HUGS 2021 Lectures on:
Experimental Meson Spectroscopy

Prologue: Definitions and Philosophy LECTURE III. The Quark Model
I. A Field Guide to Meson Families ITTA. Charmonium Potential

II. Meson Quantum Numbers IIIB. Radiative Transitions

III. The Quark Model ITIC. Color Factors

IV. Exotic Mesons IIID. Doubly-Bottom Tetraquark

V. Current and Future Experiments

Ryan Mitchell
Senior Scientist
Indiana University

(remitche @indiana.edu)



mailto:remitche@indiana.edu

IITA. Charmonium Potential

Quark Model: Assume hadrons are made of quarks interacting via a potential.

One example:

PHYSICAL REVIEW D 72, 054026 (2005)

Higher charmonia

T. Barnes,l’>l< S. Godfrey,z’Jr and E. S. Swanson>*
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Solve the Schrodinger equation; fix parameters using experiment; predict masses of higher states.



IITA. Charmonium Potential

Quark Model: Assume hadrons are made of quarks interacting via a potential.

One example:
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PHYSICAL REVIEW D 100, 054503 (2019)

anti-charm

Hybrid static potential flux tubes from SU(2) and SU(3) lattice gauge theory
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Solve the Schrodinger equation; fix parameters using experiment; predict masses of higher states.
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IITA. Charmonium Potential

Quark Model: Assume hadrons are made of quarks interacting via a potential.

(ay, b, m,, o) = (0.5461, 0.1425 GeV?, 1.4794 GeV, 1.0946 GeV)

One example:

Multiplet  State Expt. Input (NR) | Theor.

PHYSICAL REVIEW D 72, 054026 (2005) NR Gl
. . 1S J/¢(13S,) | 3096.87 = 0.04 3097 | 3090 3098
Higher charmonia n.(1'Sy) | 2979.2+13 2979 | 2982 2975
1 , X 28 #'(23S)) | 3685.96 +0.09 3686 | 3672 3676
T. Barnes,"* S. Godfrey,”" and E. S. Swanson’* n.(21S)) | 36377 +44 3638 | 3630 3623
3S ¥(3%S)) 4040 * 10 4040 | 4072 4100
7.(3'Sp) 4043 4064
spin-spin (hyperfine) 48 H(43S,) 44156 4415 | 4406 4450
v n(415,) 4384 4425
_ 4 o D ~ > > 1P x2(1°Py) | 3556.18 20.13 3556 | 3556 3550
V(()CC)(r) = —— 2+ br+ —2S 0,(r)S,. - S; v(13P,) | 351051 £0.12 3511 | 3505 3510
3 r Om? Yo(13Py) | 34153 +0.4 3415 | 3424 3445
P f h,(1'P,) see text 3516 3517

= 2,2
“Coulomb” — confinement  0o(r) = (o/\Jm)}e™ " 2P ¥2(23P,) 3972 3979
x1(2°Py) 3925 3953
Yo(23Py) 3852 3916
h,(2'P)) 3934 3956
1 2a, b\- = 4dag 3p ¥, (3°P,) 4317 4337
Vspin-dep D) 3 > L-S+ 3 T x1(3°Py) 4271 4317
mg r r r Yo(3°Py) 4202 4292
h,(3'P,) 4279 4318
. L \ 1D 3 (13D3) 3806 3849
5pln—01”b1‘[ (hne) tensor (hyperhne) ¢2(13D2) 3800 3838
Y(1°D;) | 3769.9+25 3770 | 3785 3819
) N (1'D,) 3799 3837
- m J=L+1 2D U3(23Ds) 4167 4217
3 31 ) = 1 — $,(2°D,) 4158 4208
( LJlTl Ly) ) +L§rl J=L y(2°D)) 4159 + 20 4159 4142 4194
- 6EZL—)1)’ J=L-1 n2(2'D,) 4158 4208

; + 1F, 2F, 1G

Solve the Schrodinger equation; fix parameters using experiment; predict masses of higher states.



IITA. Charmonium Potential

Quark Model: Assume hadrons are made of quarks interacting via a potential.

One example:

PHYSICAL REVIEW D 72, 054026 (2005)

Higher charmonia

T. Barnes,l’>l< S. Godfrey,z’Jr and E. S. Swanson>*
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) P —X (L}
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l T/2ay, b\-> = 4o :
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Solve the Schrodinger equation; fix parameters using experiment; predict masses of higher states.



IITA. Charmonium Potential

Quark Model: Assume hadrons are made of quarks interacting via a potential.

One example:

Z(4430)
PHYSICAL REVIEW D 72, 054026 (2005) 4 T T ey | US)
. . [M:(4'Se) Y(4360)
Higher charmonia Xc2(3%P2)
Y (4260) | N(3'P1) Xe1(3%P1)
T. Barnes,l’>l< S. Godfrey,z’T and E. S. Swanson>* 4.2 Xco(33Po)
P(2°D-)
spin-spin (hyperfine) g 4.( £(4020) |is) Bk
>
\ S 2(23Py)
0] Z(3900 el
VD) = — + + br + 32ma §,(rS,. - S = R 2P X(3872)
0 T A .. o c C ) - 0(23P
3 f 9m% (<’,:) 3.8 o) X20(23Po)
/ - 2 2MD ------------------------------------------------------------------------------------------------------------------
— 3 ,—a*r? (288
“Coulomb” confinement  0o(r) = (a/Jm) e " ' (21S0) W2
3.6
C 13P
he(11P4) Xc1(13P4) e
v 1 2C¥S b I—: §—|—4aST RN
. = —_ . 3.4 Xco 0
spin—-dep m% 1”3 7y 1’3
spin-orbit (fine) tensor (hyperfine) 3.2 - predicted, discovered
J JP(1°S1) predicted, undiscovered
(_ L _
6(2L+3)’ J=L+1 3.0 - Nc(11So) unpredicted, discovered
CLy|TPL;) = + %, J=L
— 6%{_1)1), J=L-—-1 0+ 1-—- 1+- O++ 1++ 2++

.

