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What are exotic states?

The QCD has difficulties describing the interactions
of quarks in hadrons from the first principles

Conventional states: q;g, and q,q9,q;

Spectroscopy of conventional states is described
reasonably well with potential models

Hadrons with alternative content are referred to as
exotic states

All knows exotic states decay via the strong interaction

Heavy tetraquarks (pentaquarks) are usually observed
in a heavy quarkonium plus light meson (baryon) decay
channels

See review Rev. Mod. Phys. 90 (2018) 15003
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Heavy flavor quarkonium
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Heavy flavor quarkonium(like)
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The LHCb detector

Designed for precision b and ¢ physics

2<n<5 ! Excellent tracking and vertexing
Coap, HCAL o | A\ o(P)/p < 1% @ €rrack > 96%
SPD/PS M3 o(IP) = (15 + 29/p;) um
Excellent PID
epip(K) = 95% @ MisID(r — K) = 5%
epip(U) = 97% @ MisID(m - u) =~ 3%
BT TIRIE IR
2 ata o O AleglK-n>0 =
% 1'? [ ] e ®m AloglL(K-7)>5 E
0.8} g
0.6 i
0.4k E
[1] JINST 3 (2008) S08005 e, T ;
[2] Int. J. Mod. Phys. A 30 (2015) 153022 T S S T
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LHCb trigger and data set

InStant luminosity LHCb Integrated Recorded Lumlnosny n pp, 2010-2018 LHCb 2015 Trigger Diagram

corresponding to 1.1 T 20f] 2018 (6.5 TeV): 219 b o 2018201b
e S = L ety T T 2 Y= 40 MHz bunch crossing rate
visible interactions per = 2F 2015 (55 ToV}: 033 b | 2014
bunch CI‘OSSing § 18;— i::f E:gl:i;???::: ..... 1 :. 22017 O O U
L 1.6 2010 (3.5 TeV': 0.04 16 B SR AN A X
. . E i f S LO Hardware Trigger : 1 MHz
Two stage trigger efficient % B N readout, high Er/Pr sighatures
for hadrons and muons S
8 1 ............................... ...................................... 450 kHz 400 kHz 150 kHz
Lo 08E i ol ......................................
Turbo stream for Run 2 5 ok s
. & E
Trlgger levgl % 04 E : " ¥ - . Software High Level Trigger
reconstruction D gof T R . . —
Small s d = i P i L e <VIU Partial event reconstruction, select S
8 maller event size an qvlar displaced tracks/vertices and dimuons g
increased acceptance rate Month of year E
Buffer events to disk, perform online E
detector calibration and alignment L
Q
Run 1 Run 2 Run 3 Run 4 Run 5+ Full offline-like event selection, mixture ‘ =
of inclusive and exclusive triggers %’
(2010-12) (2015-18) (2022-24) | (2027-30) (2031+) = 0 E
3 fp? 6 fb~? 23 fp~1 46 fb~1 > 300 b~ (?) 12.5 kHz (0.6 GB/s) to storage
UpgradeI =~ Upgrade Ib Upgrade II [1] Comput. Phys. Commun. 208 35-42 7

[2] Int. J. Mod. Phys. A 30 (2015) 153022
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Tetraquarks with hidden charm
Updated amplitude analysis of B* - J/Y¢pK™
Prompt production of the X(6900) — J/y ] /Y
Updates on X(3872):
X(3872) - J/yn*Tn~ lineshape
X(3872) in BT -» (J/yn*tn™)K* decays

1(\/Iulti§)licity-dependent prompt production of X(3872) and y(25)
2021

Pentaquarks with hidden charm
Analysis of A} — J/ypK~
Amplitude analysis B - J/ypp
Amplitude analysis of £ = J/YAK™

Doubly charmed tetraquark T (3875) - D°DOn*
Discovery
Analysis
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https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2019-014.html
https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2020-008.html
https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2020-009.html
https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2020-011.html
https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2020-023.html
https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2020-044.html
https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2020-039.html
https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2021-018.html
https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2021-031.html
https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2021-032.html

