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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 §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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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; JF=2%",
DEE _ 1= 37
>.D* JF=1%,3

for @ — oo 4 more S-wave states:

>*D; JP=3"
D% JP =5, 3

2
2
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vs. (cCuud) %Zj(cud)D*o(EU) — Jpp
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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
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Open Questions

o LHCb: new narrow states slightly below X.D(D*)
thresholds; highly suggestive of molecules

Several interesting issues:
o Additional 4 X D(D*) states ?
e Decay into A.D ?

 So far no signal in vp — J/4p photoproduction
o If P.(4312) X.D molecule, why no DD molecule?

e X(3872) < 1 MeV from DD* threshold
Zp-s ~ 2 MeV from BB*, B*B*
deuteron 2.2 MeV below pn

so why are P.-s 5+ 22 MeV below . D(D*) ?
o P.(4440) and P(4457): likely X.D*, S=1,3
17 MeV spin splitting > deuteron (5=1) vs. pn 5=0

o |attice 7
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What binds ~.D but not DD ?

e 2 exchange in DD: D— D* D, D— D*— D

— 2* (m(D*) — m(D)) = 282 MeV energy denominator

in X.D, X, — A:: —167 MeV, D — D*: +141 MeV
>.D — A.D*: —25 MeV energy denominator

e 2. [ =1vs. D:/:%

—> 2 has stronger coupling to light hadrons

e Mieduced(ZeD)=1060 MeV > M,equced (PD)=932 MeV

— repulsive kinetic energy 12% smaller

not clear if this is the whole story

alternative: “DD does exist, but hard to see” (Voloshin)
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Editors’ Suggestion

M. Karliner, New Heavy Exotics

Future charm-tau factory, Nov 16, 2020

14



bbiid decay channels

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

(bbiid) — JAPK—BO, JipK°B~.

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

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

e.g. (bbiad) — D°B~.
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T (bbiid) Summary
o stable, deeply bound bbud tetraquark
o JP =1%, M(bbiid) = 10389 + 12 MeV
e 215 MeV below BB™ threshold

e | first manifesty exotic stable hadron

o (bbiid) — BD7n~, J/YKB,
J/YJ /K~ KO, DB~
e (bcid): JP =07, borderline bound
7134 + 13 MeV, 11 MeV below BYD°

e (cciid): JP = 1%, borderline unbound
3882 £+ 12 MeV, 7 MeV above the D°D**
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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
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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
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baryon tetraquark
meson one string junction two string junctions
no string junction

string junction mass: S = 165.1 MeV
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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) + AEyr(cs) =
= 2863.4 +12 MeV
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. The 0T Tq([cs][dd]) has a hyperfine partner

. Tq((cs)[id]) with JP =17 and mass 2916.5 + 12 MeV.
o 17: unnatural parity = cannot decay to DK

- cannot account for the X;(2900) state

« one possibility:

DK — D*K™ rescattering w. threshold at 2.9 GeV
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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.
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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
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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
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LHCb data

/

dip suggests interference with non
res. behavior in same JPC channel

M. Karliner, New Heavy Exotics

BGU, Nov 16, 2020
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o dip at M, (di—Jip ) =~ 6.75 GeV suggests interference

w. nonresonant behavior in a channel with the same JF€.

o difficult to regard from a molecular standpoint,
but compatible with a compact cccc

o dip position ~ 2M[x0(3415)].

o if di—Ji) resonance mostly JP¢ = 07* | can produce
2xc0(3415)-s in S-wave as soon as above threshold

e unitarity then can induce a dip in the production channel
— several examples of such behavior provided in the paper
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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
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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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o detection of 2 yo-s challenging because of small BR-s of x g
to observable final states

« with sufficient mass resolution, could combine modes with all charged
tracks to get an eff. BR 2 5%

e [(xc0) =10.8 £0.6 MeV, while exp. mass resolution in other LHCb

analyses is somewhat greater, and thus dominates the sensitivity to
a signal

« an explicit simulation would be helpful
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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
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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 4+ 7 MeV:
tantalizingly close to D*K* threshold at 2902 MeV

but inconsistent J© ?

e structure in LHCb di—J/i) spectrum around 6.9 and 7.2 GeV
interpreted in terms of J©¢ = 07F (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, New Heavy Exotics BGU, Nov 16, 2020
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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
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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 Future charm-tau factory, Nov 16, 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

41
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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
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two general comments about
charm-tau factory program

. Jip KT resonances:
Z-(3900) analogue?
Z.(3900)" = (céud); d — s: (ccus) ~ D;D*
no natural molecular binding,

so if discovered, would indicate
Tq or a novel mechanism

o /\C — f+1/5 /\(1520):
interesting to measure, to elucidate the form factor;
charm-tau factory has an edge over LHCb here
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