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Hadron spectroscopy
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Non-perturbative dynamics: Lattice QCD
QCD Path Integral

Finite Lattice spacing

Finite Volume

Wick rotated: Euclidean spacetime

(Almost) any quark masses

a
L
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• Local matrix elements:
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eg. SU(3) point: mu = md = ms
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QCD spectrum at physical masses28 15. Quark Model

Figure 15.9: Hadron spectrum from lattice QCD. Comprehensive results for mesons and baryons
are from MILC [111,112], PACS-CS [113], BMW [114], QCDSF [115], and ETM [116]. Results for ÷
and ÷Õ are from RBC & UKQCD [21], Hadron Spectrum [117] (also the only Ê mass), UKQCD [118],
and Michael, Ottnad, and Urbach [119]. Results for heavy-light hadrons from Fermilab-MILC [120],
HPQCD [121,122], and Mohler and Woloshyn [123]. Circles, squares, diamonds, and triangles stand
for staggered, Wilson, twisted-mass Wilson, and chiral sea quarks, respectively. Asterisks represent
anisotropic lattices. Open symbols denote the masses used to fix parameters. Filled symbols (and
asterisks) denote results. Red, orange, yellow, green, and blue stand for increasing numbers of
ensembles (i.e., lattice spacing and sea quark mass) Black symbols stand for results with 2+1+1
flavors of sea quarks. Horizontal bars (gray boxes) denote experimentally measured masses (widths).
b-flavored meson masses are o�set by ≠4000 MeV.

There are two issues involving excited state spectroscopy, which are entangled in any lattice
calculation:

1. There are many states with the same quantum numbers, all of which contribute to lattice
observables

2. In finite volume, states do not decay, they only mix.

To explain what is going on, we have to describe how a lattice calculation determines a mass.
This is done by measuring an observable which involves the creation of a set of quark and gluon
fields at some point on the lattice and their annihilation at other points on the lattice. To find the
energies of zero momentum states, the operators are averaged over position and the observable is

Cij(t) =
ÿ

x

ÈOi(x, t)Oj(0, 0)Í Ã
ÿ

n

È0|Oi|nÍ Èn|Oj |0Í exp(≠Ent). (15.46)

31st May, 2024

Comparison: 
LQCD (symbols)  
Experiment (lines)

[(Quark model rev.) PDG]
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QCD spectrum at physical masses
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Good agreement with experimental values!

Experimental data:

[Peláez, Rodas 2010.11222]

[Peláez et al. 2412.15327]

Lattice QCD
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Spectrum in a finite volume torus

L
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h⇡, L|Ĥ|⇡, Li = m⇡ +O(e�m⇡L)
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Strong interaction for r � 1 ⇠ e�m⇡r Is the FV spectrum related to scattering amplitudes?
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Lüscher formalism
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+O(e�m⇡L)

[Commun.Math.Phys. 105, 153 (1986) and extensions]
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Alternative approach with spatial wf 
[Ishii et al. (HALQCD) 1203.3642]

https://arxiv.org/abs/1203.3642
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Finite volume spectrum extraction

 Two-meson like operators
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1. Generalized Eigenvalue Problem (GEVP)

2. Fit eigenvalues
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<latexit sha1_base64="gK1zAFmBFo0sUenwj3E90rLKx4o=">AAACFXicdVDLSgMxFM3UV62vqktFgqXgqswUrLorunHZgn1AO5RMJtPGZiZDkhGGoUv37kS/pBt34ta13+AfuDLTVrGiBwKHcx/n5jgho1KZ5puRWVhcWl7JrubW1jc2t/LbO03JI4FJA3PGRdtBkjAakIaiipF2KAjyHUZazvAirbduiJCUB1cqDonto35APYqR0lKzKwa8V+7lC2bp2LTOKhY0S+YE8FuxZkqhuj+uv98ejGu9/EfX5TjySaAwQ1J2LDNUdoKEopiRUa4bSRIiPER90tE0QD6RdjK5dgSLWnGhx4V+gYIT9edEgnwpY9/RnT5SA/m7lop/1TqR8k7thAZhpEiAp0ZexKDiMP06dKkgWLFYE4QF1bdCPEACYaUDmnMJB7GkWOoVM5Yrdh3O3NRTh/WVCPyfNMslq1Kq1HVq52CKLNgDh+AIWOAEVMElqIEGwOAa3IEH8GjcG0/Gs/Eybc0Ys5ldMAfj9RP7+KNI</latexit>⇢2