Tetraquarks




LHCb-PAPER-2020-044

[Phys. Rev. Lett. 127 (2021) 082001]
supersedes PRL 118 (2017) 022003

Z..(4000)*, Z..(4220)*, X(4630), X(4685)

> 18 LHCb
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https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2020-044.html
https://doi.org/10.1016/j.scib.2020.08.032
https://doi.org/10.1103/PhysRevLett.127.082001
https://doi.org/10.1103/PhysRevLett.118.022003

Z..(4000)7,

LHCb-PAPER-2020-044

[Phys. Rev. Lett. 127 (2021) 082001]

supersedes PRL 118 (2017) 022003

Zc5(4220)*, X(4630), X(4685)

8 LHCb
The 15t observation of strange exotic The width of Z.,(4000)~ is much % 2 g g
states with hidden charm! larger than the width of K ]
Z.<(3985)~ reported by BESIII sk ]
Systematic uncertainty is dominated b ]
by model uncertainty The Argand diagram confirms ; ]
. resonant nature of the Z.;,(4000)™ s ]
X(4140) 1s near the J /Y ¢ threshold signal Obm b
Re AZ,\(4OOO)+
Jr Contribution Significance [ x o] My [MeV] [y [MeV] FF [%)]
2- X (4150) 1.8 (8.7) 4146 £ 18 £33 135+287 50  2.0+05 75
or 2- |, X(4630) 5.5 (5.7) 1626 £ 167,15 174+27° 55 26405777
v X(4500) 20 (20) 4474 +£3+3 TT+67 56 +0.77 56
0T X(4700) 17 (18) 4694 +£4 119 87 £8 1% 8.9+12+19
~§_ZZ: _______ NR /o 4.8 (5.7) 28 + 8 19
e T X(4140) 13 (16) 4118 £ 11758 162+217 75 17+37 7
1 R X(4274) 18 (18) 4294 +4713 53+5+5 2.8+0570%
lARRQE = = '-+15 r+5f +~lﬂ
X (4685) 15 (15) 4684 £ 7112 126 £ 15 7.2+£1.0°50
4 Zs(4000) 15 (16) mus:&:&* . 131 + lai—?ﬁ 9.44+2.1+34
or 17" Z.,(4220) 5.9 (8.4) 4216 £ 24 * 3o 233£52%% 10+£4119
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https://doi.org/10.1103/PhysRevLett.127.082001
https://doi.org/10.1103/PhysRevLett.118.022003
https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2020-044.html

LHCbh-PAPER-2020-011
[Science Bulletin 65 (2020) 1983]

A structure 1n the J/i-pair spectrum

P | —_—
9fb~! @ 7, 8 and 13 TeV < 200 s
2 180 Total fit T
: i : . 3 +D
Selections and signal window: S :28 @ﬁzm e ol i
P 2500 ¢ BRIy Hly,
pr(u) > 0.65 GeV, p(u) > 6 GeV £ =0 — bkg /Y]
= 100 2000 T +bkg,
Four muons are from the same PV 2 80 o [ bk bbke,
= 60 ‘
pr(/¥]/P) > 52 GeV % 40 § 1000
3.065 < m(uu) < 3.135 GeV 2 - I
&200 7000 8000 9000
Total di-J /3 signal yield is 33.6 x 103 Mty MeVIE)
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The di-J /Y spectrum:
Non-resonant single-parton scattering (NRSPS)

2)2

Double-parton scattering (DPS)

150

(MeV/c?)

Threshold charmonium rescattering:
XcoXco at 6829.4 MeV
XcoXc1 at 6925.4 MeV

Teeece 2 /W T/
A feed-down like T sz = [xc = J/Yvl/Y?
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https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2020-011.html
https://doi.org/10.1016/j.scib.2020.08.032

LHCbh-PAPER-2020-011
[Science Bulletin 65 (2020) 1983]

A structure 1n the J/i-pair spectrum

Model I, y2?/ndof = 112.7/89 Model II, x2/ndof = 104.7/91

LHCb

I
—J— pata
LHCb e Total fit
= Resonance Interference allowed

= = Interference

) wnerference BW between the NRSPS
€3 ors and threshold BW

contributions

T T
—I— Data

Total fit

s— Resonance
m = Threshold BW1
= = Threshold BW2
2223 pps

= NRSPS
e = DPS+NRSPS

The T.:cz signal is
added incoherently

Weighted candidates / (28 MeV/c?)
Weighted candidates / (28 MeV/c?)

