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Thanks to: 

- expermintal colleagues: for wonerfull data and discoveries

- phenomenology colleagues: for valuable results and  insights  (many  problems are too challenging for LQCD)

- lattice colleagues for collaborative effort in preparing 

The white paper of topical group Hadron spectroscopy (RF7), submitted also to Lattice Gauge Theory (TF05) 

arxiv:2203.03230 
(I’ll be refering to references from v2)

23 pages + 211 references

Disclaimers for this talk:

- only Examples of available lattice results are given, not complete lists of references

references are in White paper and even this does not attempt to be review

- current Status will be just “rushed over”   

- emphasis on what could/needs to be done in the near Future of next 5-10 years

1



Sasa Prelovsek                                 WP: Hadron spectroscopy with lattice QCD

Hadron spectroscopy with lattice QCD: in breif 

only strong  strong decays  (no electro-weak decays)

only strong decay threshods matter

How difficult it is to study a certain hadron?  

more strong decay channels -> more difficult

"easy / doable": below or near the lowest threshold

"difficult":  - above two or three thresholds
- decay to hadrons with spin

T for coupled-channel scattering

”very chalenging" (for now): 

- above more than three  thresholds 
(if  none of them can be "neglected")

- if H1 H2 H3 decays  are important 
in addition to two-hadron decays

R → H1 H2 , H1
' H2

'

R → H1 H2 
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Lattice QCD: nonperturbative approach to QCD
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C =  DG Dq Dq C e
−SQCD /!

∫   
<latexit sha1_base64="kt7dv0SNtTKJXAWsNHxpau2O2pM="></latexit>

SE
QCD =

Z
d4xE LE

QCD(mq, gs)
E

<latexit sha1_base64="dRUwwZgfvizRyVb4ut/DBhxUuGk="></latexit>

LQCD = 1
4G

µ⌫
a Gµ⌫

a + q̄i�µ(@
µ + igsG

µ
aT

a)q �mq q̄qQCD:
<latexit sha1_base64="+zkUEAJmlg6PO/OIsVgrY1X3ZVs=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2A9pl5JNs21okl2SrFCW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6sJOEBZIMFY84JdZJj3jYNz0hsN8vV7yqNwdeJX5OKpCj0S9/9QYxTSVTlgpiTNf3EhtkRFtOBZuWeqlhCaFjMmRdRxWRzATZ/OApPnPKAEexdqUsnqu/JzIijZnI0HVKYkdm2ZuJ/3nd1EbXQcZVklqm6GJRlApsYzz7Hg+4ZtSKiSOEau5uxXRENKHWZVRyIfjLL6+S1kXVv6zW7muV+k0eRxFO4BTOwYcrqMMdNKAJFCQ8wyu8IY1e0Dv6WLQWUD5zDH+APn8Av1iPuw==</latexit>

gs ⌧ 1 at hadronic energy scale

Main quantity extracted: eigen-energy En

t=0, JP, It=0, JP, I

<latexit sha1_base64="rzEjgRrabiA8Wx3TeOx/aeloqvk=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgxbAroh6DIngRIpgHJGuYnUySIbOz60xvICz5Di8eFPHqx3jzb5w8DppY0FBUddPdFcRSGHTdbyeztLyyupZdz21sbm3v5Hf3qiZKNOMVFslI1wNquBSKV1Cg5PVYcxoGkteC/vXYrw24NiJSDziMuR/SrhIdwShayeeP6Ym4aSmCrbtRK19wi+4EZJF4M1KAGcqt/FezHbEk5AqZpMY0PDdGP6UaBZN8lGsmhseU9WmXNyxVNOTGTydHj8iRVdqkE2lbCslE/T2R0tCYYRjYzpBiz8x7Y/E/r5Fg59JPhYoT5IpNF3USSTAi4wRIW2jOUA4toUwLeythPaopQ5tTzobgzb+8SKqnRe+86N2fFUpXsziycACHcAweXEAJbqEMFWDwBM/wCm/OwHlx3p2PaWvGmc3swx84nz8Qs5Gl</latexit>

e�iEntM

Eucledian time
<latexit sha1_base64="zMKPtq+LmeCp/EFPmrl5079EIBY=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVRIRdVl047KCfUATwmQ6aYdOJmFmIpS04MZfceNCEbf+hDv/xmnahbYeuNzDOfcyc0+Ycqa043xbS8srq2vrpY3y5tb2zq69t99USSYJbZCEJ7IdYkU5E7Shmea0nUqK45DTVji4mfitByoVS8S9HqbUj3FPsIgRrI0U2IeeyuJAoJHwJBY9Tj1eNCRGgV1xqk4BtEjcGanADPXA/vK6CcliKjThWKmO66Taz7HUjHA6LnuZoikmA9yjHUMFjqny8+KGMToxShdFiTQlNCrU3xs5jpUaxqGZjLHuq3lvIv7ndTIdXfk5E2mmqSDTh6KMI52gSSCoyyQlmg8NwUQy81dE+lhiok1sZROCO3/yImmeVd2Lqnt3Xqldz+IowREcwym4cAk1uIU6NIDAIzzDK7xZT9aL9W59TEeXrNnOAfyB9fkDQ4yX6w==</latexit>X

n

|nihn|

<latexit sha1_base64="ALsMksMVfOJbmh91iW5+qL+5pj0="></latexit>

mu/d > mphy
u/d , m⇡>140 MeVoften “non-precision” studies:   single a, 

<latexit sha1_base64="frWz0ZESNUquABEZ/8fFzwP0+Fg=">AAACAXicbVDLSgMxFM34rPU16kZwEyxChVJmRNRlUYouK/QFnWHIpGkbmmSGJCOUoW78FTcuFHHrX7jzb0zbWWjrgcDhnHu5OSeMGVXacb6tpeWV1bX13EZ+c2t7Z9fe22+qKJGYNHDEItkOkSKMCtLQVDPSjiVBPGSkFQ5vJn7rgUhFI1HXo5j4HPUF7VGMtJEC+xBCWA2EpyPIS94t4hyVYL1YPQ3sglN2poCLxM1IAWSoBfaX141wwonQmCGlOq4Taz9FUlPMyDjvJYrECA9Rn3QMFYgT5afTBGN4YpQu7EXSPKHhVP29kSKu1IiHZpIjPVDz3kT8z+skunflp1TEiSYCzw71EgZN3kkdsEslwZqNDEFYUvNXiAdIIqxNaXlTgjsfeZE0z8ruRdm9Py9UrrM6cuAIHIMicMElqIA7UAMNgMEjeAav4M16sl6sd+tjNrpkZTsH4A+szx+3vZSA</latexit>

En ! m,�, T (E)
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Strongly stable hadrons well below threshold: mostly done
<latexit sha1_base64="ONkx8Ni9EoVrfcEIho3Keq19uUQ=">AAACAHicbVDLSgMxFM34rPU16sKFm9Qi1E2ZEVE3QlEElxXsAzpDyaSZNjTJDEmmUIZu/BU3LhRx62e4829Mp7PQ1gMXTs65l9x7gphRpR3n21paXlldWy9sFDe3tnd27b39pooSiUkDRyyS7QApwqggDU01I+1YEsQDRlrB8Hbqt0ZEKhqJRz2Oic9RX9CQYqSN1LUPuVe69kp3Hqx4I4JhnD2d065ddqpOBrhI3JyUQY561/7yehFOOBEaM6RUx3Vi7adIaooZmRS9RJEY4SHqk46hAnGi/DQ7YAJPjNKDYSRNCQ0z9fdEirhSYx6YTo70QM17U/E/r5Po8MpPqYgTTQSefRQmDOoITtOAPSoJ1mxsCMKSml0hHiCJsDaZFU0I7vzJi6R5VnUvqu7Debl2k8dRAEfgGFSACy5BDdyDOmgADCbgGbyCN+vJerHerY9Z65KVzxyAP7A+fwClE5Pe</latexit>

m=E (~p=0)

Examples Ryan & Wilson  
2008.02656, JHEP

proton and neutron

Future: 
<latexit sha1_base64="yy07FnvYVRbfgvc3HpAgyJIQ6qo=">AAAB8HicbVDLSgNBEOyNrxhfUY9eJgbBg4RdEfUiBL14TMA8JLuE2clsMmRmdpmZFcKSr/DiQRGvfo43/8bJ46CJBQ1FVTfdXWHCmTau++3kVlbX1jfym4Wt7Z3dveL+QVPHqSK0QWIeq3aINeVM0oZhhtN2oigWIaetcHg38VtPVGkWywczSmggcF+yiBFsrPRY90s3fomchd1i2a24U6Bl4s1JGeaodYtffi8mqaDSEI617nhuYoIMK8MIp+OCn2qaYDLEfdqxVGJBdZBNDx6jE6v0UBQrW9Kgqfp7IsNC65EIbafAZqAXvYn4n9dJTXQdZEwmqaGSzBZFKUcmRpPvUY8pSgwfWYKJYvZWRAZYYWJsRgUbgrf48jJpnle8y4pXvyhXb+dx5OEIjuEUPLiCKtxDDRpAQMAzvMKbo5wX5935mLXmnPnMIfyB8/kDIyCPUw==</latexit>

Q=c, b <latexit sha1_base64="Xuph6xNkCn8fTVBk2RwOQAVDAUg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69bC2Ch1ISEfUiFL14rGA/IAlls9m2SzebuDsRSujP8OJBEa/+Gm/+G7dtDtr6YODx3gwz84JEcA22/W0VVlbX1jeKm6Wt7Z3dvfL+QVvHqaKsRWMRq25ANBNcshZwEKybKEaiQLBOMLqd+p0npjSP5QOME+ZHZCB5n1MCRnIfvcq1V0lrYU33ylW7bs+Al4mTkyrK0eyVv7wwpmnEJFBBtHYdOwE/Iwo4FWxS8lLNEkJHZMBcQyWJmPaz2ckTfGKUEPdjZUoCnqm/JzISaT2OAtMZERjqRW8q/ue5KfSv/IzLJAUm6XxRPxUYYjz9H4dcMQpibAihiptbMR0SRSiYlEomBGfx5WXSPqs7F3Xn/rzauMnjKKIjdIxOkYMuUQPdoSZqIYpi9Ixe0ZsF1ov1bn3MWwtWPnOI/sD6/AGzj5A6</latexit>

q=u, d, s

OZI suppressed 

contributions: 

very clallenging

Isosping breaking effects and decays

Sasa Prelovsek                                 WP: Hadron spectroscopy with lattice QCD 4



Resonances R→ H1 H2 , bound states near threshold : significantly explored

Sasa Prelovsek                                 WP: Hadron spectroscopy with lattice QCD