Mixes JP into 
cubic irreps

…

<latexit sha1_base64="Feg/7dO4r3nTiIuLszaBBX2a/xE=">AAACVXicbZDNahsxFIXlSZqm7k+cdNmNqCk4hZqZUpJsAoFQ6C4p1HGoxxYa+dqWo9FMpTsGI/RofY6SdRbdtI9QqMbxokl6QPBxzr1ccbJSSYtxfN2INjYfbT3eftJ8+uz5i53W7t6FLSojoCcKVZjLjFtQUkMPJSq4LA3wPFPQz65O67y/AGNlob/gsoRhzq daTqTgGCzW6p8yJ+e+g/spfKvkgqawcGdMBuOMzUfpmE+nYDrxvj9ObZUz57Q/jj39OqqJvvVM1qw9m1MYuXcfWW2jZ6123I1Xog8hWUObrHXOWj/TcSGqHDQKxa0dJHGJQ8cNSqHAN9PKQsnFFZ/CIKDmOdihWxXg6ZvgjOmkMOFppCv33w3Hc2uXeRYmc44zez+rzf9lgwonR0MndVkhaHF7aFIpigWt26RjaUCgWgbgwsjwVypm3HCBofM7V8rZ0kphfTM0k9zv4SFcvO8mB92Dzx/aJ0frjrbJK/KadEhCDskJ+UTOSY8I8p3ckF/kd+NH40+0GW3djkaN9c5LckfRzl+9cbW6</latexit>

Cij(t) ⌘
D
Oi(t)O

†
j(0)

E
=

X

n=0

Z
n⇤
i Z

n
j e

�Ent Comprehensive set of operators:
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[0]0.1309(12) [1]0.1664(12) [2]0.2159(5)

0

0.2

0.4

0.6

0.8

1

1.2

[0]0.1309(12) [1]0.1664(12) [2]0.2159(5)
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atE?

ºº

KK

[111] E2

<latexit sha1_base64="x1ML9kjfQZjyYPaWsmrAEJ5jxPA="></latexit>

K[110]K [001]

<latexit sha1_base64="AWpWlF0p2egpSWuY/LgmCrYGFDk="></latexit>⇡[110]⇡[001]

<latexit sha1_base64="QPohLsh/WFsmNqiLk7FJGkNKMDk=">AAACH3icbZDLSsNAFIYnXmu9RV26iRbBVUmKVDdCQRcuXFSwF0hCmEwn7dDJJMxMijFk7XP4AG71EdyJ2z6Br+G0zcK2/jDw859zOGc+P6ZESNMcayura+sbm6Wt8vbO7t6+fnDYFlHCEW6hiEa860OBKWG4JYmkuBtzDEOf4o4/vJnUOyPMBYnYo0xj7Iawz0hAEJQq8vQTm3lPzEuZ9+xeOwGHKLvPs5oTk9wZYZQ1c0+vmFVzKmPZWIWpgEJNT/9xehFKQswkolAI2zJj6WaQS4IozstOInAM0RD2sa0sgyEWbjb9Sm6cqaRnBBFXj0ljmv6dyGAoRBr6qjOEciAWa5Pwv5qdyODKzQiLE4kZmi0KEmrIyJhwMXqEYyRpqgxEnKhbDTSAiodU9Oa2xINUECTysiJjLXJYNu1a1apX6w8XlcZtwagEjsEpOAcWuAQNcAeaoAUQeAFv4B18aK/ap/alfc9aV7Ri5gjMSRv/AjLhpD4=</latexit>

