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X, Y, Z, P. and Charmonium States

[S.L. Olsen, T. Skwarnicki, D. Zieminska, arxiv: 1708.04012]
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Bottomonium and Bottomonium-like States
[S.L. Olsen, T. Skwarnicki, D. Zieminska, arxiv: 1708.04012]
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Models for XYZ Mesons

Quarkonium Tetraquarks

® compact tetraquark

e meson molecule
diquark-onium




Diquark Model of Tetra- and Pentaquarks

Diquarks and Anti-diquarks are the building blocks of Tetraquarks
Color representation: 3 ® 3 = 3 @ 6; only 3 is attractive; C3 = 1/2C3

Interpolating diquark operators for the two spin-states of diquarks
Scalar: 0% Qin = €apy (5575‘1? - ‘7{? ')’SCW)

Axial-Vector: 1t Gy, = €a57(55’?q2+q€757)

«, B,v: SU(3)¢ indices
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Diquark Model of Tetra- and Pentaquarks

Diquarks and Anti-diquarks are the building blocks of Tetraquarks
Color representation: 3 ® 3 = 3 @ 6; only 3 is attractive; C3 = 1/2C3

Interpolating diquark operators for the two spin-states of diquarks

Scalar: 0% Qin = €apy (5?75‘1? - ‘7{? ')’SCW)
Qin = Eupy (ff?bﬂ + QE ¥e)
NR limit: States parametrized by Pauli matrices :

«, B,v: SU(3)¢ indices

Axial-Vector: 11

oot 0 = o
Scalar: 07 IV = v
ial- . + T = @«
Axial-Vector: 1 r = 7
Diquark spinsg = tetraquark total angular momentum J:
)Y[bq}> = lsessoi 1)
= Tetraquarks: 00,00; 0)) = T'®TY
1 .
10,15, 0;)) = —=I'®TI;...
lo1oi0) = —AI'el

00,19; 1) = I'®T



NR Hamiltonian for Tetraquarks with hidden charm

Involves constituent diquark mass, spin-spin, spin-orbit, and tensor forces

H= 2mg +Héqsq) + Hé@ + Hgr +Hypp + Hr

B In the following, assume Kog =2 0

B Sy
Het(X,Y,2) = 2mg + 2L + 2A4q(L- S) + 2x,0[sq - 5@ + 57 - 50) + by 7
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NR Hamiltonian for Tetraquarks with hidden charm

Involves constituent diquark mass, spin-spin, spin-orbit, and tensor forces
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NR Hamiltonian for Tetraquarks with hidden charm

Involves constituent diquark mass, spin-spin, spin-orbit, and tensor forces

H=2mg+HW + H 1 Hg + Hyy + Hy

TN

LS coupling  LL coupling
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NR Hamiltonian for Tetraquarks with hidden charm

Involves constituent diquark mass, spin-spin, spin-orbit, and tensor forces

H=2mg+HW + H | Hg + Hyy + Hy

with
HI = 2(Ke)s[(Sc - Sg) + (St - S7)]
H = 2(Kep)(Se- S+ Se - Sy)
+ ZIch(SC . SE) + 2/Cq,—,(Sq . Sq)
Hsp = 240(Sq-L+S84-1)

Loo(Loo+1)
Hy = Bo-2@1t00

2
Hr = by% =by [3(Sg-n)(Sg-n) —(Sg-Sy)]; (n=unit vector)

B In the following, assume Kog =2 0

B Sy
Het(X,Y,2) = 2mg + 2L + 2Aq(L- ) + 2x,0[sq - 5@ + 57 - 50) + by 7



Low-lying S-Wave Tetraquark States

® Inthe [s;o, S305 S, L)jand \sqq,sQQ ;S', L") bases, the positive parity
S-wave tetraquarks are listed below; Mgy = 2mg

Label — JC s50-530: 5, L)y Isq7.500: 5"/ L)y Mass
Xo 0t 10,0;0,0) (10,0;0,0)9 + v3]1,1;0,0)9 g/z Moo — 3K0
Xl 0t 11,1;0,0)¢ (v3[0,0;0,000 — [1,1;0,0)0) /2 Moo + xp0
X; 17 (11,0;1,001 +10,1;1,0)1) /v2 [1,1;1,0); Moo — K40
z = (1L0:1,01 = [0,11,0)1) /v2  (11,0;1,0)1 —[0,1;1,001) /V2 Moo — K40
7/ 1+ [1,1;1,0); (1,0;1,0)1 +10,1,1,0)1) /V2 Mgy +140
X, 2+ 1,1;2,0), 1,1;2,0), Moo + K0

m The spectrum of these states depends on just two parameters,

Moo(Q)and KqQ, Q =

¢, b, hence very predictive

m Some of the states, such as X, X6, X», still missing and are being
searched for at the LHC



