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“Exotic” multiquark states conceived already
at the birth of Quark Model

lume §, number 3 PHYSICS LETTERS 1 February 196 8419/TH, 412
Volume &, number PH ehruary 1984 21 February 196%
M *
A SCHEMATIC MODEL OF BARYONS AND MESONS AN SU; MODEL FOR STRONG INTERAGTION SYMUETRY AND ITS BREAKING
M. GELL- MANN )

California Institute of Technology, Pasadena, California
G. Ziveig

Received 4 Japuary 1964
CERNw--Geneva

A simpler and more elegant scheme can be
constructed if we a._llow non—m_t egral ?ralues for ,the *) Version I is CERY preprint 8182/TH.401, Jan. 17, 1964.
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following
properties: spin 3, 2z = -3, and baryon number 3}

3 1 1

We then refer to the rEembers ui, d-3, and 8”3 of 6) In general, we would expect that baryons are built not only from the product
the trlp]'Et as "quarks B} q and the members of the of three aces, AAA, but also from KAAAA, EAAAAA. etc,, where 2
as apti-quarks q. Baryons can now be ) . . = =
COl'lStrllCtEd fron quarks by using the combinations denctes an anti-ace, Similarly, mesons could be formed from AA, AAAA
(qaq), (qaqqq)] etc., while mesons are made out
of {(qq), {qqc‘;ﬁ], ete. It is assuming that the lowest

igurdtion (qqq) gives just the represen-
tatmns 1, 8, and 10 that have been observed, while

etecs For the low mass mesons and baryons we will assume the simplest

possibilities, KA and AAA, that is, "deuces and treys".

urray Gell-

\ET Geoyge Zweig

Tetraquarks: — mesons, Pentaquarks - baryons,
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Deuteron and “mgiecular” ((qqQ) — (¢Q)) pentaquarks?
P Deuteron _ @~
u& > ®

S

~1fm ddu
W 5

No excitations, just a ground state
n=11=0,5 =0)

The simplest V(r) model
vir) 21m T

\ Bound state of

denterium at
about - 2 MeV

- 35
MeV'! :
. deuteron
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Ulr) | wavefunction

fexpc}nential fall
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Two almost-distinct confinement volumes. Baryon qqa

O
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Residual strong force.

Phenomenologically modelled by exchange of
light mesons «, o, T, w, 1, ..., (€xchange of light
quarks like exchange of outer electrons in a
molecular forces)

Meson

A large range of ad hoc assumptions — qualitative rather than quantitative predictions.
Hadrons as constituents in a shallow binding — very restrictive spectroscopy:

« Masses at or just below the threshold for disintegration to the constituent hadrons
(“loosely bound”)

» M =mg+my—AE; AE~0(10) MeV

« Constrained spin-parity: f = 5‘3 + §M , P = PgPj; (since L = 0)

* Hyperfine interactions (§B -§M) can generate closely spaced multiplet with up to
|Sg + Sizl — 1Sg — Szl + 1 states (since Sg, S small — 1,2, or 3 states)

« For narrow constituents expect narrow states, since decays to a
charmonium/bottomonium (QQ) + light baryon (qqq) suppressed by Q and Q
confined in nearly-separate volumes

« Such states can be very extended in size (r)~1/AE

» The states closest to the threshold can be the narrowest

No universal production coupling.
Difficult to relate observation in one reaction to expected rate in another.
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Quark — antiquark interactions in perturbative QCD

1 __i_\ color octet
| Q) @
color color color 1 “ “ i
triplet antitriplet singlet V2 V2
1 2 1 _ L
J2 J6 J2 J2
e@ €D € @
CHO O ©
1 1L _ L ’
_ NN N: 2 V2
quark antiquark Perturbative QCD (small r): 1
- attractive color force N3
M)~ - S L
3r “ “
(dq) meson V2 */5
Long distance e.g. K* Perurbaiive QCD:
by LQCD): repulsive cololr force
color flux tube UAs
stretched between Vi) ~+ 6 1
quark and antiquark Cannot build a meson in this configuration but this can be a building block
W'tgoatg;?g've V(r) ~r in more complicated hadron e.g. hybrid meson ((qg)g) , as gluons belong

to color octet configuration, or pentaquarks ((qq)(qqq)) — see later
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olored diquarks In

(antisymmetric) color
color sextet
antitriplet (symmetric)

color color
triplet triplet

quark quark
q q

. 2 ag 3r
attractive color force for small r: V(r) ~ — — sextet-diquark can build
(perturbatively: half as strong as in the meson) ((qq)((qq)q)) pentaquarks

(qq) diquark

: Not a particle, just a
- . building block in  antriplet-diquark can go in a place of antiquark in a hadron
QCD (triplet-antidiquark in place of a quark)
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adrons from diquarks?
Historically, diquarks provided additional motivation for existence of

color
singlet
. color tetra- and pentaquarks. color
antitriplet singlet
triplet
color color color
triplet triplet triplet

/3:\® /:,-\@) 4?-\:

attractive color force in QCD gluons can attractive color force
quark (a(qq)) baryon couple to each other (aqa) baryon
attractive color force
a (qq) diquark - D
1l I‘
o |
color color color color color S?:I?;T
triplet antitriplet antitriplet antitriplet antitriplet g

3
7112_ ‘) - 312_ attractive color force
= @D @-

_ ((aq)(aa)a)
antiquark attractive color force  pentaguark

((@a)(aq)) tetraquark

tracti lor f attractive color force attractive color force
attractive color torce attractive color force

L - i diquark
(ga) diantiquark (aq) diquark (aq) diguark. (aq) dig

I 1 g
q \

Does effective mechanism to suppress rapid fall-apart exist?
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Tightly bound diquark vs “molecular” tetra/pentaquark spectroscopy
 The same quark content can, in principle, create a spatially extended, loosely bound hadron-hadron
molecule or a compact, strongly bound diquark tetra/penta-quark