[nxnynz] =
L

2⇡
~P

3. (Optional) Overlaps Z from eigenvectors
<latexit sha1_base64="qXpoosutQ8PxX5DvOLzjBsoyTy4="></latexit>

Zn
j = eEnt0/2

X

i

vni Cij(t0)

Optimize computation, e.g. distillation. 
[Peardon et al. (HadSpec) 0905.2160]
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Lowest lying hybrid meson  
[Woss et al. (HadSpec) 2009.10034] 

<latexit sha1_base64="SzmtE5o7GIjhCZzP9+azaHvEPds="></latexit>

m/MeV
⇡ ⇠ 700
K ⇠ 700

• Meson-meson and qqbar 
• 6 volumes [12as,…,24as] 
• Spectrum for P=[000] 
• 53 energy levels

0.38

0.40

0.42

0.44

0.46

0.48

12 16 20 24

<latexit sha1_base64="eStPeKPibzAuK/FqQgyWu4LKBiE="></latexit>

⌘81 resonance in LQCD

<latexit sha1_base64="QVzvGzJfFMpWeSvRPT32LE+tOYs=">AAACEXicbVDLSsNAFJ3UV62vaJduBovgqiTia1kUwWUF+4A2hMl00g6dPJi5EUPIV/gBbvUT3Ilbv8Av8DectlnY1gMXDufcy7kcLxZcgWV9G6WV1bX1jfJmZWt7Z3fP3D9oqyiRlLVoJCLZ9YhigoesBRwE68aSkcATrOONbyZ+55FJxaPwAdKYOQEZhtznlICWXLNKXMC3btYH9gTKz2iQ565Zs+rWFHiZ2AWpoQJN1/zpDyKaBCwEKohSPduKwcmIBE4Fyyv9RLGY0DEZsp6mIQmYcrLp8zk+1soA+5HUEwKeqn8vMhIolQae3gwIjNSiNxH/83oJ+FdOxsM4ARbSWZCfCAwRnjSBB1wyCiLVhFDJ9a+YjogkFHRfcynxKFWcqryim7EXe1gm7dO6fVE/vz+rNa6LjsroEB2hE2SjS9RAd6iJWoiiFL2gV/RmPBvvxofxOVstGcVNFc3B+PoFrpeeHQ==</latexit>

atEcm

<latexit sha1_base64="PQS6UOYz10VxrfGAU+L3AeswycY=">AAACIHicbVDJSgNBEO2JW4xb1KOXJkHwIGEmSPQY8KIHIYJZIDMZajqdpEnPQnePMAxz9zv8AK/6Cd7Eo/6Av2FnOZjEBwWP96qoqudFnEllml9Gbm19Y3Mrv13Y2d3bPygeHrVkGAtCmyTkoeh4IClnAW0qpjjtRIKC73Ha9sbXE7/9SIVkYfCgkog6PgwDNmAElJbcYskWo9CFXhXb4MnU9kGNCPD0LnNTOIcs61XdYtmsmFPgVWLNSRnN0XCLP3Y/JLFPA0U4SNm1zEg5KQjFCKdZwY4ljYCMYUi7mgbgU+mk018yfKqVPh6EQleg8FT9O5GCL2Xie7pzcqtc9ibif143VoMrJ2VBFCsakNmiQcyxCvEkGNxnghLFE02ACKZvxWQEAojS8S1siUaJZERmBZ2MtZzDKmlVK1atUru/KNdv5xnl0QkqoTNkoUtURzeogZqIoCf0gl7Rm/FsvBsfxuesNWfMZ47RAozvX9Luo/g=</latexit>