Charmonium-like and Bottomonium-like Tetraquark Spectrum

Parameters in the Mass Formula

charmonium-like  bottomonium-like
Moo [MeV] 3957 10630
K50 [MeV] 67 22.5
charmonium-like bottomonium-like
Label | JFC State Mass [MeV] State Mass [MeV]

Xo 0FF — 3756 — 10562
X} o+t — 4024 — 10652
X; 1T+ | X(3872) 3890 — 10607
Z 1t~ | ZF(3900) 3890 Z;“O(10610) 10607
Z' | 177 | ZF(4020) 4024 Z;(10650) 10652
X5 2+t — 4024 — 10652




Heavy Quark Symmetry relations involving heavy Mesons, Baryons and

Tetraquarks

[See Eichten, Mehen, Karliner @ Quarkonium 2017; S-Q. Luo et al., EPJC 77:709 (2017)]

Singly Heavy Meson Doubly Heavy anti-Baryon Singly Heavy anti-Baryon Doubly Heavy Tetraquark

B Heavy quark symmetry relates a singly heavy meson QF and a doubly
heavy antibaryon QQj

m Likewise, it relates a singly heavy antibaryon Q77 and a doubly heavy
tetraquark QQg7



Stable Heavy Tetraquarks T(QQgq’), (QQ = cc, cb, bb)
[See Eichten, Mehen, Karliner @ Quarkonium 2017; S-Q. Luo et al., EPJC 77:709 (2017)]

Heavy Quark-Diquark Symmetry (HQDQS)

mg — oo QQ is compact object in color 3

Singly Heavy anti-Baryon Doubly Heavy Tetraquark

l.d.o.f are the same in these hadrons



Quark Model Estimates of theTetraquark Masses M(T(QQ7q’))
[M. Karliner, J. Rosner, PRL 119, 202001 (2017)]
B Masses of heavy mesons and baryons successfully reproduced in Quark

Models using effective Hamiltonians, incorporating spin-spin,
spin-orbit, and tensor contributions

m In particular, masses of the doubly heavy | = 1/2 baryons, M(E,.),
M(Ecb)r M(Ebb) were estimated in this approach [M. Karliner, J. Rosner, 2014]

B Accurately predicted the mass of the doubly charmed baryon
M(ELT) = 3627 + 12 MeV, compared to M(ES ) = 3621 +0.78 MeV

—cc

(LHCb 2017)
This framework predicts M(T(bbiid])) = 10389 + 12 MeV

B The lowest-lying J” = 17 tetraquark T(bb[iid]) has a mass 215 MeV
below the BB* threshold and 170 MeV below the BBy threshold. Thus,
T(bb[ud)]) is stable against strong decay

B Predict: M(T(cc[iid])) = 3882 4 12 MeV, well above th DD* threshold

Predict: M(T (bc[iid])) = 7133 4 13 MeV; central value about 11 MeV
below the BD* threshold



Distance from Thresholds in MeV for T(QQ7q’), (QQ = cc, cb, bb)
[M. Karliner, J. Rosner, PRL 119, 202001 (2017)
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Doubly Heavy Tetraquarks T(QQgq’), (QQ = cc, cb, bb)
[E. Eichten, C. Quigg, PRL 119, 202002 (2017)]

Heavy quark symmetry relations

@ In the heavy limit, the color of the core Q;Q; is 3 the same as a Q. Hence
in leading order of M~ the light degrees of freedom have the same
dynamics in the two systems leading to the following relations

m({QiQi}H{akai}) — m({QiQi}ay) = m(Qx{qkai}) — m(Qxay)

m({ Qi Qj}aka]) — m({QiQ;}ay) m(Qx[qkai]) — m(Qx«ay)
m([QQNHaka}) — m([QiQlay) = m(Q{akar}) — m(Qxay)
m([QiQllaka]) — m([QiQilay) = m(Qxlaral]) — m(Qxqy) -