Scattering matrix T(E)  from lattice QCD

En

analytic relation: 
Luscher 1991

generalizations by many authors 

<latexit sha1_base64="Y3byoQSLRiKo76Hv9s+biCQZJi4=">AAACCHicbVDLSgMxFL1TX7W+Rl26MFiEdlNmpKjLohRcVugLOmPJpGkbmnmQZIQydOnGX3HjQhG3foI7/8a0HURbL4ScnHMvN+d4EWdSWdaXkVlZXVvfyG7mtrZ3dvfM/YOmDGNBaIOEPBRtD0vKWUAbiilO25Gg2Pc4bXmj66neuqdCsjCoq3FEXR8PAtZnBCtNdc1jhKoOQo4KkYPqhWpRXz+PO1LsmnmrZM0KLQM7BXlIq9Y1P51eSGKfBopwLGXHtiLlJlgoRjid5JxY0giTER7QjoYB9ql0k5mRCTrVTA/1Q6FPoNCM/T2RYF/Kse/pTh+roVzUpuR/WidW/Us3YUEUKxqQ+aJ+zJF2Ok0F9ZigRPGxBpgIpv+KyBALTJTOLqdDsBctL4PmWck+L5Vvy/nKVRpHFo7gBApgwwVU4AZq0AACD/AEL/BqPBrPxpvxPm/NGOnMIfwp4+Mbo/uV8g==</latexit>

E ! T (E) ! T (Ec)
for real Ereal E for complex E

analytic contin.
to complex E

scattering matrix T(E)

many resonances and 
bound states extracted 
in this way by now 
(appologies for not covering all)

<latexit sha1_base64="qSHanakOI6zOXcbOsIB+l7QhYNA=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoEctMKeqyKEWXFfqCzrRk0kwbmswMSUYoQ7/Bjb/ixoUibl2582/MtF1o9UDgcM693JzjRYxKZVlfRmZldW19I7uZ29re2d0z9w9aMowFJk0cslB0PCQJowFpKqoY6USCIO4x0vbG16nfvidC0jBoqElEXI6GAfUpRkpLfbMIG4Va0YlEGKkQQscXCCf2NKn1yme8Vz6lNecGcY6mub6Zt0rWDPAvsRckDxao981PZxDimJNAYYak7NpWpNwECUUxI9OcE0sSITxGQ9LVNECcSDeZRZrCE60MoB8K/QIFZ+rPjQRxKSfc05McqZFc9lLxP68bK//STWgQxYoEeH7IjxnU6dN+4IAKghWbaIKwoPqvEI+QbkXpFtMS7OXIf0mrXLLPS5W7Sr56tagjC47AMSgAG1yAKrgFddAEGDyAJ/ACXo1H49l4M97noxljsXMIfsH4+AYAe5vS</latexit>

T (E) / 1

E2 �m2 + iE�

Bound st.          Resonance

p = i |p|

Virtual bound st.

p = - i |p|

<latexit sha1_base64="tmP022e6H/PUEqxHRRe/rEbHy/4=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0WoC0tSirosSsFlhb6gSctkOmmHTjJhZiKU0K0bf8WNC0Xc+gfu/BsnbRbaemDgcM693DnHixiVyrK+jdza+sbmVn67sLO7t39gHh61JY8FJi3MGRddD0nCaEhaiipGupEgKPAY6XiT29TvPBAhKQ+bahoRN0CjkPoUI6WlgQlhs1Q/dyLBI8UhdHyBcGLPknq/chH0K7PCwCxaZWsOuErsjBRBhsbA/HKGHMcBCRVmSMqebUXKTZBQFDMyKzixJBHCEzQiPU1DFBDpJvMkM3imlSH0udAvVHCu/t5IUCDlNPD0ZIDUWC57qfif14uVf+0mNIxiRUK8OOTHDOrQaS1wSAXBik01QVhQ/VeIx0iXoXR5aQn2cuRV0q6U7cty9b5arN1kdeTBCTgFJWCDK1ADd6ABWgCDR/AMXsGb8WS8GO/Gx2I0Z2Q7x+APjM8flb2YYA==</latexit>

T (E) / 1

E2 �m2

(p)

(-p)

<latexit sha1_base64="gg+Bkn7RnYX4BoCQllMUcLQ+tYg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btbhJ2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4bua3n1BpHkcPZpKgL+kw4iFn1FipIfvlilt15yCrxMtJBXLU++Wv3iBmqcTIMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtjahE7WfzQ6fkzCoDEsbKVmTIXP09kVGp9UQGtlNSM9LL3kz8z+umJrzxMx4lqcGILRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB14WM9w==</latexit>m
<latexit sha1_base64="eLDBI1MxttFlOQ6PPkrnSwGJy7M=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5IUUY9FD3qsYD+gCWWy3bRLd5OwuxFLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqtrW9sbpW3Kzu7e/sH9mG1o+JUEtomMY9lLwBFOYtoWzPNaS+RFETAaTeY3Mz87iOVisXRg54m1BcwiljICGgjDeyqp0MJJHPzrJF7tyAEDOyaU3fmwKvELUgNFWgN7C9vGJNU0EgTDkr1XSfRfgZSM8JpXvFSRRMgExjRvqERCKr8bH57jk+NMsRhLE1FGs/V3xMZCKWmIjCdAvRYLXsz8T+vn+rwys9YlKSaRmSxKEw51jGeBYGHTFKi+dQQIJKZWzEZg8lCm7gqJgR3+eVV0mnU3Yu6e39ea14XcZTRMTpBZ8hFl6iJ7lALtRFBT+gZvaI3K7derHfrY9FasoqZI/QH1ucP9IOUYw==</latexit>

1
2�

R
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dependence on a, mu,d

a0 for “all” channels H1H2 -> EFT

Sasa Prelovsek                                 WP: Hadron spectroscopy with lattice QCD

Resonances R→ H1 H2 : significantly explored

<latexit sha1_base64="1z3MYNyFi2FmDeC5MqW4P3Bj0Qk=">AAACGXicbVDLSgMxFM3UV62vqks3qUVwIWWmVutGKLpxI1SwD+iMJZOmbWgyMyQZYRjGz3Djr7hxoYhLXfk3pu0stPVA4HDOveSe4waMSmWa30ZmYXFpeSW7mltb39jcym/vNKUfCkwa2Ge+aLtIEkY90lBUMdIOBEHcZaTlji7HfuueCEl971ZFAXE4Gni0TzFSWurmTci7dkDtwrldgOVy9ejYOnmwOVJDweNr0kygrfzpzF0cDKOkmy+aJXMCOE+slBRBino3/2n3fBxy4inMkJQdywyUEyOhKGYkydmhJAHCIzQgHU09xIl04kmyBB5opQf7vtDPU3Ci/t6IEZcy4q6eHN8sZ72x+J/XCVX/zImpF4SKeHj6UT9kUIcd1wR7VBCsWKQJwoLqWyEeIoGw0mXmdAnWbOR50iyXrNNS5aZSrF2kdWTBHtgHh8ACVVADV6AOGgCDR/AMXsGb8WS8GO/Gx3Q0Y6Q7u+APjK8fsoWe9g==</latexit>

m⇡=227, 315 MeV ! mphy
⇡

<latexit sha1_base64="yFqlAw/2rglla+o0UBQXAQVbA6I=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRqS6LblxWsA/oDCWTZtrQJDMkmUIZ+iduXCji1j9x59+YtrPQ1kMCh3Pu5d57opQzbTzv2yltbG5t75R3K3v7B4dH7vFJWyeZIrRFEp6oboQ15UzSlmGG026qKBYRp51ofD/3OxOqNEvkk5mmNBR4KFnMCDZW6rtuoNlQ4MAkKEiZfX236tW8BdA68QtShQLNvvsVDBKSCSoN4Vjrnu+lJsyxMoxwOqsEmaYpJmM8pD1LJRZUh/li8xm6sMoAxYmyXxq0UH935FhoPRWRrRTYjPSqNxf/83qZiW/DnMk0M1SS5aA448jeOY8BDZiixPCpJZgoZndFZIQVJsaGVbEh+Ksnr5P2Vc2v1/zH62rjroijDGdwDpfgww004AGa0AICE3iGV3hzcufFeXc+lqUlp+g5hT9wPn8AbcOThw==</latexit>

� ! ⇡⇡
GWU, 1803.02897

lat

<latexit sha1_base64="v8hQ+3gHxYACLeBcj1TVsmUOiJc=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVBKR1mPRixehgv2AJpTNdtou3U3i7kYooScv/hUvHhTx6m/w5r9x0+agrQ8GHu/NMDMviDlT2nG+raXlldW19cJGcXNre2fX3ttvqiiRFBo04pFsB0QBZyE0NNMc2rEEIgIOrWB0lfmtB5CKReGdHsfgCzIIWZ9Roo3UtY9E14uZp5iAe+xWKx72BNFDKdIbaE66dskpO1PgReLmpIRy1Lv2l9eLaCIg1JQTpTquE2s/JVIzymFS9BIFMaEjMoCOoSERoPx0+sYEnxilh/uRNBVqPFV/T6REKDUWgenMblTzXib+53US3b/wUxbGiYaQzhb1E451hLNMcI9JoJqPDSFUMnMrpkMiCdUmuaIJwZ1/eZE0z8pupezenpdql3kcBXSIjtEpclEV1dA1qqMGougRPaNX9GY9WS/Wu/Uxa12y8pkD9AfW5w9e7Jhu</latexit>

m⇡ ' 176 MeV
<latexit sha1_base64="cHBDK3jK3GhB5g488VPNvth4qzs=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRZBPJRdEfVY9CL0UsF+QHct2TTbhmazIckKZenf8OJBEa/+GW/+G9N2D9r6YODx3gwz80LJmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUsnqSK0SRKeqE6INeVM0KZhhtOOVBTHIaftcHQ79dtPVGmWiAczljSI8UCwiBFsrOSj+uOZbxJU9yXrlStu1Z0BLRMvJxXI0eiVv/x+QtKYCkM41rrrudIEGVaGEU4nJT/VVGIywgPatVTgmOogm908QSdW6aMoUbaEQTP190SGY63HcWg7Y2yGetGbiv953dRE10HGhEwNFWS+KEo5sl9OA0B9pigxfGwJJorZWxEZYoWJsTGVbAje4svLpHVe9S6r3v1FpXaTx1GEIziGU/DgCmpwBw1oAgEJz/AKb07qvDjvzse8teDkM4fwB87nD6YYkMo=</latexit>