⇢2a|Ma,a|2
<latexit sha1_base64="iDeiau/rq8LApGZaKhiJHA7yJ7g=">AAACFnicbVDJTgJBEO3BDXEb9WLipSOYwIXM4Hok8eIRoywJENLTNNChp6fTXWNCCH6HH+BVP8Gb8erVL/A3bJaDgC+p5OW9qlTVC5TgBjzv20msrK6tbyQ3U1vbO7t77v5BxUSxpqxMIxHpWkAME1yyMnAQrKY0I2EgWDXo34z96iPThkfyAQaKNUPSlbzDKQErtdyjbKaheMvP5DABfF/OnuWwiriElpv28t4EeJn4M5JGM5Ra7k+jHdE4ZBKoIMbUfU9Bc0g0cCrYKNWIDVOE9kmX1S2VJGSmOZx8MMKnVmnjTqRtScAT9e/EkITGDMLAdoYEembRG4v/efUYOtfNIZcqBibpdFEnFhgiPI4Dt7lmFMTAEkI1t7di2iOaULChzW1RvYHh1IxSNhl/MYdlUink/cv8xV0hXTyfZZREx+gEZZGPrlAR3aISKiOKntALekVvzrPz7nw4n9PWhDObOURzcL5+ASvOnXY=</latexit>

(⇡1) at SU(3) point
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-0.01

0.43 0.44 0.45 0.46 0.47

-0.02

-0.01

0.43 0.44 0.45 0.46 0.47
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Double charmed tetraquark Tcc (I = 0)
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Pole singularities 
Complex energy plane

<latexit sha1_base64="cuRmVnkUlH9wzXYuuon6GEkt8YY="></latexit>
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[Travis et al. (HadSpec) 2405.15741]

109 energy levels across 3 vols, 9 irreps

<latexit sha1_base64="/OUpmRfmPrk7N0QRvbTnyl/g7Uk="></latexit>

m/MeV
⇡ 390
D 1,886
D⇤ 2,009
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Summary and outlook

• Scattering observables can be accessed from LQCD: 
• Multiple two-meson channels. 
• Physical quark mass calculations. 
• Three-hadron scattering. 
• Inclusion of left-hand cut effects. 

• Coupling of electroweak currents to resonances 
• Predictions of production rates, neutrino scattering, … 
• Study of internal structure of resonances.

<latexit sha1_base64="BFc+MpQIvAySz4Z16+fmf4Y5ryE=">AAACCHicbVDLSsNAFL3xWeur6tLNYBFclUSkuhGKbtwIFewDmlAm00k7dDIJMxMhhP6AH+BWP8GduPUv/AJ/w0mbhW09cOFwzr3cw/FjzpS27W9rZXVtfWOztFXe3tnd268cHLZVlEhCWyTikez6WFHOBG1ppjntxpLi0Oe0449vc7/zRKVikXjUaUy9EA8FCxjB2kiuG2I9Iphn95PrfqVq1+wp0DJxClKFAs1+5ccdRCQJqdCEY6V6jh1rL8NSM8LppOwmisaYjPGQ9gwVOKTKy6aZJ+jUKAMURNKM0Giq/r3IcKhUGvpmM8+oFr1c/M/rJTq48jIm4kRTQWaPgoQjHaG8ADRgkhLNU0MwkcxkRWSEJSba1DT3JR6lihE1KZtmnMUelkn7vObUa/WHi2rjpuioBMdwAmfgwCU04A6a0AICMbzAK7xZz9a79WF9zlZXrOLmCOZgff0CSK2arQ==</latexit>

M =

<latexit sha1_base64="lsGhrRAATpdga84hwT1GDpjLKiE="></latexit>

i

s� sR

c

<latexit sha1_base64="SkaI6j26LbstH579E99h8B6W6BM="></latexit>

fR!R

[Ortega-Gama et al., 1812.10504]
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Extra slides