@ Finite mass corrections for all the states in these relations:

) =) = = = ©ac
RGeSt Termquarias S e PR SR R
Ahmed Ali (DESY, Hamburg)



Stable Heavy Tetraquarks T(QQ7q’), (QQ = cc, cb, bb)
[E. Eichten, C. Quigg, PRL 119, 202002 (2017)

® T(bb[ad]) and T(bb[g5]) are stable against strong decay
m  Will decay weakly by charged current interactions

Expectations for ground-state tetraquark masses

State _ JP m(Q; Q;dxdr) Decay Channel Q [MeV]
{cc}ad] 17 3978 D*D*V 3876 102
{cc}as] 1" 4156 D*Dr~ 3077 179
{ccHakg} of,17,2t 4146, 4167, 4210 D*DY, D" D*0 3734,3876 412,202,476
[be][ad] ot 7229 B~ D+ /BDO 7146 83
[bel[g,3] ot 7406 BsD 7236 170
[bel{aka} 1 7439 B*D/BD* 7190/7290 249
{bc}ad] 1+ 7272 B*D/BD* 7190/7290 82
{bc}ax3) 1+ 7445 DB 7282 163

b} Gk d) o+, 1%, 2% 7461, 7472, 7493 BD/B* D 7146/7190 317,282, 349

k4l

{bb}[ad] 1+ 10482 B~ B*° 10603
{bb}[dk3] 1+ 10643 BBy /BsB* 10695/10691

{bb}{aa} 0%,17,2"  10674,10681,10695 B~ B°, B~ B*? 10559,10603  115,78,136




QCD dynamics of a doubly heavy tetraquarks T(QQ7q’), (QQ = cc, cb, bb)
[P. Bicudo et al., Phys.Rev. D95, 142001 (2017)]

Yo 4

B At very short bb distances, the interaction is Coulomb-like, given by
one-gluon exchange (a)

B At large bb separations, the light quarks ud screen the interaction, and
the four quarks form two rather weakly interacting B B* mesons (b)

B Using this (Born-Oppenheimer) potential, a coupled-channel
Schrodinger equation is solved, leading to a bound state, whose mass is

estimated as M (7'[;_{‘2?}7) = 10545135 MeV.



Lattice QCD estimates of bbiid tetraquark mass using NRQCD

[A. Francis et al., PRL 118, 142001 (2017)]
m Chiral extrapolations of the udbb and gsbb binding energies

= M(T[;g]b}_) = 10415 + 10MeV
m M(T) = 10549 4 8 MeV

Both lie below their respective thresholds

o T
AEMOVI  gpp e M2 jat(L) — M3 phys —e—
-50 l Isbb —8—  m2 a(L>4/m;) — m2 s —o—!
[ - —&
-100 [ B T
150
-200
_|mphys, L ms [GeV?]
o 0.025 0.05 0.075 0.1

. I "
0.125 0.15

0.175



Summary of M(T(bb|id]))

[T. Mehen @Quarkonium 2017]

Stable Doubly Heavy Tetraquarks

quark model M. Karliner, J. Rosner, arXiv:1707.07666
Typaa JZ =17 I=0 10389+ 12MeV
215MeV below BB* threshold, stable to strong interaction

heavy quark symmetry E. Eichten, C. Quigg, arXiv:1707.09575
10468 MeV 135 MeV  below threshold

lattice QCD

189 £+ 10 MeV below threshold A. Francis, et. al., PRL 118, 142001 (2017)

60730 MeV  below threshold P. Bicudo, et. al., PRD 95, 142001 (2017)

no analogous prediction for chqq, Tbcqq tetraquarks
molecular T, = DD*  D. Janc, M. Rosina, Few Body Syst. 35 (2004) 175

arguments for stability in heavy quark limit
J.-P. Ader, J.-M. Richard, P. Taxil, PRD 25 (1982) 2370

A. Manohar, M. Wise, NPB 399 (1993) 17



SU(3)p-triplet of stable double-bottom tetraquarks T(bbjq’)

Ssy =1 Sy =0.J" =17



SU(3)p-triplet of double charm & double-bottom baryons
Of these, 5.7 = (ccu) has been discovered at the LHCb

Great discovery potential at the LHC & Tera-Z factory!



