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6 by the latest count:
3 nonstrange & 3 strange
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3 robust experimental evidence
for multiquark states, a.k.a.
exotic hadrons with heavy Q

. non §q’ mesons, e.g. QQgq, QQgg
Q — C1 b q — U, d' S

. non qq’q"” baryons, e.g. QQqq’q”
two key questions:

« which additional exotics should we expect?

« how are quarks organized inside them?

| @) ® O ® O
) J ® O O @
Tq dg-dq had. mol.
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tightly-bound

each quark
tetraquark sees the color charges

of all other quarks

or
two color
] singlets
hadronic interacting
molecule? by
light meson
x-change
4
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Table 1: Signal yield, N, Breit—-Wigner mass relative to D**D? mass threshold, §mpw, and width,
I'sw, obtained from the fit to the D’D%nt mass spectrum. The uncertainties are statistical only.

Parameter Value
N 117 £ 16
FBW 410 + 165 keV
dMpote = —360£40%7 keV/c?,
Fpole — 48 + 2 i- ?4 keV )

[M(D*®) + M(D*)] — [M(D**) + M(D®)] = 1.4 MeV > (TL

so T <= D*"D°, with very little D*°D™
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—p assumed compact Tq
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hadrons w. heavy quarks are much simpler:

e heavy quarks almost static

e smaller spin-dep. interaction & 1/mg

e key to accurate prediction of b quark baryons
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The same theoretical toolbox

that led to the accurate =.. mass prediction
now predicts

a stable, deeply bound bbiid tetraquark,
215 MeV below BB* threshold

the first manifestly exotic stable hadron
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Editors’ Suggestion
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Calculation of tetraquark bbiid mass

build on accuracy of the =.. mass prediction
V(bb) = 1 V(bb) bbq baryon

to obtain lowest possible mass, assume:
e bbiid in S-wave

e id : 3¢ "good" antidiq., S=0, /=0 b

(it's the lightest one)

= bb must be 3; Fermi stats: spin 1 id
(bb)s—1 (id)s—o = JF =17
= (bb) (iid) very similar to bbg baryon:

q «» (ad)
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—cc discovery = quantitative validation
qualitatively Epinding ~ ag Mo
so for Mg — oo

QQid must be bound

M. Karliner  Exotic hadrons ESSP Strong Int WG 28-5-2025

12



T(bbiid):
mp =~ 5 GeV
— R(bb) ~ 0.2 fm

V(r) = _as(r) +or

r
= B(bb) ~ —280 MeV

tightly bound, but 3, )
so cannot disangage from id

The channel Ty, — BB* is kinematically closed
because in BB* the two b quarks are far from each other

and the v. large bb binding energy is lost

= Tpp Is stable against strong decay

13
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M. Karliner

Distance of the QQ’iid Tq masses
from the relevant two-meson thresholds (MeV).
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Tetraquark production

o(pp — T(bbid) + X So(pp — Zpp + X)
same bottleneck: o(pp — {bb} + X)

hadronization:
{bb} — {bb}q_ P(ud) < P(q)
{bb} — {bb}id 3, 3.
LHCb observed ccu = =T

- CC

o(pp — Zpp + X) = (b/c)? - o(pp — Zcc + X)
_ T(ccud
= =pp and T(bbljd) accessible, ne(aicthr.)—> V. narrow
with much more [Ldt accessible

now: D°D*t etc.
15
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Inclusive signature of (bbx): displaced B.

T. Gershon & A. Poluektov JHEP 1901 (2019) 019

incl. o(bbx):
O(1%) of all Bc-s OLHC come from bbx  heayy ions > pp

» major enhancement of eff. bbx rate
» bbq or bbid ? = displaced B. @ALICE & RHIC !

16
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crude estimate of bbiid lifetime
Minitiar = M(bbiid) = 10,389.4 MeV
Meina = M(B) + M(D) = 7,144.5 MeV,
W~ — eve, uv,, 70, 3 colors of ud and Cs,

a kinematic suppression factor
F(x) =1—8x+8x> — x* +12x*In(1/x) ,
x = {[M(B) + M(D)]/M(bbiid)},

|Vep| = 0.04, factor of 2 to count each decaying b quark.