« However, mass spectrum (“spectroscopy”) from these two types of bindings are expected to be very

different _ (Qq)-(9Q), (Qqq)-(Qq)
((Qq)(Qq)) , ((Q9)((aq)Q)) Extended hadron-hadron molecule
compact diquark tetra/penta-quark

@@ . Usual phenomenology describes binding

forces here via exchange of light mesons:

00 N T,0,W,1, ...

V(r) @ Typically expect only n=1, L=0 split by
3f & Veryrich mass and J° small hyperfine S; - S,
2| “,gf'g 1 spectrum expected from
g various radial, orbital v 2 o d Mass and JP fairly constrained from the
il V~ consf Momentum and spin N pouna state o CONStituents
af | excitations! Sbout - 2 Mew
-2 F " ~ B .
3 1+ qq potential from LQCD{ Could be broad. Does MY ’ Fall apa.rt prevented by spatial
. S effective mechanism to separation — narrow states are
I suppress their fall-apart widths expected.

exist?
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Light pentaquark experimental struggles

PDG 1976 B&TYOHS

Zo(1780), Zy(1865), 21(1900):
S=1 1=0 EXOTIC STATES (Z)

b e b

20(1780) 95 I%001780, JP=1/2+) I=0
SEE THE MINI-REVIEW PRECECING THIS LISTING.

TXTTTTIXTEZT

WILSON 72 AND GIACOMELLI 74 FIND SOME SOLUTIONS
WITH RESONANT-LIKE BERAVIOR IN THE POL PARTIAL WAVE.
THE EFFECT SEEN IN THE 1=0 TOTAL CROSS5 SECTIGAS,

IF 4 RESCNANCEs MUST HAVE SPIN=1/2, BECAUSE THE
TNELASTIC CROSS SECTION 1S VERY SMALL ANO THE TOTAL
CROSS SECTION 15 ABOUT &4#PI/K=#Z,

95 I#0(1780) MASS (MEV)

1780.0 10.0 cooL 70 CNTR &  KeP, D TOTAL 1771
o SEEN DOWELL T0 CNTR K+P,D TOTAL 170
o SEE AL SO DISCUSSIGN OF LYNCH 70 770
W (1800. HILSON T2 PWA KeN POL WAVE ar12
W ESTIMATE OF PARAMETERS FRCM 84 + QUADRATIC BACKGROUND FIT TO POl 3772
11750, CARROLL CH KN I=0 TCS,FIT 1 9/73

1

1 (1825.) CARROLL 73 CNTR KN 1=0 TCS,FIT 2 9773

L FIT Ll=F[T OF SINGLE L=1 BW+BACK: UAD TO 1=0 TCS FROM .4=1.1 GEV/C ar1s

1 FIT 2=FIT OF L=1 AND L=2 BMS TO 3AME DATA,SEE ZO[1865] FOR L=2 PART 9/73
(1740.1 CMEL T4 PWA -38-1.51 GEW/D  10/Té%

Last mention of baryonic Z*’s PDG 1992

Z BARYONS
(5=+1)

NOTE ON THE S = +1 BARYON SYSTEM

The evidence for strangeness +1 baryon resonances was
reviewed in our 1976 edition,! and has also been reviewed by

Kelly? and by Oades® New partial-wave analyses®® appeared

in 1984 and 1985, and both claimed that the P35 and perhaps

Two waves of past
light pentaquark

claims (gqqqs)

other waves resonate. However, the results permit no definite

conclusion — the same story heard for 20 years. The standards

of proof must simply be more severe here than in a channel
in which many resonances are already known to exist. The

skepticism about baryons not made of three quarks, and the
lack of any experimental activity in this area, make it likely
that another 20 years will pass before the issue is decided.

Nothing new at all has been published in this area since
our 1986 edition,® and we simply refer to that for listings
of the Zp(1780)Fyy, Zp(1865)Dys, Z;(1725)P1, Z1(2150), and
Z1(2500).

Last mention of 2" pentaquark wave: PDG 2006

Found/debunked by looking for “bumps” in mass spectra

I(JP) = 0(??) Status: ¥

O(1540)*
OMITTED FROM SUMMARY TABLE

PENTAQUARK UPDATE
Written February 2006

In 2003, the field of baryon spectroscopy was almost revo-
lutionized by experimental evidence for the existence of baryon
states constructed from five quarks (actually four quarks and
an antiquark) rather than the usual three quarks. In a 1997

paper [1], considering only u,d, and s quarks, Diakonov et

To summarize, with the exception described in the previous
paragraph, there has not been a high-statistics confirmation of
any of the original experiments that claimed to see the ©T;
there have been two high-statistics repeats from Jefferson Lab
that have clearly shown the original positive claims in those
two cases to be wrong; there have been a number of other high-
statistics experiments, none of which have found any evidence

for the @*: and all attempts to confirm the two other claimed

pentaquark states have led to negative results. The conclusion
that pentaquarks in general, and the @™, in particular, do not

exist, appears compelling.




Adopted from Wolfgang Lorenzon’s slide from his talk “Pentaquarks” on Oct 2005:

Excitement Level
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> A Heavy quarks e day!
Pentaquark Vital Signs _PRL 115, 072001 (2015)
Experimental signatures concentrated on 2 800 *
baryonic matter with explicit heavy anti-flavor: . pp —Ap +-

0. withO =5 .¢ - - 2 700 £ 26k Ay - (0] /WK
qqqqQ, with Q =5,c¢ (q = u or d), since unlike, T + b ~ P
qqqqq, they cannot be confused with qqq states %eoo tﬁﬁ

o
> ++
L1 500
Frank Wilczek’s twit on 7/14/15: + ; WM
“Pentaquarks rise from the ashes: a phoenix pair’ 400 * P (4450)
ﬂ*il
@*(1530) '
and others Futu re ’? P.(4450)x
New experiments \
——————— —-— - -—~ — T
[ y % MpJ/$)
Time Twilight Future ?
2003 Now — Zone 2015
LEPS (2005) LHCb
PRL 91 (2003) 012002, 7208 citations New experimental smoking gun for pentaquark - baryonic matter
Evidence for ®*(1530) went away with better with hidden heavy flavor: gqqQQ, since they also cannot be
measuements confused with qqq (QQ — too heavy to pop out in decays of

latter)
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Full LHCb A, —» J/YpK™~ data sample — results published in 2019
Ox more than used in the Run 1 analysis