K⇤ ! K⇡
Rendon et al: 2006.14035

th

lat

UChPT

HadSpec, 2102.04973 JHEP
<latexit sha1_base64="ZwiY/UqaWUA8VNj410lsPREzni4=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFclaSKj13RjRuhgn1AE8pketsOnUnizEQooa7c+CtuXCji1l9w5984abvQ1gMXDufcy733BDFnSjvOtzU3v7C4tJxbya+urW9s2lvbNRUlkkKVRjySjYAo4CyEqmaaQyOWQETAoR70LzO/fg9SsSi81YMYfEG6IeswSrSRWvYeFi0vZp5iAu5w6egcP3iC6J4U6TXUhi274BSdEfAscSekgCaotOwvrx3RRECoKSdKNV0n1n5KpGaUwzDvJQpiQvukC01DQyJA+enojyE+MEobdyJpKtR4pP6eSIlQaiAC05ndqKa9TPzPaya6c+anLIwTDSEdL+okHOsIZ6HgNpNANR8YQqhk5lZMe0QSqk10eROCO/3yLKmViu5J0b05LpQvJnHk0C7aR4fIRaeojK5QBVURRY/oGb2iN+vJerHerY9x65w1mdlBf2B9/gDtKZi6</latexit>

m⇡ ' 239 MeV

<latexit sha1_base64="mngfto/euBf5BOougY+z1W5p/IY=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEcVESEXVZtAuXFewDmhgm00k7dDIJMxOhhn6JGxeKuPVT3Pk3Th8LbT1w4XDOvdx7T5hyprTjfFuFldW19Y3iZmlre2e3bO/tt1SSSUKbJOGJ7IRYUc4EbWqmOe2kkuI45LQdDm8mfvuRSsUSca9HKfVj3BcsYgRrIwV2GaF64DycejpBdS9lgV1xqs4UaJm4c1KBORqB/eX1EpLFVGjCsVJd10m1n2OpGeF0XPIyRVNMhrhPu4YKHFPl59PDx+jYKD0UJdKU0Giq/p7IcazUKA5NZ4z1QC16E/E/r5vp6MrPmUgzTQWZLYoyjsyXkxRQj0lKNB8Zgolk5lZEBlhiok1WJROCu/jyMmmdVd2Lqnt3Xqldz+MowiEcwQm4cAk1uIUGNIFABs/wCm/Wk/VivVsfs9aCNZ85gD+wPn8AiQWRug==</latexit>

D⇤
0 ! D⇡

<latexit sha1_base64="N+PbW7OAfetIGs8AIht7j9vGXm4=">AAACBXicbZC7TsMwFIadcivlFmCEwaJCKh2qpCDKwFABA2OR6EVK08hxndaqc5HtIFVRFxZehYUBhFh5BzbeBqfNAC2/ZOnTf87R8fndiFEhDeNbyy0tr6yu5dcLG5tb2zv67l5LhDHHpIlDFvKOiwRhNCBNSSUjnYgT5LuMtN3RdVpvPxAuaBjcy3FEbB8NAupRjKSyHP0QQt+6cYxe2b5MIRHGpFcuVU/N2ont6EWjYkwFF8HMoAgyNRz9q9sPceyTQGKGhLBMI5J2grikmJFJoRsLEiE8QgNiKQyQT4SdTK+YwGPl9KEXcvUCCafu74kE+UKMfVd1+kgOxXwtNf+rWbH0LuyEBlEsSYBni7yYQRnCNBLYp5xgycYKEOZU/RXiIeIISxVcQYVgzp+8CK1qxTyvmHdnxfpVFkceHIAjUAImqIE6uAUN0AQYPIJn8AretCftRXvXPmatOS2b2Qd/pH3+ACmVlc4=</latexit>

m[D⇤
0 ] < m[D⇤

s0(2317)]

<latexit sha1_base64="IbiCQMHYcfUMuphOjkvI044rCPs=">AAACC3icbVC7TsMwFHXKq5RXgZHFaoVUOlRJQZSxAgbGItGHlKaR4zqtVTsJtoNURd1Z+BUWBhBi5QfY+BvctAO0HOlKx+fcK997vIhRqUzz28isrK6tb2Q3c1vbO7t7+f2DlgxjgUkThywUHQ9JwmhAmooqRjqRIIh7jLS90dXUbz8QIWkY3KlxRByOBgH1KUZKS26+ACG3r12zV3a6knJynz4TaU565VL11KqdOG6+aFbMFHCZWHNSBHM03PxXtx/imJNAYYaktC0zUk6ChKKYkUmuG0sSITxCA2JrGiBOpJOkt0zgsVb60A+FrkDBVP09kSAu5Zh7upMjNZSL3lT8z7Nj5V84CQ2iWJEAzz7yYwZVCKfBwD4VBCs21gRhQfWuEA+RQFjp+HI6BGvx5GXSqlas84p1e1asX87jyIIjUAAlYIEaqIMb0ABNgMEjeAav4M14Ml6Md+Nj1pox5jOH4A+Mzx/inZhp</latexit>

m[D⇤
0 ] ' m[D⇤

s0(2317)]

PDG: puzzle

lat: OK

<latexit sha1_base64="OPUFWGXBNDKRB0vGl/ylfCyeIH4=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0UQhJIEUTdCUUSXFewDmrRMppN26EwSZiZCCXHpxl9x40IRt/6BO//GaZuFth64cDjnXu69x48Zlcqyvo3CwuLS8kpxtbS2vrG5ZW7vNGSUCEzqOGKRaPlIEkZDUldUMdKKBUHcZ6TpDy/HfvOeCEmj8E6NYuJx1A9pQDFSWuqa0L1GnKPzfseBD24gEE7jTuqwIzvL0quOk3XNslWxJoDzxM5JGeSodc0vtxfhhJNQYYakbNtWrLwUCUUxI1nJTSSJER6iPmlrGiJOpJdOPsnggVZ6MIiErlDBifp7IkVcyhH3dSdHaiBnvbH4n9dOVHDmpTSME0VCPF0UJAyqCI5jgT0qCFZspAnCgupbIR4gHYfS4ZV0CPbsy/Ok4VTsk4p9e1yuXuRxFMEe2AeHwAanoApuQA3UAQaP4Bm8gjfjyXgx3o2PaWvByGd2wR8Ynz9dcJl/</latexit>

� = g2
p2l+1

E2

coupling g that parametrizes the width agrees with exp. 

Examples

Status
<latexit sha1_base64="XnjqlgZtTE4rU7wlLBS3CHbhGWo="></latexit>

⇢,� ! ⇡⇡; K⇤,! K⇡

D⇤
0 ! D⇡

 (3770), 3(3842) ! DD̄

� ! N⇡

Future

<latexit sha1_base64="skUgHOE33AWTWdAKTSDfsFZWvLQ=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSKIh7Iroh5LvXisYD+gu5Zsmm1Ds9mYZAtl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzQsmZNq777aysrq1vbBa2its7u3v7pYPDpk5SRWiDJDxR7RBrypmgDcMMp22pKI5DTlvh8Hbqt0ZUaZaIBzOWNIhxX7CIEWysFNS67uO5bxJU8yXrlspuxZ0BLRMvJ2XIUe+WvvxeQtKYCkM41rrjudIEGVaGEU4nRT/VVGIyxH3asVTgmOogmx09QadW6aEoUbaEQTP190SGY63HcWg7Y2wGetGbiv95ndREN0HGhEwNFWS+KEo5sl9OE0A9pigxfGwJJorZWxEZYIWJsTkVbQje4svLpHlR8a4q3v1luVrL4yjAMZzAGXhwDVW4gzo0gMATPMMrvDkj58V5dz7mrStOPnMEf+B8/gBcuZEx</latexit>

B⇤
0 ! B⇡
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Bound states closely below th H1 H2 : explored

Status Future
<latexit sha1_base64="vtwU4iJ5ccvbzL8aY48B8gOjQTI=">AAACBXicbVDLSsNAFJ34rPUVdamLwSKIi5KIqMuiXQhuKtgHNDFMppN26GQSZiZKCdm48VfcuFDErf/gzr9x0mahrQcuHM65l3vv8WNGpbKsb2NufmFxabm0Ul5dW9/YNLe2WzJKBCZNHLFIdHwkCaOcNBVVjHRiQVDoM9L2h5e5374nQtKI36pRTNwQ9TkNKEZKS565V/dSaWV3Rw50QqQGIkx9wqKHzIH1a8+sWFVrDDhL7IJUQIGGZ345vQgnIeEKMyRl17Zi5aZIKIoZycpOIkmM8BD1SVdTjkIi3XT8RQYPtNKDQSR0cQXH6u+JFIVSjkJfd+aXymkvF//zuokKzt2U8jhRhOPJoiBhUEUwjwT2qCBYsZEmCAuqb4V4gATCSgdX1iHY0y/PktZx1T6t2jcnldpFEUcJ7IJ9cAhscAZq4Ao0QBNg8AiewSt4M56MF+Pd+Ji0zhnFzA74A+PzB6rvmAw=</latexit>

D⇤
s0 below DK pole found, many studies

matured 

pole found, one study 

pole found  [SP Leskovec PRL 2013,

Padmanath  Lang SP 2015]

pole found

many studies, mostly near SU(3)F limit

pole found, many studies, mostly SU(3)F limit 

only one with distillation [Green et al PRL 2021]

poles found in some systems [Matur et al]

Q=b: no bound state found [HPQCD, 1710.03236]

<latexit sha1_base64="KjpFfHz6tR/OjklBrBrF5YGNSDQ=">AAACC3icbVDLTsJAFJ3iC/FVdelmAjFBF6RFIyyJsnCJiTwSWsl0GGDCTNvMTDWkYe/GX3HjQmPc+gPu/Bun0IWCJ7nJyTn35t57vJBRqSzr28isrK6tb2Q3c1vbO7t75v5BSwaRwKSJAxaIjockYdQnTUUVI51QEMQ9Rtre+Crx2/dESBr4t2oSEpejoU8HFCOlpZ6Z7xTPqpXyiQMdjtRI8NgjLHiYOrDueEjA+t1pzyxYJWsGuEzslBRAikbP/HL6AY448RVmSMqubYXKjZFQFDMyzTmRJCHCYzQkXU19xIl049kvU3islT4cBEKXr+BM/T0RIy7lhHu6MzlYLnqJ+J/XjdSg6sbUDyNFfDxfNIgYVAFMgoF9KghWbKIJwoLqWyEeIYGw0vHldAj24svLpFUu2Rcl++a8ULtM48iCI5AHRWCDCqiBa9AATYDBI3gGr+DNeDJejHfjY96aMdKZQ/AHxucPE0eZMQ==</latexit>

X(3872) below DD̄⇤ larger volumes

three-hadron decays

isospin-breaking effects

smaller mu,d

distillation method

<latexit sha1_base64="TI+VoL/tW8cHszlOeSb+mhJ+SWs=">AAACAHicbVA7T8MwGHTKq5RXgIGBxaJCKktJCqIdK1gQU5HoQ2qiynGd1qrjWLaDVFVd+CssDCDEys9g49/gtBmg5WRLp7vvk30XCEaVdpxvK7eyura+kd8sbG3v7O7Z+wctFScSkyaOWSw7AVKEUU6ammpGOkISFAWMtIPRTeq3H4lUNOYPeiyIH6EBpyHFSBupZx91She1auXM0zG8O/eEop5IT88uOmVnBrhM3IwUQYZGz/7y+jFOIsI1ZkiprusI7U+Q1BQzMi14iSIC4REakK6hHEVE+ZNZgCk8NUofhrE0l2s4U39vTFCk1DgKzGSE9FAteqn4n9dNdFjzJ5SLRBOO5w+FCYMmbdoG7FNJsGZjQxCW1PwV4iGSCGvTWcGU4C5GXiatStm9Krv3l8X6dVZHHhyDE1ACLqiCOrgFDdAEGEzBM3gFb9aT9WK9Wx/z0ZyV7RyCP7A+fwBYRpT+</latexit>