18 GZM(bbiad)°
19273

T(bbiid) = 367 fs.
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— [(bbiid)= F(x)|Vep|°=17.9x10" " GeV ,
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bbiid decay channels

(a) “standard process” bbiid — cbiid + W*~.
(bbiid) — D°BO7—, D*B~ 7~

(bbiid) — JAPK—BO, JipKB~.

(bbiad) — Qe P, e Ao, =D =P Ac
In addition, a rare process where both b — ccs,
(bbiad) — JpJpK— KO,

striking signature: 2J/1-s from same 2ndary vertex
(b) The W-exchange bd — cii

e.g. (bbid) — D°B~.

18
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bbiid
cousins

T (bbiid) Summary
o stable, deeply bound bbiid tetraquark
o JP =1% M(bbiid) = 10389 & 12 MeV
215 MeV below BB* threshold

e | first manifesty exotic stable hadron

(bbiid) — BDn—, J/9¥KB,
J/pd /K=K, DB~

re (bcid): JP =07, borderline bound
7134 + 13 MeV, 11 MeV below B°D°

N\

‘e (cciid): JF =17, observed: 3875 MeV,
just O(300) keV below D°D*+, [ < 1 MeV
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5 narrow exotic states close to meson-meson thresholds

state mass width RQ phase  nearby AE
MeV MeV decay space threshold MeV
mode MeV
X(3872) 3872 <12 J/ypmtwT 495 D D* <1
Z,(10610) 10608 21 Tr 1008  BB* 242
Z,(10650) 10651 10 Tr 1061  B*B* 242
Z.(3900) 3900 24—46  J/yw 663 D D* 24
Z.(4020) 4020 8-—125 J/ym 783  D*D* 6
X DD
X BB

e masses and widths approximate

e quarkonium decays mode listed have max phase space
e offset from threshold for orientation only, v. sensitive to exact mass

M. Karliner Exotic hadrons
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Hadronic molecules: deuteron-like

Tetraquarks: same 4 quarks, but tightly bound:

two color singlets
attract through each quark
residual forces sees color charges
of all the other quarks

21
M. Karliner  Exotic hadrons ESSP Strong Int WG 28-5-2025



Belle, PRL 116, 212001 (2016):

r(Z,(10610) — BB*) _ 86%

(Z,(10610) — T(1S)7)  0.54% ©(100)

despite 1000 MeV of phase space
for T(1S)7w vs few MeV for BB* |

overlap of Z, wave function with I'rw
dramatically smaller than with BB*

similiarly

r(X(3872) —» DD*) o 134
r(X(3872) — J/ymto—) ~ 720
[(Z. D D*

(£(3885) = DD7) _ s 11407

[(Z.(3885) — J/ym)
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4 pieces of experimental evidence in support
of molecular interpretation of Zg and X(3872):

1. masses near thresholds and J© of S-wave
2. narrow width despite very large phase space
3. BR(fall apart mode) > BR(quarkonium + X)

4. no states which require binding through
3 pseudoscalar coupling

23
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the binding mechanism can in principle
apply to any two heavy hadrons

which couple to isospin

and are heavy enough,

be they mesons or baryons
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M. Karliner and J. L. Rosner,
Phys. Rev. Lett. 115, no. 12, 122001 (2015)

doubly-heavy hadronic molecules: ) )
most likely candidates with QQ’, Q@ = ¢, b, Q' = ¢, b:

DD* D*D* D*B* BB* B*B*,
>.D*, X.B*, X,D*, X,B*, the lightest of new kind
S5 . S A XAy, S5, Sp A, and A,

c€ and bb states decay strongly to &c or bb and m-(s)

b and cb states decay strongly to BCi and 7-(s) .o&o\e
S
Q' candidates — dibaryons $Qe}‘°
00
Zcza Zc/\c: Zc/\b, Zbe, Zb/\b, and Zb/\c.&\o\e

o>

. . Q 25
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Thresholds for QQ’ molecular states