3 18000 arXiv:1904.03947
= LHCb-PAPER-2019-014
T 16000 PRL 122, 222001 (2019)
7p]
£ 14000 LHCb
E 12000 Run 1+ Run 2 246k A, signal events
& 9 fb-' -
& 10000 - /
8000 o

6.4% background

e

5500 5550 SSbb“ 5650 5700 5750
m oK [MeV]

Improvements in the data selection (x 2), integrated luminosity (x 3) and cross-section (/s =13 TeV vs 7-8 TeV)
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Narrow P." — | /Yp peaks with A* suppression

= ' Mass resolution 6=2.3-2.7 (FWHM 5.4-6.4) MeV
= 2000 * LHCb P A
S ' .. N o I~
i *' — 8 S5 o 3
2 000 Eliminates 80% of = § § <F < <t
S ", A" - Kp backgrounds T = 5 ~5 O
"\ b oo al O O
) m, >1.9 GeV < - - - -
1000~ F\ Kp . LHCb-PAPER-2019-014 % 300 300k i
P g PRL 122, 222001 (2019) =
07" 21.6 T8 2 3.2 nszt [Ge\%].s “‘g 5 | i
T Aal < 5
S 06 i b 5 xe; | |
@ - 4 7 102 ()] o -
o L LHCb O = | “
Q' o
524 3 © \ |
o
] X
S 755 44 445
22_ : 5 . . _
! i 10 @
20_ P & L _ = © PC(4457)+ 50
I : :H”“ LY ﬂg P_(4440)*
- et (B, S ooy Bl
18— R o S o ) o 4.2 4.4 46 4.8 5
i 5 J my,.,, [GeV]
16'...............5... rws i A TR Difficult to construct amplitude model of A}, - J/YA*, A* - Kp with
2 25 3 3.

550 [gevg]'s precision required to study very small peaks due to the narrow P
Kp
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2019 pentaquarlg results and molecular model

Z D D* < The only thresholds in this mass range made from very narrow
= == : I # 0 baryon - [ # 0 meson pairs
- 1"‘ R0~ = 1t R 1—: —1 3 JP predicted
2 2’2

formolecules  Simple mass fits (no amplitude analysis)
LHCD State M [MeV | [ [MeV]  (95% CL) R [%]

P.(4312)F [ 4311.9+0.7705 | 9.8 +£2.77 31 (<27) |030+0.07)5 7.30
P.(4440)* | 4440.3 £ 1.3731 | 20.6 £ 4. qﬂﬁ; (<49) | 1.11£0.337)%2
P.(4457)% | 44573+ 0.6711 | 6.4+2.07 37 (<20) |0.53+0.167013

1200

—— data : B
—total fit | 2 +_D0
—_ background

1000

Weighted candidates/(2 MeV)

800 Three narrow near-
B threshold states! Masses, number of states and small
: [ < 0(101) Me\/. widths fit the molecular model
600
a00f 1 : E cu £t
: . P,:(44-4-‘Cl)+ 'PC(4457§ ‘
P.(4312) : \

Do

cu

P} = M]/i,b + Mp + ~400MeV
MPCJ’ = Mp+o + Mzzg — ~few MeV
Fast fall-apart prevented

200 . :
A — Wu,Molina,Oset,Zou,
4200 42350 4300 4350 4400 4450 4500 4550 4600 \F,)Vzgoﬁlﬁggoz)hiﬁggu
v M e [MeV] PR C84 (2011) 015203
In molecular model, existence of £} D° molecule Karliner,Rosner, PRL 115
Id imply import f -exch (2015) 122001
would Imply importance or nt or p-exchanges and ofhere p 2
Also expect 4 relatively narrow However, to confirm baryon-antimeson molecular hypothesis need to measure

states 2" D)0 (Tt ~17 MeV) JPs, find other expected decay modes with predicted rate, find 2" D(")° states.
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Search for P_* states in photo-production at JLab

~=-  GlueX PRL 123, 072001 (2019) GlueX, PRC 108, 025201 (2023)
Igor Starkovsky @Baryons2025 will cover this topic in detail

1

2 : ) & =
= 10:? — = Q = i -1
N S et Y R s — - - RS o
= e S o e s RS 2 1 r E—) A
S0 LI oy N T = F e 4
T T T TN COITITN SIS, S SRS S ool R = - _-—’/,+"*1‘+|
R ! W Ui '
° | c | B |
1k © 4
T |
) 25 3 3.5 - " '
""" 5— SLAC M(e'e), GeV n o —— Gk~
—A— Cornell o S —— Comell
-------- JPAC P}(4312) 3/2' BR=2.9% [{<4.6nb i iy ceeee- M-L.Duetal. (g =1.0GeV)
—— JPAC P(4440) 3/2 BR=1.6% ||<1.8nb Tmax(y = FDBR(E =] /yp) L e - M.L Duetal e~ 5 GeV
; : _ at 90% C.L. : ~L-Duetal.(g,, =1.2GeV)
---------------- JPAC P_(4457) 3/2 BR=2.7% [{<3.9nb :
: : S S S S S S o2l e e e
8.0 8.5 9.0 9.5 10.0 105 11.0 11.5
E, Gev 20
updated > v E, [GeV]
+ . .
No photo-produced P;" states have been observed so far. The updated measurement points to possible effects from
Expected cross-sections are very quel ergndent, thus no strong exchange of charmed baryon-meson pairs.
phenomenological implications.
In Refs. the partial widths of the P;- — J/1p decays were calculated and shown to be orders of magnitude See also
different for two pentaquark models, the hadrocharmonium and molecular models. Our upper limits on the branching
fractions do not exclude the molecular model, but are an order of magnitude lower than the predictions in the Sun-Young RyU@Baryon32025 for
hadrocharmonium scenario. [3':'] M. 1. Eides, V. Yu. Petrov, and M. V. Polyakov, Eur. Phys. J. C78, 36 (2018). - _
[31] M. L. Eides and V. Yu. Petrov, Phys. Rev. DOB, 114037 (2018). P1 1 1 n p - ]llbn proposal at J ParC

[32] M. L. Eides, V. Y. Petrov, and M. V. Polyakov, arXiv:1004.11616 (2019).
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Near-threshold & narrow: P pentaquark states?

