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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.052002

The existence of nonconventional hadrons,
improperly named as "exotics", is conjectured since 1960’s.

Murray Gell-Mann: "in quantum mechanics, everything not forbidden 1s mandatory"

Many of the new hadrons have masses close to a mass threshold,
D(*)ﬁ(*)/ B(*)E(*)

Tetraquarks? Hadronic molecules?

compact object, each quark colour singlet states loosely bound
interacts with the other three by residual nuclear force, similar to
via strong force van der Waals
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Tetra- and pentaquark candidates and their plausible valence quark content

X0(2900), X71(2900) ---erveeveermameaneaniaiaieieiee,

cdus — only one

Z.(3900), Z.(4020), Z.(4050),
X (4100), Z.(4200), Z,(4430) - -vvveervmmmeeeniiaiiiiinnn

Z5(3985), Zs(4000), Zog(4220) - vvveeemveeeeimeeaannns

Xcl(4140)7 Xcl(4274)7 Xc0(4500)a XCO(47OO)7
X (4630), X(4685), X (AT40) -veoeeeeveieaeaceaeeaneae.

X(BO00) --vvvvvreeeeeenmmiiiiiiite e,
Zp(10610), Zp(10650) «wvvnnerrvvnnaiiiiiaaiiiieeeii,

heavy quark

often named
charmonium-like

close to a pHD
threshold

nothing prevents

— 5 Pl
ceee Q1Q2Q3Qy, states

bbud — bottomonium-like

P.(4312), P.(4347), P.(4380),
Po(4400), Pa(4457) «vveeeemeeeeeeeeeeeeeee e

Pog(4459) veonveaiiaiiaiee e

pentaquarks

New hadrons: unique place to study strong interaction and confinement

Decays of b-hadrons are a natural place to search for new hadrons
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BT - D DTK™
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¢ BT — DWT DM~ KT decays: unique opportunities to charmonium studies

¢ Resonances in the D™~ K™ channel are manifestly "exotic": cdus

[ model independent

¢ BT — DT D™ K™ with two different approaches :
l model dependent

Full Run 1 + Run 2 dataset: 9 fbl @ Vs =7, 8, 13 TeV
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PRL 125, (2020) 242001 PRD 102 (2020) 112003
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.242001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112003

MODEL — INDEPENDENT ANALYSIS

PRD 102 (2020) 112003

¢ A clear excess at m* (D" K1) ~ 2.9 GeV ¢ ] Heh N
¢ Could it be explained by cc states? > E
@,

Decompose the distribution of the A | BN E

helicity angle in Legendre a R e GO ]
polynomials, in slices of m(DTD™) b

D : S SRS T

AD*D) 8§ 10 1

BT . mXD K*) [GeV¥c4]

/ K+
D™ Simulate a sample uniformly in the Dalitz

welghts accountin ,
\Data fir efficiency : plot, weighted by the truncated moments

J

)= l—zl wili ((D7D7) M = Ngim X %<Y5>Pk (hi(D*D7))

If only D" D~ resonances contribute,

: — o+
the Dalitz plot can be described by Then compare it to the m(D™K™)
low-order moments (kmax = 2Jmax) and m(D™ K ™) projections

7 COMHEP 2021
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112003

BT - D DTK™T : MODEL — INDEPENDENT ANALYSIS

Expansion up to spin-2 ( kmax = 4 ): unable to describe the D K spectrum
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PRL 125, (2020) 242001

Significance of the discrepancy between
truncated Legendre expansion and data
assessed using pseudoexperiments
and a test statistic

|LHCb
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(@) (@) (@]
(@) () o
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.242001

MODEL — DEPENDENT ANALYSIS

Only charmonium resonances are anticipated, all with natural spin-parity
$(3770), x0(3930), xc2(3930), 1(4040), 1 (4160), ¥(4415), DT D~ NR

A model with only D" D~ resonances cannot describe de data

60 £ LHCb-
1 PRD 102 (2020) 112003

H’

30 -

20

Candidates / (17.3 MeV/c?)