SU(3)p-triplet of bottom-charmed baryons

So far, the only known bottom-charmed hadrons are B, and B}

—()
—bc
bed

Likewise, Great discovery potential at the LHC & Tera-Z factory!



Prospects of observing Stable Tetraquarks at a Tera-Z Factory
m The partonic process at the Z-factory is:
ete” — Z — bbbb

®m Measured at LEP: B(Z — bbbb) = (3.6 +-1.3) x 10~*

m  Unlike the inclusive production of hadrons, such as
Z — (B, Ay, Zp) + X, which results from the fragmentation of a
single-b quark, the production of hadrons with double-b quarks
requires the topology in which two b-quarks have to be in a jet:

ete™ — Z — (bb)jer + bb

m The (bb)]et requires a jet-definition, such as the invariant mass

M(bb)7 = (p(b1) + p(b2))?, with Jet-resolution parameter:

b
M(T[{l,f’af) < M(bb)%, < (2my + AM)?

= For M(bb)},, >> 4Mj, independent fragmentation of the 2 b quarks
into two B-hadrons, (bb)jet — (BB, BB*,2A; + ...) + X dominates,
and the probability of a double-b hadron production becomes

insignificant, P (bb — T{bb} +X) <1



Typical topology of Z — (bb)jet + bb
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B Double-b-hadrons, such as the tetraquark T[{;;]} and double-b baryons
E],, are the fragmentation products of the (bb)jet

B They are anticipated to populate low-My;, invariant mass region

Ahmed Ali (DESY, Hamburg)



Estimates of the (bb)jei-parameter AM

[AA, A. Parkhomenko, Qin Qin, Wei Wang, to be published]

®  We model AM by using a similar (but not identical) process which
involves the fusion_bé — B fromete” — Z — bbct, leading to
ete - Z — B.+b+c, using [Z. Yang, X. G. Wu, G. Chen, Q. L. Liao and

J. W. Zhang, Phys. Rev. D 85, 094015 (2012)] and the Monte Carlo generator MadGraph
B Input quark masses (GeV):

(my, me) = (4.9,1.5) (central); (my, m:) = (5.3,1.2) (upper),
(my, m) = (4.8,1.5)

Quark

s o(Bcbt) [pb] | o(bbce) [pb] | f(bc — B:) | AM [GeV]
central 5.19 64.50 8.05% 2.82
upper 11.41 76.79 14.86% 4.22
lower 2.77 56.75 4.88% 2.22

B This gives an estimate of AM, which we use for simulating
ete” — Z — (bb)jet +bb

Ahmed Ali (DESY, Hamburg)




Estimates of the (bb)jei-parameter AM
[AA, A. Parkhomenko, Qin Qin, Wei Wang, to be published]

Processes simulated: e"e™ — Z — bbbb (inclusive 4b-production)&

ete- 57— T[{IZ%} bb + ... (semi-inclusive),, with the invariant mass cut

bb
M(T {2 < M(bb)2, < (2m, + AM)?
Generated 10* showered e*e~ — bbbb events at the Z mass with
MadGraph and Pythia6 using NLO

MadGraph (NLO) yields: B(Z — bbbb) = 4.26 x 10~* for m;, = 4.9 GeV,
consistent with the LEP measurements (3.6 4 1.3) x 10~#

This yields the fraction f((bb)jet(AM) — Hy + X) = (8.8715)%

We assume that the double-b hadron Hy;, consists of T[{;i_;i]}

E(bbq) (double-b baryon)

(tetraquark) or

fob-TE 43 p
Using heavy quark symmetry, anticipate il [#d] b

Bb—EptX)  feutfa; 0.3

Estimate (Preliminary): B(Z — T[{;;;]} +X) = (45M2%) x 10°

Ahmed Ali (DESY, Hamburg) 26



Estimates of the lifetime for T{;; }
[AA, A. Parkhomenko, Qin Qin, Wei W!ang, to be published]

® The decay rate of T{?"} into an inclusive final state X can be expressed as:

(bb} dp;
F(T[“] - X 27’}’1 {bb} Z/H |: 27'[ 32E :|
*(2m) "6 (pramy sz (XIHGIT D P

] HE}J‘} is the effective electroweak Hamiltonian governing the weak
decays. Using the optical theorem, one can rewrite the total rate as