X(3872) ! J/ ⇡⇡

<latexit sha1_base64="x0+jA7syoWWIMhbAgc4Q2Kgqt78=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBXJRERF2WuhHcVLAPaGKYTCft0JkkzEyUErJx46+4caGIW//BnX/jpM1CWw9cOJxzL/fe48eMSmVZ30ZpYXFpeaW8Wllb39jcMrd32jJKBCYtHLFIdH0kCaMhaSmqGOnGgiDuM9LxR5e537knQtIovFXjmLgcDUIaUIyUljxzv+Gl0srujh3ocKSGgqc+YdFD5sDGtWdWrZo1AZwndkGqoEDTM7+cfoQTTkKFGZKyZ1uxclMkFMWMZBUnkSRGeIQGpKdpiDiRbjr5IoOHWunDIBK6QgUn6u+JFHEpx9zXnfmlctbLxf+8XqKCCzelYZwoEuLpoiBhUEUwjwT2qSBYsbEmCAuqb4V4iATCSgdX0SHYsy/Pk/ZJzT6r2Ten1XqjiKMM9sABOAI2OAd1cAWaoAUweATP4BW8GU/Gi/FufExbS0Yxswv+wPj8AaSnmAg=</latexit>

B⇤
s0 below BK

deuteron below pn

H-dibaryon below ΛΛ

heavy dibaryons

further lat. confirmation, awaits exp. discovery

await exp. discovery

<latexit sha1_base64="LI8l1elbhrLK7yA+kFOyR8mRDBk=">AAACB3icbVDLSgMxFL3js9bXqEtBgkVwIWVGRF0W3bisYB/QDiVJM21oJjMkGaGUunLjr7hxoYhbf8Gdf2M6nYW2HsjlcM693NxDEsG18bxvZ2FxaXlltbBWXN/Y3Np2d3brOk4VZTUai1g1CdZMcMlqhhvBmoliOCKCNcjgeuI37pnSPJZ3ZpiwIMI9yUNOsbFSxz0gpE2wQnk9eaA0Y3ntuCWv7GVA88TPSQlyVDvuV7sb0zRi0lCBtW75XmKCEVaGU8HGxXaqWYLpAPdYy1KJI6aDUXbHGB1ZpYvCWNknDcrU3xMjHGk9jIjtjLDp61lvIv7ntVITXgYjLpPUMEmni8JUIBOjSSioyxWjRgwtwVRx+1dE+1hhamx0RRuCP3vyPKmflv3zsn97Vqpc5XEUYB8O4Rh8uIAK3EAVakDhEZ7hFd6cJ+fFeXc+pq0LTj6zB3/gfP4AZUWYXw==</latexit>

bbb̄b̄, ccc̄c̄
<latexit sha1_base64="nIgHV8mbI/22v6LQBrep9oo5fdk=">AAACEHicbVDLSsNAFJ34rPVVdelmsIiuSiKi7iy6cVnBPqAJZTKZtEMnkzBzI5TQT3Djr7hxoYhbl+78GydtBG09MMPhnHu59x4/EVyDbX9ZC4tLyyurpbXy+sbm1nZlZ7el41RR1qSxiFXHJ5oJLlkTOAjWSRQjkS9Y2x9e5377ninNY3kHo4R5EelLHnJKwEi9yhGm1PWJwj8/diMCAxVlfpzKwMUaCLDLca9StWv2BHieOAWpogKNXuXTDWKaRkwCFUTrrmMn4GVEAaeCjctuqllC6JD0WddQSSKmvWxy0BgfGiXAYazMk4An6u+OjERajyLfVObb6lkvF//zuimEF17GZZICk3Q6KEwFhhjn6eCAK0ZBjAwhVHGzK6YDoggFk2HZhODMnjxPWic156zm3J5W61dFHCW0jw7QMXLQOaqjG9RATUTRA3pCL+jVerSerTfrfVq6YBU9e+gPrI9v9TWckg==</latexit>

ccc̄c̄ bound state?

7

further lat. confirmation, awaits exp. discovery



Doubly heavy tetraquarks

Sasa Prelovsek                                 WP: Hadron spectroscopy with lattice QCD

States well below threshold
Status
surely bound, matured

explored dependence on mu, mb favors [bb][ud]
[Colquhoun, Hudspith, Maltman @ Lattice 2021]

awaits exp discovery

States near threshold
Status
T(E) needs to be extracted and pole established

only one study  [Padmanath, SP, 2202.10110]

<latexit sha1_base64="7lltJ+1Cb9bQ9wALxOVfP2sEnAU=">AAACFHicbVDLSgMxFM34rPU16tJNsAiCUGakqMuiG5ct2Ad0xpLJ3GlDMw+TjFCGfoQbf8WNC0XcunDn35hOZ6GtBxIO59x7c3O8hDOpLOvbWFpeWV1bL22UN7e2d3bNvf22jFNBoUVjHouuRyRwFkFLMcWhmwggoceh442up37nAYRkcXSrxgm4IRlELGCUKC31zdPMyYdkAvwJbjbvnESwELDjEYHvZ3ehTfpmxapaOfAisQtSQQUaffPL8WOahhApyomUPdtKlJsRoRjlMCk7qYSE0BEZQE/TiIQg3SzfZ4KPteLjIBb6RArn6u+OjIRSjkNPV4ZEDeW8NxX/83qpCi7djEVJqiCis4eClGMV42lC2GcCqOJjTQgVTO+K6ZAIQpXOsaxDsOe/vEjaZ1X7vFpr1ir1qyKOEjpER+gE2egC1dENaqAWougRPaNX9GY8GS/Gu/ExK10yip4D9AfG5w8aq57c</latexit>

QQ0q̄q̄0

virtual bound state pole found 
likely related to Tcc

<latexit sha1_base64="+iwatBW0C21pL7pYs4YV1o85oQQ=">AAACD3icbZBNS8MwGMfT+TbnW9Wjl8yhCMpoRdSLMPSinia4F1i7kabZFpamJUmFUfYNvPhVvHhQxKtXb34bs64H3Xwg4cf//zwkz9+LGJXKsr6N3Nz8wuJSfrmwsrq2vmFubtVlGAtMajhkoWh6SBJGOakpqhhpRoKgwGOk4Q2uxn7jgQhJQ36vhhFxA9TjtEsxUlrqmPsYOx4S0E/v+MiBN07xwilamm7b1ZTt9mHHLFllKy04C3YGJZBVtWN+OX6I44BwhRmSsmVbkXITJBTFjIwKTixJhPAA9UhLI0cBkW6S7jOCe1rxYTcU+nAFU/X3RIICKYeBpzsDpPpy2huL/3mtWHXP3YTyKFaE48lD3ZhBFcJxONCngmDFhhoQFlT/FeI+EggrHWFBh2BPrzwL9eOyfVq2705KlcssjjzYAbvgANjgDFTANaiCGsDgETyDV/BmPBkvxrvxMWnNGdnMNvhTxucPb42ZFw==</latexit>

ccd̄ū, I=0, JP =1+

lattice : from left to right
Leskovec, Meinel, Pflaumer, Wagner (2019) 1904.04197 
Junnarkar, Mathur, Padmanth (2018) 1810.12285  

Frances, Colquhoun, Hudspith, Maltman (2021) preliminary 
Bicudo, Wagner et al. 1612.02758 static potentials
Pflaumer, Leskovec,Meinel,Wagner (2021) 2108.10704
Junnarkar, Mathur, Padmanth (2018) 1810.12285  

Frances, Colquhoun, Hudspith, Maltman (2021) preliminary

Future
<latexit sha1_base64="NDIUZgtmjXgLPEu4PJM9k624a34=">AAACHnicbVDLSgMxFL1TX7W+Rl26CRbBRSkz4mtZdOOygn1AO5RMJtOGZh4kGaGU9kfc+CtuXCgiuNK/MTOdhW09EHI451ySe9yYM6ks68corKyurW8UN0tb2zu7e+b+QVNGiSC0QSIeibaLJeUspA3FFKftWFAcuJy23OFt6rceqZAsCh/UKKZOgPsh8xnBSks98wIR0nWxQAnKLq8yXVBkBU3d+UypZ5atqpUBLRM7J2XIUe+ZX10vIklAQ0U4lrJjW7FyxlgoRjidlLqJpDEmQ9ynHU1DHFDpjLP1JuhEKx7yI6FPqFCm/p0Y40DKUeDqZIDVQC56qfif10mUf+2MWRgnioZk9pCfcKQilHaFPCYoUXykCSaC6b8iMsACE6UbTUuwF1deJs2zqn1Zte/Py7WbvI4iHMExnIINV1CDO6hDAwg8wQu8wbvxbLwaH8bnLFow8plDmIPx/QsI4J/y</latexit>

ccūd̄, ccūs̄, bcūd̄

various JP

dependence on mQ, mu/d

why Tcc and X(3872) both lie so close to th. ? 

determine T(E)

8

<latexit sha1_base64="HeBaFYA9WHd/XgVG7dKexiTFK2g=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIeyKqBch6EU8RTAPSDZhdtJJhszOLjOzQljyEV48KOLV7/Hm3zhJ9qCJBQ1FVTfdXUEsuDau++0sLa+srq3nNvKbW9s7u4W9/ZqOEsWwyiIRqUZANQousWq4EdiIFdIwEFgPhrcTv/6ESvNIPppRjH5I+5L3OKPGSvX7duXaa592CkW35E5BFomXkSJkqHQKX61uxJIQpWGCat303Nj4KVWGM4HjfCvRGFM2pH1sWippiNpPp+eOybFVuqQXKVvSkKn6eyKlodajMLCdITUDPe9NxP+8ZmJ6V37KZZwYlGy2qJcIYiIy+Z10uUJmxMgSyhS3txI2oIoyYxPK2xC8+ZcXSe2s5F2UvIfzYvkmiyMHh3AEJ+DBJZThDipQBQZDeIZXeHNi58V5dz5mrUtONnMAf+B8/gAEiI61</latexit>

JP = 1+



Resonances from coupled-channel scattering: 
partly done, challenging 

Sasa Prelovsek                                 WP: Hadron spectroscopy with lattice QCD

<latexit sha1_base64="jbRWZW00sSb0QrGq8BasrXBG9aA=">AAACEnicbZDLSsNAFIYn9VbrLerSzWARFEpIgqjLopsuq9gLNDFMppN26EwSZiZCKfUV3Pgqblwo4taVO9/GaZuFtv4w8PGfczhz/jBlVCrb/jYKS8srq2vF9dLG5tb2jrm715RJJjBp4IQloh0iSRiNSUNRxUg7FQTxkJFWOLia1Fv3REiaxLdqmBKfo15MI4qR0lZgntx4KoG1wKkFbgU+aLjzUkE50Z6bYwValgUDs2xb9lRwEZwcyiBXPTC/vG6CM05ihRmSsuPYqfJHSCiKGRmXvEySFOEB6pGOxhhxIv3R9KQxPNJOF0aJ0C9WcOr+nhghLuWQh7qTI9WX87WJ+V+tk6nowh/ROM0UifFsUZQxqFOY5AO7VBCs2FADwoLqv0LcRwJhpVMs6RCc+ZMXoelazpnlXp+Wq5d5HEVwAA7BMXDAOaiCGqiDBsDgETyDV/BmPBkvxrvxMWstGPnMPvgj4/MHoc+a7Q==</latexit>

R ! H1H2, H
0
1H

0
2, ...