JrPC

Solve the Schrodinger equation; fix parameters using experiment; predict masses of higher states.



IITA. Charmonium Potential

Also calculate the charmonium spectrum using lattice QCD.

Excited and exotic charmonium, D, and D meson

spectra for two light quark masses from lattice QCD
Gavin K.C. Cheung,® Cian O’Hara,’ Graham Moir,” Michael Peardon,’

Sinéad M. Ryan,” Christopher E. Thomas® and David Tims®
(For the Hadron Spectrum Collaboration)
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IITA. Charmonium Potential

Also calculate the charmonium spectrum using lattice QCD.

Excited and exotic charmonium, D, and D meson

spectra for two light quark masses from lattice QCD
Gavin K.C. Cheung,® Cian O’Hara,’ Graham Moir,” Michael Peardon,’

PHYSICAL REVIEW D 84, 074023 (2011)

The lightest hybrid meson supermultiplet in QCD

Sinéad M. Ryan,’ Christopher E. Thomas® and David Tims’ Jozef J. Dudek™
(For the Hadron Spectrum Collaboration)
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IITA. Charmonium Potential

The goal of experimental meson (hadron) THEORY

spectroscopy:
Uncover a broad set of physical phenomena ol _m Bmaim ™ m e
(including new meson states, their properties, decays patterns, etc.) o F = = "
. . . > : N —
in order to build our understanding of the strong force. 2o T - -—="
s - s
| =
. 500 + —_
EXPERIMENT .
Mass (MeV) 1=+ 0+ 1-— 9=+ 9-— 3—— 4+ 4——|0t— o+t— o+t 1+— 1++ o++ 3t— g+ g+t
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ITIIB. Radiative Transitions

Quark Model: Assume hadrons are made of quarks interacting via a potential.

One example:

charm luons anti-charm
PHYSICAL REVIEW D 72, 054026 (2005) 5 ,
quark (or gluonic field) quark
Higher charmonia l l l
T. Barnes,l’>l< S. Godfrey,z’T and E. S. Swanson™
spin-spin (hyperfine) C ) C /
. 4 o 2ma. ~ i
V(()CC)(r) = —— 2+ br+ . ~6,(r)S, - S;
3 r me. : :
o Use the resulting wavefunctions
¢ 99 ~ S — 3,—o°r . . o,
“Coulomb confinement ~ 00(r) = (a//m)’e to calculate radiative transitions.

E(CC)

g (®L;, — n’2S/+1L + y) = gCﬁSSS/e a|<¢f|”|¢z>|2E3 M(CC)

L'ys
= L, LNHYR2Y + 1
C;; = max(L, L) ){ . 1}

427 + 1 E;”

[y (L, — n’ZS/HL}/ +y) = OLL Os, s+1€; |<¢f|z,b,>|2E3 M(cc)

10



ITIIB. Radiative Transitions

Radiative transitions can be studied at BESIII using eTe™ — w(25).

Events/0.5 MeV

Events/1 MeV

Branching fraction measurements of y(3686) — yy.;

X

o

o
w

PHYSICAL REVIEW D 96, 032001 (2017)

(BESIII Collaboration)

(inclusive)

I0.2I = I0.2|5I I I0.3I = I0.35II =
E_ (GeV)

(exclusive)

MASS [GeV/c?]

Z(4430)
= Y(43S1)
Nc(4'So)
[ne(4'Si) | Y(4360)
Xc2(33P2)
Y(4260) | Ne(3'P1) Xc1(33P1)
4.2 — Xc0(33Po)
Pp(23D)
4 [ 2(4020) frs,) | W8S
Xc2(23P2)
Z(3900
(3900) he(21P+) X(3872)
3.8 - Xc0(23Po)
$"'(13D,)
PMp [ T
P’(23S1)
¢ (21S
36 | E
Xc2(13P2)
m(ﬂP%\ Xe1(1%P1)
J/
3.4 |- Xeo(15f]
3.2 - predicted, discovered
JAP(13S+) predicted, undiscovered
3.0 . .
Ne(1So) unpredicted, discovered
O+ 1-—- 1+- O++ 1++ 2++

JPC
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ITIIB. Radiative Transitions

Radiative transitions can be studied at BESIII using eTe™ — w(25).

Iy (keV)
SNRg,; [35]

74125
62/36
43/34

SP [8]

22
45
46

Initial State Final State

w(3686)

RQM [33]

26.3
229
18.2

NR/GI [34]

63/26
54/29
38/24

LP [8]

27
45
36

SP [8]

26
48
44

LP [8]

22
42
38

This Analysis

269 £ 1.8
283+£1.9
275 £ 1.7

X c0
Xecl
Xc2

J/y

121
265
327

152/114
314/239
424/313

167/117
354/244
473/309

141
269
327

146
278

172
306

179
319
292

306 £ 23
363 £41

Events/0.5 MeV

100 |- — -
................. = X(3872)
T T TN N 38 Xc0(23Po)
R S A c<,() P’’(13D1)
2 2MD ------------------------------------------------------------------------------------------------------------------
| P’(28S4)
01 015 02 025 03 035 04 045 05 3.6 L e (2'S0)
E_(GeV) Xe2(19P2)
Y
hc(11P»\ Xc1(13P1)
— , yZ
- (exclusive) 3.4 L Xeo(1354f]
= 4000
o -
E 3000
2 = 32 L . .
S 2000 ' predicted, discovered
> —
it -
- JAP(13S+) predicted, undiscovered
- — 3.0 - Ne(11So) unpredicted, discovered
O+ 1-—- 1+- O++ 1++ 2++

JPC
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ITIIB. Radiative Transitions

Radiative transitions can be studied at BESIII using eTe™ — w(25).