12
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Elastic      P-wave 
<latexit sha1_base64="sduZVcj0X2GcCZD0BrCzY3aRbak="></latexit>

m/MeV
⇡ 284
K 519
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<latexit sha1_base64="Ku5tUXDg3CtAkg6qh5+8SKk4EgQ=">AAACF3icbVDLSsNAFJ3UV62vqCtxEyyCq5IUqV0W3LgRKthWaNIymU6aoZOZMDMRQgh+hx/gVj/Bnbh16Rf4G07aLmzrgQuHc+7l3nv8mBKpbPvbKK2tb2xulbcrO7t7+wfm4VFX8kQg3EGccvHgQ4kpYbijiKL4IRYYRj7FPX9yXfi9Rywk4exepTH2IjhmJCAIKi0NzRNXhHxQd6EvMzeCKkSQZrd5PqgPzapds6ewVokzJ1UwR3to/rgjjpIIM4UolLLv2LHyMigUQRTnFTeROIZoAse4rymDEZZeNn0ht861MrICLnQxZU3VvxMZjKRMI193FlfKZa8Q//P6iQqaXkZYnCjM0GxRkFBLcavIwxoRgZGiqSYQCaJvtVAIBURKp7awJQ5TSZDMKzoZZzmHVdKt15xGrXF3WW015xmVwSk4AxfAAVegBW5AG3QAAk/gBbyCN+PZeDc+jM9Za8mYzxyDBRhfvxisoGg=</latexit>

⇢2|M|2

<latexit sha1_base64="Gf+Ditl0m5KZOyAvhkaETp4tYL4="></latexit>

Re(
p
sR) = 797± 2.6 MeV

Im(
p
sR)/2 = 28.5± 1 MeV

<latexit sha1_base64="nwnyM1RVQkenWSclV5Mza90uTIo=">AAACCnicbVDLSsNAFJ3UV62vqks3g0Woi5akSBVXBTcuK9gHtGmZTCfN0EkmzEyEEPIHfoBb/QR34taf8Av8DSdtFrb1wIXDOfdyLscJGZXKNL+Nwsbm1vZOcbe0t39weFQ+PulKHglMOpgzLvoOkoTRgHQUVYz0Q0GQ7zDSc2Z3md97IkJSHjyqOCS2j6YBdSlGSkujofB41RoltVp6eVsalytm3ZwDrhMrJxWQoz0u/wwnHEc+CRRmSMqBZYbKTpBQFDOSloaRJCHCMzQlA00D5BNpJ/OvU3ihlQl0udATKDhX/14kyJcy9h296SPlyVUvE//zBpFyb+yEBmGkSIAXQW7EoOIwqwBOqCBYsVgThAXVv0LsIYGw0kUtpYReLCmWadaMtdrDOuk26laz3ny4qrQaeUdFcAbOQRVY4Bq0wD1ogw7AQIAX8ArejGfj3fgwPherBSO/OQVLML5+AZdhmhQ=</latexit>

⇢(1��) :

<latexit sha1_base64="FSY8bdhfrSm5Ycs8ByXsb4O7Sfg=">AAACGHicbZDLSsNAFIYnXmu9Rd3pZrAILWhJRGo3QkEQFwoV7AXaWCbTSTt0cmFmIoQQ8Dl8ALf6CO7ErTufwNdw0mZhW38Y+PjPOZwzvx0wKqRhfGsLi0vLK6u5tfz6xubWtr6z2xR+yDFpYJ/5vG0jQRj1SENSyUg74AS5NiMte3SZ1luPhAvqe/cyCojlooFHHYqRVFZP3++6SA4xYvFtUhSli6uH+MRUdHxT6ukFo2yMBefBzKAAMtV7+k+37+PQJZ7EDAnRMY1AWjHikmJGknw3FCRAeIQGpKPQQy4RVjz+QwKPlNOHjs/V8yQcu38nYuQKEbm26kwvFrO11Pyv1gmlU7Vi6gWhJB6eLHJCBqUP00Bgn3KCJYsUIMypuhXiIeIISxXb1JZgGAmKRZJXyZizOcxD87RsVsqVu7NCrZpllAMH4BAUgQnOQQ1cgzpoAAyewAt4BW/as/aufWifk9YFLZvZA1PSvn4BgFafWg==</latexit>