LHCb-PAPER-2020-039, 1.8k 2, = J/WAK™
Science Bulletin 66, 1278 (2021),
arX|V:2012.10380 f” 1“:‘: } 2 2 (}C\-‘IjI(: i T T T [ T 7 T T [ T T T T | : : T T T | T T T P T d]t lepl T T ] T T T ]
—_ - . . . : reqaicte . _
% 8 ' ' ] 15 B LHCb 30_ —e— Data 9 fb_l ] ].5 [ 1+® 1__1_ i_ —— Batﬂ 9 fb ! __
O “°f LHCh i P..(4459)0 P, i | 2 °° 202 AP, i
ol | I es ( )7 Fitwithout P, | | LHCb : " = Fit without P,, _
226] L N 1 . — Fitwith P, | | A — Fitwith Py
£ sl 1woF m, ->22GeV d 1wk m,, >2.2GeV -
al LT ] AK ] AK ]
i ':'i' ¢ Ly e N — - i = S )
I E:i '::"‘:-.,.r--":. - & a
22 2 EARI S i i
i AR I L 5% . 5% B
20 ¢ ¢ ey, ot i o |
I8 - NI T - UT. T v mll i 11T T i
[ E(1820) 10 0
4'] é : Tl l fT : : Tl | l l + .
" 1GeV] 44 T 44 445 45
Potential P.; contribution? My A [GeV m;, [GeV
Amplitude analysis in full phase-space v ’ M, 4454.9+27MeV 4467.8+ 3.7 MeV yA '
State M, [MeV] [y [MeV] FE (%) Io 7.5+9.7 MeV 5.2 + 5.3 MeV
P.,(4459)° 44588 £2.9%17 17.3+£6.5750 2719+07 -, :
Z(1690)" 1692.0+1.3752 2594957130 221 F52+67 S 0 30 evidence for
Z(1820)" 18227415710 36.0+4.4%1% 329+32+69 - c a J /YA mass structure
Z(1950)" 1910.6+18.4  105.7+232  11.5+38+499 o . ? .
S(2030)- 20228447 682485 7318 b \ one or two states
NR — — 35.8 T46+103

Need more data!
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Another narrow PY, state

4.6k B~ > ] JWAp

6D amplitude analysis of masses and decay angles LHCb-PAPER-2022-031. arXiv:2210.10346

@ L L L A I AL
% 180F LHCH Dt : PRL131, 031901 (2023)
S 160F 9 fb! — Nomunal fit 1 mpo = 4338.2 + 0.7 + 0.4 MeV
: — Bascline fit ¢ D7 Lo =7.0+12+ 13 MeV
< 140F + NRU/y P) ; - pe, =70+£12413 Me
8 120F RO JF =3 favored
:_g 100 E_ ———Bafkgroundg E (J = :rejected at 30, J* = §+ rejected at 90% CL)
E 8oF =
- t 1 Mm=zo+mpo =4335.31+0.3 MeV )
O 60F I ;|\
[ ] . cu E((:)
40;_ B state(s) _.“"
20 - from Z;, = J/YAK ™ D° s
- . & e -
42 425 43 435 4.4 4.45 4.5
m(J/yA)|GeV]

Predicted JF:
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Evidence for P), state in Belle data ete™ — Y(1,25) = J/PA
=0D0 =9D*0  Belle arXiv:2502.09951 E2D° ED*

_Be]le:ﬁtﬂM T(liS’] - 15 ~
1.13:— [ Y(].S) 35€+€_ _) Y(lS) _) J/A + - : ilT):::lﬁt %
r:’:‘:1.1227 - .Bl - ] JoBL: :_ : : - --=-Signal fiti E ="
E s g : °t i) i ----Si(gleband:ﬁt _—
R M R L ; 10}~ ==+ no-P sindulation 102MY(15)
St BL° o 4:— § I sideband 158M T(25)
F 2__ S B
. T B =>§ i
M, (GeV/ch) o . . + 5 5L i
Belle: 158M T(25) T+ - - ~ = :
wal . R BT T B 'Y'(ZS) re'e - Y(ZS) _)]/lpA_i_ = i E E- l l
PR R I I = o : — U R IH
§ 112 P B:ll = B ey -JI:%.J:& a;' e :.:l '-'.E:; & T '--'-'.'TL'# ‘.',_'_'_+::
§ & i E 4__ 0 == ol -1 R L .:."T"-q-. bde b
E‘al u E C 4.2 4.3 4.4 4.5 4.6 4.7
. T af
0 MJ/YA) (GeV/c?)
1'17_. ..L;jw .-‘ . . R 3: u - mpgs - 4’471-7 i 4.8 i 0.6 M@V
M (Ge¥i Fete™ - qq = J/WA + -+ Ipo =22 +13 3 MeV
. /I 0 4:_ ; : 3.80 local significance; 2.80 global [no sys.err.]
No evidence for P..(4338)0 #

- : 3.30 significance [including systematics] when

=00

atthe /D" threshold 7 constrained to LHCb’s P,;(4459)°
Need more data! P % NN [consistent with it at 1.8 in mass]

Belle JHEP 09,048 (2025) M(I/yA) (GeV/cd) Coincides with P.;(4468)° in 2-peak fit to LHCb data
No P — ] /ip signals found in Y(1,2S) decays If confirmed, important also because of new production mechanisms



https://arxiv.org/abs/2502.09951
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Pentaquark state not near baryon-antimeson thresholds?
LHCb-PAPER-2021-018, arXiv:2108.04720, PRL 128, 062001 (2022)

JEA TN

0 —

PP = Bs + 0.8k B® - ] /ypp
Bs = J/{pp
5300_. Ii.]jat;i ....... | o
g —— Total fit @ LHCb A
o~ B'— J/y pp BO | gpt !
= i B!— J/w pp signal S
% 200 -+ Background +1 —
= - |
<
g
~ 100} ]

[;,-

T 5250 5300 5350 5400
i m(J/y pp) MeV]
Mmps = 43377 + 2 MeV
426414
Ly = 2972270 Mev

—4— Data
— Total fit

— Baseline fit
— NR decay
== P,

— P,
— Background

Need more data!