10

O C :

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

Need to add resonances in the D~ K channel:

X0(2900), X1 (2900)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112003

Bt - D DTKT: MODEL — DEPENDENT ANALYSIS

LHobd e v(3770) — D* D"
= S x,(3930) — D* D
7 e x_,(3930) — D* D~
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X ,(2900) — D'K*
X (2900) — D'K*

. ) -
. D) =!
ceac k. el —eyC ey R 3 -
3 35

m I J T J 7~ -
- U 140 - RS =
= IS LHCb { = ¢
a C 120 7 & ™
— - ] :
3 cn 100 w -4 o 6OF
o~ - . ~ =
(\] — ] — 50 -
() ~ 80 — = =
SN 1 3 wF
o & %F 1 2 s0f
S 3 wf 3 =
— "8 N ] "g 20 —
- < 20F . s 10FE .I_ aod
U : ------ N I -1 U - -A Y wpnill ’__': .
% 0 R B T L -'-“‘“—N'"‘+—="“'“” Rt - SR 0 S LRI .
4 45 25
m(D*D") [GeV/c?]
3! - - ~
2 [ e L LHCb 183 & L F '
Lon2f FE i, o = “OF
) T AR 2 T i 0 :
SR ™ Ry
— 20 eI e g - e :
IQ ' Tegt e P 1P o~ 40p
n | - <33 l:‘.:.- s.»?,t ” 1 40 ~ E
S B L LaETelaBe PR
T f R L 42 g F
16 P . -4 3 20 _
- M r i e d 6 8§ 10F
14 B SN O "
i -8 0 x .
6 8 10 12 '
m2(D"K*) [GeV*/c4]
Resonance Mass (GeV/c?) Width (MeV)

3.9238 &+ 0.0015 &= 0.0004 17.4 £ 5.1 = 0.8
3.9268 £+ 0.0024 &= 0.0008 34.2 £ 6.6 = 1.1
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Systematic uncertainties dominated by
model composition (S- and P-wave)

New states overwhelmingly
significant: > do
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112003

BT — Jhp oK™
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PRL 127 (2021) 082001

Candidates / (2 MeV)

R A : SR BT — Jhpd K™ signal
4000:— LHCb bata _:
E g — Toulfit J/@b%ﬂﬁ/ﬁ_a ¢%K+K_
o0 [y Background -
-3 ] Run 1+2, 24k candidates, 96% purity
10002— — — I — — 77— 22
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Four structures in J/A) ¢ S 14
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known states: " - 10
X (4140), X (4274), : - QRARAL )
14 new state el LT e =
X (4500), X (4700 - - " -
I o f o By T
(recent PDG convention: X — Xc¢J) [ A T ... A . Jo
18 20 ,
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6D amplitude analysis, considering three decay chains (19 resonances):
K (oK) T, X(JW o) K™, ZL(JWEKT)¢
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.082001

Helicity formalism for the decay amplitude: [M[* = ) ‘Mf;u + M3Z,, + Ma,

X X X X Aok Ay X
@MAAM(HXae 79 7¢K+> u7auam¢¢)_ e’ “a“z Podu dAX AN, (0¢)
A X
(0

NS GX Jx,

1

o MRy, (0=, 04,05, by = b + by Gxt, MyK) =
(A * (5 n n JK:L
Z AYP (K )dqup,A)\,,,(ew) Z AGD g+ d>\¢, 0¢ E :fHB—M,bK ,HAcb dA¢7A¢(6’K*)RK; (m¢K)

Ay Ag

) Z Z pnZ A zZ 7 Z AN 0l Z
JMA)\M(HZ70 ,9¢,¢(Z¢) :¢K++¢¢7 u,au,mqu-{—) :e’& JTAe ) Z ¢/"'d AA“(H,w)
g
B Z;
)‘Z
¢
Parity conservation constrains

helicity couplings and R(m) (RBW) A — 12 : Hy,x, = namme(—1)1752754 _y
allowing determination of JP
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Best fit with three new states: Z71(4000)
Z+(4220) J"

X (4685) J©

JP =17 (150)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.082001
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Argand plot around Z,(4000):

counterclockwise evolution,
typical resonant behaviour
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.082001

A) — JhppK~
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0 _ @ 18000 :
Ab — J/@DpK §,16000
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full (6D) amplitude analysis 8 10000

T T

computationally challenging. zggg _-' .
Ongoing effort 4000 J L
2000
| I Al puinh I fuliriniail el T e s B ot Tt Wit Rt e
PRL 122 (2019) 222001 TR0 00 e My MEV]

Narrow structures allow fits to m(J/1) p) projection
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222001

