e (EVETS VR CYETS 5 14 ay
13 TeV )
li lidation Dlodles Consolidation
i cryolmit LIU Installation T
8 TeV l ener,
e —— e rogions Civil Eng. P1-P5 iner irplet installation

5 to 7.5 x nominal Lumi

ATLAS - CMS /

2 x nominal Lumi ALICE - LHCh 2 x nominal Lumi HL upgrade
—_— I J

75% nominal Lumi '/’_ e I
— 1 integrated 3000 fb*
EXd 190 b | 450 fb juminosity TR g

experiment
beam pipos
nominal Lumi

HL-LHC TECHNICAL EQUIPMENT:

- -
DESIGN STUDY 43 PROTOTYPES ) ' CONSTRUCTION INSTALLATION & COMM. PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS

m LHC Run 2 finished in 2018
m LHCb: [ £dt = 9fb~?! collected in 2010-2018
m Long shutdown until 2022: upgrade of the machine and detectors

m LHCb Upgrade |: major upgrade/replacement of the subsystems and readout
m Run 3 until 2026 — HL-LHC upgrade — Run 4 ...
m LHCb goal: 50fb~! by the end of Run 4 — Upgrade ||

Anton Poluektov on behalf of LHCb LHCb status and exotic hadrons KEK-FF workshop, 9-11 February 2023 4/32
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LHCb Spectrometer

» General advantages (pp interaction):

= High production cross-sections for HF (2x10* bbar pairs/s i.e.103 larger than at the e*e” B factories)
* Simultaneous accumulation of huge B, B, and b-baryons data samples (composition 4:1:2)

* The decay vertices are well separated from the production point (high boost of heavy hadrons)

» LHCb specific advantages (single arm forward spectrometer: 0.8°<© < 15.4°):

=

= LHCb captures a HF production cross-section, comparable to that of ATLAS and CMS (high-p;
range) in MUCH SMALLER SOLID ANGLE = smaller number of electronic channels
- smaller event size = larger trigger bandwith to store (dominated by b and c physics)

» LHCb — forward detector (p >> p,): efficient muon identification for lower P; values

= Space to accommodate excellent RICH detectors (flavour tagging, background suppression)

> General drawbacks:

* The instantaneous luminosity is limited by the detector readout capabilities ( 4x1032 cm2s!)

= The efficiencies of y, n° and n reconstruction are much lower, compared with the e*e

Tadeusz Lesiak
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Upgraded LHCb trigger

LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate
(full rate event building)

------------------------------------
.

:Software High Level Trigger

xclusive kinematic/ geometric selection

§ L} §

Buffer events to disk, perform online

[ Full event reconstruction, inclusive and ]
e S

detector calibration and alignment

2V §

~\

Add offline precision particle identification
and track quality information to selections

Output full event information for inclusive
triggers, trigger candidates and related
primary vertices for exclusive triggers

\
. 9. \
10 GB/s to storage

Anton Poluektov on behalf of LHCb

Exotic Spectroscopy at LHCb

Tadeusz Lesiak

LHCb status and exotic hadrons

HLT1:

m Subdetector reconstruction:

m VELO: clustering, tracking, vertex
reconstruction

m UT, SciFi: tracking

m Muon: Hit-track matching

m Global event reconstruction:
m Track fit (Kalman filter)
m Reconstruction of secondary vertices
m Selections: [LHCb-PUB-2019-013]

m Single displaced tracks

Two-track displaced vertices

Single displaced muons

Low-mass displaced two-muon vertices
High-mass dimuons

[LHCb upgrade computing TDR]

KEK-FF workshop, 9-11 February 2023 10/32
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Enhanced isospin
violating decays

X(3872) - p°] /¢

E LHCb-PAPER-2015-015 [ 1

>
2120
e
%100
£
§ 80
Qo

4 R
600 700 800
t Wisx) [MeV]

_ T

Mass near pop* Narrow width
threshold | in decays to c¢

Charmonium-like prompt

> f
[ L BY - LHCb
s | xs72) {|  runi | KNown decay rates:
Z100p K* 3 AW
Z 3 7 2 e
=5 - =2 VN
=7 : 4 ¢
o ' y»
Q
T 0
~ 100} 8- Belle
B > X(3872)
oM QL . -
= = Kon 1
1y | Huge fall-apart
Z L T S mode from the
R — Flennns resonance tail
- 3?82 TR above the D°D*0
' M(J/wfr*n‘) [GéV] threshold
2 3 BaBar { 0-1- interacting
§|‘5 = in S-wave
g1 <10 :
g 9 d. compatible
- 1 with JPC=1++
m & g i
= m |
0