Significantly above (below) 21 D° (£:*D?) thresholds
More than one mechanism to bind pentaquarks?

o))
<

Candidates/(0.01 GeV)

Candidates/(0.01 GeV)

LN
1:::}||

(-
IGI I I

4D amplitude analysis

'Gl 1 1

o 4= o))
Icl I IGI I I'GII

S
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New period table of narrow hidden charm/bottom tetraquarks or pentaquarks

Mass

Moy F Exotic mesons Exotic baryons Exotic mesons
i (tetraquarks) (pentaquarks) (teraquarks)
4600 1 =0 I=1 ['=1/2 P..(4468) | [=1
P.,(4455)  _ &--o-o-- 0 - Conventional
E P.(4457) _...E9D*0  AYD* -
""""""""""""""""""""""" P (4440) =— "’ = -—--- Mass|[ mesons
____PﬂZ) P(:S(i3':8())5_0 """" AfD*0 MeV —  (some still to be discovered)
- P(4437)? - o 107001 e Z,(10650).
4200 | AeDT ool iA®S, T T M0610)
1 3| b ') -
—"""""'""“"‘“""“3 Pj "3_92_1',()'1 """""""""
i Z.(4020) Z_.(3985) 10500 — — -
EE o == D-D* 10400 (3'g  3°S
Z.(3900) s Raliag 1
P X T —" 5 i 10300 |- 2'P, 2Py
3800 238, ’ 10200 |- -
'2180— 13P012 10100 g 2°S
i 1P, — 10000 [0 —— (43
I = i 1P, P54
9900 —
3400 - _ 3 9800 [~ _ —
Charmonium cc L . ~ Bottomonium bb
* |s the nuclear-like (“molecular”) 9700
135S binding of two hadrons the only 9600
1 explanation? 9500 {15 1S5
3000 =0 a400 =
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Difficulties of diguark compact tetraquark models

Diaquark model

((uc)s=1(ud)s=0C) =0

narrow input

P (4457) i !
P.(4440) —

4312
candidate
L=1

P (4312)

Ahmed Ali, Alexander Ya. Parkhomenko
arXiv:1904.00446, PL B793 (2019) 365

L=0 — —

AL = 1 splitting taken from baryons does
not fit the narrow P states

1*/3t 57

1|3
2 12| 2

The P_* mass splitting is not reproduced

The model predicts a large number of pentaquark states from
direct color couplings which are not observed

Coincidence with the meson-baryon thresholds not explained
No particularly good mechanism to prevent fast fall apart (large
width)

Tightly-bound diquark pentaquark

MPC-I- = M]/Lb —+ Mp + ~400MeV
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Born-Oppenheimer potentials

@9

QED

(r)

A(0)

AT

QQ color singlet
(quarkonium)

——— t.l':'-vm.-‘.:.'z

-
Qualitative sketches from: [fm]
Berwein, Brambilla, Mohapatra, Vairo

PRD110, 094040 (2024)

~10-15 m

Heavy nuclei (QQ) pair slowly moving in
electric (color) potential set up by fast
moving light electrons (qqq) quarks

P
Projections of total ]light :
angular momentum i
of electrons (light f
quarks) onto molecular A T
(heavy quarks) axis A= TLA, ..

The cc pair must be in color octet state at
short distances (repulsive V(r)),
otherwise would be a color singlet and not
feel strong forces from the light uud quarks
(also easily form charmonium state and
decouple)

S

Lattice QCD calculations for for QQg hybrids
C. Schlosser, M. Wagner PRD105, 054503 (2022)

V(i) ~= V(r)~r?

h‘_,(\(;) (r) [GeV]

0.5

4

a

QQ color octM "
]
5 gy |

i e
g
V(r) ~r

| QQ color singlet
(quarkonium)

r

/7 V(i) ~— 1

1 i
0.2 0.4 0.6 0.8 1 1.2

7 [fm]

This picture stabilizes QQqqq pentaquarks, since decay to a
quarkonium QQ plus a light baryon gqq proceeds via emission of
a relatively hard (~Acp) gluon changing octet to a singlet state.

Still predict a lot of states because of the confinement.
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Born-Oppenheimer models — recent developments

N. Brambilla, A. Mohapatra, A. Vairo, arxiv:2508.13050 [also: Berwein, Brambilla, Mohapatra, Vairo PRD110, 094040 (2024)]
F. Alasiri, E. Braaten, R. Bruschini, arxiv:2507.06991 [tetraquarks: Braaten, Bruschini PLB863, 139386 (2025)]

« At large cc distances light quarks will be forced to split between ¢ and ¢ to form non-interacting heavy-
light charmed baryon c(ud) and anticharmed meson cu (VV(r) ~const).

- Short distance quantum numbers ;5. ,4 must match long distance Ji;gne 5~ ® Jiigne iz

« Very attractive features:
— Explains why there is a very limited number of states

— Explains why some thresholds (e.g. A.D) may not produce bound
states, while some others (e.g. X.D) do — depends on exact transition

— Can generate states slightly above thresholds (needed for narrow Z,,Z,)

— There is a mechanism to suppress fast fall apart to a charmonium and
a light baryon.