7000 2000 9000 00 7000 8000 9000
M g, MeV/c?) M 1, MeV/c?)

The X(6900) is described by a BW:
m(X(6900)) = 6905 + 11 + 7 MeV

['(X(6900)) = 80 + 19 + 33 MeV The signal significance exceeds 50 in

both models
Signal yield: 252 + 63 events
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The first (and the only one so far)

Systematic uncertainty is dominated by the threshold <510 with doubly hidden heavy flavor
structure shape and NRSPS + DPS modelling
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News on X(3872)
(aka y.1(3872))




LHCb-PAPER-2020-008
[PRD 102 (2020) 092005]

The X(3872) —>]/1/J7T - lineshape

x10° ————3 < 8000~

1 El - Breit V\lgnu iz Incl. resolution and bmkground
3fb~ @ 7, and 8 TeV ;CE' :;X(; — Flatté g 70005_ ---------- Breit-Wigner LHCDH 3
Inclusive J /Y produced by b hadrons | o0 = 6000f — Flatte ‘E
are selected 3|2
. . . > E' 250
Analysis in three bins of p+,- <= 500
o . 150
Systematics is dominated by 100
momentum scale (mass) and 50 3 :
background shape (width) 3’568 387 3872 381 O 384 386 388 39
M jppatm— [GCV} M jppmta— {G(‘V]
BW lineshape

mpw = 3871.695 + 0.067 + 0.068 + 0.010 MeV
Tgw = 1.39 + 0.24 + 0.24 MeV

. 15t analysis resolving the X width
Flatte lineshape

mode = 3871.69%399 *3-92 MeV

FWHM = 0.22%357 011 MeV
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https://lhcbproject.web.cern.ch/Publications/l/LHCb-PAPER-2020-008.html
https://doi.org/10.1016/j.scib.2020.08.032
https://doi.org/10.1103/PhysRevD.102.092005

LHCb-PAPER-2020-008
[PRD 102 (2020) 092005]

The X(3872) —» J/Yymn™n~ lineshape

3fb~'@ 7, and 8 TeV

Inclusive J /Y produced by b hadrons
are selected

Analysis in three bins of p+,-

Systematics is dominated by
momentum scale (mass) and
background shape (width)

Poles of the amplitude in the complex
energy plane are identified with
hadronic states

The pole location is a unique model-
independent property of each state

Lineshape analysis in the D°D*?
channel is needed for more
conclusive results!
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Analytical continuation of the Flatte amplitude
yields pole position (for the selected Flatte mass
parameter)
E/, = (25 — 140i) keV
Location at sheet II (bound state) is preferred by data
Location at sheet IV (virtual state) is allowed with 20
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Candidates/(3 MeV/c?)

Candidates/(3 MeV/c?)

LHCb-PAPER-2020-009
[JHEP 08 (2020) 123]

X(3872) BT - J/Yyntn K™

0.548 x 10° B candidates with 9fb™' @ 7, 8 and 13 TeV
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LHCb B* — .1 (3872)K™
LHCh b— x.1(3872)X
mpo + Mmp=o

PDG 2018

CDF pp— x1(3872)X
Belle B— x.;(3872)K
LHCD pp— x1(3872)X
BESIII ee — xo1 (3872)y
BaBar BT — x.1(3872)K*
BaBar B? — x.;(3872)K°
BaBar B— (x1(3872) = JApw) K
DO pp— X1 (3872)X

1 ] I I 1 1 1 E I 1 1
a
ol

f f °
1 1 1 | | 1 1 [ 1 1
3870 3872 3874
2
My, (3872) MeV/e?]