H1

a

H2

H1

a

H2

H1’
b

H2'

H1

a

H2

H1’
b

H2'

H1’
b

H2'

channel a : H1H2

channel b : H1 'H2 '

T (E) =
Taa (E) Tab(E)
Tab(E) Tbb(E)

⎢

⎣
⎢
⎢

⎥

⎦
⎥
⎥

a -> a              a -> b  

b->a b -> b

generalized. 
Luscher’s rel.Status: 

Resonances composed of u,d,s
significantly explored by HadSpec. coll.
a0, a1, b1,K0*(1430), ... 

En

R

VectorStock

9



b1 resonance from lattice

Sasa Prelovsek                                 WP: Hadron spectroscopy with lattice QCD

23

FIG. 17. Top: The scattering amplitudes-squared,
⇢a⇢b|t`Ja,`0Jb|

2, transcribed from Figure 10 with the energy
axis converted to physical units. Below the amplitudes are
the energy levels used to constrain the amplitudes (black
points). Bottom: The best estimate of the resonant pole
position, where uncertainties combine statistical and system-
atic uncertainties with variations across parameterizations.
The histograms show the best estimate of the magnitude of
each coupling with the lightly-shaded region reflecting the
combined uncertainties. The ⇡�{3S1} coupling is an estimate
of the upper bound.

of the ⇢ [38, 59–61] and K⇤ [62–65] couplings at various
values of m⇡. Considering

�����
cphys.⇡!{3`J}�
kphys.⇡!

�`

����� =

�����
c⇡!{3`J}�
k⇡!

�`

����� , (31)

where the cm-frame momentum is evaluated at the reso-
nance pole position, and where we use the values pre-
sented above on the right-hand side, and the experi-
mental b1 mass to compute kphys.⇡! , gives a prediction
of
��cphys.⇡!{3D1}

�� = 146(101) MeV. Subsequently, we obtain
an estimate for the ratio of couplings at the physical pion
mass of,

������

cphys.⇡!{3D1}

cphys.⇡!{3S1}

������
= 0.27(20). (32)

-150

-100

-50

1200 1300 1400 1500 1600

FIG. 18. The b1 pole position for various pion masses. Blue
shows the ground-state mass of the axial-vector octet from
a lattice calculation with m⇡ ⇡ 700 MeV [38], red shows
the estimate from this work with m⇡ ⇡ 391 MeV and black
is the experimentally determined mass and width of the b1
resonance [15].

The PDG [15] reports a ratio of D-wave to S-wave ampli-
tudes for the b1 resonance of magnitude 0.277(27), which
is not computed at the complex pole position and there-
fore not precisely the same quantity as we quote.

X. SUMMARY

This paper has reported on the first lattice QCD cal-
culation of coupled ⇡!, ⇡� scattering, the first time cou-
pled pseudoscalar-vector scattering amplitudes have been
computed. This large-scale calculation made use of a
significant number of operators resembling single, two
and three-meson constructions to extract finite-volume
spectra which were used to constrain the coupled-channel
scattering amplitudes.

Analysis of the obtained finite-volume spectra required
consideration of coupled 3S1 �

3D1 partial-waves in ⇡!
scattering. A clear b1 resonance was observed, visible as
a rapid increase in the ⇡!

�
3S1

 
phase-shift through 90�

or correspondingly as a bump in the magnitude of the
⇡!

�
3S1

 
! ⇡!

�
3S1

 
t-matrix element. More rigorously,

we found pole singularities on unphysical Riemann sheets
relatively close to the real energy axis with couplings
that are large for the ⇡!

�
3S1

 
final state, significantly

smaller for ⇡!
�
3D1

 
and compatible with zero for ⇡�.

The mass and width of the b1 resonance found in this
calculation, with light-quark masses such that m⇡ ⇡ 391
MeV, appear to be compatible with a smooth interpola-
tion between a stable state for much larger quark mass,
and the experimental resonance at lower quark mass.
We explored the role of three-body channels by

including operators in our bases whose construc-
tion resembles a meson coupled to a two-body
resonance, utilizing earlier calculations of meson-
meson scattering channels [13, 42, 43]. There is no
su�ciently-mature finite-volume formalism capable
of rigorously incorporating three-body scattering
channels here. However, as a systematic test, the
finite-volume formalism, which in principle can handle

exp

lat (m 𝜋=391 MeV)

Woss et al, HadSpec,

1904.04136, PRD 
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d̄u JPC = 1+�
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4papb

E2 |Tla,l0b|2
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m = Re(E) [MeV]
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=

2
Im

(E
)
[M

eV
]
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E [MeV]

q=u,d

conventional
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Resonances from coupled-channel scattering:  partly done, challenging 
Resonances containing heavy quarks

Status: only two studies extracted T(E)
<latexit sha1_base64="psaAoDwsdF09dDFW8oc7LhLAcx4=">AAACB3icbVDLSgMxFL3js9bXqEtBgkVw0zIjoiIIRbtQ3FSwD+gMQyZN29DMgyQjlKE7N/6KGxeKuPUX3Pk3pu0stPXA5R7OuZfkHj/mTCrL+jbm5hcWl5ZzK/nVtfWNTXNruy6jRBBaIxGPRNPHknIW0ppiitNmLCgOfE4bfv9q5DceqJAsCu/VIKZugLsh6zCClZY8c+/mwj53EKo4MUNF3ajCxYonHR8LdIs8s2CVrDHQLLEzUoAMVc/8ctoRSQIaKsKxlC3bipWbYqEY4XSYdxJJY0z6uEtbmoY4oNJNx3cM0YFW2qgTCV2hQmP190aKAykHga8nA6x6ctobif95rUR1ztyUhXGiaEgmD3USjlSERqGgNhOUKD7QBBPB9F8R6WGBidLR5XUI9vTJs6R+VLJPSvbdcaF8mcWRg13Yh0Ow4RTKcA1VqAGBR3iGV3gznowX4934mIzOGdnODvyB8fkDeheWiQ==</latexit>

I = 1 : D⇡ �D⌘ �DsK̄ HadSpec. 1607.07093, JHEP

<latexit sha1_base64="02DmCKJsandr2JaFt7/xW9rsjxM=">AAACB3icbVBNS8NAEN34WetX1KMgi0XwVJIi2mPRixehgv2AJoTNdtou3U3i7kYooTcv/hUvHhTx6l/w5r9x2+agrQ8GHu/NMDMvTDhT2nG+raXlldW19cJGcXNre2fX3ttvqjiVFBo05rFsh0QBZxE0NNMc2okEIkIOrXB4NfFbDyAVi6M7PUrAF6QfsR6jRBspsI+wCLyEeYoJuMeVquNhTxA9kCK7geY4sEtO2ZkCLxI3JyWUox7YX143pqmASFNOlOq4TqL9jEjNKIdx0UsVJIQOSR86hkZEgPKz6R9jfGKULu7F0lSk8VT9PZERodRIhKZzcqOa9ybif14n1b2qn7EoSTVEdLaol3KsYzwJBXeZBKr5yBBCJTO3YjogklBtoiuaENz5lxdJs1J2z8vu7VmpdpnHUUCH6BidIhddoBq6RnXUQBQ9omf0it6sJ+vFerc+Zq1LVj5zgP7A+vwBsgKYlA==</latexit>

m⇡ ' 280 MeV

<latexit sha1_base64="UDS9XRyvWfPTk5rFCh7anJK9J1s=">AAACBHicbZDLSsNAFIZPvNZ6i7rsZrAIbiyJiIogFO1CdxXsBZoQJtNJO3RyYWYilNCFG1/FjQtF3PoQ7nwbp20W2vrDwMd/zuHM+f2EM6ks69tYWFxaXlktrBXXNza3ts2d3aaMU0Fog8Q8Fm0fS8pZRBuKKU7biaA49Dlt+YPrcb31QIVkcXSvhgl1Q9yLWMAIVtryzBJCt5fWhYNqjo8Fqh3VPDklT3pm2apYE6F5sHMoQ666Z3453ZikIY0U4VjKjm0lys2wUIxwOio6qaQJJgPcox2NEQ6pdLPJESN0oJ0uCmKhX6TQxP09keFQymHo684Qq76crY3N/2qdVAXnbsaiJFU0ItNFQcqRitE4EdRlghLFhxowEUz/FZE+FpgonVtRh2DPnjwPzeOKfVqx707K1as8jgKUYB8OwYYzqMIN1KEBBB7hGV7hzXgyXox342PaumDkM3vwR8bnD9CGla4=</latexit>

I = 0 : DD̄ �DsD̄s

0++ 2++

3.4

3.5

3.6

3.7

3.8

3.9

4

m
 [G

eV
]

0++ 2++

3.4

3.5

3.6

3.7

3.8

3.9

4.0

JPC

2mD

2mDs

Lat : m

χc2(1P)

Exp

χc0(1P)

χc2(3930)

X(3860)

X(3915)/
χc0(3930)

ψ(3770)

ψ(2S)

X(3842)

1- - 1- - 3- -3- -

S.P. , Collins,  Padmanath, Mohler, Piemonte
2011.02541 JHEP, 1905.03506 PRD

Several other channels studied, 

but T(E) could not be extracted 
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these decays make 
studies difficult Status: only partial conclusions available
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Sasa Prelovsek                                 WP: Hadron spectroscopy with lattice QCD

Resonances R from coupled-channel scattering

Future  : many many relevant channels, most efforts will likely go into this direction    

• more emphasis on R containg Q=c,b  (less explored on lat)

• R decaying via 2,3,4 channels 

• R decaying to hadrons with spin 1+0, 1+1, ½+0, ½+1 ,... : more challenging than 0+0

examples (with heavy quarks)

resonances with light quarks including hybrids

much more has already been done (HadSpec coll)

decrease mu/d (till three-body decays kick in)

Can some reasonable approximations/simplifications be made?

<latexit sha1_base64="rf7THN3TBafPu76VhiP/YCk1zNE="></latexit>

c̄cc̄c : ⌘c⌘c � J/ J/ 

b̄bb̄b : ⌘b⌘b �⌥⌥

X(6900)=cccc [LHCb] seems to high for near future
but theory approaces predict more states near threshold
explore at least both threshold regions 

is there one or two poles for scalars (3 and 6)?

E<=4 GeV, but Zc(4430) is definitely out of reach!