Karliner,Rosner, Skwarnicki 2017
arXiv:1711.10626

390 3.92
M(D*D?) [GeV]

molecular
features

production rates

10* é‘\ Deuteron @ALICE
10k % ALICE, PLB754,360(2016)
" PR,C93,029917(2016)
10? - Heliurv-3 @ALICE .
§ F  (rescaled {rom Pb-Pb) * W @ATLAS
= 10 - e, N . .
= E " .
1 x(3872)
é 4 @ATLAS *
:?&“’ ATLAS JHEP01,717(2017)
107 |-
10° ) O
10% -
10° PR B AW [ 1 .
o 5 10 15 20 25

Py (Gev)
A.Esposito et al. PRD92, 034028 (2015)
(ATLAS data inserted by S.Olsen)

Charmonium-like pattern
of radiative decays
BR(X(3872)—>y(2S)y)
LHGh BR(X(3872)=J/y(1S)))

= 2.48+0.64+0.29 (>0 at 4.40)
LHCb-PAPER-2014-008

unlike a
molecule

Tadeusz Lesiak
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LISHEP2023, Rio de Janeiro, Mar.2023, Multiquark Exotics, T.Skwarnicki

Dual nature of X(3872)?

« X(3872) mixes features expected for a loosely bound
molecular state (mass coincidence with the
DYDY threshold, “right” JP=1*, narrow width, large
fall-apart rate to D°D"", large isospin violation in
decays) with features expected for a tightly bound
quark state i.e. P-wave cc (production in many
different reactions, pattern of radiative decays?)

« If coincidence of y.,(2°P,) with the D"D"" threshold
is responsible for it, then there is no narrow analog
of it in bottomonium

+ P-wave cs states, D *(2317)" and 1_,(2460)" also
believed to be predominantly D°K~, D K"~
molecules

Tadeusz Lesiak Exotic Spectroscopy at LHCb WPCF2023, Catania
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@\'ﬂ Pentaquarks in A,° = J/ p K~ Decays

» LHCb: fortification of the P_states observation: Model independent approach

PRL 117 (2016)

082002

. ,fg - no need for the A* model; ‘\E - can only indicate the presence of exotic states
* 2D analysis in terms of (m(Kp), cosf~) (9/\*- helicity angle of the K-p system)

e TheCOSOj+ ang. Distribution is expanded in Legendre polynomials (in bins of m(Kp)):

lmax < 1 o .
- dJ\; _ 37 (BF) Rifeostye) N\ resonances can contribute only J... — the highest spin of any Kp
costar 15 to low order momentsupto [y — 97 . | contribution at the given m,, bin

* < PV > -legendre moments: contain all the information of the angular structure of the system
as well as the spin of A* resonances

g
EIOOOE LHCb ;ﬂ SO Ay — A" * The [Kp] mass and angular distributions
g 800~ 4 LHL: | A, K- pPf are projected as reflection into the J/ p system
: 6"0;‘ * ENEEES. » 90 discrepancy with data, assuming only
wf N" contributions (HO hypothesis)
200:—
ol > The discrepancy concentrated in the
A v S T ¥ S region of mass corresponding to the P,

mJ/W, [G@V]

states (best seen on the m(J/Wb p)
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iy Search for b-flavoured Pentaquarks

» The (uudcc) states observed (decaying strongly)

Proc. Roy. Soc. London A 260 (1961) 127

» The Skyrme model:

expectation of b-flavoured pentaquarks Pb(bdqqq/t-)qqqq), that decay via the weak interaction
and are

* tightly bound (Skyrme model: the binding grows with the mass of the constituent quarks)
* narrow (I = 6 MeV, to compare with (40-200) MeV for P_s)

> LHCb: the search for four types of P, states Run 1 data, 3fb?