Channel Minimum  Minimal quark  Threshold Example of
isospin content®? (MeV)¢  decay mode

DD* 0 ctqq 3875.8 Jp
D*D* 0 céqq 4017.2 Jp
D*B* 0 cbqg 7333.8 B
BB* 0 bbqg 10604.6 T(nS)rm
B*B* 0 bbqq 10650.4 T(nS)nm
>.D* 1/2 ccqqq’ 4462 .4 Jp
. B* 1/2 cbqqq’ 7779.5 B p
>,D* 1/2 béqqq’ 7823.0 B p
>,B* 1/2 bbqqq’ 11139.6 T(nS)p
S A, 1 ccqq'ud 4740.3 Jpm
.. 0 ccqq’ qq’ 4907.6 Jhp T
> Ap 1 cbqq'id 8073.3¢ B m
S/, 1 béqq' id 8100.9¢ B n
Sp b 1 bbqq'iid 11433.9 T(nS)r
PPN 0 bbqq' g’ 11628.8 T(nS)nm

?Ignoring annihilation of quarks.
“Based on isospin-averaged masses.

bPlus other charge states when | # 0.
9Thresholds differ by 27.6 MeV.
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P.(4450): predicted, P.(4380): not predicted,

narrow: [ =39 £ 5 + 19, wide: [ =205+ 18 £ 86 MeV,
10 MeV from 2.D* threshold Argand plot not resonance-like
perfect Argand plot: a molecule 7277

P.(4450) might be just the first of many “heavy deuterons”
as of 2015
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T. Skwarnicki, Moriond 3/2019

observe all 3 S-wave states:

> D: JP:%_,
BEE _ 1= 37—
>.D* JF=1%,3

M. Karliner Exotic hadrons

for @ — oo 4 more S-wave states:

D, JPF=2"
xMx. (P _1— 3= b5~
Zcl) ’ J — 2 12 12

but (X} — Acmr) = 15 MeV...
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two v. different types of exotics:

XRqq RXR4q
e.g. .
Z,(10610) T(bbid)
BB* tightly-bound
molecule tetraquark

why is it so 7

M. Karliner  Exotic hadrons ESSP Strong Int WG 28-5-2025
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Exotics with QQ vs. QQ: ﬂdifferent

V(QQ) =2V(QQ), hundreds of MeV

but only if QQ color singlet
= QQ can immediately hadronize as quarkonium

— exotics: @ in one hadron and @ in the other

= deuteron-like " hadronic molecules”

vs. QR never a color singlet,

= tightly bound exotics, tetraquarks
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T (bbiid):

mp ~ 5 GeV

= R(bb) ~ 0.2 fm

V(r) = _aslr) +or
r

= B(bb) ~ —280 MeV
tightly bound, but 3, )
so cannot disangage from id

Z,(10610): bbud very different!

if bb compact = color singlet: Upshot:

decouple from ud AN bbiid: tightly bound tetraquark
, b

' : bbqg: lecul
so only semi-stable config., 9q- a moleclie

“hadronic molecule:” BB* ~ 1 GeV above 77
yet narrow ~ 15 MeV, because r(71)/r(BB*) < 1

36
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recent news from LHCb: new strange Pg-s

J/p A resonances in
B~ — JWAp, = — JWWAK™
—> new molecular” pentaquarks:
(cCsud) ~ Z%(csd)D*O(Cu) — Jhp A
vs. (ccuud) ~ 5. (cud)D(Eu) — i p

LHCb arXiv:2012.10380, Sci. Bull. 66, 1278-1287 (2021)

LHC seminar “Particle Zoo 2.0: New tetra- and pentaquarks at LHCb”,
July 5, 2022, https://indico.cern.ch/event/1176505/
and LHCb-PAPER-2022-031, in preparation.
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=.D™) molecules = =/D™) molecules
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only 7 MeV
difference;
=/D spin-3
if P/} (4455)

| | spin—l,

= mixing

40
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Sci.Bull. 65 (2020) 23, 1983
LHCb June 2020 arXiv:2006.16957