— Prescription of how to do quantitative phenomenology:
non-relativistic Schrodinger equation: v, < ¢

V()

coupling of heavy quark spins as hyperfine structure: AmB§Q -qu + AmM§Q -fq
— Opportunity to connect potential modelling to Lattice QCD

N r — Differs from naive molecular model (colored heavy/light quarks vs
cc distance neutral hadrons as constituents)
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Born-Oppenheimer models vs data

F. Alasiri, E. Braaten, R. Bruschini, arxiv:2507.06991 N. Brambilla, A. Mohapatra, A. Vairo, arxiv:2508.13050
P_ + P_ + S
(Only]light —3/2 blndS) (]light —1/2 ) 3/2 b|nd)
GeV . . o
GeV . . o Including spin corrections:
Including spin corrections:
S \ ol
—— _ A er_)* 4527 g === " --------------------- e mm
____________________________ v D* S 4527 == mmmmmmmmmmmmmsmmsm s o s e - s - P (4525)* ~ N =g
P.-(4440)F o s —— Per (4526)* = (4525) Pz (4521) e
4.45 WO b aasny S| Feason Pec (4515) Pelts®
e e e e oo e e GemANesmessemseeseemmne 2D 4462 [ "l e s
A4.40 + 462 e P.- (4457)* P (4457)F P_- (4440)*
______________________________ E:D P.- (4440)*
- SID
4.35 4386 ===mmmmmmsmessamsmscssmsmsssemesseae—a- o 4386 mmmmmmmmmmmmmmy T TTTmmmmmmmssmmmsees
_7+ ____________________ oD 4320 e e e LD P =
4.30 1 Pca(ﬁm) N T I Fe312)"
3 5 _ _ (3/2 (5
2 2 (1/2) P (5/2) ( _JJP (5,/2)
(T.S.: | removed comparisons to the broad Pc(4380), which is not established experimentally) [ reproduced molecular JP]
R =.D
4.45

| P.2s(4459)%7  P...(4459)°7
» The models differ in the assumptions how to match short- and long-distance
behaviors, and which configurations will bind.

4.35 | Pess(4338)° - « Both take input from spin-averaged measured masses (averaged differently).
- « Their predictions differ by the number of P_* states (4 vs 7) and J® of P (4457)*
2  More data needed to sort out different scenarios.
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LHCb schedule and accumulated luminosity

2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032
JAIM 3| (A M| Al

M 3[AISOIND] [ FIMAM 13| AISIOIND| 3] FIMAIM 3] 3] AlSIOINID! 3 FMIAM 3] 3] ATSIOINID] 3] FMIAM 3] JTATSIOIN D] 3 FIMAIM 3| JJAISIOIN D 3 [FIMAIM 3| J[AlSIOINID! 3 [FMAM 3 [AJSIOINE [J]FIM J[FMAM 3 [3[A/SIOINID] I[FIMAM]3]3 MAM 3] 3]AISION[D} 3] FIMAM 3] 3 AIS OINID! 3] FIM AM 3 3 AISIOINID] 3 FIMAIM 33 [ALSIOIN[D] 3 [FIMAIM 33 A]S[OIN D 3] FMIAIM 3 [ 3 ATS[OIN]

OND) 3[FIMAM 1] 3]AlS[o]N/D 3| FIMAIM 3 ]3] AlS[o]NID| 3[FM[AM 3 [3[AlS[OINID)
| LLEELTEETTTLL . il
Run 4 Ls4 | Runs prr

Run 3 Long Shutdown 3 (LS3)
LHCb upgrade |  ATLAS/CMS upgrade LHCDb upgrade Il Shutdown/Technical stop

Protons physics
Total recorded luminosity — pp —31.7 fb™ Ions
Commissioning with beam

2033 2034 2035 2036 2037 2038 2039 2040 2041

;2‘ . o e ° L H Cb Hardware commissioning
— 2025 (13.6 TeV): 11.81/fh \

= - Run 1-2sample 9 fb"
S s
ﬁ Run 2 -590/fb .
E —— o o  LHCb Upgrade | with full detector:
e 2016 (13 TEV)E Ag?‘;ﬁ
E ? - Ru|;(1-3.023):;fb - Run 3
= e 2012 (8 TeV): 2,08/ fb
S i I « 2024-25 ~18 fb-
e
g 1 < LHCDb . o 2026 ~5 fb1 ?
o~ 2 -
g ) /S — Run 42030-33  ~35fb"?

i o - LHCb Upgrade | — All > 50 fb-1 goal

. / < > .
" S PP LS PSSP PSS * LHCDb Upgrade II:

— Run 5 2036-2041 ~300 fb-" goal
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Search for P_* states in A, - n.(1S)pK™

LHCb-PAPER-2020-012 PRD 102, 112012 (2020) e Tg‘gore/tl;%gfredi‘?tionso 1

% E LH{EIJ | I:?;:lﬁtl (a}: ?}E - LHCIIJ | I_I (b) E (C _)T’C( )p) (C _)]/l)bp)N ( L T )
= 0l A ] 20
< Aok ] T 173 + 25 events A, — n.(1S)pK~
g e £l | 804 + 31 events A, —» J/YpK~ 5.5 fb-
= 100 —- Swapped protons  —| = E _
E ER: ] nc(15), J/¥ - pp
T il b Sab 0/ i 1246000 events 4, — J/ppk- 9 b

SUSHU 5550 5600 SESU 5700 5750 2800 2000 3000 _31{}0 3200

m(pppK ) [MeV/?| m(pp) [MeV/c?] ]/ — ,u"',u_
CLf I - ...) A1 WU - ... A— _

gﬂf_ resy P@sTLHCD 3 R [PABI PGSTLHCD B(nc(1S)-»pp) _ 1

2 st @ ~Daa {1 270 @) E BU/Y —utu™) 45

ﬁ 2{]5_ —-—Simulation_E E,_H}:_ + + 3 o _

N p T = ]L 1 Additional loss ~1/8 due to hadronic vs

o 150 fi E w300 {» 1L J; ] + o e .