M(s) = F�1(s, L)

[Ortega-Gama et al. (HadSpec) 2407.20617]

<latexit sha1_base64="xX/D98n/PQdp4Xe2/X4ZRXljrl4=">AAACAXicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJcFNy4r9AXtUDJppo3NZEKSEYahK3/Arf6BO3Hrl/gDfodpOwvbekjgcM693HtPIDnTxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhRhLZIzGPVDbCmnAnaMsxw2pWK4ijgtBNM7mZ+54kqzWLRNKmkfoRHgoWMYGOldl8y+wblilt150DrxMtJBXI0BuWf/jAmSUSFIRxr3fNcafwMK8MIp9NSP9FUYjLBI9qzVOCIaj+bbztFF1YZojBW9guD5urfjgxHWqdRYCsjbMZ61ZuJ/3m9xIS3fsaETAwVZDEoTDgyMZqdjoZMUWJ4agkmitldERljhYmxAS1NkeNUM6KnNhhvNYZ10r6qerVq7eG6Um/mERXhDM7hEjy4gTrcQwNaQOARXuAV3pxn5935cD4XpQUn7zmFJThfvx72mCU=</latexit>⇡⇡
<latexit sha1_base64="kpCERQtjrxlCSOHXMHcXI1Ou+AM="></latexit>

M =
1

⇢
sin(�⇡⇡1 ) ei�

⇡⇡
1

<latexit sha1_base64="YUnqs1+z4bc6Ok9gKy0fqzq8EEs=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0VwVRKR6kqKbtwIFewDmhAm00k7dDIJMxMhhGz9Dj/ArX6CO3GrX+BvOGmzsK0HLhzOuZd77/FjRqWyrG+jsrK6tr5R3axtbe/s7pn7B10ZJQKTDo5YJPo+koRRTjqKKkb6sSAo9Bnp+ZObwu89EiFpxB9UGhM3RCNOA4qR0pJnQgf5MnNCpMYYsewu9zKHMHZl5zl0GIO2Z9athjUFXCZ2SeqgRNszf5xhhJOQcIUZknJgW7FyMyQUxYzkNSeRJEZ4gkZkoClHIZFuNv0khydaGcIgErq4glP170SGQinT0Nedxcly0SvE/7xBooJLN6M8ThTheLYoSBhUESxigUMqCFYs1QRhQfWtEI+RQFjp8Oa2xONUUizzmk7GXsxhmXTPGnaz0bw/r7euy4yq4Agcg1NggwvQAregDToAgyfwAl7Bm/FsvBsfxuestWKUM4dgDsbXLwhFovc=</latexit>

|M`>1| ⌧ 1

<latexit sha1_base64="lsGhrRAATpdga84hwT1GDpjLKiE="></latexit>

i

s� sR

c

<latexit sha1_base64="4XnOe04oGS/uAfD0I1XMPU64BrU="></latexit>s ! sR
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Resonances in scattering amplitudes

• Unitarity:                       (two-particle phase space) 