X

I|I.‘III|I II|IIII|IIII|II

', (keV)

Final State

Initial State

RQM [33]

NR/GI [34]

SNRg,; [35]

LP [8]

SP [8]

LP [8] SP [8] This Analysis

w(3686)

26.3
229
18.2

121
265
327

X c0
Xecl
Xc2

J/y

63/26
54/29
38/24

152/114
314/239
424/313

74125
62/36
43/34

167/117
354/244
473/309

27
45
36

141
269
327

26
48
44

146
278

22 22
42 45
38 46

172 179
306 319
292

269 £ 1.8
283+£1.9
275 £ 1.7

306 £ 23
363 £41

Stewa, T e

PHYSICAL REVIEW D 79, 094504 (2009)

Exotic and excited-state radiative transitions in charmonium from lattice QCD

Events/1 Me

Jozef J. Dudek,** Robert G. Edwards,' and Christopher E. Thomas'

DiaticeW(25) = 7x0(1P)) =26 £ 11 keV

3.2

3.0

X(3872)
P’(2354)
Nc'(2'So)
Xc2(13P2)
hc(11P»\ Xc1(13P1)
4
Xoo(1354f
predicted, discovered
JAP(13S+) predicted, undiscovered
Ne(1'So) unpredicted, discovered
O+ 1-—- 1+- O++ 1++ 2++

JPC

13



IIIC. Color Factors

Quark Model: Assume hadrons are made of quarks interacting via a potential.

One example:

PHYSICAL REVIEW D 72, 054026 (2005)

Higher charmonia

T. Barnes,l’>l< S. Godfrey,z’Jr and E. S. Swanson>*

spin-spin (hyperfine) .
charm gluons anti-charm

quark (or gluonic field) quark

pr (o8 A

S 2.2
“Coulomb” confinement 50(”) - (O'/ﬁ)3€ ar

[ st ) )

Vo -dep — L-S+
PP w2 I\ P 2r r’

spin-orbit (fine)  tensor (hyperfine)

r

_ L _
6(2L+3)’ J=L+1

<3LJ|T|3LJ> == < + %, J = L

L+ 1
6(2L-1)’ J=L-1

.

Solve the Schrodinger equation; fix parameters using experiment; predict masses of higher states.
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QED

IIIC. Color Factors

The gg (or gq) potential depends on the configuration of colors.

15



QCD

IIIC. Color Factors

The gg (or gq) potential depends on the configuration of colors.

16



IIIC. Color Factors

The gg (or gq) potential depends on the configuration of colors.

q

QED q | q q

q9q9" — qq’ 99" — qq’

—iQ,er”
(p2) [—iQqev"] u(p1) —M = v(p1)|—1Qqev"| v(p2)

U
_'V 109,
[ B
q

X (ps) [—iQqer”] u(ps) —iQq ev”] u(ps)

17



IIIC. Color Factors

The gg (or gq) potential depends on the configuration of colors.

QCD

q9q9" — qq’

X u(pa) [—igsTi37" ] u(ps) X U(ps) [—igsTipy" ] u(ps)

18



IIIC. Color Factors

The gg (or gq) potential depends on the configuration of colors.

QCD

q9q9" — qq’

Qqu/e — ZT“TkgS C(ik — jl)gz Qqu’€2 — ZTZECIZQ? C(ik — jl)gz

a=1
1 N
Clik = j1) = 7 D XjiM Clik — jl) = 7 Y _ MMk
a=1

19



IIIC. Color Factors

The gg (or gg) potential depends on the configuration of colors.

e~ oo

Q,Q e* — ZTaTkgS C(ik — jl)g° Q,Qe* — ZT“TkgS C(ik — jl)g°

C(ik — jl) = Z)\ C(ik — jl) = Z)\
qq potential: qqg potential:
(EM) _ E EM 87
Vi) = Q' V) = - Qa2
stron S (strong) L (g
— Vq(q,t B (1) = +OE 4 = Vg (1) = —07 T
r

—> The strong force between quarks is attractive or repulsive depending on the color factor C.

20



IIIC. Color Factors

The gg (or gq) potential depends on the configuration of colors.

For gg 1n a color singlet (like a meson):

1 3

‘1>color — ﬁ Z:Zl ‘E’ici>
3 , 2 N Ta,T C_k'—>_l 9
c=1% cli—jj) QeQue Z ikgs = C(ik — jl)g
Si,jzl
1 < o 1 4 4 C(ik — jl) A
= S Y Y N = B x L +6x2) = SR Z
1,J=1a=1
(0 1 -\ (o —i -\ . qq potential:
Ar=11 0 -| X2=1]i 0 - )\3(. -1 )
. . S EM), \ o
(0 . 1\ (0 . 4 (1 _ ) qu/ (7“) — —Qqu/; —|—
1
M=]|. . . As=1|. . . dd=—1=1|. 1 .
v3 stron g
i) o) o = VISR () = 0=
T
=10 1| M= 0 —i
\ 1 0/ i 0

—> The strong force between quarks is attractive or repulsive depending on the color factor C.
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IIIC. Color Factors

The gg (or gq) potential depends on the configuration of colors.

For gg 1n a color singlet (like a meson):

3
1 Z _
‘1>color — \/§ ‘C’L'Ci>

1=1

Qqu/eMZT“Tkgs C(ik — jl)g2

3
1
C = §i;10(m — j7)
]l S, ., 1 4 4 C(ik — jl) = ZA
- EijZ:“;AijAﬁ B X3 +6x2) =2
Relative strengths of gg and gg potentials: qq potential:
(forqq,3®3 =8€Bl)
forqq,3®3 =36 (EM) e’
Vag (r) = _Qqul; T

state _color __ size

g 1 —4/3 = VB () = 0=
qq +1/6 "

qq —2/3

qq +1/3

—> The strong force between quarks is attractive or repulsive depending on the color factor C.

22



IIID. Doubly-Bottom Tetraquark

Quark Model: Assume hadrons are made of quarks interacting via a potential.