2 0k 1[ 157 %,, w‘}tﬂ % 1 utu~ triggers and p vs u particle ID

5 of LT i Sa20f 1T ]

8 5;_+ g % | %ﬁﬁ; S ﬁ } + mﬂ# 1 Hadronic triggers improved in Upgrade | ~2x
3 T T g

.'gb_;g; | Py ) B O —————*] Rough expectations for A, - 1.(15)pK " yield:

4000 4500 5000 4000 4500 5000 -1~
= (7 p) MV = /) [MOVIC] Upgrade | 50f1b 10k

Upgrade Il 300 fb? ~60k
No meaningful sensitivity with present statistics. LHCb Upgrades will reach meaningful sensitivity!
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P_* states in A, > AfDWOK~ ?
LHCb-PAPER-2023-034 EPJ C84, 575 (2024)

Theoretical predictions:
B(P} - AD™O)B(P} — ] /p)~0(0 — 10)

1000 T T T T T
- L + — - —:E Data
Z [Ap— K ” LHCh 54" 1 In many models zero or very small
< 800 | L R0 — === Full model n t +T0 L — 1
= Apt> ATD°K™ 1. O T 4,010 £ 70 events A, - AD"K~ 5.4+1b
17 - 41 ‘e
< e - + —
E 600 il EY ey Ap—> A DK
E 100 F J B 4y a7 [D°n°) 5o K- AY > pK~nt
200 ] - l’lg_} "12— [ﬁﬂ,ﬂ D=0 K~ 50 4 K+T[_
] 112—> [Iij?ro}ﬂc(z'.lfifij"' EDI(_ - EO
5100 5500 5600 5700 5800 Combinatorial background 246,000 events A, — J/YpK~ 9 fb-
m (AT D°K™) [MeV] TTRAT _
Amplitude analysis of A4, - AFD°K~ u will dilute J/p - .u+ﬂ
A. Piucci, PhD thesis, Heidelberg U., 2019. sensitivity to Pt —» Af B opK-TH DOk ) 1
a c™ n —nm ) 1
> BU/Y —ut ) 24
Q
%200 No evidence for Additiopal large losses due to Hadronic vs
3 Pt - AXD° was utu~ triggers and 6 vs 4 charged tracks
° foun | o
100 ound Rough expectations for A,— Af DK ~yield:
Upgrade | 50fb" ~70k
Upgrade Il 300 fb-" ~440k

LHCDb Upgrades will reach meaningful sensitivity!




Candidates/(1.75 MeV)

Candidates/(1.75 MeV)
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P_* states in A, - VT DK 2
LHCb-PAPER-2023-044 PRD110, L031104 (2024)

50

100

Lh
=

26
B(R > 3 DOTYB(RE = T/bp
Ought to be large for Pt states

above 7" D™~ thresholds
480 + 25 events A, » XF*D K~

279+ 26 events A, - XTtTDTK”
100% =0 S At

AY > pK—n™
D™ ->Ktnm~
9 fb-

6 fb"

B(A{—=pK m")B(D"»K*n"n™) 1
BJ/Y »utu™) 10
243+ 17 events A, - X}TD* K~
116 + 15 events A, » XittD* K~

B(AF>pK~mt)B(D*~->D°r™)B(D°~K*n™) 1 D™ - D~

| L] l L] L] L] L] l T L] L] L] l L] L] L] L] l_ ; 300 —m T I T T I I I L
- LHCb 1 Dam 5 [ LHCbD
[ 1 — Total fit ] 1
3 6t T T 1 = 6 fb
- Bl A=A DK NR # 200
- Bkg withreal 577 {1 8 [
[ Combinatorial bkg. =
[ 1 5 ¢
- U100
0 T -".u 1 .u"'|-- . ea a1 () --"l‘. 1 1 ...I'“l PR T T | .
2450 2500 2550 2600 5550 5600 5650 , 5700
m(Aerr®) [MeV] m(A}) [MeV]
++ *+ 4
2:c z:c Ab
—fr 11t . T T T T T T
1 >
| LHCb I Data _ o
6 ﬂJ'l —— Total ﬁ_t E
...... ,4§—>z£ DK jﬁ’ 100 B
Bl A-A;r'D K NR I [
Bkg. with real I8 =
Combinatorial bkg. =
e — % L
o 50
]
o
e e Nt - T R - A TN, e 15 0 L A1 L - L L L1
2450 2500 2550 2600 5550 5600 5650 5700

m(ATY) [MeV] m(A3) [MeV]
NO meaning’rul sensitivity with present statistics

LHCb-PAPER-2023-018, PRD 110, 032001 (2024) 5.7 fb""
No promptly produced Pt - AYD, X.D signals have been found

BU/Y —~utu) 36 DO > K*m~
events A, - J/YpK~

J/b - ptu”
Additional large losses due to Hadronic vs
utu~ triggers and 7 vs 4 charged tracks
Rough expectations for A,— AX}*D~K ~yield:
Upgrade | 50 fb"' ~8k

Upgrade [l 300 fb-? ~48k
LHCb Upgrades will reach meaningful sensitivity!

246,000
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After 10 years since the discovery of hidden-charm pentaquarks by LHCb, more Run 1-2 data confirmed the existence of hidden-
charm pentaquarks but also clarified their nature.

By now, it is firmly established that there are 3 narrow P.:" pentaquarks decaying to J /yp with masses at or below the X7 D°(1)

and 7} D*°(2) thresholds. A highly significant narrow hidden-charm and strange P.:° pentaquark was also observed by LHCb in
decay to J /A with the mass at the 2D threshold.

There is a good evidence for 1-2 additional narrow P.z° states decaying to J /1A with masses just below the £2D*° threshold from
LHCb and Belle (produced in strong decays of bb !). These observations require confirmation and clarification with more data.

There may be a relatively narrow P.;* — ] /ip state in between the X} D° and XZ}*D° mass thresholds, but its significance is
marginal and badly needs verification with more data.