• Causality: analyticity in Sheet I

<latexit sha1_base64="PehatipnNhcNukjt/WDQeyScji8=">AAACDXicbVDLSsNAFL2pr1ofjbp0M1iEuimJSHUjFN24ESrYB7ShTKaTdujkwcxECKHf4Ae41U9wJ279Br/A33DSZmFbD1w4nHMv93DciDOpLOvbKKytb2xuFbdLO7t7+2Xz4LAtw1gQ2iIhD0XXxZJyFtCWYorTbiQo9l1OO+7kNvM7T1RIFgaPKomo4+NRwDxGsNLSwCz3fazGBPP0flqVZ9cDs2LVrBnQKrFzUoEczYH50x+GJPZpoAjHUvZsK1JOioVihNNpqR9LGmEywSPa0zTAPpVOOgs+RadaGSIvFHoChWbq34sU+1Imvqs3s5hy2cvE/7xerLwrJ2VBFCsakPkjL+ZIhShrAQ2ZoETxRBNMBNNZERljgYnSXS18icaJZEROS7oZe7mHVdI+r9n1Wv3hotK4yTsqwjGcQBVsuIQG3EETWkAghhd4hTfj2Xg3PozP+WrByG+OYAHG1y96WpvA</latexit>

M(s) =

<latexit sha1_base64="boLNnaZcs+BFJZrNjVDOUPbRvtc="></latexit>

Im(M�1) = �⇢
s

<latexit sha1_base64="SeKBdAEVtIOC9KEIvAqfnwdsIl4="></latexit>

⇢ /
p
s� sth

Resonances
<latexit sha1_base64="2bOv/CbLDqxN64WjAGgx4WmaGTY="></latexit>p
sR = mR � i

�R

2

Sheet IISheet I
<latexit sha1_base64="OCVI0e0MqAzkSkZJlq9uZPfBJk0=">AAACDnicbVDLSsNAFL2pr1pfUZduBovgqiQi1WXRjRuhgq2FJpTJdNIOnTyYmRRCyD/4AW71E9yJW3/BL/A3nLRZ2NYDFw7n3Ms9HC/mTCrL+jYqa+sbm1vV7drO7t7+gXl41JVRIgjtkIhHoudhSTkLaUcxxWkvFhQHHqdP3uS28J+mVEgWhY8qjakb4FHIfEaw0tLANB3sycwJsBoTzNF9PjDrVsOaAa0SuyR1KNEemD/OMCJJQENFOJayb1uxcjMsFCOc5jUnkTTGZIJHtK9piAMq3WyWPEdnWhkiPxJ6QoVm6t+LDAdSpoGnN4uIctkrxP+8fqL8azdjYZwoGpL5Iz/hSEWoqAENmaBE8VQTTATTWREZY4GJ0mUtfInHqWRE5jXdjL3cwyrpXjTsZqP5cFlv3ZQdVeEETuEcbLiCFtxBGzpAYAov8ApvxrPxbnwYn/PVilHeHMMCjK9fwJacew==</latexit>

|M|

0

1

<latexit sha1_base64="Iuy+91XIUXY0QybwOjB9t/mYbuI=">AAACEXicbVBLTgJBFOzBH+JvlKWbicQENjhDCLokceMSjXwSQNLTPKBDzyfdb4yTCafwAG71CO6MW0/gCbyGzWchYCUvqVS9l3opNxRcoW1/G6mNza3tnfRuZm//4PDIPD5pqCCSDOosEIFsuVSB4D7UkaOAViiBeq6Apju+nvrNR5CKB/49xiF0PTr0+YAzilrqmdkOwhMmdzDJq8JFvuQVHko9M2cX7RmsdeIsSI4sUOuZP51+wCIPfGSCKtV27BC7CZXImYBJphMpCCkb0yG0NfWpB6qbzJ6fWOda6VuDQOrx0Zqpfy8S6ikVe67e9CiO1Ko3Ff/z2hEOrroJ98MIwWfzoEEkLAysaRNWn0tgKGJNKJNc/2qxEZWUoe5rKSUcxYozNcnoZpzVHtZJo1R0KsXKbTlXLS86SpNTckbyxCGXpEpuSI3UCSMxeSGv5M14Nt6ND+NzvpoyFjdZsgTj6xdfe5yh</latexit>