One example:

PHYSICAL REVIEW D 72, 054026 (2005)

Higher charmonia

For states with L = 0 andn = 1,

mass splittings for different S can
be modeled by the spin-spin term

T. Barnes,l’>l< S. Godfrey,Z’Jr and E. S. Swanson>*

o (hvperfi
spin-spin (hyperfine) / (compare 1.(1S) and JIy(15)).
. 4 o ~ 5>
V(()CC)(r) =3 — + br :
-
/V 3 _ 2.2
“Coulomb” confinement  0a(r) = (O'/ﬁ)3e .
charm gluons anti-charm
1 2as b\- - 4as quark (or gluonic field) quark
Vipin-dep = m2 [( 3 2,,) S 3 T} l l l
spin-orbit (fine)  tensor (hyperfine)
/ C C
~gay =L+
<3LJ|T|3LJ> == < + %, J = L
- 651552)1)’ J=L-1

.

Solve the Schrodinger equation; fix parameters using experiment; predict masses of higher states.

23



IIID. Doubly-Bottom Tetraquark

Use the quark model to predict the mass of a doubly-bottom tetraquark (bbiid).

week ending

PRL 119, 202001 (2017) PHYSICAL REVIEW LETTERS 17 NOVEMBER 2017

S

Discovery of the Doubly Charmed E,. Baryon Implies a Stable bbiid Tetraquark

Marek Karliner” and Jonathan L. Rosner™'

1. Use light quark mesons and baryons to calculate the effective masses of the
up, down, and strange quarks.

2. Use open charm and open bottom mesons and baryons (D, D*, B, B*, A,, A )
to calculate the effective masses of charm and bottom quarks.

3. Use charmonium and bottomonium mesons (17.(15), J/y(1S), n,(15), Y(15))
to calculate c¢ and bb binding energies.

4. Use color factors to relate ¢¢ and bb binding energies (1) to cc and bb binding energies (3).
5. Use the results above to predict the mass of the doubly charmed = baryon.

6. Use the same method to predict the mass of a doubly bottom tetraquark (bbiid).

24



IIID. Doubly-Bottom Tetraquark

1. Use light quark mesons and baryons to calculate the effective masses of the up, down, and strange quarks.

Hadron spectra and quarks

Stephen Gasiorowicz and Jonathan L. Rosner
School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455

Am. J. Phys. 49(10), Oct. 1981

Table VIII. Meson masses with hyperfine splittings incorporated.

Meson Coeff. of  Coeff. of AEMF Prediction
m,orm, m, (MeV/c?)
m{138) 2 0 —3a/m? 140
K (496) 1 1 —3a/m,m, 485
7(549) 2/3 4/3 —a/m? — 2a/m? 559
(776) 2
2 0 780
o(783) a/m,
K *(892) 1 1 a/m,m, 896
& (1020) 0 2 a/m? 1032
Table IX. Baryon masses with hyperfine splittings incorporated.
Baryon Coeff. of  Coeff. of  AEH™ Prediction
m,orm, m, (MeV/c?)
N(939) 3 0 —3a'/m? 939
A(1116) 2 1 —3d'/m? 1114
(1193) 2 1 a/md — 4a'/m,m, 1179
=(1318) 1 2 a'/m? —4a'/m,m, 1327
A(1232) 3 0 30 /m? 1239
3 *(1384) 2 1 a'/m’ +2a'/m,m, 1381
Z%(1533) 1 2 a'/m? + 2 /m,m, 1529
02(1672) 0 3 3a'/m? 1682

e ———————————————
e g —————————

For mesons:
MO = ™) ) 4y <f1)- S(2>)
Use:
AN 1 A A
(S Sa) = 5 [ (7% — ($D) — ($3)]
1 3
_ —% for J =0
—i—% for J =1
And find a good match with:

m{m™ = m&m) = 310 MeV
m{™ = 483 MeV
C 160 MeV

(m))z
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IIID. Doubly-Bottom Tetraquark

1. Use light quark mesons and baryons to calculate the effective masses of the up, down, and strange quarks.

Hadron spectra and quarks

Stephen Gasiorowicz and Jonathan L. Rosner
School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455

Am. J. Phys. 49(10), Oct. 1981

Table VIII. Meson masses with hyperfine splittings incorporated.

Meson Coeff. of  Coeff. of @ AE"FS Prediction
m,orm, m, (MeV/c?)

{138) | 2 0 — 3a/m? 140

K (496) 1 1 — 3a/m,m, 485

7(549) 2/3 4/3 —a/m? — 2a/m’ 559
p(776) 2 0 a/m? 780
»(783) “

K *(892) i 1 a/m,m, 896

& (1020) 0 2 a/m? 1032

Table IX. Baryon masses with hyperfine splittings incorporated.

y——e—
— ——

prvearire—e wam—
pmerer —

Baryon Coeff. of  Coeff. of  AEHY™ Prediction
m,orm, m, (MeV/c?)
N(939) 3 0 —3a'/m? 939
A(1116) 2 1 —3d'/m? 1114
(1193) 2 1 a'/m: — 4a'/m,m, 1179
£(1318) 1 2 a'/m? —4a'/m m, 1327
4(1232) 3 0 3a’'/m? 1239
3 *(1384) 2 1 a'/m’ +2a'/m,m, 1381
Z%(1533) 1 2 a'/m? + 2a'/m,m, 1529
02(1672) 0 3 3a'/m? 1682

e ————
e g —————————

il
{

For baryons:

MO =m® +m +m§

| (Sh - Sa) N (S1-83) (S Ss)

®) B _® T B

+ 4a )
mq "My my "msg Mg "Mg

1
For Z(1318) (ssd or ssu) with J = E:

N N 1
Sss =1 = <S31 . Ss2> — ‘I'Z
total ss wavefunction is antisymmetric
and ss color is antisymmetric (3)
and ss isospin is symmetric (/ = 0)
= ss spin is symmetric = S, = 1

2(, 80 = 5 [(7%) —2482) — (82) — 28 - 5a)]

:%{HJ+U—3é)—%?}=—1
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IIID. Doubly-Bottom Tetraquark

1. Use light quark mesons and baryons to calculate the effective masses of the up, down, and strange quarks.

Hadron spectra and quarks

Stephen Gasiorowicz and Jonathan L. Rosner
School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455

Am. J. Phys. 49(10), Oct. 1981

Table VIII. Meson masses with hyperfine splittings incorporated.

Meson Coeff. of  Coeff. of @ AE"FS Prediction
m,orm, m, (MeV/c?)

