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3 robust experimental evidence
for multiquark states, a.k.a.
exotic hadrons with heavy Q

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

. non §q’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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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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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-—25 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
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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
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Belle, PRL 116, 212001 (2016):

r(Z,(10610) — BB*) _ 86%

r(Z,(10610) — T(1S)7)  0.54% ©(100)

despite 1000 MeV of phase space
for T(1S)7m 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/ymrtmo—) ~ 720
[(Z. D D*

(£(3885) = DD7) _ s 11407

[(Z.(3885) — J/ym)
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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 7-(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

>
. . <
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P(4450): predicted, P.(4380): not predicted,

narrow: [ =39+ 5 =+ 19, wide: [~ = 205+ 18 486 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, New Heavy Exotics

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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vs. (cCuud) =X, (cud)D*(cu) — Jhi p
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not an
SUQ3)F
rotation,

dasS

=0
—c ™ /\c,

vs. (cCuud) %Zj(cud)D*o(Eu) — Jp LSO‘::]SZO'

~ Zc,
(uu)s—
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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’

C,b

DD*, D*D*, D*B*, BB*, B*B*,
>.D*, X.B*, X,D*, X,B*, the lightest of new kind

— e — — — — — — — — — — — e — — — — — — — — —

. . Q 17
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significant s dependence: signal strongest at /s = 4.681 GeV. 777

19
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significant s dependence: signal strongest at /s = 4.681 GeV. 777

? ete” — D~ D5(2573)" — D~ (D°K™)
DX~ D2 (2573)" thresh. = 4.681 GeV

S

but BESIII did not see DX~ D2,(2573)" at 4.681 GeV

M. Karliner, New Heavy Exotics Cracow, Nov 20, 2020
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(D7 D*0 4+ Dy~ D) = (césii) = Z.5(3985) — Jap K~ 7
M = 39825135 £ 2.1 MeV, = 12.8723 +3.0 MeV

vs. thresholds: D D*° +7 MeV, D}~ D° +5 MeV

?
vicinity of thresholds = molecule, then JF¥ =1+

but what binding mechanism, as no 7 exchange 777

cf.
(D‘D"‘0 + D*_DO) = (ccdi) = Z-(3900) — Japn~

21
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1

Figure 3: Invariant mass squared of KT K~ versus Jay K+ for BY — J/i) KT K~ candidates
within £15MeV of the BY mass peak. The high intensity ¢(1020) resonance band is shown with
a line (light green).

LL
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q

doubly heavy baryons: mass predictions <@

MK & JR, Phys. Rev. D90, 094007 (2014)

TABLE XVIII. Summary of our mass predictions (in MeV) for
lowest-lying baryons with two heavy quarks. States without a star
have J = 1/2; states with a star are their J = 3/2 hyperfine
partners. The quark g can be either u or d. The square or curved
brackets around cq denote coupling to spin O or 1.

State Quark content M(J=1/2) M(J =3/2)
I ceq 3627 £ 12 3690 + 12
=) blcq] 6914 + 13 6969 + 14
= b(cq) 6933 + 12

2 bbq 10162 + 12 10184 + 12

L H C b: 362 1 + 1 PRL 119,112001, (2017)
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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

24
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Editors’ Suggestion

M. Karliner, New Heavy Exotics

Cracow, Nov 20, 2020
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Calculation of tetraquark bbiid mass

build on accuracy of the =.. mass prediction
V(bb) = 2 V(bb) bbg baryon

to obtain lowest possible mass, assume:

e bbiid in S-wave

e d : 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)

M. Karliner, New Heavy Exotics Cracow, Nov 20, 2020
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—cc discovery = quantitative validation
qualitatively Epinding ~ ag Mo
so for Mg — oo

QQid must be bound

M. Karliner, New Heavy Exotics Cracow, Nov 20, 2020
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Distance of the QQ’iid Tq masses
from the relevant two-meson thresholds (MeV).

Distance from threshold (MeV)

—100 | .
—200 + .
ce bc bb
1000 1500 2000 2500

M“rep(QQ)  (MeV)
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Tetraquark production

o(pp — T(bbiid) + X S o(pp — Zpp + X)
same bottleneck: o(pp — {bb} + X)

hadronization:

{bb} — {bb}q } P(id) < P(q)
{bb} — {bb}iid 3, 3,

LHCb observed ccu = =1

o(pp = Zpp + X) = (b/c)? - o(pp = Zcc + X)

T(cciid)
likely narrow

accessible
now: DTD*0 etc.