The X(3872) mass 1s still
indistinguishable from the
D°D*% threshold

0E =0.07 £ 0.12 MeV

The uncertainty is limited
by the D mass, too
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LHCb-PAPER-2020-023
[PRL 126 (2021) 092001]

Production of X(3872)

— e . _ a [ L A L B
The ]/I,DT[+T[ final state with 2 fb~! @ 8 TeV 2 10000 - LHCb pp 1s=8TeV, p_>5GeV/e ]
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https://doi.org/10.1103/PhysRevLett.126.092001

Production of X(3872)

Fractions of promptly produced X(3872) and ¥(2S) as a
function of charged particle multiplicity are measured

High-multiplicity pp collisions provide a testing ground for
examining final-state effects in hadron production

Potential constraints on the X(3872) structure and binding

energy

The ratio of prompt cross sections (times branching

fractions) is consistent with a compact tetraquark model
(see EPJ C 81 (2021) 669 for details)

A purely molecular state has a large radius (~ 10 fm) and
would quickly dissociate as multiplicity increases

The coalescence production mechanism suggests opposite trend

E. Braaten et al. [PRD 103
(2021) 1.071901] describe
the data in terms of a loosely
bound molecular state
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LHCb-PAPER-2020-023

[PRL 126 (2021) 092001]
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LHCbh-PAPER-2019-014

[PRL 122 (2019) 222001]
supersedes PRL 115 (2015) 071001

P.(4312)7, P.(4440)™, P.(445 7}+
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Analysis of 0.25 x 10® AY - J/yYpK~ decays ;
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Binned x? fit of the m, ;,;,, distribution in the range 4.22 < my,,, < 4.57 GeV moo_j\
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Signals are described with RBW amplitudes convoluted with resolution
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LHCbh-PAPER-2019-014

[PRL 122 (2019) 222001]
supersedes PRL 115 (2015) 071001

P.(4312)*, P.(4440)*, P.(4457)*

All narrow peaks are significant.
The minimal quark content is
ccuud

_0
D

—
N
o
(=)

The wide structure near 4380 MeV

—— data . ma
— total fit cannot be addressed in a 1D h= D5 (1) ¥
: lysi PRL 124 (2020) 072001
1000 _ background analysis [see ( ) AO] mi
: P.(4312)* and P.(4457)* are X

natural candidates for meson-

- ~ I/
baryon bound or virtual states

The main systematic
uncertainty comes
from unaccounted
iterference effects

P.(4457)% could be a produced by a
triangle diagram with D¢, (2860)~
exchange, but this model does not
describe well the signal shape

State M [ MeV ] I'[MeV |  (95% CL)
P.(4312)" | 4311.9+£0.77528 | 9.8+2.7F 31 (< 27)

P.(4440)* | 4440.3 £1.3771 | 20.6 + 4. 9+1§ '{ (< 49)
4300 4250 4300 4350 4400 4450 4500 4550 4600 .
M on IMeV] P.(4457)" | 4457.3+£0.6771 | 6.4+£2.07 27 (< 20)

Weighted candidates/(2 MeV)
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LHCbh-PAPER-2021-018

[arXiv:2108.04720, submitted to PRL]
updates PRL 122 (2019) 191804

100 |-

+ in B d S
P states in By decays? .7 .
& »> Va = C
9fb~* @7, 8 and 13 TeV i
4D amplitude analysis of 800 untagged B? - ] /Ypp (b) égp
decays 16
No conventional resonances expected in this channel f\; |
Sensitive to the J/Yp resonances in the [4034,4429] MeV  © 1114
range g 19 N
Sensitive to the glueball candidate f;(2220) - pp = 1712
S [ 1710 _
> 0F ® Dam oy N ol | S
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LHCbh-PAPER-2021-018

[arXiv:2108.04720, submitted to PRL]
updates PRL 122 (2019) 191804

P states in BJ decays?