<latexit sha1_base64="w6TGSuui2JRRqEKt3hooWlJdoFI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBPJRdEfVY1IPHCvYD2rVk02wbm02WJCuUpf/BiwdFvPp/vPlvTLd70NYHA4/3ZpiZF8ScaeO6305haXllda24XtrY3NreKe/uNbVMFKENIrlU7QBrypmgDcMMp+1YURwFnLaC0fXUbz1RpZkU92YcUz/CA8FCRrCxUhPd9NyHk1654lbdDGiReDmpQI56r/zV7UuSRFQYwrHWHc+NjZ9iZRjhdFLqJprGmIzwgHYsFTii2k+zayfoyCp9FEplSxiUqb8nUhxpPY4C2xlhM9Tz3lT8z+skJrz0UybixFBBZovChCMj0fR11GeKEsPHlmCimL0VkSFWmBgbUMmG4M2/vEiap1XvvOrdnVVqV3kcRTiAQzgGDy6gBrdQhwYQeIRneIU3RzovzrvzMWstOPnMPvyB8/kDLP2ONw==</latexit>

D⇤
0

<latexit sha1_base64="vu3q2MbbxIaC1szHNzQc4ehTIMc="></latexit>

Pc ' c̄cuud J/ p� ⌃+
c D̄

0 � ⌃+
c D̄

0⇤ there are more channels L, incorporate at least those three
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Towards internal structure of hadrons

Sasa Prelovsek                                 WP: Hadron spectroscopy with lattice QCD

• Dependence of pole position (m,Γ ) on quark masses : can not be explored in exp ...

• generalization of Feynman-Hellmann theorem to distinguish conventional and exotic hadrons [1706.09015]

• hadron structure from various currents K                                              also for H=R   [formalism exist: Briceno, Walker-Loud,...] 

• explore density-density correlations                                                     [for diquarks: Francis et al, 2106.09080 PRL] 

• request to pheno community: propose (realistic) lattice observables to learn more about hadron structure

Colquhoun, Hudspith, Maltman (2021) 
@Lattice2021

<latexit sha1_base64="bwy97rfJ8hKwFDVg+gtTZ61JXx8=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJiLosuimuKtgHNKFMppN26GQSZiZCabvwV9y4UMStv+HOv3GaZqGtBy6cOede5t4TJJwp7TjfVmFldW19o7hZ2tre2d2z9w+aKk4loQ0S81i2A6woZ4I2NNOcthNJcRRw2gqGtzO/9UilYrF40KOE+hHuCxYygrWRuvYRQh7Hos8pqk3uJjVPZo+uXXYqTga0TNyclCFHvWt/eb2YpBEVmnCsVMd1Eu2PsdSMcDoteamiCSZD3KcdQwWOqPLH2f5TdGqUHgpjaUpolKm/J8Y4UmoUBaYzwnqgFr2Z+J/XSXV47Y+ZSFJNBZl/FKYc6RjNwkA9JinRfGQIJpKZXREZYImJNpGVTAju4snLpHlecS8r7v1FuXqTx1GEYziBM3DhCqpQgzo0gMAEnuEV3qwn68V6tz7mrQUrnzmEP7A+fwDgq5Vj</latexit>

hH|J |Hi
<latexit sha1_base64="4RMDRDPbdvxsBY62eWlpjvZbc6I=">AAACGnicbVDLTgIxFO3gC/GFunTTSExgQ2aIUZdENywxkUfCTEinXKCh05m0HSIZ+A43/oobFxrjzrjxbyyPBYInaXJ6zrlp7/EjzpS27R8rtbG5tb2T3s3s7R8cHmWPT+oqjCWFGg15KJs+UcCZgJpmmkMzkkACn0PDH9xN/cYQpGKheNCjCLyA9ATrMkq0kdpZB2OXE9HjgCtjV/bDvDsEih/bTmH5ViqMK66c5drZnF20Z8DrxFmQHFqg2s5+uZ2QxgEITTlRquXYkfYSIjWjHCYZN1YQETogPWgZKkgAyktmq03whVE6uBtKc4TGM3V5IiGBUqPAN8mA6L5a9abif14r1t0bL2EiijUIOn+oG3OsQzztCXeYBKr5yBBCJTN/xbRPJKHatJkxJTirK6+TeqnoXBWd+8tc+XZRRxqdoXOURw66RmVUQVVUQxQ9oRf0ht6tZ+vV+rA+59GUtZg5RX9gff8C8WKfmA==</latexit>

hH|⇢(~x1)⇢(~x2)|Hi
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Sasa Prelovsek                                 WP: Hadron spectroscopy with lattice QCD

Scattering of three hadrons H1 H2 H3 ,     R → H1 H2 H3 

<latexit sha1_base64="qDv6TGN+UFacwZPgEWLgz+pruW8="></latexit>

a1 ! ⇡⇡⇡, N(1440) ! N⇡⇡, X(3872) ! J/ ⇡⇡, ....Nature

Formalism

Status 
with actual simulations

impressive progres!!

Future:   generalize the formalism to arbitrary JP, I, coupled channels,...

improve practical strategies to extract T(E), 3-body force

R→ H1 H2 H3  

R→ H1 H2 H3 , H1’ H2’ 

<latexit sha1_base64="hD4jPSjFAk8nymP+u3+3R/26UTI=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkoioh6LUvBYoV/QhLLZbtqlm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzgoQzpR3n2ypsbG5t7xR3S3v7B4dH9vFJW8WpJLRFYh7LboAV5UzQlmaa024iKY4CTjvB+GHudyZUKhaLpp4m1I/wULCQEayN1LdthOoeQp6OkYealfpl3y47VWcBtE7cnJQhR6Nvf3mDmKQRFZpwrFTPdRLtZ1hqRjidlbxU0QSTMR7SnqECR1T52eLyGbowygCFsTQlNFqovycyHCk1jQLTGWE9UqveXPzP66U6vPMzJpJUU0GWi8KUI/PnPAY0YJISzaeGYCKZuRWREZaYaBNWyYTgrr68TtpXVfem6j5dl2v3eRxFOINzqIALt1CDR2hACwhM4Ble4c3KrBfr3fpYthasfOYU/sD6/AHZ9pE3</latexit>

E ! T (E)
formalism by 3 groups: agreement 
Sharpe, Hansen, Briceno, Lopez...
Doring, Mai,...
Rusetsky, Hammer,...

<latexit sha1_base64="nLJ2f8UHRmkzkcIgwTl1FexAiEI=">AAACDHicbVDLSgMxFL1TX7W+qi7dBIsgtAwzIuqy6EZwU8E+oJ2WTJppQzMPkoxQhnbvxl9x40IRt36AO//GtB1QWw/J5XDuuST3uBFnUlnWl5FZWl5ZXcuu5zY2t7Z38rt7NRnGgtAqCXkoGi6WlLOAVhVTnDYiQbHvclp3B1eTfv2eCsnC4E4NI+r4uBcwjxGstNTJFxBCrYi1iz+lNL5pF2enNDZNE2mXZVpToEVip6QAKSqd/GerG5LYp4EiHEvZtK1IOQkWihFOR7lWLGmEyQD3aFPTAPtUOsl0mRE60koXeaHQN1Boqv6eSLAv5dB3tdPHqi/nexPxv14zVt6Fk7AgihUNyOwhL+ZIhWiSDOoyQYniQ00wEUz/FZE+FpgonV9Oh2DPr7xIaiemfWbat6eF8mUaRxYO4BCOwYZzKMM1VKAKBB7gCV7g1Xg0no03431mzRjpzD78gfHxDZEVmCM=</latexit>

⇡+⇡+⇡+, K+K+K+, ... GWU,HadSpec, Hanlon, Horz, NPLQCD, ETMC, . . ∶ 2020 − 2022

3-body force 

a1 → 𝜋𝜋𝜋 [GWU, 2107.03973, PRL] 
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Electrowek transitions of resonances

Sasa Prelovsek                                 WP: Hadron spectroscopy with lattice QCD

Status:

for stable H: vastly explored : topic of RF1 (Weak decays of c and b quarks)

for resonances: only  

formalisms exist  [Briceno et al, Walker Loud, Rusestsky,...]

[HadSpec PRL 2015; Alexandru et al 1807.08357] 

Future:     taking into account strong decays of resonances

EM: 

weak: <latexit sha1_base64="tj+s043BByX7INNxsEWHOpet+7I=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBZBPJRERD0W7cFjBfsBTSyb7aZdutnE3U2hhP4OLx4U8eqP8ea/cdPmoK0PBh7vzTAzz485U9q2v63Cyura+kZxs7S1vbO7V94/aKkokYQ2ScQj2fGxopwJ2tRMc9qJJcWhz2nbH91mfntMpWKReNCTmHohHggWMIK1kTyE6o9nro5Q3Y1Zr1yxq/YMaJk4OalAjkav/OX2I5KEVGjCsVJdx461l2KpGeF0WnITRWNMRnhAu4YKHFLlpbOjp+jEKH0URNKU0Gim/p5IcajUJPRNZ4j1UC16mfif1010cO2lTMSJpoLMFwUJR+bLLAHUZ5ISzSeGYCKZuRWRIZaYaJNTyYTgLL68TFrnVeey6txfVGo3eRxFOIJjOAUHrqAGd9CAJhB4gmd4hTdrbL1Y79bHvLVg5TOH8AfW5w/nf5Dm</latexit>

D⇤ ! D⇡
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Sasa Prelovsek                                 WP: Hadron spectroscopy with lattice QCD

Recommendations

Studies closer to physical world:  

Ø dont require just another “input parameter” (e.g. mu,md, ...) and more computer resources        

Ø more decay channels 

Ø conceptual improvements, ideas, significant human power

To realize impact of lattice QCD on hadron spectroscopy:
• sustained investment in human capital
• continued access to computer resources 

HEP community should work with DOE and NSF to increase funding for the HEP SciDAC programs and other cyber-
related initiatives, and to foster partnerships with ASCR and other agencies to strengthen the impact of these programs

• continued support to USQCD lattice QCD collaboration

USQCD  : umbrella collaboration, which encompasses nearly all researchers in lattice QCD in the US

SciDAC: program that address the math and computational challenges for predictive modeling

ACSR: Computing office

17



backup
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Sasa Prelovsek                                 WP: Hadron spectroscopy with lattice QCD

Recommendation concerning USQCD:

Over the last two decades or so, the DOE has provided extensive support to the USQCD lattice-QCD 
collaboration. This umbrella collaboration, which encompasses nearly all researchers in lattice QCD in the US, 
has coordinated a highly successful program of precision calculations using lattice methods, including a 
significant effort in hadronic spectroscopy. Much of the work in lattice QCD described above would not have been 
possible without this support. As lattice methods are applied to increasingly complex systems, it is essential that 
computational resources continue to be made available. We recommend the continuation of such support.
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Scalar heavy-light mesons

Sasa Prelovsek                                 WP: Hadron spectroscopy with lattice QCD

Conventional 

quark model

New paradigm 

<latexit sha1_base64="1JEt3MYbGWe5JbgRl1XjG3sTdV4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69pBZBEEoiRb0IRS/iqYL9gCQtm+22XbrZDbsToYT+DC8eFPHqr/Hmv3Hb5qCtDwYe780wMy+MOdPgON9WbmV1bX0jv1nY2t7Z3SvuHzS1TBShDSK5VO0Qa8qZoA1gwGk7VhRHIaetcHQ79VtPVGkmxSOMYxpEeCBYnxEMRvLuO3W/dO2XnM5Zt1h2Ks4M9jJxM1JGGerd4pffkySJqADCsdae68QQpFgBI5xOCn6iaYzJCA+oZ6jAEdVBOjt5Yp8YpWf3pTIlwJ6pvydSHGk9jkLTGWEY6kVvKv7neQn0r4KUiTgBKsh8UT/hNkh7+r/dY4oS4GNDMFHM3GqTIVaYgEmpYEJwF19eJs3zintRqT5Uy7WbLI48OkLH6BS56BLV0B2qowYiSKJn9IreLLBerHfrY96as7KZQ/QH1ucPHEGP2Q==</latexit>