Liupan An, d here at FTCF2024

e a narrow resonance decaying into two J/)-s
e quark content cccc, confirmed by CMS
e M ~6.9 GeV: X(6900)

o tetraquark-like

« ~ 700 MeV above Jiip Ji)p threshold
= probably a 25 excited cccc state

first exotic containing both QQ and QQ
— bottom analogue: 77T at < 19.4 GeV 7

stimulating challenge for EXP and TH

41
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Interpretation of structure in di—J/i) sprectrum

structure in LHCb di—J/iy spectrum around 6.9 and 7.2 GeV

interpreted in terms of J©¢ = 0%* (cc)-(¢¢) Tq resonances

Tq masses from recently confirmed string-junction picture

main peak around 6.9 GeV likely dominated by the 071 (25),
radial exc. of (cc)-(cc) Tq, predicted at 6.871 + 0.025 GeV

MK & JR PRD 102 (2020) 11

o dip around 6.75 GeV: opening of S-wave di-x .o channel
. dip around 7.2 GeV: opening of di-n.(2S) & Z..=.c channels?

« low-mass structure appears to require broad resonance
consistent with predicted 077 (1S) at 6191.5 + 25MeV.

. Implications for bbbb tetraquarks

42
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recent venture into exotics with light quarks only
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mixing of diquark-antidiquark with a pp H.M. 7

- BESIII: two close resonances in Jip — ~v3(wt7w™)
X(1840): M =18422+£42771 MeV, = 83 £ 14 £ 11 MeV, JPC=0—+

X(1880): M =1882.1+£1.740.7 MeV, [ =30.7+5.5+2.4 MeV, JFC=0""+
width includes ~10 MeV below pp threshold if pp

« postulate: 2nd state a P-wave narrow diquark-antidquark state, both $ =1

e pp = {qq}s—1-{Gg}ts—1 via g annihilation in 3P, flavor singlet
g
vacuum q. numbers

« M ({gq}s=1-{GG}s=1) = 1886 MeV, (quark model estimate)

o possible analogues:
— £5(980): KK molecule and mixture of (uii + dd)/+/2 and s5 in 3P,

— Dy(2317): c5in 3Py; expect DK™ molecule near 2359 MeV threshold
— xc1(3872): DD* with admixture of c¢ in 3P;

44
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important digression: X(3872) observed by CMS in heavy ion collisions

45
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SUMMARY

e narrow cciid tetraquark discovered by LHCb

e doubly charmed baryon found exactly where predicted
=**(ccu) = (bcq), (bbq)

o stable bbiid (?also bciid) tetraquark: LHCb!

e narrow exotics with QQ: “heavy deuterons’/hadronic molecules
DD*, D*D*, BB*, B*B*,
Y.D*(§=332), 5D(S=3);, yp— Jhp?

=.D™) seen, expect 3 additional =/D™*) states
Y.B*, ¥,D*, ¥£,B*, D*B*, ...

e DT K™ res. < csiid Tq w. string junction . bsiid = BOK— 7

o JAp Jh) res. < excited cccc Tq, probably 25, JAp T, TT 7?7

e light quark sector: possible mixture of pp and {qq}s—1-{GG}s-1, etc.

both kinds of exotic hadrons exist in Nature
exciting new spectroscopy awaiting discovery
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Decay of a tightly bound pentaquark vs. hadronic molecule to J/iyp

48
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More support (with < stats) for molecular interpret.

from earlier LHCb P’} (4459) pentaquark data
A peak in M (JW A) in =7 — JWWAK™,
M = 4458.8+2.9777 MeV, I =17.3+6.57%9 MeV, @3.1 0.