Three narrow structures found, two

of them close to thresholds

—0 — 0
x.D X.D*
1200 |-
- —data LHCb
3 100o . — 0 fit
s 10007 __ background
s - 5
2 - : |
_.(]_J‘ 800 [ i ;
© - N ::.r'i'}i'l
;§ ! L, LA L - T
S 600 - " .;!:fl' e | 1"[
3 L BERT E ' WW'
B 400 Eﬂ t 5
o : P.(4440)" |\ P.(4457)"
= - P (4312) (4340) (4357)
200 |- : .
0 i | - ‘Aﬁ\

4200 4250 4300 4350 4400 4450 4500 4550 4600

Narrow widths: compelling
case for bound states

Could it be something else?

Triangle
singularities

Ap

when particles in the loop are on-shell,
a cusp above threshold 1s produced

m,;,, IMeV] PRL 122 (2019) 222001
State M [MeV] I' [MeV] (95% C.L.)
P (4312)* 4311.9 £ 0.7158 9.8 +£2.71}1 (<27)
P_(4440)* 4440.3 +1.3155 20.6 +4.9787 (<49)
P (4457)* 44573 £0.61}4 6.4 4 2.0177 (<20)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222001

R B A P (4557) -
close to Aj(2595)ﬁ0 threshold
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222001

By — J/) pp
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BY — J/) pp : no conventional states are expected

Runl+2 data: 800 B, O candidates Structures observed at
% wollF Dam | ] the same mass in both
St — Total fit ﬁ LHCD - Jppand JAp P spectra
S B/=J/y pp ofp! ] — 1 16
= i B, — J/y p p signal i °‘>
f—é 200 = e Background ” — O —14
=R ] O 19
= —~ | 12
S ok S
100 7 - 10
I 1 18
- da.a® oo 8T NGe TP _"0T o0 o 0T @ .. .- AN B
0 . et®) -3 i oY SR MO S
5250 5300 5350 5400
m(J/y pp) [MeV]

17

4D amplitude analysis, 3 decay chains:

B — Ji X(— pp) T 17 18 19 2
By = P (= J/bp)p mA(J/y p) [GeV7]
BO —y P~ (% J/wl—?)p LHCb-PAPER-2021-018
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https://cds.cern.ch/record/2778329

7 g (0]
Helicity formalism for the decay amplitude: A

\J/¢ /B0
=>j>)>leX+ ,

7
4 einon Z Z dié 2 N 95* dié} X (95? YME( AP NEe )+ 4D phase space:
APC }\Pc @ — (97), Hl, ¢, mpz_))
1o 1/2 1 2 P c c c
Feron SN AE  OFNEL (<0 MO M) I
Ape ,\Pc
)\p,)\p,n Z H)\ )\X ) ;k\JX)\ —Ap (QSP? 9p7 O)Hii,kﬁD:}p,n(qSM? 9#’ 0)
Ayp=0,%1
P BY—P; xJp, Py (Pt } P + .pt
M = D e T PR(M ) i, o, (85,057 OV HEE TP DS, (g5, 05%,0)
Ay=0,%1
BO— P, xJp, P P P; P
My =Y Hy W EPR(m3 ) DA o (6n e, 057 0)HAE PY DS 6k L 05¢ ,0)
Ay =0,£1 P%j .
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g 0
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- LHCb —4— Data

i — Total fit

— Baseline fit |
— NR decay
=P

¢ Fit with only BY — J&) X (— pp) chain
(NR component) fails to describe the data

o)
S
I@
S
arelie

¢ The data 1s described by a model with a
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1N
o
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20 ]
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https://cds.cern.ch/record/2778329

Prompt
T/ T

production
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QCD_motivated models predict the existence of states with four heavy quarks

TQ1Q2§3§4’ Qi =¢b

Sci. Bull. 65 (2020) 1983

Four-charm states could decay into a
pair of J/i) mesons Runl+2 data

3000 —— Data
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é’ — bkg +//y,
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. . . o g 1500 (e
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. o B 5 P

<=double-parton scattering (DPS) T 3200

Icez - produced in SPS, over a
DPS background

150
3100

100

p%i_‘]/w > 5.2 GeV
enriches the SPS component ittt ol o

2 8 8 8 8 8 ° 3000 3050 3100 3150 3200
T g © S w0

(@l — —
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Candidates / (5 MeV/c2)?
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https://cds.cern.ch/record/2722544