{138) | 2 0 — 3a/m? 140

K (496) 1 1 — 3a/m,m, 485

7(549) 2/3 4/3 —a/m? — 2a/m’ 559
p(776) 2 0 a/m? 780
»(783) “

K *(892) i 1 a/m,m, 896

& (1020) 0 2 a/m? 1032

Table IX. Baryon masses with hyperfine splittings incorporated.

y——e—
— ——

prvearire—e wam—
pmerer —

Baryon Coeff. of  Coeff. of  AEHY™ Prediction
m,orm, m, (MeV/c?)

N(939) 3 0 —3a'/m? 939

A(1116) 2 1 —3a'/m? 1114

3(1193) 2 1 a'/mt — 4a'/m,m, 1179

Z(1318) 1 2 a'/m? —4a'/m, m, 1327

4(1232) 3 0 3a’'/m? 1239

3 *(1384) 2 1 a'/m’ +2a'/m,m, 1381

I *(1533) 1 2 a'/m? +2a'/m,m, 1529

£2(1672) 0 3 3a'/m? 1682

e ————
e g —————————

il
{

For baryons:
MO — (b) 4 m(b) 4 m(b)

(S1-85) (S, -85 (S, S5)

+da mgb)mgb) + mgb)méb) + m;b)m:())b)
1
For A(1116) (uds) with J = 5
5005 3
Sud:O — <Su'Sd>:_Z

total ud wavefunction is antisymmetric
and ud color is antisymmetric 3)
and ud isospin is antisymmetric (/ = 0)
—> ud spin is antisymmetric = S

ud

=0

[\le—\
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IIID. Doubly-Bottom Tetraquark

1. Use light quark mesons and baryons to calculate the effective masses of the up, down, and strange quarks.

Hadron spectra and quarks For baryons:

Stephen Gasiorowicz and Jonathan L. Rosner

School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455

MO =m® +m§ +m§

Am. J. Phys. 49(10), Oct. 1981

| (Sh - Sa) N (S1-83) (S Ss)

Table VIII. Meson masses with hyperfine splittings incorporated. + 4a OO b)) + OMRO
— ml m2 ml m3 m2 m3
Meson Coeff. of  Coeff. of  AEHF Prediction
meorm,  m, (MeV/c?)
7{138) . 2 0 — 3a/m? 140
K (496) 1 { — 3a/m,m, 485
549 2/3 4/3 —a/m? — 2a/m? 559 1
"Lm:s) | And find a good match with:
2 0 a/m? 780
»(783)
K *(892) 1 1 a/m,m, 896
020 0 2 2 1032 b
oo a/m 0 m,&b) = mgl) = 363 MeV
m®) = 538 MeV
Table IX. Baryon masses with hyperfine splittings incorporated. S
= = — /
— . - oH . a
Baryon Coeff. of  Coeff. of  AEH™ Prediction — 50 MeV
m,orm, m, (MeV/c?) (m(b> )2
u
N(939) 3 0 —3a'/m? 939
A(1116) 2 1 —3a/m? 1114
3(1193) 2 1 a/md — 4a'/m,m, 1179
E(1318) 1 2 a'/m? —4a'/m,m, 1327
A(1232) 3 0 30 /m? 1239
2 *(1384) 2 1 a'/m? +2a'/m,m, 1381
Z%(1533) 1 2 a'/m? +2d'/m,m, 1529
02(1672) 0 3 3a'/m? 1682

e ————— T — L ———————
e g —————————
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IIID. Doubly-Bottom Tetraquark

2. Use open charm and open bottom mesons and baryons to find the effective masses of charm and bottom quarks.

PHYSICAL REVIEW D 90, 094007 (2014)
Hadron spectra and quarks Baryons with two heavy quarks: Masses, production, decays, and detection

Marek Karliner”

Raymond and Beverly Sackler Faculty of Exact Sciences, School of Physics and Astronomy,
Tel Aviv University, Tel Aviv 69978, Israel

Stephen Gasiorowicz and Jonathan L. Rosner
School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455

Am. J. Phys. 49(10), Oct. 1981 Jonathan L. Rosner’
Enrico Fermi Institute and Department of Physics, University of Chicago,
5620 South Ellis Avenue, Chicago, Illinois 60637, USA

Table VIII. Meson masses with hyperfine splittings incorporated.

— For mesons, use D, D* (cit), B, B* (bii):

Meson Coeff. of  Coeff.of  AEH'S Prediction
m,orm, m, (MeV/c?) 1
m * m)
m{138) | 2 0 ~ 3a/m? 140 mg ) = 4 BM(D*) + M(D)] — ’m&
K (496) 1 1 —3a/m, m, 485
7(549) 2/3 4/3 —a/m? — 2a/m? 559 = 1663.3 MeV
p(776) )
2 0 a/m, 780 1
783
Kw*((89ﬁg) 1 1 a/m,m, 896 m,()m) =7 [3M(B*) + 3M(B)] — m{™
¢ (1020) 0 2 a/m? 1032 £003.8 McV
= : e
: ith hyperfine splittings i ted.

Table-IX Baryon mas:is with hype :spl ings mcorp:;a FOI‘ baryons, use AC (udc), Ab (udb)
Baryon Coeff. of  Coeff. of  AEHY™ Predicti;m

m, or m, m, (MeV/c) 3CL/

m? = M(Ae) —2miP +

N(939) 3 0 —-3a'/m§ 939 (mu )2
A(1116) 2 1 — 3a'/m; 1114
X(1193) 2 1 a'/m: —4a'/m m 1179 = 1710.5 MeV
Z(1318) 1 2 a'/m32-4a'/m,,m, 132; 2
4(1232) 3 0 3a'/m? 12 (b) , a
I *(1384) 2 1 a/mk +2'/m,m, 1381 my = = M(Ab) — 2m&) + O
Z%(1533) 1 2 a'/m? +2a'/m,m, 1529 (ma,”)
2(1672) 0 3 3a'/m? 1682 _ 5043.5 MoV

e ———————————————
e g —————————
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IIID. Doubly-Bottom Tetraquark

3. Use charmonium and bottomonium mesons to calculate ¢¢ and bb binding energies.

For charmonium and bottomonium, allow for a tighter binding (due to the smaller radius) by
adding an additional binding energy (B_; and B, ;) and hyperfine coupling (a.; and a;y).