Re(s)/(2m)2
<latexit sha1_base64="GWeU78ZVxUTyelLTieR4fpfN9hs=">AAACEXicbVDLTsJAFJ3iC/FVZemmkZjABltC0CWJG91hIo8EKpkOA0yYaZuZW2PT8BV+gFv9BHfGrV/gF/gbDtCFgCe5yck59+bcHC/kTIFtfxuZjc2t7Z3sbm5v/+DwyDw+aakgkoQ2ScAD2fGwopz5tAkMOO2EkmLhcdr2Jtczv/1IpWKBfw9xSF2BRz4bMoJBS30z3wP6BMmtmBZV6aJYEaWHSt8s2GV7DmudOCkpoBSNvvnTGwQkEtQHwrFSXccOwU2wBEY4neZ6kaIhJhM8ol1NfSyocpP581PrXCsDaxhIPT5Yc/XvRYKFUrHw9KbAMFar3kz8z+tGMLxyE+aHEVCfLIKGEbcgsGZNWAMmKQEea4KJZPpXi4yxxAR0X0sp4ThWjKhpTjfjrPawTlqVslMr1+6qhXo17SiLTtEZKiIHXaI6ukEN1EQExegFvaI349l4Nz6Mz8Vqxkhv8mgJxtcvXc6coA==</latexit>

Im(s)/(2m)2

0.05

0

0

1

<latexit sha1_base64="Iuy+91XIUXY0QybwOjB9t/mYbuI=">AAACEXicbVBLTgJBFOzBH+JvlKWbicQENjhDCLokceMSjXwSQNLTPKBDzyfdb4yTCafwAG71CO6MW0/gCbyGzWchYCUvqVS9l3opNxRcoW1/G6mNza3tnfRuZm//4PDIPD5pqCCSDOosEIFsuVSB4D7UkaOAViiBeq6Apju+nvrNR5CKB/49xiF0PTr0+YAzilrqmdkOwhMmdzDJq8JFvuQVHko9M2cX7RmsdeIsSI4sUOuZP51+wCIPfGSCKtV27BC7CZXImYBJphMpCCkb0yG0NfWpB6qbzJ6fWOda6VuDQOrx0Zqpfy8S6ikVe67e9CiO1Ko3Ff/z2hEOrroJ98MIwWfzoEEkLAysaRNWn0tgKGJNKJNc/2qxEZWUoe5rKSUcxYozNcnoZpzVHtZJo1R0KsXKbTlXLS86SpNTckbyxCGXpEpuSI3UCSMxeSGv5M14Nt6ND+NzvpoyFjdZsgTj6xdfe5yh</latexit>

Re(s)/(2m)2
<latexit sha1_base64="GWeU78ZVxUTyelLTieR4fpfN9hs=">AAACEXicbVDLTsJAFJ3iC/FVZemmkZjABltC0CWJG91hIo8EKpkOA0yYaZuZW2PT8BV+gFv9BHfGrV/gF/gbDtCFgCe5yck59+bcHC/kTIFtfxuZjc2t7Z3sbm5v/+DwyDw+aakgkoQ2ScAD2fGwopz5tAkMOO2EkmLhcdr2Jtczv/1IpWKBfw9xSF2BRz4bMoJBS30z3wP6BMmtmBZV6aJYEaWHSt8s2GV7DmudOCkpoBSNvvnTGwQkEtQHwrFSXccOwU2wBEY4neZ6kaIhJhM8ol1NfSyocpP581PrXCsDaxhIPT5Yc/XvRYKFUrHw9KbAMFar3kz8z+tGMLxyE+aHEVCfLIKGEbcgsGZNWAMmKQEea4KJZPpXi4yxxAR0X0sp4ThWjKhpTjfjrPawTlqVslMr1+6qhXo17SiLTtEZKiIHXaI6ukEN1EQExegFvaI349l4Nz6Mz8Vqxkhv8mgJxtcvXc6coA==</latexit>

Im(s)/(2m)2

−0.05

0

s : Energy squared of 
the hadron pair