The baseline model: two independent :
NR J? = 1- couplings for B® - J /X and Evidence (3.10) for a new P, state

X - pp: x%/ndf = 64/38
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The model with two identical g 60 ” ™ * " eeeinenc | O +
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No evidence for the P.(4312)* g 1 — Background | 8 1
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Main systematics is due to alternative J* S | + 1 §our | Ei
240r 4= T z
hypotheses ,’S i h* ] g a0l £
No evidence of resonances in the pp E | El S
system S20f | 520 <
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Evidence of P..(4459)°

9fb-1 @7, 8 and 13 TeV
Amplitude analysis of 1750 £, — J/PAK™ decays

Signal signature: /Y - u*u~ and A - pm with
displaced vertices

Specific background from partially reconstructed
Zp = J/Y[E° - Ay]K~
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LHCb-PAPER-2020-039

[Science Bulletin 66 (2021) 1278]

| | |- — I [ | | — I | — | 111 | 1

i
N
=
N
ol
o
ol
e
=
()
>
Q
o
S
>
=
®
=
>

DO
)



https://lhcbproject.web.cern.ch/Publications/l/LHCb-PAPER-2020-039.html
https://doi.org/10.1016/j.scib.2020.08.032
https://doi.org/10.1016/j.scib.2021.02.030

LHCb-PAPER-2020-039

[Science Bulletin 66 (2021) 1278]

Evidence of P..(4459)°

6D amplitude analysis with m,, and five
angles

15t evidence for a charmonium
pentaquark with strangeness (3.10)

P..(4459)° is 19 MeV below the Z2D*°
threshold and i1t may be a double
system like P.(4440)" and P.(4457)"

Free parameters
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Different J© assignments
are tested for systematic
uncertainty assessment
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Doubly charmed T,




LHCb-PAPER-2021-031.html
[arXiv:2109.01038]

Doubly charmed tetraquark T

9fb~1 @ 7, 8 and 13 TeV

01— R S ———
Inclusive analysis of the D°D°x™ final § -  LHCH i‘; i(; | ]
state 2 60 | 9! < 30- 1]
A narrow T}, state in the D°D%x* % - | i ﬂ i
mass spectrum is observed near — 50 | o o Els
the D**D? threshold = ¢ | S b + + ; 3]
= 40E | 5 T 1
Fit to the data with siﬁnal modelled > 40:_ | {5};+ +++ % :
as a]P =17 RBW y1€1 S - i .- rIf)itd o 3.874 3.876 .
+\ — +11 30—_ i —_—— B(?:L(a‘::l{._}groundTT MpeDir [GOV/C ]__ g
Smpy (Ti) = =273 + 63 + 5717 keV . ; Back 1 3
(T = 410 165 £ 43558 keV 20 [ pop i A
e S "WINTTRINAE R,
dmpgy 18 negative with 4.30. Signal = L - H + + + H J[ A S
yiefg/is 117 + 16 events 0: ot IH'Jr }‘H’ﬁ + +++H + + | + +|+ + ﬂ HE %
el 1 E =
This is the narrowest exotic state - g
observed to date 3.87 3.88 3.89 3.9
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[arXiv:2109.01056]

Doubly charmed tetraquark T

Unitary model assuming strong o 01— — ————
' + x : O - | & 40 3
coupling of T\ to the DD* channel: %\ 60:_ LHC E ;5) | : :
FWHMy(T) = 47.8 + 1.9 keV B sob 3 = 20 + ]
=L | <15 + -
The two heavy quarks Q;0Q, form a 1= - i 10 P|> Jr | 30
point-like color-antitriplet, an object b 40 - | i +++ +mﬁi1[ -
analogous to an antiquark. An - 4+ date sl +’ 3874 3.378 .-
Q1Q,4.1q, state has like an antibaryon 30 i _III__ Eﬁzl:g}rngdﬂ mpepers - [GeV/e] 5
degrees of freedom (see Karliner, - i total ] S
- \ D*tDY threshold ]
Rosner PRL 119 (2017) 202001) 20:_ + + J— e zhreshold + = g
or Bt i b, b IR
gt A T
O~ T T B =
— | | | | J | | | | | | | | | =
3.87 3.88 3.89 3.9
MO0t (GeV/e?] 8 O
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https://arxiv.org/abs/2109.01056