—3ace for J =0 (n.(1S),n,(15))

(mi™))2

(ﬁT)) for J=1 (15, Y(1S)
A MMe

For charmonium: For bottomonium:
1 m
Bee = 1 BM(J/) + M(n)] - 2m{™ By; = 7 BM(T(15)) + M(n,)] — 2m{"™
— —958.0 MeV = —562.8 MeV
e _ 1 (M (J /) — M(n.)] —Cff?,f) _! [M(T(1S)) — M (np)]
(mgm))2 4 ’ (my™)? 4
= 28.4 MeV = 15.6 MeV
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IIID. Doubly-Bottom Tetraquark

4. Use color factors to relate ¢ and bb binding energies (1) to cc and bb binding energies (3).

Using Vg ;= EVC}q and neglecting the small differences between mc(m) and mc(b ) and

between m"™ and m®:

b b
1
B.. = ché = —129.0 MeV
Qe 1 ac

For charmonium:

1 m
Buo =5 [BM(J/) + M(5)] — 2™
— —258.0 MeV

= 28.4 MeV

1
Bbb = §Bb5 = —281.4 MeV

= 7.8 MeV

For bottomonium:

By = 7 BM(Y(LS)) + M(m)] — 2m

— —562.8 MeV
(ﬂ;g% - % [M(Y(1S)) — M ()]

= 15.6 MeV

(m)
b
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IIID. Doubly-Bottom Tetraquark

5. Use the previous results to predict the mass of the doubly charmed = __ baryon.

=+ :
2T baryon:

PHYSICAL REVIEW D 90, 094007 (2014)
Baryons with two heavy quarks: Masses, production, decays, and detection

Marek Karliner ‘
Raymond and Beverly Sackler Faculty of Exact Sciences, School of Physics and Astronomy, 3 3

Tel Aviv University, Tel Aviv 69978, Israel

Jonathan L. Rosner'

Enrico Fermi Institute and Department of Physics, University of Chicago,
5620 South Ellis Avenue, Chicago, Illinois 60637, USA

+ Scc =1 9 . 9 — 1
JP _ 1 X <SCA1 S:;2>—+4
Su=73  2(5..5) =1
Combining all the pieces: o .
S-S, 2(S. - S,
M(E++) — 29m®) L () Bee +4ac, < 1(b) 22> + 4a’ <(b) (b)>
e ¢ “ (mc ) Me "My
4a’

a’CC

=2m{” + m{P) + B.. + —=— —
(m®Py2 @0

= [2(1710.5) + 363 — 129 + 14.2 — 4(50)(363)/1710.5] MeV

also calculate single-charm and single-bottom baryons

M(:++) — 3627 + 12 MeV with the same method and compare to experiment

—cc
—> & 12 MeV uncertainty
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IIID. Doubly-Bottom Tetraquark

5. Use the previous results to predict the mass of the doubly charmed = .. baryon.

* baryon:

PHYSICAL REVIEW D 90, 094007 (2014)
Baryons with two heavy quarks: Masses, production, decays, and detection = = 1

, Scc =1 — <Scl ’ S62> — +Z
Marek Karliner ‘ o . .
Raymond and Beverly Sackler Faculty of Exact Sciences, School of Physics and Astronomy, total cc wavefunction is antisymmetric

Tel Aviv University, Tel Aviv 69978, Israel and cc color is antisymmetric (3)
Jonathan L. Rosner’ and cc isospin is symmetric (I = 0)
Enrico Fermi Institute and Department of Physics, University of Chicago, = CC spin 1S symmetric = S .=

= |77 = 2(82) - (82) - 2(S.

1 [J(J+ -3

5620 South Ellis Avenue, Chicago, Illinois 60637, USA

1)

Combining all the pieces:

MEH) = 2m® +m® + B, + 4a (St - Se2) |, 1| 205 - Su)
=ce c u ce cc O ®)__(b)
(mc ) Me " Moy,
/
o (0) o (B) Qec 4a
= 2me” A+ my” o+ Bee + ()) INONNO

= [2(1710.5) + 363 — 129 + 14.2 — 4(50)(363)/1710.5] MeV

also calculate single-charm and single-bottom baryons

) — 3627 + 12 M€V with the same method and compare to experiment

—> & 12 MeV uncertainty

M=+

ccC
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IIID. Doubly-Bottom Tetraquark

5. Use the previous results to predict the mass of the doubly charmed = .. baryon.

|84 Selected for a Viewpoint in Physics week ending
PRL 119, 112001 (2017) PHYSICAL REVIEW LETTERS 15 SEPTEMBER 2017

S

Observation of the Doubly Charmed Baryon Z*

R. Aaij ef al.”
(LHCb Collaboration)

LHCb 13 TeV

: |
180

160

—+ Data
— Total

Candidates per 5 MeV/c?

1 .n-l“‘\:: 1 :"(’i‘v. 1 1 | 1
60 3700

m_, (EX) (MeV/c?)