M approx. 20 MeV below the =.D* threshold.
Remarkably, LHCb has equally good fit w. a two peak structure,

with the two peaks split by 13 MeV:
P/;(4455) : M =44549 £27 MeV, [ =75+97 MeV

P/ (4468) : M = 4467.8 3.7 MeV, [ =5.2+£5.3 MeV.

highly reminescent of LHCb P)Y(4440)" and P}/ (4457)"

51
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caveat:

analogy between X.D™*) and =.D*) h.m. goes only so far, as

P/ (4455), P/} (4468) not an SU(3)F rotation g — s (q=u,d) of
P} (4440)", P)/(4457)".

Nor P/ (4338) an SU(3)F rotation of P;)(4312)%,

because PQ’ are >.D™) h.m.

and under SUB)F g —s (g=u,d) X. ==, X.A =

AM = M(Z]) — M(=Z;) =~ 110 MeV < m,, so =! stable under s.i.

— in addition to the already observed =.D*) three h.m.

expect three additional v. narrow ='D™) h.m.

shifted upwards by AM ~ 110 MeV for each J*

52
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& PRD, in press

MK & JR:

« two BW-s:
X(2900), JF = 07 at 2866+7 MeV, I, = 57+13 MeV

X1(2900), JF =17 at 290447 MeV ; = 110412 MeV.

e our Interpretation:
Xo(2900) = csiid isosinglet compact tetraquark,
mass = 2863+12 MeV, from quark model incl. 2 string junctions

o the first exotic hadron with open heavy flavor
. analogous bsiid Tq predicted at 6213+12 MeV

« X1(2900): ?
currently JF = 1~ preferred, but if J© = 21,
possibly a D* K* molecule, c.f. threshold at 2902 MeV

53
M. Karliner Exotic hadrons ESSP Strong Int WG 28-5-2025



=.(csq) baryon vs. cs|iid] tetraquark

—C

« cs color antitriplet diquark in both
. 3% [cs] S = 0 interacts with 3.: q or [id]

. iid: S=0, /=0 "good” diquark [iid]
much lighter that S =1, I =1 (ad), S

due to strong spin-dep. interaction

between light quarks, c.f. T'q(cs|ud])
2p(b(ud)) — Ap(blud]) =~ 194 MeV id
. JPF=0"
S

o all parameters from ordinary hadrons

54
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tetraquark interpretation of peak near 6.9 GeV

« GS of T(cccc) from string junction picture:
(cc)3=(€C)s.:  two spin-1 diquarks coupled in S-wave to
0t+(1S), M =6191.5+ 25 MeV
just below 2J/1) at 6194 MeV and above 27 at 5968 MeV

. 27 (15) at 6429 & 25 MeV
. 07 (25) at 6871 & 25 MeV
. 27F(25) at 6967 & 25 MeV

- peak around 7200 in the right place for 35S of (cc)s:(C¢)s.

e =..=.. threshold at 7242 MeV: very natural — lightest state
created when (cc)3«(€C)s, string breaks via gg production

M. Karliner Exotic hadrons ESSP Strong Int WG 28-5-2025
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Weighted Candidates/(28 MeV)

200

2M[xc0(3415)] = T6820 Mev
150 ] ] _
100 l ] _
50 R i :
L 7~ -
/
0 1 —— . . PR | . P . i PR | — PR R -
6250 6500 6750 7000 7250 7500

Min,(di-d/%)  (MeV)

Figure 1: Spectrum of J/v pairs reported by the LHCb Experiment [3], together with our
best fit to data (blue line), as given in Table I and described in the Appendix. The green
dashed line denotes the DPS contribution, subtracted before fitting.
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(cc)3: (€C)s,
Table 1V: Predicted masses of lowest-lying bound states of a color-antitriplet spin-1 cc
diquark and a color-triplet spin-1 ce antidiquark. The yaoxeo threshold is 6829 MeV,

(bb)s: (bb)s,
Table V: Predicted masses of lowest-lying bound states of a color-antitriplet spin-1 bb
diquark and a color-triplet spin-1 bb antidiquark. The veoye threshold is 19719 MeV. €