Mode Quark content Decay mode Search window
1 bduud P+ Bop JWKTn~p  4668-6220 MeV

I11 b&uud P A+ — J/‘l,bK T 4668-5760 MeV for strong decays
10% bsuud Pgo p Jb dp 5055-6305 MeV

(a)

&g

z}J/:p (b) _’42}1@
K s

b
PB"p I P;?p u _._\ s } ®

_—%

+
(o =i =i o Nw |
acococicn

p
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@] Search for b-flavoured Pentaquarks

> No signal observed
. : T T 25_ 6
_ 12F a —~ 2k % 205— (c) % 5
E 'OE_LI({éb E ?:é_LHCb = Lo =2
T °F 2 zF 3
Z o g 10f 3 10f 5 ’
N R LI | i
- 0: Hﬁl()ﬁr)k(’)M SSIOO 60l00 w“ N ot Md]nlﬂ;olo() 55.00 0 “N",Ll 55I00 0 SSIOO 6000
m(J/p K 1" p) [MeV] m(J/WK "7 p) [MeV] m(J/YK "7t p) [MeV] m(J[{p¢p) MeV]
> Upper limits on the P, production ratiow.r.t. A,” — J/¢Y K p
o _0op > BX) B(P, = J/¥X)
olpp — AVX) - B(Ay — J/YpK~)
L T | i g
3 & tich 3 'TF 1 = |
o o 6
ek S =
PEE: = T F
- 3 -
000500 6000 ] O
m(J/YK 7 p) [MeV] m(J/$K 7 p) [MeV] m(J/pK 7" p) [MeV] m(J/¢¢p) MeV]
» The limits (90% CL) on R are at the level 102 - 103
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rmx;u%‘? Search for Beautiful Tetraquarks

» No exotic hadron, composed of more than two heavy quarks has been observed so far

»> Several theoretical predictions for the existence of an exotic state X.;,3
= Mass in the range [18.4, 18.8] GeV/c?, close but below the n,n, threshold (18.798+0.005) GeV/c?

= 2> The expected, experimentally favorable, decay mode: X5 — Y(1S)IT1, (I=e, )

= Lattice QCD calculations: no indication for the X state in the hadron spectrum

> LHCb(2018): B

< 1200 ! _:

= 6.3 fb? of data recorded between §1000:— | &l LHCb k

2011 and 2017 = I 15=7,8,13TeV

& 800 N =

= f il :

= the search for tﬁeXstaJtre decaying % 600 - N EED E

to T(1S)(— F = o T} =

(LS) (= p™p ) g S w00 I\ o [ :

* the normalization decay channel: S 20k ‘ L E

T(18) = utp~ : ' ok —ri -

e 10000

N(Y(1S) = ptp~) = (6.37 £ 0.12) x 10° M (") [MeV/c?]

(T(LS) = p ) =( ) X e
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Search for Beautiful Tetraquarks

> The search for an excess in the M (27 2u7)
in the mass range [17.5, 20] GeV/c?

» Cut based selection

» 1/ mass veto applied:
M (™) ¢ [3050,3150] MeV /c?

JHEP 10 (2018) 086

LI B S S N S s S e S S S S S m e s
Obs. 95% CL limit
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"""" Exp. 95% CL limit, median
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» No significant excess is observed in data
in the mass range [17.5, 20] GeV/c?

» An upper limit is set for

Rx =o(pp = X)X

xB(X = TAS)uTu~) x B(Y(1S) = ut p~)
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Search for Ty 55

state

e Studied in Yu*u~ final state by LHCb and CMS

Di-bb thresholds  LHCb: 6.3 fb'!
N TR L R L A B
J.‘._) 22 : ;I :
% 20 | LHCb
S 18f §| Is=7,8,13TeV
o 16} |
S 14§ 14
12 1 JHEP 10 (2018) 086
@ 10 : ’=
= ' | iy "
=)
3 It I
= 4 | l
© 3 . w nn’-m.ﬂluu u"....‘.-'.;::i..:: ,:E!
16000 18000 20000 22000 24000 26000

mQu*2u7) [MeV/c?]

(5 40F
O 3gF-
. -

© 30F
0 25

>45_'|

_ M,
CMS: 35.9 fb’!
CMS . _
LI LA DL L B DL BN BNLRNLENLE
¢ Observed ~——— Total g
—— Combinatorial bkg —— Tetraquark (m =19 GeV) —E
Y(1S)Y(1S)

PLB 808 (2020) 1355782

,..214,f.26 g 28
m,, (GeV)

No obvious signals, eager to see full data analysis at CMS/ATLAS
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| LHCb-PAPER-2022-047
Search for TbcEc' state arXiv:2305.15580

« Statistics too low to seen any structure i / /1y — Y mass spectrum
« Data consistent with DPS dominating production
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