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QCD - For The Particle Physicists

“The fundamental theory of the strong nuclear force”

TABLE 9: As in Table 4, but for new unconventional states in the ¢z and bb regions, ordered by mass. For X (3872), the values
given are based only upon decays to 77~ J/1. X (3945) and Y (3940) have been subsumed under X (3915) due to compatible
properties. The state known as Z(3930) appears as the x.2(2P) in Table 4. See also the reviews in [81-84]
State m (MeV) T (MeV) JFC Process (mode) Experiment (#0) Year Status
X(3872) 3871.5240.20 1.340.6 17T/2°F B — K(rtn~ J/v) Belle [85, 86] (12.8), BABAR [87] (8.6) 2003 OK
(<2.2) pp — (T~ J/p) + ... CDF [88-90] (np), D@ [91] (5.2)
B — K(wJ/v) Belle [92] (4.3), BABAR [93] (4.0)
B — K(D*°DY) Belle [94, 95] (6.4), BABAR [96] (4.9)
B — K(vJ/v) Belle [92] (4.0), BABAR [97, 98] (3.6)
B — K(y(29)) BABAR [98] (3.5), Belle [99] (0.4)
X(3915) 3915.6+3.1 28+10 0/2°t B — K(wJ/¥) Belle [100] (8.1), BABAR [101] (19) 2004 OK
ete™ = ete ™ (wJ/y) Belle [102] (7.7)
X (3940) 39427%9 jphar 2 etem — JichEmidr) Belle [103] (6.0) 2007 NC!
ete™ — J/ (...) Belle [54] (5.0)
G(3900) 3043 4+21 52411 17—  ete” —y(DD) BABAR [27] (np), Belle [21] (np) 2007 OK
Y (4008) 40081122 226497 177 ete” = y(ntwTJ/) Belle [104] (7.4) 2007 NC!
Z1(4050)T 4051723 823t % B — K(1xc1(1P)) Belle [105] (5.0) 2008 NC!
Y (4140)  4143.4+3.0 157" " B K(¢J/4) CDF [106, 107] (5.0) 2009 NC!
X (4160) 415672 13973 7t etem — J/y(DDY) Belle [103] (5.5) 2007 NC!
Z5(4250)T 4248785 177132 % B — K(rTxa(1P)) Belle [105] (5.0) 2008 NC!
Y (4260) 4263+5  108+£14 177 ete = y(ntaJ/v) BABAR [108, 109] (8.0) 2005 OK
CLEO [110] (5.4)
Belle [104] (15)
ete” — (atr= J/b) CLEO [111] (11)
ete™ = (a°7°JT/4) CLEO [111] (5.1)
Y (4274) Ridat3s @R 2" B = K(¢J/4) CDF [107] (3.1) 2010 NC!
X(4850) 48506755 133713 ¢ 02't ete” = ete (¢d/4) Belle [112] (3.2) 2009 NC!
Y (4360) 43534+ 11 96442 177 ete” = y(rnTn~(2S)) BABAR [113] (np), Belle [114] (8.0) 2007 OK
Fi4d80)t - ameti;  1o7t'E ? B — K(nt(29)) Belle [115, 116] (6.4) 2007 NC!
X (4630) 46347 9 @i 177 efe” = y(ATAD) Belle [25] (8.2) 2007 NC!
Y (4660) 4664+12 48415 177 efe” — y(nta9(29)) Belle [114] (5.8) 2007 NC!
Y,(10888) 10888.4+3.0 30.7732 17~  ete” — (nTa"T(nS)) Belle [37, 117] (3.2) 2010 NC!
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QCD - For The Particle Physicists

“The fundamental theory of the strong nuclear force”