T(1S)T(1S) threshold is 18920 MeV Zbb=pp threshold is at 20324 MeV

57
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csiud & cccc summary

« narrow DK~ LHCb 0™ resonance at 2866 &= 7 MeV:
likely compact isosinglet csid tetraquark

mass predicted at 2863 £ 12 MeV
from quark model + 2 string junctions

« wider DTK~ LHCb 1~ resonance at 2904 &= 7 MeV:
tantalizingly close to D*K* threshold at 2902 MeV
but inconsistent J© 7

e structure in LHCb di—J/i) spectrum around 6.9 and 7.2 GeV
interpreted in terms of J©¢ = 07* (cc)-(c¢) Tq resonances
+ opening of thresholds; dip around 6.75 GeV: S-wave di-x g

- main peak around 6.9 GeV likely dominated by 071 (25),
radial exc. of (cc)-(cc) Tq, predicted at 6.871 + 0.025 GeV

M. Karliner Exotic hadrons ESSP Strong Int WG 28-5-2025
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LHCb, 08/2020 PRL 125 (2020) 242001, PRD 102 (2020) 112003
narrow DY K~ resonance in B~ — D DTK~
first exotic hadron with open heavy flavor:

csiid tetraquark

ccid: found €~ two meson threshold
= expect csiid well above DK~ threshold

59
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MK & JR: PRD 102, 094016 (2020)

« two BW-s:
X(2900), JF = 07 at 2866+7 MeV, I, = 57+13 MeV

X1(2900), JF =17 at 290447 MeV ; = 110412 MeV.

e our Interpretation:
Xo(2900) = csiid isosinglet compact tetraquark,
mass = 2863+12 MeV, from quark model incl. 2 string junctions

o the first exotic hadron with open heavy flavor
. analogous bsiid Tq predicted at 6213+12 MeV

« X1(2900): ?
currently JF = 1~ preferred, but if J© = 21,
possibly a D* K* molecule, c.f. threshold at 2902 MeV

60
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MK & JR: PRD 102, 094016 (2020)

« two BW-s:
X(2900), JF = 07 at 2866+7 MeV, I, = 57+13 MeV

X1(2900), JF =17 at 290447 MeV ; = 110412 MeV.

e our Interpretation:
Xo(2900) = csiid isosinglet compact tetraquark,
mass = 2863+12 MeV, from quark model incl. 2 string junctions

o the first exotic hadron with open heavy flavor
. analogous bsiid Tq predicted at 6213+12 MeV

« X1(2900): ?
currently JF = 1~ preferred, but if J© = 21,
possibly a D* K* molecule, c.f. threshold at 2902 MeV

61
M. Karliner Exotic hadrons ESSP Strong Int WG 28-5-2025



baryon tetraquark
meson one string junction two string junctions
no string junction

string junction mass: S = 165.1 MeV

M. Karliner Exotic hadrons ESSP Strong Int WG 28-5-2025
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=.(csq) baryon vs. cs|iid] tetraquark

—C

« cs color antitriplet diquark in both
. 3% [cs] S = 0 interacts with 3.: q or [id]

. iid: S=0, /=0 "good” diquark [iid]
much lighter that S =1, I =1 (ad), S

due to strong spin-dep. interaction

between light quarks, c.f. T'q(cs|ud])
2p(b(ud)) — Ap(blud]) =~ 194 MeV id
. JPF=0"
S

o all parameters from ordinary hadrons
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T(csiid) mass in the string-junction picture:

cs: spin-0 diquark [cs] = AEye(cs): attractive color HF
B(cs): binding energy in 3}
M[T (csid)] = mc + ms + mpq) + 25 + B(cs) + AEnr(cs)
use M(Ac) = me + mpq + S = 2286.5 MeV, and
values from fits to ordinary hadronic spectra:
ms = 482.2 MeV, B(cs) = —35.0 MeV, AEyr(cs) = —35.4 MeV

SO

M[T (csiid)] = Ac + ms + S + B(cs) + AEpr(cs) =
= 2863.4 +12 MeV
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can the strong QQ interaction stabilize
Hoo: (QQuudd) hexaquarks,

heavy-quark analogue of the H dibaryon?
= below 2A¢

but above =g/

= unstable

an ugly duckling...
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