Conclusions

Number of exotic states above the
open flavor threshold exceeds the
number of conventional states

Many states are in vicinity of meson-
meson and meson-baryon thresholds

LHCDb 1s a flagship experiment for
discovery and measuring properties of
the exotic states

A lot of efforts ahead from both theory
and experiment

A RBW lineshape is unphysical for many
heavy exotic states

X(3872) D°D*°
T cece(6900) No*
Z.s(4000)" No
Z.(4220)* No
X(4630), X(4685) No
P.(4312)* »+DO
P.(4440)* No
P.(4457)* >+D*0
P..(4459)° £0D*0
T DOD**

* See A. Nefediev’s talk
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[arXiv:2109.01056]

Doubly charmed tetraquark

o LHCb - N LHCbH o
. 1 = 90k = :‘i ; LHCb
120:_ dat 9fb~" _ E 805‘ 4 data 9fb~* — —; 30? oo <0 9fh! E
F L ES moooe (E0 B LoD 4 S i 3
80 background . > 60 . b;(c:k round Y ERE total E
- total ) 50;— ot lg E :
60F 7 5 40F ota % 15~ ]
40 - 30 + 10 ‘|’ ‘|’ =
. f {H 20 ﬁ { MFHHJ[ E : J(JHH( J( ]
Wit G RORTRHEI  1 g
0~ 374 31 =5 3.75 | Sor 2006 2,008 201

mpopo [GGV/CQ] mp+po [GGV/CQ] M0+ [GC\«"/(:Z]

Combined analysis of D°D?, D*D? and D°r* spectra

Unitary model assuming strong coupling of T to
the DD* channel:

5mpole(Tc-E) = —360 £ 40i‘5 keV
l_‘pole(Tc-I&) =48t Zt(1)4 keV

The signals are consistent with
originating from off-shell T}. - D*D
decays followed by the D* - D and
D* — Dy decays

Signal yields: 263 + 23 and 171 + 26
for D°D° and D°D*, respectively
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States [arXiv:2109.01056v2 [hep-ex] 3 Sep 2021] Quark

content

Xo(2900), X;(2900) [21,22) edus
Xe1(3872) [6

]
7..(3900) [23], Z(4020) [24,25], Z.(4050) [26], X(4100) [27],
7.,(4200) [28], Zo(4430) [20 32]. Rep(4240) [31]
3

ccqq
ccud

Zes(3985) [33], Zes(4000), Zes(4220) [34] ceUsS

J;
Xe1(4140) [35-38]. Xc1(4274). Xc0(4500), Xc0(4700) [38].
X (4630), X(4685) [34], X(4740) [39]

X (6900) [14] cece
7, (10610). Zy,(10650) [40] bbud

CCSS

P.(4312) [41], P.(4380) [42], P.(4440), P.(4457) [41].
P.(4357) [43]

P.s(4459) [44] ccuds
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LHCDb trigger data-tlow

LHCb 2012 Trigger Diagram LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

~ > >

40 MHz bunch crossing rate

=~ > >

LO Hardware Trigger : 1 MHz LO Hardware Trigger : 1 MHz

readout, high Er/Pt signhatures readout, high Et/Pr signhatures

450 kHz 400 kHz 150 kHz 450 kHz 400 kHz 150 kHz

h* H/Hp e/y

Defer 20% to disk

>

[ Software High Level Trigger

29000 Logical CPU cores Buffer events to disk, perform online
detector calibration and alignment

[ h . Software High Level Trigger

J Partial event reconstruction, select
displaced tracks/vertices and dimuons

Offline reconstruction tuned to trigger
time constraints

Mixture of exclusive and inclusive Full offline-like event selection, mixture
\___selection algorithms ) of inclusive and exclusive triggers
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LHCB UprcrADE |

/

7/ | + SiPM

New detéctdr

New detector NN

s

/A Scintillating fibers

New detector
[Silicon pixel ] Lof
/([ //RICH

Remove first muon station,

New photo-detectors
+new optics (RICH1)

preshower and scintilating pad
detectors

+Upgraded electronics, trigger and data acquisition system

VICTOR COCO
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