Year Status
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TABLE 9: As in Table 4, but for new unconventional states in the ¢z and bb regions, ordered by mass. For X (3872), the values
given are based only upon decays to 77~ J/1. X (3945) and Y (3940) have been subsumed under X (3915) due to compatible
properties. The state known as Z(3930) appears as the x.2(2P) in Table 4. See also the reviews in [81-84]
State m (MeV) T (MeV) JFC Process (mode) Experiment (#0)
X (3872) BM3871.5240.20 1.3+0.6 177/2°" B — K(rTn~ J/v) Belle [85, 86] (12.8), BABAR [87] (8.6) 2003
(<2.2) pp — (T~ J/p) + ... CDF [88-90] (np), D@ [91] (5.2)
B — K(wJ/1) Belle [92] (4.3), BABAR [93] (4.0)
B — K(D*°DY) Belle [94, 95] (6.4), BABAR [96] (4.9)
B — K(vJ/v) Belle [92] (4.0), BABAR [97, 98] (3.6)
B — K(y(25)) BABAR [98] (3.5), Belle [99] (0.4)
X(3915)  3915.6+3.1 28410 0/2°F B — K(wJ/Y) Belle [100] (8.1), BABAR [101] (19)
ete™ = ete ™ (wJ/y) Belle [102] (7.7)
X (3940) 394219 W 2 etem — JichEmidr) Belle [103] (6.0)
ete™ — J/ (...) Belle [54] (5.0)
G(3900) 3043 4+21 52411 17—  ete” —y(DD) BABAR [27] (np), Belle [21] (np)
Y (4008) 40081122 226497 177 ete” = y(ntwTJ/) Belle [104] (7.4)
Z1(4050)T 4051723 823t X B — K(m" X (1P)) Belle [105] (5.0)
Y (4140)  4143.4+3.0 157" 7t B = K(¢J/Y) CDF [106, 107] (5.0)
X (4160) aEsTE  aet 7"t ete” — J/y(DDY) Belle [103] (5.5)
Zo(4RED)" 48T wwtE ? B — K(ntxc1(1P)) Belle [105] (5.0)
Y (4260) 4263+5  108+£14 177 ete = y(ntaJ/v) BABAR [108, 109] (8.0)
CLEO [110] (5.4)
Belle [104] (15)
ete” — (atr= J/b) CLEO [111] (11)
ete™ = (a°7°JT/4) CLEO [111] (5.1)
Y (4274) Ridat3s @R 2" B = K(¢J/4) CDF [107] (3.1)
X(4850) 48506755 133713 ¢ 02't ete” = ete (¢d/4) Belle [112] (3.2)
Y (4360) 4353 £11 96442 177 efe” = y(ntn (28)) BABAR [113] (np), Belle [114] (8.0)
Z(4430)" 444373¢ 1oF 58 I B — K(r4(25)) Belle 115, 116] (6.4)
X (4630) 46347 9 @i 177 ete” = y(ATAD) Belle [25] (8.2)
Y (4660) 4664+12 48415 177 efe” — y(nta9(29)) Belle [114] (5.8)
Y,(10888) 10888.443.0 30.7t32 177  efe” = (nt7 Y(nS)) Belle [37, 117] (3.2)
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Model Predictions for0™" 2b2b tetraquark
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Model Predictions for0™" 2b2b tetraquark

"
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¢ Results Very Model Dependent!!
¢Not from first-principles
¢Inconclusive whether tetraquark bound or not?
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A (Bigger Picture) Lattice Spectrum Calculation:
The Two-Point Correlator ¢ () = (010, (y:) Ok (z.)[0)

¢ Feynman Path Integral Approach to QFT: (Numerically) Integrate over all

field configurations
¢ Create some (superposition of) state with O} (x4)

¢ Propagate elementary fields for time ¢

¢ Destroy some (superposition of) state with O (y,)
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A (Bigger Picture) Lattice Spectrum Calculation:
The Two-Point Correlator ¢ () = (010, (y:) Ok (z.)[0)

¢ Hilbert Space Formalism:

./

¢ Insert a complete set of QCD eigenstates

Extract QCD Energy
Eigenstates
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Operators Used for 0T 2b2b State

ot+
source sink
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O vy O o)
O r) O r)
OA1 OA1
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¢ We perform a Bayesian fit to all the data within a certain channel
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¢ We perform a Bayesian fit to all the data within a certain channel
¢ But you want to see the actual data! What can we easily show?
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The Lattice Effective Mass
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Fake 071 data on the a =~ 0.06 fm ensemble

“What might you expect to see?”
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Fake 07" data on the a ~ 0.06 fm ensemble
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Fake 071 data on the a =~ 0.06 fm ensemble

“What might you expect to see?”
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The 07+ data on the a ~ 0.06 fm ensemble
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The 0™ data on the a ~ 0.06 fm ensemble
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The 07+ data on the a ~ 0.06 fm ensemble
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The 07+ data on the a ~ 0.06 fm ensemble
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The 07+ data on the a ~ 0.06 fm ensemble
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Summary of Energies from Lattice
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Summary of Energies from Lattice
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No evidence of 07 below
2ny threshold
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Summary of Energies from Lattice

|
40.12fm
E = N, 24
W=

1T~ | &

No evidence of 07 below
2ny threshold

4 )

If you don’t observe a process,

need to determine a bound, e.g,
proton decay.

——
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Bound on 0" 2b2b state to be stable

“How would it have missed?”

¢ If stable tetraquark exists, at a particular time ¢*,

C(t*) = |{0|O|4b)|2e~ "4t + [(0|O|2mp) [Pe~*72m "

2 _ e —~2 _ *
_ Z4b e aF 4t —|— Z27’]be G,Egnbt



Bound on 0" 2b2b state to be stable

“How would it have missed?”