) = 3621.40 4 0.72(stat.) £ 0.27(syst.) £ 0.14(A)) MeV

also calculate single-charm and single-bottom baryons

M(:++) — 3627 j: 12 MeV with the same method and compare to experiment

—cc
—> =~ 12 MeV uncertainty
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IIID. Doubly-Bottom Tetraquark

6. Use the same method to predict the mass of a doubly bottom tetraquark (bbiid).

week ending

PRL 119, 202001 (2017) PHYSICAL REVIEW LETTERS 17 NOVEMBER 2017

S

Discovery of the Doubly Charmed E.. Baryon Implies a Stable bbiid Tetraquark

Marek Karliner" and Jonathan L. Rosner”’

—_t+ . P+ .
= baryon: T tetraquark (meson):

. . 1
_ 2 2, 1 _
JP l—f— Scc—; <Scl'Sc2> :_|_Z —+Z
— 2 Su _ - 505 B _ _§
2 2 <Sc ) Su> =—1 4
MES) = 2m® + m® 4+ B, + da, | 262 | g0 | 205 Su) MTE) = 2m® 4 2m® + B, + g, |52 | | gy
ce u ce T Hee (52 ®)_®) (®)y2
(mc ) Mec "My (mc )
cc 4 ! Qe 30,/
=2m" £ m?) + Bee + —i— — —g =2m” +2my) + B + G5 —
(mc )2 Me "My (mc )2 (mu )2
= [2(1710.5) 4+ 363 — 129 + 14.2 — 4(50)(363)/1710.5] MeV = [2(1710.5) + 2(363) — 129 + 14.2 — 3(50)] MeV

M(ZFT) = 3627 & 12 MeV M(TT) = 3882 £ 12 MeV

—cc
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IIID. Doubly-Bottom Tetraquark

6. Use the same method to predict the mass of a doubly bottom tetraquark (bbiid).

week ending

PRL 119, 202001 (2017) PHYSICAL REVIEW LETTERS 17 NOVEMBER 2017

S

Discovery of the Doubly Charmed E.. Baryon Implies a Stable bbiid Tetraquark

Marek Karliner" and Jonathan L. Rosner”’

“T;,” tetraquark (meson): “T” tetraquark (meson):

A A
— —

Spp =1 (Sb1 - Sp2) = +i

3 3 —

JU=1% S 3
Sad =0 (Sa-Sp=-]
M(Ty,) = sz()b) +2m{?) + By, + dap, [ bl(b) ) + 4a’ < b) >] M(TE) = 2m® + 2mY) + B.. + 4a.. [< 1(b) 22> + da’ < (b) Z>]
(my,7)? (ma”)? (me”) (ma”)
! /
— 2m(b) 4 Qm(b) + Bbb + app B 3a _ 2m(b) i Qm(b) I BCC I Qee B 3a
T (my)? ()2 o (m)2 ()2

= [2(5043.5) + 2(363) — 281.4 + 7.8 — 3(50)] MeV = [2(1710.5) + 2(363) — 129 + 14.2 — 3(50)] MeV

M (Ty;) = 10389.4 + 12 MeV M(TY) = 3882+ 12 MeV
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IIID. Doubly-Bottom Tetraquark

6. Use the same method to predict the mass of a doubly bottom tetraquark (bbiid).

PRL 119, 202001 (2017)

week endin,

PHYSICAL REVIEW LETTERS 17N0VEMBERg2017

Discovery of the Doubly Charmed E.. Baryon Implies a Stable bbiid Tetraquark

“T;,” tetraquark (meson):

®.

Spp = 1 Sbl Sb2

2 3
Sud = (S Sa) =3

3 ‘
JP =17
(mi")2

app SCL/

b
- Zml(’ '+ qu(‘b) + Buo + (m(b))2 B (m(b))z
b u

= [2(5043.5) + 2(363) — 281.4 + 7.8 — 3(50)] MeV

M (Ty;) = 10389.4 + 12 MeV

M(T,,) = 2m,()b) + ngb) + By + 4ap [M] + 4a’ [u

Marek Karliner" and Jonathan L. Rosner”’

The lightest non-weak decays that conserves
flavor and J* are:

T,, = yB™B (EM)
T, — BB’ (strong)

but M(B™) + M(B®) = 10559 MeV
and M(B"™) + M(B") = 10604 MeV

—> 1, would decay weakly

Lifetime would be = 400 {s
(compared to ~ 1500 fs for the B)

Decay channels would include:
(b = ciid): DOBOJZ'_, D+B_7T_,
(b = ccs): J/l//K_BO, BC_DOKO,
(bd — cii): DOB_,
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IIID. Doubly-Bottom Tetraquark

6. Use the same method to predict the mass of a doubly bottom tetraquark (bbiid).

week ending

PRL 119, 202001 (2017) PHYSICAL REVIEW LETTERS 17 NOVEMBER 2017

Discovery of the Doubly Charmed E.. Baryon Implies a Stable bbiid Tetraquark

Marek Karliner'” and Jonathan L. Rosner™"

Distance from threshold (MeV)
o

cc be bb

1000 1500 2000 2500
1rep(QQ)  (MeV)

= [2(5043.5) + 2(363) — 281.4 4+ 7.8 — 3(50)] MeV

M (Ty;) = 10389.4 + 12 MeV

The lightest non-weak decays that conserves
flavor and J* are:

T,, = yB™B (EM)
T, — B~ BY (strong)

but M(B™) + M(B®) = 10559 MeV
and M(B"™) + M(B") = 10604 MeV

—> 1, would decay weakly

Lifetime would be = 400 {s
(compared to ~ 1500 fs for the B)

Decay channels would include:
(b = ciid): DOB()]Z'_, D+B_ﬂ'_,
(b = cés): .]/l//K_BO, BC_DOIZO,
(bd — cii): DOB_,
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IIID. Doubly-Bottom Tetraquark

The simple quark model result is comparable to lattice QCD calculations.

week endin

PRL 119, 202001 (2017) PHYSICAL REVIEW LETTERS 17 NOVEMBER 2017

S

Discovery of the Doubly Charmed E.. Baryon Implies a Stable bbiid Tetraquark

Marek Karliner"” and Jonathan L. Rosner™’

PHYSICAL REVIEW D 99, 034507 (2019)

Study of doubly heavy tetraquarks in lattice QCD

Parikshit Junnarkar,l’* Nilmani Mathur,l’T and M. Padmanath®

" This work » Rosner,.et.al [23]
| ¢ Francis,.et.al [25] + Bicudo,.et.al [60]
¢ Eichten,et.al [24] " Cheung,.ct.al [80]

*

*

g T

Distance from threshold (MeV)

cc be

1000 1500 2000 2500
1rep(QQ)  (MeV)