JP =0+

<latexit sha1_base64="k3t5EaVln7KRVU2O3Tq4/SXF5ww=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyUpoi6LblxWsA9oQ5lMJ+3QySSdmQg11B9x40IRt36KO//GaZqFth643MM59zJ3jh9zprTjfFuFtfWNza3idmlnd2+/bB8ctlSUSEKbJOKR7PhYUc4EbWqmOe3EkuLQ57Ttj2/mfvuBSsUica+nMfVCPBQsYARrI/XtMun5WKLJ02TR+3bFqToZ0Cpxc1KBHI2+/dUbRCQJqdCEY6W6rhNrL8VSM8LprNRLFI0xGeMh7RoqcEiVl2aHz9CpUQYoiKQpoVGm/t5IcajUNPTNZIj1SC17c/E/r5vo4MpLmYgTTQVZPBQkHOkIzVNAAyYp0XxqCCaSmVsRGWGJiTZZlUwI7vKXV0mrVnUvqrW780r9Oo+jCMdwAmfgwiXU4RYa0AQCCTzDK7xZj9aL9W59LEYLVr5zBH9gff4ATwuS3g==</latexit>

cq̄ qq̄ q=u,d,s        n=u,d
<latexit sha1_base64="EEAKSvxPAe56TD+LyL7w6/VDkFo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKbdoLUJHHfrniVt05yCrxclKBHI1++as3iGkaMWmoQK27npsYP0NlOBVsWuqlmiVIxzhkXUslRkz72fzcKTmzyoCEsbIlDZmrvycyjLSeRIHtjNCM9LI3E//zuqkJr/2MyyQ1TNLFojAVxMRk9jsZcMWoERNLkCpubyV0hAqpsQmVbAje8surpFWrepfV2v1FpX6Tx1GEEziFc/DgCupwBw1oAoUxPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP+m2j0w=</latexit>

cq̄ +
Du et al, 1712.07957, PRD
Albaladejo et al,  1610.06727, PLB 

Lutz et al (2003), 0307133, PLB 

Beveren, Rupp;  Dmitrasinovic

3 ⨂ 8  = 3 ⨁6 ⨁15 SU(3)F

3
6

Scattering on the lattice
S=1  Mohler et al, 1308.3175, PRL

Lang et al, 1403.8103, PRD
RQCD, 1706.01247, PRD
HadSpec 2008.06432, JHEP

S=0   Lang et al. 1208.4059, PRD
(see backup)
HadSpec, 1607.07093, JHEP
HadSpec 2102.04973, JHEP 

S=-1  HadSpec, 2008.06432, JHEP

Ds0
*

D0
*

lat: 2.1-2.2 GeV (pole)

PDG: 2.3 GeV     (BW)

(see backup)

2.3 GeV

no state (mix with 
repulsive 15)

2.4-2.5 GeV      
reanalysis of lat 
1607.07093 by 
Albaladejo 1610.06727

virtual bound state 
HadSpec 2008.06432
partner of X(2900)  
[LHCb 2009.00025] ? 

<latexit sha1_base64="EEAKSvxPAe56TD+LyL7w6/VDkFo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKbdoLUJHHfrniVt05yCrxclKBHI1++as3iGkaMWmoQK27npsYP0NlOBVsWuqlmiVIxzhkXUslRkz72fzcKTmzyoCEsbIlDZmrvycyjLSeRIHtjNCM9LI3E//zuqkJr/2MyyQ1TNLFojAVxMRk9jsZcMWoERNLkCpubyV0hAqpsQmVbAje8surpFWrepfV2v1FpX6Tx1GEEziFc/DgCupwBw1oAoUxPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP+m2j0w=</latexit>

cq̄
new paradigm supported by:

• lattice

• effective models ChPT+HQET

• reanalysis of exp data

• states circled by blue seem 

to feature in the spectrum

mix

q=u,d,s
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A puzzle comparing   Tcc and    X(3872)

Sasa Prelovsek                                 WP: Hadron spectroscopy with lattice QCD

<latexit sha1_base64="7PZk8eeiycjwXBWoCjZLHdlvVuw=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSKIh7IrRT0W7cFjBfsB7bZk02wbmmSXJKuUpf/DiwdFvPpfvPlvTNs9aOuDgcd7M8zMC2LOtHHdb2dldW19YzO3ld/e2d3bLxwcNnSUKELrJOKRagVYU84krRtmOG3FimIRcNoMRrdTv/lIlWaRfDDjmPoCDyQLGcHGSt1q1+0EWKFqNz13J71C0S25M6Bl4mWkCBlqvcJXpx+RRFBpCMdatz03Nn6KlWGE00m+k2gaYzLCA9q2VGJBtZ/Orp6gU6v0URgpW9Kgmfp7IsVC67EIbKfAZqgXvan4n9dOTHjtp0zGiaGSzBeFCUcmQtMIUJ8pSgwfW4KJYvZWRIZYYWJsUHkbgrf48jJpXJS8y1L5vlys3GRx5OAYTuAMPLiCCtxBDepAQMEzvMKb8+S8OO/Ox7x1xclmjuAPnM8f9OiRhg==</latexit>

D0D̄⇤0
<latexit sha1_base64="Ipc4PBfpEA/nl5dRaoAcPevYVfw=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCmFXgnoMmoPHCOYhySbMTmaTITOzy8ysEJZ8hRcPinj1c7z5N04eB00saCiquunuCmLOtHHdbyezsrq2vpHdzG1t7+zu5fcP6jpKFKE1EvFINQOsKWeS1gwznDZjRbEIOG0Ew9uJ33iiSrNIPphRTH2B+5KFjGBjpcdKx6100rPzcTdfcIvuFGiZeHNSgDmq3fxXuxeRRFBpCMdatzw3Nn6KlWGE03GunWgaYzLEfdqyVGJBtZ9ODx6jE6v0UBgpW9Kgqfp7IsVC65EIbKfAZqAXvYn4n9dKTHjtp0zGiaGSzBaFCUcmQpPvUY8pSgwfWYKJYvZWRAZYYWJsRjkbgrf48jKpXxS9y2LpvlQo38zjyMIRHMMpeHAFZbiDKtSAgIBneIU3RzkvzrvzMWvNOPOZQ/gD5/MHkfyPng==</latexit>

D0D⇤+
<latexit sha1_base64="eRuFUwuxdmX6X98IyRVgbii+/To=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9ycIOFMG9f9dkorq2vrG+XNytb2zu5edf+grWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb2Z+55EqzaS4N5OE+jEeChYxgo2VHgjpB1ihMO/poFpz624OtEy8gtSgQHNQ/eqHkqQxFYZwrHXPcxPjZ1gZRjidVvqppgkmYzykPUsFjqn2s/zqKTqxSogiqWwJg3L190aGY60ncWAnY2xGetGbif95vdREV37GRJIaKsj8oSjlyEg0iwCFTFFi+MQSTBSztyIywgoTY4Oq2BC8xS8vk/ZZ3buon9+d1xrXRRxlOIJjOAUPLqEBt9CEFhBQ8Ayv8OY8OS/Ou/MxHy05xc4h/IHz+QPKoZIQ</latexit>

ccd̄ū
<latexit sha1_base64="dj7S3BMevs3hJteWm6kxqt7RqUY=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYkBVgipgrGBhLBJ9SG1UObdOa9VxUttBqqIu/AoLAwix8hls/A1umgFajmT5+Jx7dX2PH3OmtON8W4WV1bX1jeJmaWt7Z3fP3j9oqiiRQBsQ8Ui2faIoZ4I2NNOctmNJSehz2vJHtzO/9UilYpF40JOYeiEZCBYwINpIPfuo6xOJYZxdYzjH8zf07LJTcTLgZeLmpIxy1Hv2V7cfQRJSoYETpTquE2svJVIz4HRa6iaKxgRGZEA7hgoSUuWl2QJTfGqUPg4iaY7QOFN/d6QkVGoS+qYyJHqoFr2Z+J/XSXRw7aVMxImmAuaDgoRjHeFZGrjPJAXNJ4YQkMz8FcOQSALaZFYyIbiLKy+T5kXFvaxU76vl2k0eRxEdoxN0hlx0hWroDtVRAwGaomf0it6sJ+vFerc+5qUFK+85RH9gff4ABPaVZw==</latexit>

c̄qq̄c, c̄c

Why both reside within 1 MeV of threshold in exp ? There are many differences ... 

Similarities:

• JP=1+ , I=0
• in molecular picture: attraction via light vector exchange [e.g.  Guo et al. 2101.01021, 2108.02673] 

Differences: 

• in molecular picture:  attraction from one-pion exchange for X(3872) [Tornquist 1994]

slight attraction from one-pion exchange for Tcc [eg. Du, Guo, Hanhart, 2110.13765]

• presence of Fock component  cc for X(3872) [e.g. Padmanath, Lang, SP 1503.03257, PRD]

• presence of Fock component [cc][ud] for Tcc
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Bound  and virtual bound state: simplest example 
scattering in square-well potential in QM

<latexit sha1_base64="OdcLJqntF/YGuQhYNEB/oRSF3V4=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI7aUkIupFqHrxWMF+QBvKZrtpl242cXcj1NBf4sWDIl79Kd78N27bHLT1wcDjvRlm5vkxZ0o7zreVW1ldW9/Ibxa2tnd2i/beflNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uhm6rceqVQsEvd6HFMvxAPBAkawNlLPLqKkLCuXV13FRPlBVnp2yak6M6Bl4makBBnqPfur249IElKhCcdKdVwn1l6KpWaE00mhmygaYzLCA9oxVOCQKi+dHT5Bx0bpoyCSpoRGM/X3RIpDpcahbzpDrIdq0ZuK/3mdRAcXXspEnGgqyHxRkHCkIzRNAfWZpETzsSGYSGZuRWSIJSbaZFUwIbiLLy+T5knVPau6d6el2nUWRx4O4QjK4MI51OAW6tAAAgk8wyu8WU/Wi/Vufcxbc1Y2cwB/YH3+AOmAkfc=</latexit>

u(r) = A sin(qr)
<latexit sha1_base64="h1b8i4ln24UOA5v/VUPitXgzy8E=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxCi1ASEXUjlLpxWcE+oAllMr1ph04mYWYilNiFv+LGhSJu/Q13/o3Tx0JbD1w4nHMv994TJJwp7Tjf1tLyyuraem4jv7m1vbNr7+03VJxKCnUa81i2AqKAMwF1zTSHViKBRAGHZjC4GfvNB5CKxeJeDxPwI9ITLGSUaCN17EOcFmXpuuopJoqJPPW6wDUpdeyCU3YmwIvEnZECmqHWsb+8bkzTCISmnCjVdp1E+xmRmlEOo7yXKkgIHZAetA0VJALlZ5P7R/jEKF0cxtKU0Hii/p7ISKTUMApMZ0R0X817Y/E/r53q8MrPmEhSDYJOF4UpxzrG4zBwl0mgmg8NIVQycyumfSIJ1SayvAnBnX95kTTOyu5F2b07L1Sqszhy6AgdoyJy0SWqoFtUQ3VE0SN6Rq/ozXqyXqx362PaumTNZg7QH1ifP/qzlM4=</latexit>