¢ If stable tetraquark exists, at a particular time ¢*,
C(t)|= [(0|0JB) 2e=eEt" 4 |(0]OJ2p,)[2e {eE2m ——— Input Data
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_ Z4b e—CLE4bt —|— ZQT]be CLEant



Bound on 0" 2b2b state to be stable

“How would it have missed?”

¢ If stable tetraquark exists, at a particular time ¢*,
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Bound on 0" 2b2b state to be stable

“How would it have missed?”

¢ If stable tetraquark exists, at a particular time ¢*,
C(t")|= [(0|0JB) 2e=eEt" 4 |(0]OJ2p,)[2e {eE2m ——— Input Data
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Summary

& In Summary, lattice QCD finds no evidence of a
stable 2b2b tetraquark
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Have
quarks as
elementary
particles?

What The Models Need!

Full 2 x 2
potential matrix
(including
mixing between
different color
components)?

Both Short
and Long
distance
effects in
Gluon
exchange?
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What The Models Need!

Diquarks
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What The Models Need!

Full 2 x 2 Both Short
potential matrix| and Long
quarks as (including distance
elementary [mixing between| effects in
particles? | different color Gluon
components)? | exchange?
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What The Models Need!
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What The Models Need!
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Future Work

Fictional Heavy tetraquirks | m————
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Future Work
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Future Work

Fictional Heavy tetraquarks
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Thank vou!

Thank You to Raul Briceno for slide template
and pretty graphics!
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Individual Wick Contraction Correlator Data
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Lattice QCD Methodology

1. Take Euclidean QCD and discretise it on a Finite-Volume Lattice of length L
and spacing a

e

Complication: b-quarks do not fit on current lattices!!

4 N
Solution: Use a Non-Relativistic Effective Field Theory to simulate the D-
quarks

 e——————————————————————————————

Has Expansion Parameter vZ ~ 0.1

N.B.: Matching Coefficients Need to be Calculated in

€

€«

Lattice Perturbation Theory



Lattice QCD Methodology




Lattice QCD Methodology

1. Take Euclidean QCD and discretise it on a Finite-Volume Lattice of length L
and spacing a




Lattice QCD Methodology

1. Take Euclidean QCD and discretise it on a Finite-Volume Lattice of length L
and spacing a
2. Get one of these:

3. Buy one of these:

4. Numerically evaluate the Feynman Path Integral (the first-principles
approach to QFT)

5. Do all the computations/analysis

6. Pay the Electricity Bill....



Lattice QCD Methodology

1. Take Euclidean QCD and discretise it on a Finite-Volume Lattice of length L
and spacing a

4 )
aoH = aHy + adH, 4 + adHs;
A(2)
CLHO = —
2amy

1 ~ A (A(2))2




Lattice QCD Methodology

4. Numerically evaluate the Feynman Path Integral (the first-principles

approach to QFT)
r

)= [ PUDIDIESOW, b, ]

] |
N Z O[GW]

1=1

o where the integral is approximated as a sum over
configurations {G"} distributed according to the
probability density: exp(—Sys) H det(D + my)



Two-Meson Wick Contractions
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Fierz Relations

7

Table 1: Fierz relations in the bbbb system relating the two-meson and the
diquark-antidiquark bilinears.

Diquark-AntiDiquark

Two-Meson

3. X 3.
6. X 6,
3. X 3.

3c X 3,

2

2; TT)

-—

~N




Diquark-Antidiquark Wick Contractions
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Correlator Data With Harmonic Oscillator

¢ Add to the NRQCD Hamiltonian the harmonic oscillator scalar

potential

mMmpw

OHyo = ‘X—X()’Q

~

(This would bind a hypothetical compact tetraquark more, relative to
the lowest threshold, and hence this hypothetical tetraquark would

show up more easily in our calculation

- _J




Correlator Data With Harmonic Oscillator
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Correlator Data With Harmonic Oscillator
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&€ No indication of a new bound state
despite the addition of the scalar
potential!!!
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Individual Wick Contraction Correlator Data HO
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Bottomonium Elastic Scattering States in FV
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Bottomonium Elastic Scattering States in FV

4 N

214y
where we have defined the static, kinetic and reduced
masses by M°, M¥ and p, = MEME/(ME + ME)

4 )

back-to-back states on our ensembles. As an exam-
ple, examining the a = 0.09 fm ensemble, and taking
M, = 9.399(2) GeV from the PDG [4], the smallest al-
lowed |k|?/2p, ~ 20 MeV or 0.0092 in lattice units with
all other back-to-back states separated by multiples of

g Bk y vy A
C(t)Z/(QW)SZXz(k) e E(X7)
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Bottomonium Elastic Scattering States in FV

4 )
When does the two-body scattering states look like a

continuum within stat. precision?
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Bottomonium Elastic Scattering States in FV

4 )
When does the two-body scattering states look like a

continuum within stat. precision?
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