= [2(5043.5) + 2(363) — 281.4 4+ 7.8 — 3(50)] MeV

M(T};) = 10389.4 & 12 MeV
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IIID. Doubly-Bottom Tetraquark

The simple quark model result is comparable to lattice QCD calculations.

week ending

PRL 119, 202001 (2017) PHYSICAL REVIEW LETTERS 17 NOVEMBER 2017

S

Discovery of the Doubly Charmed E.. Baryon Implies a Stable bbiid Tetraquark

Marek Karliner"” and Jonathan L. Rosner™’

PHYSICAL REVIEW D 100, 014503 (2019) PHYSICAL REVIEW D 99, 034507 (2019)

Lattice QCD investigation of a doubly-bottom bbud tetraquark Study of doubly heavy tetraquarks in lattice QCD

. P\ + .
with quantum numbers I(J )_0(1 ) Parikshit Junnarkar,l" Nilmani Mathur,l’T and M. Padmanath®

Luka Leskovec,l Stefan Meinel,2’3 Martin Pﬂaumer,4 and Marc Wagner4

Lattice Lattice QCD Model ] . I
NRQCD static potentials calculations | This work ! Rosner,.et.al [23]

¥ x ® | ¢ Francis,.et.al [25] ¢ Bicudo,.et.al [60]

¢ Eichten,et.al [24] " Cheung,.ct.al [80] *

*

Ebinding U\IGV}

g T

| | | I
W N N e
S o S W
S &5 5 &

: . :

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
[}
[}
1
[}
[}
1
1
1
1
1
1
1
1
1
1
1
1
1

This work Park et al. (2018) Navarra et al. (2007)

Junnarkar et al. (2018) Wang (2017) Vijande et al. (2006)

Francis et al. (2016) Eichten and Quigg (2017) Janc and Rosina (2004)

Bicudo et al. (2016) Karliner and Rosner (2017) Vijande et al. (2003)

Brown and Orginos (2012) Lee and Yasui (2009) Brink and Stancu (1998)
Bicudo and Wagner (2012) Zhang et al. (2007) Silvestre-Brac and Semay (1993)
Liu et al. (2019) Ebert et al. (2007) Carlsen et al. (1988)

Wang et al. (2018)

HH bH HH B H @ [ HIM
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IIID. Doubly-Bottom Tetraquark

Finding a doubly-bottom tetraquark is a challenge for experiment.

Displaced B_ mesons as an inclusive signature of

weakly decaying double beauty hadrons

T. Gershon® and A. Poluektov®’

Perhaps use displaced B, mesons as a

signature at the LHC (esp. LHCDb):

S
T, b@

Rough estimate:

4000
3000
2000}

1000 F

~ 10 detected displaced B
in 1 fb~! of data

production cross section
X branching fraction to B, (~10%)
X BB, — Jlyr™)
X By — ptu”)
X detection efficiency
X integrated luminosity

(~2%)

(6%)

(~10%)
(1 b1

(~1 nb)

5000

— M=10.5GeV-

7=0.2 ps
T=0.5ps
T=1.0ps

_2-

0

2

In (IP/mm)
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IIID. Doubly-Bottom Tetraquark

Finding a doubly-bottom tetraquark is a challenge for experiment.

Rough estimate:

Displaced B_ mesons as an inclusive signature of

production cross section (~1 nb)

X branching fraction to B, (~10%)
T. Gershon® and A. Poluektov®® X BB, = Jlyn™) (~2%)

X By — pu*u) (6%)

X detection efficiency (~10%)
X integrated luminosity (1 b=
Perhaps use displaced B, mesonsasa _______

signature at the LHC (esp. LHCDb): ~ 10 detected displaced B,
in 1 fb~! of data

weakly decaying double beauty hadrons

LHCDb Integrated Recorded Luminosity in pp, 2010-2018

T T T T — T T [ T T T [ T T T
- 2018 (6.5 TeV): 2.19 /fb . .

. 2017 (8.842:51 TeVy: 1.7 M ¢ 010/ ................................... 2018201b E =02 ps
s 2016(6.5TeV): 1.67 /b i gp B gl 5000 o — 1=0.5ps
2015 (6.5 TeV): 0.33 /fb : - B Sy :
N 2012 (4.0 Tev::zos /b --------- 20167 o 2017 i v ; —71=1.0 pS
2011 (3.5 TeV): 1.1/ : ; - iy _ .
e TeV;:;‘:M O — I — 4000 F — M =10.5 GeV
r ndlloil SRR A M =9.5 GeV

: f [ AR i
A 4 2011 3000f T PromptB_ 3

S, B— WY T— 2000}

i frf 2015 1000

.;.{..1,.|..}.1,.1.,|..|.;..I.,|.,|.|..|,,|..;.{..I,.;,.;.{..|,.}..}.1..I.,|..|.|..|.,|.|..|..|,.;.{.,{..I..;,{..|..|..}.|

Integrated Recorded Luminosity (1/fb)
o

2 0 2
Month of year In (IP/mm)
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HUGS 2021 Lectures on:
Experimental Meson Spectroscopy

Prologue: Definitions and Philosophy LECTURE III. The Quark Model
I. A Field Guide to Meson Families ITTA. Charmonium Potential

II. Meson Quantum Numbers IIIB. Radiative Transitions

III. The Quark Model ITIC. Color Factors

IV. Exotic Mesons IIID. Doubly-Bottom Tetraquark

V. Current and Future Experiments
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HUGS 2021 Lectures on:
Experimental Meson Spectroscopy

LECTURE III. The Quark Model

Prologue: Definitions and Philosophy In the quark model, describe hadrons as

I. A Field Guide to Meson Families quarks. and antiqua.rks pound by
potentials (“QCD-inspired”).

II. Meson Quantum Numbers
Potential models can describe the

Il The Quark Model spectrum of mesons and their radiative
IV. Exotic Mesons transitions.

V. Current and Future Experiments The strength of the potential 1s given
by QCD color factors.

A stable doubly-bottom tetraquark appears
to be a solid prediction of both potential
models and lattice QCD.

Finding the doubly-bottom tetraquark
experimentally appears difficult.

44