First approach: p%i_‘]/ Y'> 52 GeV

e uniform efficiency across Mg;_ jx, spectrum

e no structure found in the background

~ 20E . .
& = LHCb G-IV 5 5.2 GeV/ =
other states = 200F P 72 m e E
or % 180 E- ———— 3.065 < M, <3.135 GeV/c> = DPS dominates
S 160 ———— 3.00< M,, <3.05GeV/c*or = : ,
f‘eed'diﬁvn g 140 E_ }t 3.15< M, <3.20 GeV/c?, normalised —E at hlgh Mdl_ J/w
romother _ & ,0F = /
tetraquarks, E 100 E )
or _§ 80 :—{+ E
rescattering ;g 60 ?’
S 40fF
- 2 ﬁ; u“#mﬁmﬁﬁﬂ ++++++++*#+++ “i'miﬂﬂ*“h***“ A M ”'wi *h*#“ ¥ h+*¢ ) t* »
200 7000 8000 9000

M. ., MeV/c?)
Sci. Bull. 65 (2020) 1983 di-J/y

Non resonant SPS (NRSPS) plus DPS forms a continuum

Shapes parameterised by empirical functions based on predictions and simulations
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https://cds.cern.ch/record/2722544

First approach: p%i_‘]/ Y'> 5.2 GeV

Sci. Bull. 65 (2020) 1983

A fit with only NRSPS and . 2
DPS fails to describe the data lae’® fnr(Mai— gpp) + 2BW (Mai— jpp
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Mgy, (MeV/c?)

m[X (6900)] = + 11 + 7MeV/c?
6900 — . I 33 Me\/

L 2 .
significance from a X test statistic
using pseudoexperiments:

6.90
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Second approach: Mg;_

7/ as a function of pfifi_J/ v

Same structures found in the same places in different pr bins
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The nature of the observed structures The enhancement near threshold may
1s uncertain. X(6900) could be one or be due to a mixture of four charm
more 1 _..zz states quark states, or due to rescattering.
Sci. Bull. 65 (2020) 1983
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D() DO 7.‘.—|-
doubly charmed tetraquark

LHCb-PAPER-2021-031
LHCb-PAPER-2021-032
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The existence of Q1Q2q1qs is predicted since 1980°s

In the limit Mg, — oo, the Q1Q2q1qg2 system is deeply bound, as the KS or A_

Is the charm quark heavy enough to sustain a stable system with respect to the
strong and EM interactions? If yes, the Q1 Q27172 state would be narrow.

Vast literature with theoretical predictions for the T, (cctid) ground state:
JY¥ =17, 1 =0, decaying to D*+D? , yielding the final state D°D%7t
cd][cd]

event topology

T should be a narrow state:

om = My — (Mpe+ + Mpo) m
—300 < dm < 300 MeV
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Fit using unitarised Breit-Wigner to describe near-threshold resonances,
convoluted with detector mass resolution

T} — D*D: natural width includes T, — D°D+n®, T — DDty and T — D'Dxt*

assuming L =0 for DD*: T — spin-1 = 186 + 24 candidates (220)
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Summary

PHYSICAL REVIEW D | VOLUME 32, NUMBER 1 1 JULY 1985

Mesons in a relativized quark model with chromodynamics

Stephen Godfrey and Nathan Isgur |
Department of Physics, University of Toronto, Toronto, M5S 1A7 Canada
(Received 12 December 1983; revised manuscript received 10 May 1985)

We show that mesons—from the 7 to the Y—can be described in a unified quark model with
chromodynamics: The key ingredient of the model is a universal one-gluon-exchange-plus-linear-
confinement potential motivated by QCD, but it is crucial to the success of the description to take
into account relativistic effects. The spectroscopic results of the model are supported by an exten-
sive analysis of strong, electromagnetic, and weak meson couplings.
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2001|2021 | 2031
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bb —like| 12 | 16 !

¢ —baryons| 8 27 ?
b —baryons| O 23 ?
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D (s)j
B(s)s

cc — like

bb —like

¢ —baryons

b —baryons
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2031

?

a field with many opportunities for young talents

Hadron spectroscopy:

\/

\/

/

/

conventional and new states yet to be found;

many unorthodox states are expected;

what 1s the nature of the new states?

LHCDb, Belle II, BESIII: plenty of data,
need new tools for analysis;
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