= =, and T(bbiid) accessible,
with much more [Ldt

M. Karliner, New Heavy Exotics Cracow, Nov 20, 2020



crude estimate of bbiid lifetime
Minitiat = M(bbiid) = 10,389.4 MeV
Mina = 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.

M. Karliner, New Heavy Exotics Cracow, Nov 20, 2020

— [(bbiid)= F(x)|Vep|°=17.9x10" " GeV ,
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recent news from LHCb, 08/2020:
narrow DT K~ resonance in B~ — D~ DtK~
first exotic hadron with open heavy flavor:

csiid tetraquark

ccid: €t 2 meson threshold
= expect csiid well above DT K~ threshold

2009.00025 & 2009.00026

31
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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

32
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baryon tetraquark
meson one string junction two string junctions
no string junction

string junction mass: S = 165.1 MeV

M. Karliner, New Heavy Exotics BGU, Nov 16, 2020
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« bottom analogue:

M[Tq(bsiid)] = 6213 & 12 MeV

cf. B*K™ threshold at 6216 MeV
« 440 MeV above BK threshold
e should be seen In

T(bsiid) — B°K~

and

T(bsiid) - B~ K° .

. 1-st mode is preferable, as no s vs. 5 K% ambiguity.

« observe in LHCb & other LHC experiments?

M. Karliner, New Heavy Exotics BGU, Nov 16, 2020
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The predictions for masses ot the bbud, ccud, and bcud
masses are shifted upward in the string-junction picture
by 126, 118, and 122 MeV, respectively. The bbud state
is still stable with respect to strong and EM interactions.
as its mass is predicted to lie 89 MeV below threshold
for strong decay and 44 MeV below that for radiative de-
cay, while the ccud and beiid masses lie well above strong
decay thresholds.

35
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« =T = (ccu) observed by LHCb

- CccC

. expect similar x-section for Tq(cciid)
. see Tq(cciid) with current fﬁdt ?
. Tq(cciid) — D°D*+
and
Tq(cciid) — DT D*O
« measured mass will then tell us if string-junction

picture applies to this state as well

M. Karliner, New Heavy Exotics BGU, Nov 16, 2020
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recent news from LHCb, June 2020:

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

o tetraquark-like
e ~ 700 MeV above Jiip Jip threshold

— probably an excited cccc state
. first exotic containing both QQ and QQ
o exciting challenge for EXP and TH

M. Karliner, New Heavy Exotics BGU, Nov 16, 2020
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LHCb - talk by Daniel Johnson

M. Karliner, New Heavy Exotics BGU, Nov 16, 2020
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MK & JR

Interpretation of structure in di—J/i) sprectrum

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

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

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

39
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Fit with coherent sum of 3 BW-s 4+ background
M;, I';, W;, C1, n2.3, ¢i: 12 params + 3 params for bkgr — 15 params

M. Karliner, New Heavy Exotics BGU, Nov 16, 2020
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dinput

M. Karliner, New Heavy Exotics

BGU, Nov 16, 2020
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M. Karliner, New Heavy Exotics

2M[xc0(3415)] = 16820 Mev

BGU, Nov 16, 2020
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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, New Heavy Exotics BGU, Nov 16, 2020
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(cc)3:(EC)s.
Table IV: Predicted masses of lowest-lying bound states of a color-antitriplet spin-1 cc
diquark and a color-triplet spin-1 c¢ antidiquark. The .0y« 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 yuoyso threshold is 19719 MeV. <——
T(1S)T(1S) threshold is 18920 MeV Zbb=pp threshold is at 20324 MeV

44
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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

45
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Exotics with QQ vs. QQ: veldifferent

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. Q) never a color singlet,

= tightly bound exotics, tetraquarks

M. Karliner, New Heavy Exotics Cracow, Nov 20, 2020
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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

47
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SUMMARY

e narrow exotics with QQ: *heavy deuterons” /molecules
DD*, D*D*, BB*, B*B*,
Y.D*(S=33) ZD(S=3) vp— Jp?
very new: =.D*; expect S = 1,3, Am ~ O(15) MeV
>.B*, X,D*, X,B*, D*B*, ...

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

e stable bbiid tetraquark: LHCb!

e narrow cciid tetraquark: accessible at LHCb already now?

e DY K~ res. < csiid Tq w. string junction . bsiid = BOK~ 7
e JAp JA) res. < excited cccc Tq, probably 25, Ji T, TT 7

exciting new spectroscopy awaiting discovery

48
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