Emerging pattern of narrow hidden-charm pentaquarks with masses near charmed baryon — anticharmed meson thresholds, is
reminiscent of the several narrow hidden-charm and hidden-bottom tetraquarks observed near charmed meson — anticharmed
meson thresholds.

This pattern fits the predictions of “molecular” model, and not compact states made from heavy-light diquark models.

However, models based on Born-Oppenheimer approximation describing heavy hidden-charm quark pair as being in repulsive
color-octet state at short distances, transitioning to a pair of non-interacting charmed hadron — anticharmed hadron pairs also
reproduce the observed pattern of states, and offer more attractive phenomenology with connection to the fundamental QCD.

Expect more of narrow pentaquark states near baryon-meson thresholds.

So far, all evidence at LHC via weak decays of b —quark hadrons: b — c¢(¢s). No prompt production of pentaquarks at LHC
established so far. This could be a gateway for observation of pentaquarks in different heavy quark configurations in the future
(lower cross-sections, higher backgrounds). Doubly-charmed baryons, super-narrow T..(3875)*— D°D%r* and broader T ;.- —
Y tetraquarks have been discovered in prompt pp production.

If broader pentaquark states exist is still an open question. Good evidence for broad tetraquarks exist.

This field is still strongly data driven (one of the last frontiers within the SM?). More data (some already recorded!) will
allow to develop this phenomenology further.
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BACKUP SLIDES
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LHCb detector

One-arm forward spectrometer
pp collisions at the LHC (7-1

J ! ECAL \

: Downstream
Vertex detector:  Upstream _ | HCAL (trigger only)

Run I+1I: strips  Tracking: Tracking:
Run lll: pixels  Si strips : Run I+II: straw tubes + inner Si strips

Run V: pixels Run 1l1+1V: fibers (+ Run V pixels)

» First hadron-collider experiment
optimized to heavy flavor (b,c-quarks)
physics

« Run12011-2012 3 fb' of data

« Runll 2015-2018 6 fb! of data

« LHCb Upgrade Run llI+1V: 2024-33

— Fully software trigger at 40 MHz;
luminosity 4x1032 —» 2x1033 cm=2s1; 9
— 50 fb-1

— Finer segmentation of tracking
detectors to deal with 5 times higher
pile-up (1.5 — 5.3 visible interactions
per crossing)

« LHCb Upgrade Il (~2036-41, Run V):

— Further luminosity upgrade; —» 1-2
x10%* cm=2s1; - 300 fb-'

— Need timing in tracking detectors
and finer segmentation to deal
with ~40 visible interactions per
crossing




Experimental review of heavy pentaquarks, Tomasz Skwarnicki, Baryons 2025 30

Status of broad P_(4380)* : defunct
84. Pentaquarks

Revised March 2024 by M. Karliner (Tel Aviv U.) and T. Skwarnicki (Syracuse U.).

The fit chosen by the LHCD for the central mass and width values is displayed in Fig. 84.2. The
P.:(4312)* state (formerly known as P.(4312)") peaks right below the X+ D threshold and has
statistical significance over 7.60. The P.;(4457)% state peaks right below the X D*? threshold,
while the P.z(4440)" state peaks about 20 MeV below it. The significance of the two-peak versus
one-peak hypothesis for the 4450 MeV structure is over 5.4, rendering the single peak interpretation
of this region obsolete. The six-dimensional amplitude analysis reported in Ref. [8], which in
addition to the structure near 4450 MeV, provided also evidence for the broad P.z(4380)" state, is

obsolete since it used the single P.z(4450)" state and it lacked the P.z(4312)" state. Furthermore,
it used the helicity formalism in which the half-integer spin of the proton was not aligned properly
between the different AE decay chains [11,12]. The newer one-dimensional analysis by LHCb [10]
was not sensitive to wide P states. The LHCb result from the six-dimensional amplitude analysis
of the Cabibbo suppressed channel Ay — j/ﬂ,-'i!pw‘ |13], which contains a statistically marginal
evidence for the sum of the P and the T_; (formerly known as Z.(4200)~) contributions, took

extensive input from Ref. [8] and, like the P,z(4380)" state, should be treated with caution until

the both amplitude analyses are completed on the enlarged data sets with the modified helicity
formalism.

S. Navas et al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024)
31st May, 2024 10:18am

At this point we don’t know if broad P, states exist



Experimental review of heavy pentaquarks, Tomasz Skwarnicki, Baryons 2025

31

8%, Near-threshold states: Z, *% and Z_*9 states :
Mass [ T Charged and neutral versions detected / ¢=1* BES-1I1 2013 S - ';
MeV ~Belle 2012 no confusion with (QQ) ! s
o700l ' (QQ) ' Y(4260) }
- g3g e g = T A IR e :
10600 [==--—-F 21 o ge 7, (10610) -~ 4200 2
L N Tt 5 7/ - AV P05 200 405 410 415 420 425
ios00fF - Ly 0w M, (GeVic?)
[ . Z,(4020) | 134+ 5MeV
10400 3130 3°S,
o0~ 2Py Yo eyl 0
10200 3800
10100 |- se /4 — oo FEIY, 1 1Q e 4388 4
—2180 2°S,
10000
9900 = 1 ............. —.—: %
9800 __ so i— —i 3400 g r=28+3 MeV
9700 - o f—== — —; E
9600 — 20 [ — 37 38 39 40
. 45g S 1 13S Mo ) GV
9500 51 1 R T e e L g - — BES-IIl and Belle 2013
0 1'S
9400 — r=18+2MeV, ' =12+ 2MeV 3000} >0
« Near charmed meson — anticharmed meson thresholds, relatively narrow, large fall-apart branching

fractions, JP=1+.

dominated by m exchange).

Molecular states BB*, B*B*, DD*, D*D*? (No sign of such states at DD and BB, hints at forces

The states actually peak a few MeV above the thresholds. Compact tetraquark states (ggcc) ?
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