T(T} - X) = 2m - ——— (T} 7| Tibbhy
T

with the transition operator defined as:

Imz/d4xT % (x), HE(0)]



Estimates of the lifetime for T[{ d]} using heavy quark expansion

B HQE simplifies the inclusive decay widths. Up to dimension 6 :

G} w
T = 1927‘[3|VCKM| C3bbb+ bgs(T]M/G b
06 b
5 (bq)r(ab)r + ..
b
B Atleading order in 1/my, only the bb operator contributes:
Gem (Tigp) 10| Ti)
(T{bb}) _ "% | |2C [97']
@’ 19273 b ZmT{bb}

[77']
<T{bb} [Bb|T i} (b}

] [‘”]m {bb}[q" ] corresponds to the bottom-quark number in T[qq’] ,and is

"]
twice the matrix element for B meson and A; baryon

B Hence, expect 7(T Tt }) ~1/2t(B):

iud]
(T [{qzb?’) —><16><10 125 — 800 x 10~ 155



Weak Decays of T[{;;]}
B Effective Weak Hamiltonian

4G ]
%ifli? = 7; Vcbvud {Cl [Ctx')’yPLblx] |:d‘5’)/HPLLlﬁ:|

+Cy [(_Zﬁ’yﬂPLba} [t_i,x’}’pru‘B}}
4G * _ _
+ TZF Ve Vi {Cl [CayuPLb"] {sﬁ'y”PLc/g}

+Cy [Elg’y#PLba} {§“7VPLC/S} } +h.c.

B Two-Body Baryonic Decays from b — ¢ + d + @ (left panel) and
b — ¢+ s+ ¢ (right panel)




An order of magnitude estimate
B Involve non-factorizable Amplitudes . For the ]P =1t tetraquark, the
general form of the decay amplitude is:

M(TEH™ = 20 p) = o(p) [ g+ 57 1

+5"7 Z\% +&7 5 4+ 8" s
+ 82 qurs | ulps, ) ehpr)
3 I MT Zpe) T
B Inspired by the B meson decay data
BB’ D n) = (2524013)x1073
BB’ - D'D;) = (724+08)x 1073

m Infer that B(T “’?]}* — 20 p) and B(T [{”?]}* — 0 A ) are of O(10~3)
B Needs reconstructmg the doubly heavy baryons Z) and Q) , such as
through E) — A,K~ 7", expect the two-body baryonic decay modes of

[{b;]} can have branching fractions of order 10-°



Three-body Mesonic Decay Modes of T[{bb]}

B Feynman diagrams due to the b-quark decay b — c+d + @
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®m The factorizable amplitudes of these decays can be written as:

M(T[{L_f’b%}* B D) =i \Gﬁ VoV astif pht
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B(T[{L_f’%} B DY) = B(T[{bj]} — B ) ~ 05 x 1072



Hidden-Charm final states in Ti{ﬂb%% decays

B Insome decays hidden-charm mesons, such as J /1, 1/1’ , can be produced

Tl = J/¢K'B",

T[{L_f’t%} —J/pK B’
= =
/% UV __—®

B Their decay branching ratios can be comparable with the B(B — ]/ ¢K):
BB’ —J/yK’) = (873+032) x10*

{bb} -

B Expect that the product branching ratios to measure the mass of T[m’i}

are at most of O(107°)



Summary

A new facet of QCD is opened by the discovery of the exotic
states X, Y, Z, P(4380), IP(4450)

Important puzzles remain in the complex: show siglr pattern
Y,  related? g Y, = maybe Y65
' . g0
& /Z” related? Zb\n

molecule molecule reasonable
in trouble tetraquark doubtful

What is the nature of Y(4260)? A tetraquark? or a ccg hybrid? Is Y,(4260) split? How
many P states are there? We do expect a tower of radial and orbital excited states in the
diquark picture!

CEPC running as a Z factory will advance the multiquark sector of QCD decisively, in
particular, the entire pentaquark spectrum with hidden charm can be measured from the
production and decays of the b-baryons

Also CEPC has great potential to discover doubly heavy tetraquarks, establishing diquarks
as a building block in QCD. First results from the simulation at a Tera-Z factory presented
here. Likewise, an entire spectrum of doubly-heavy baryons can be measured

We look forward to decisive experimental results from BESIII, Belle-1I, LHC, and the CEPC