u(r) = B sin(pr + �)

r
R

increasing mu/d , decreasing attraction

<latexit sha1_base64="Wyhfv28Qed/x0X6ZHG3sGJADIW0=">AAACAHicbZC7TsMwFIadcivlFmBgYHGpkFioEoSABamChbFI9CI1oXJcp7XqOJbtIFVpFl6FhQGEWHkMNt4Gt80AhV+y9Ok/5+j4/IFgVGnH+bIKC4tLyyvF1dLa+sbmlr2901RxIjFp4JjFsh0gRRjlpKGpZqQtJEFRwEgrGF5P6q0HIhWN+Z0eCeJHqM9pSDHSxuraexCS+5QKmXnlS69s+HgsxjLr2hWn6kwF/4KbQwXkqnftT68X4yQiXGOGlOq4jtB+iqSmmJGs5CWKCISHqE86BjmKiPLT6QEZPDROD4axNI9rOHV/TqQoUmoUBaYzQnqg5msT879aJ9HhhZ9SLhJNOJ4tChMGdQwnacAelQRrNjKAsKTmrxAPkERYm8xKJgR3/uS/0DypumdV9/a0UrvK4yiCfXAAjoALzkEN3IA6aAAMMvAEXsCr9Wg9W2/W+6y1YOUzu+CXrI9vrPCV1g==</latexit>

eipr=e�|p|r

p=i|p| p=-i|p|
<latexit sha1_base64="rvlHt4RTzPomlqyyBlRLpGJ6AFc=">AAAB/3icbZDLSgMxFIYz9VbrbVRw4ya1CK7KjIi6EYpuXFawF+iMJZNm2tBMJiQZoUxn4au4caGIW1/DnW9j2s5CW38IfPznHM7JHwhGlXacb6uwtLyyulZcL21sbm3v2Lt7TRUnEpMGjlks2wFShFFOGppqRtpCEhQFjLSC4c2k3nokUtGY3+uRIH6E+pyGFCNtrK59ACF5SKmQmVe+8sqGx2Iss65dcarOVHAR3BwqIFe9a395vRgnEeEaM6RUx3WE9lMkNcWMZCUvUUQgPER90jHIUUSUn07vz+CxcXowjKV5XMOp+3siRZFSoygwnRHSAzVfm5j/1TqJDi/9lHKRaMLxbFGYMKhjOAkD9qgkWLORAYQlNbdCPEASYW0iK5kQ3PkvL0LztOqeV927s0rtOo+jCA7BETgBLrgANXAL6qABMBiDZ/AK3qwn68V6tz5mrQUrn9kHf2R9/gA885Wf</latexit>

eipr=e|p|r

DD* rate ∝ p|T|2

ra
te

 ∝
p|

T|
2

for Tcc extracted on lattice

partial wave l=0

Sasa Prelovsek                                 WP: Hadron spectroscopy with lattice QCD 22



light hybrid meson 𝜋1 from lattice

Sasa Prelovsek                                 WP: Hadron spectroscopy with lattice QCD

<latexit sha1_base64="k7DKbJsEYE5y7JhSfAzXL32rpSA=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBZBEEtSRL0IxV7EUwX7AW1aNtttu3SzibubQgn5HV48KOLVH+PNf+O2zUFbHww83pthZp4Xcqa0bX9bmZXVtfWN7GZua3tndy+/f1BXQSQJrZGAB7LpYUU5E7Smmea0GUqKfY/ThjeqTP3GmErFAvGoJyF1fTwQrM8I1kZy7ztxtZLcOJ34/Czp5gt20Z4BLRMnJQVIUe3mv9q9gEQ+FZpwrFTLsUPtxlhqRjhNcu1I0RCTER7QlqEC+1S58ezoBJ0YpYf6gTQlNJqpvydi7Cs18T3T6WM9VIveVPzPa0W6f+3GTISRpoLMF/UjjnSApgmgHpOUaD4xBBPJzK2IDLHERJucciYEZ/HlZVIvFZ3LYunholC+TePIwhEcwyk4cAVluIMq1IDAEzzDK7xZY+vFerc+5q0ZK505hD+wPn8AkH+RUg==</latexit>

JPC = 1�+
<latexit sha1_base64="uXFx6JkLWxzHQaSQkIyr6TUb82c=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj0oMcK9gPbUDabSbt0swm7G6GU/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSAXXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1EmmGDZYIhLVDqhGwSU2DDcC26lCGgcCW8HwZuq3nlBpnsgHM0rRj2lf8ogzaqz02A2oIiG5JVmvVHYr7gxkmXg5KUOOeq/01Q0TlsUoDRNU647npsYfU2U4EzgpdjONKWVD2seOpZLGqP3x7OIJObVKSKJE2ZKGzNTfE2Maaz2KA9sZUzPQi95U/M/rZCa68sdcpplByeaLokwQk5Dp+yTkCpkRI0soU9zeStiAKsqMDaloQ/AWX14mzWrFu6hU78/Ltes8jgIcwwmcgQeXUIM7qEMDGEh4hld4c7Tz4rw7H/PWFSefOYI/cD5/ADPqj/Y=</latexit>

d̄Gu

Woss et al. (HadSpec) 

2009.10034

mu= md= ms, m𝜋 ≈ 700 𝑀𝑒𝑉

physical worldb1 𝜋f1 𝜋𝜌 𝜋 𝜂′ 𝜋
dominant coupling 

resemblence to experimental 𝜋1(1564): COMPASS+JPAC Rodas 1810.04171 [PRL]

𝜋1(1564) in COMPASS+JPAC replaces two older resonances 𝜋1(1400) and 𝜋1(1600) 

pheno 

analysis

<latexit sha1_base64="TbHhNDzjMaW5z1c5Rx8PUhoxT0E=">AAACDXicbVDLSgMxFM34rPU16tJNsAp1U2ZKUaEIRRF1V8E+oFPKnTRtQ5OZIckIZegPuPFX3LhQxK17d/6N6WOhrQcCJ+fcy733+BFnSjvOt7WwuLS8sppaS69vbG5t2zu7VRXGktAKCXko6z4oyllAK5ppTuuRpCB8Tmt+/3Lk1x6oVCwM7vUgok0B3YB1GAFtpJZ9iL1rEAK8IpzjPPaK2BOge1Ikt2KYvTJ/OMYtO+PknDHwPHGnJIOmKLfsL68dkljQQBMOSjVcJ9LNBKRmhNNh2osVjYD0oUsbhgYgqGom42uG+MgobdwJpXmBxmP1d0cCQqmB8E3laFU1643E/7xGrDtnzYQFUaxpQCaDOjHHOsSjaHCbSUo0HxgCRDKzKyY9kEC0CTBtQnBnT54n1XzOPckV7gqZ0sU0jhTaRwcoi1x0ikroBpVRBRH0iJ7RK3qznqwX6936mJQuWNOePfQH1ucPXZ2ZOg==</latexit> �
a
=

2
Im

(E
a)

<latexit sha1_base64="CaGQg+Uh1aQJ9EFWgetD3lELv28=">AAACA3icbVDLSgMxFM34rPU16k43wSLUTZmRokIRiiK4rGIf0BlKJk3b0CQzJBmhDAU3/oobF4q49Sfc+Tdm2llo64ELh3Pu5d57gohRpR3n21pYXFpeWc2t5dc3Nre27Z3dhgpjiUkdhyyUrQApwqggdU01I61IEsQDRprB8Cr1mw9EKhqKez2KiM9RX9AexUgbqWPvc6+CLiD0ONIDyZM7Mi5eexWIjmHHLjglZwI4T9yMFECGWsf+8rohjjkRGjOkVNt1Iu0nSGqKGRnnvViRCOEh6pO2oQJxovxk8sMYHhmlC3uhNCU0nKi/JxLElRrxwHSmp6pZLxX/89qx7p37CRVRrInA00W9mEEdwjQQ2KWSYM1GhiAsqbkV4gGSCGsTW96E4M6+PE8aJyX3tFS+LReql1kcOXAADkERuOAMVMENqIE6wOARPINX8GY9WS/Wu/UxbV2wspk98AfW5w89l5X8</latexit>

m a = Re(E a)

<latexit sha1_base64="LcOOCF0SqSC9zkCGbyVvzYBmGQg=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxY0lKUZdFKbis0Bc0aZhMJ+20kwczE6GE+AVu/BU3LhRx69adf+O0zUJbD1w4nHMv997jRowKaRjfWm5ldW19I79Z2Nre2d3T9w9aIow5Jk0cspB3XCQIowFpSioZ6UScIN9lpO2Ob6Z++55wQcOgIScRsX00CKhHMZJKcvTThpPQUWoJ6kPL4wgn2KHwAWJnlCY1J+qVz2u9curoRaNkzACXiZmRIshQd/Qvqx/i2CeBxAwJ0TWNSNoJ4pJiRtKCFQsSITxGA9JVNEA+EXYy+yeFJ0rpQy/kqgIJZ+rviQT5Qkx8V3X6SA7FojcV//O6sfSu7IQGUSxJgOeLvJhBGcJpOLBPOcGSTRRBmFN1K8RDpFKRKsKCCsFcfHmZtMol86JUuasUq9dZHHlwBI7BGTDBJaiCW1AHTYDBI3gGr+BNe9JetHftY96a07KZQ/AH2ucPJlScFg==</latexit>

Tij ⇠
ci cj

E2
p � E2

Couplings of the resonance to various channels
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This  indicates that coupling of p J/ψ channel with other 
two-hadron channels  is  likely responsible for Pc in 
experiment  (in line with LHCb result)

Pc pentaquarks

Pc =  uudcc →  (uud) (cc): p J/Ψ,...

                     → (udc) (cu): Σc
+ D0,...

Indications that Σc
+ D(*)  molecular component is important:

• experiment finds them slightly below  those thresholds 

• supported by phenomenological models with ρ/ω exchange  

predicted 2010-2012 [Wu, Molina, Oset, Zou, 1007.0573, PRL; Wu 
et al., 1202.1036. PRC, Yang et al, 1105.2901, Wang et al, 1101.0453, PRC] 

• Lattice QCD addressed simplified question:

Do Pc resonances appear  in one-channel 

scattering  if it is decoupled from other channels ? 

Answer: No   [Skerbis, S. P., 1811.02285, PRD 2019] 

T(E)≈0 within large errors, small interaction, no resonance 

p J /ψ→ Pc → p J /ψ

Sasa Prelovsek                                 WP: Hadron spectroscopy with lattice QCD

c cuud

[LHCb 2019, 
1904.03947,
PRL]

Σc ( 12
+ )D(0− )→ J P = 1

2
− Σc ( 12

+ )D*(1− )→ J P = 1
2
− , 32

−

JP not determined from exp.

Expected JP for molecule in s-wave:
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