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Introduction to doubly heavy tetraquarks
Singly heavy hadron masses in HQET

Predictions for doubly heavy tetraquark masses in 
heavy-diquark limit with error bars

Summary

Outline
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two heavy quarks + two light antiquarks

Doubly heavy tetraquarks in heavy-diquark limit

doubly heavy core

color: 3⌦ 3 = 6� 3⇤
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doubly heavy core

color: 3⌦ 3 = 6� 3⇤
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spin: 1/2⌦ 1/2 = 0� 1
<latexit sha1_base64="g4KNKaogU+QslQfnb1I2hvQwhpo=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4qjNF0I1QdOOygn1AO5RMmmlDM8mQ3BFK6caNv+LGhSJu/Qd3/o2ZdhbaeiBw7jn3cnNPmAhuwPO+naXlldW19cJGcXNre2fX3dtvGJVqyupUCaVbITFMcMnqwEGwVqIZiUPBmuHwJvObD0wbruQ9jBIWxKQvecQpASt13SP/rII7CnjMDM74FfZsnYjUll235JW9KfAi8XNSQjlqXfer01M0jZkEKogxbd9LIBgTDZwKNil2UsMSQoekz9qWSmK3BuPpFRN8YpUejpS2TwKeqr8nxiQ2ZhSHtjMmMDDzXib+57VTiC6DMZdJCkzS2aIoFRgUziLBPa4ZBTGyhFDN7V8xHRBNKNjgijYEf/7kRdKolH2v7N+dl6rXeRwFdIiO0Sny0QWqoltUQ3VE0SN6Rq/ozXlyXpx352PWuuTkMwfoD5zPHxf8lcE=</latexit><latexit sha1_base64="g4KNKaogU+QslQfnb1I2hvQwhpo=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4qjNF0I1QdOOygn1AO5RMmmlDM8mQ3BFK6caNv+LGhSJu/Qd3/o2ZdhbaeiBw7jn3cnNPmAhuwPO+naXlldW19cJGcXNre2fX3dtvGJVqyupUCaVbITFMcMnqwEGwVqIZiUPBmuHwJvObD0wbruQ9jBIWxKQvecQpASt13SP/rII7CnjMDM74FfZsnYjUll235JW9KfAi8XNSQjlqXfer01M0jZkEKogxbd9LIBgTDZwKNil2UsMSQoekz9qWSmK3BuPpFRN8YpUejpS2TwKeqr8nxiQ2ZhSHtjMmMDDzXib+57VTiC6DMZdJCkzS2aIoFRgUziLBPa4ZBTGyhFDN7V8xHRBNKNjgijYEf/7kRdKolH2v7N+dl6rXeRwFdIiO0Sny0QWqoltUQ3VE0SN6Rq/ozXlyXpx352PWuuTkMwfoD5zPHxf8lcE=</latexit><latexit sha1_base64="g4KNKaogU+QslQfnb1I2hvQwhpo=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4qjNF0I1QdOOygn1AO5RMmmlDM8mQ3BFK6caNv+LGhSJu/Qd3/o2ZdhbaeiBw7jn3cnNPmAhuwPO+naXlldW19cJGcXNre2fX3dtvGJVqyupUCaVbITFMcMnqwEGwVqIZiUPBmuHwJvObD0wbruQ9jBIWxKQvecQpASt13SP/rII7CnjMDM74FfZsnYjUll235JW9KfAi8XNSQjlqXfer01M0jZkEKogxbd9LIBgTDZwKNil2UsMSQoekz9qWSmK3BuPpFRN8YpUejpS2TwKeqr8nxiQ2ZhSHtjMmMDDzXib+57VTiC6DMZdJCkzS2aIoFRgUziLBPa4ZBTGyhFDN7V8xHRBNKNjgijYEf/7kRdKolH2v7N+dl6rXeRwFdIiO0Sny0QWqoltUQ3VE0SN6Rq/ozXlyXpx352PWuuTkMwfoD5zPHxf8lcE=</latexit><latexit sha1_base64="g4KNKaogU+QslQfnb1I2hvQwhpo=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4qjNF0I1QdOOygn1AO5RMmmlDM8mQ3BFK6caNv+LGhSJu/Qd3/o2ZdhbaeiBw7jn3cnNPmAhuwPO+naXlldW19cJGcXNre2fX3dtvGJVqyupUCaVbITFMcMnqwEGwVqIZiUPBmuHwJvObD0wbruQ9jBIWxKQvecQpASt13SP/rII7CnjMDM74FfZsnYjUll235JW9KfAi8XNSQjlqXfer01M0jZkEKogxbd9LIBgTDZwKNil2UsMSQoekz9qWSmK3BuPpFRN8YpUejpS2TwKeqr8nxiQ2ZhSHtjMmMDDzXib+57VTiC6DMZdJCkzS2aIoFRgUziLBPa4ZBTGyhFDN7V8xHRBNKNjgijYEf/7kRdKolH2v7N+dl6rXeRwFdIiO0Sny0QWqoltUQ3VE0SN6Rq/ozXlyXpx352PWuuTkMwfoD5zPHxf8lcE=</latexit>

flavor:

Q1Q2Q2Q1

{Q1Q2} or [Q1Q2]

parity: P = (-1)L = +1  (L=0)

antisymmetric 

symmetric

spatial wave function is symmetric 

symmetric 

antisymmetric 

antisymmetric 
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Doubly heavy tetraquarks in heavy-diquark limit



q

doubly heavy core

color: 3⌦ 3 = 6� 3⇤
<latexit sha1_base64="WGBka5SPrfPe68w2qeCTJyXSmnE=">AAACA3icbVDLSgMxFL1TX7W+Rt3pJlgEcVFmrKgboejGZQX7gHYsmTTThmYmQ5IRylBw46+4caGIW3/CnX9j2s5CWw8Ezj3nXm7u8WPOlHacbyu3sLi0vJJfLaytb2xu2ds7dSUSSWiNCC5k08eKchbRmmaa02YsKQ59Thv+4HrsNx6oVExEd3oYUy/EvYgFjGBtpI69V0ZtoVlIFSqjS3Rmqpgnprg/7thFp+RMgOaJm5EiZKh27K92V5AkpJEmHCvVcp1YeymWmhFOR4V2omiMyQD3aMvQCJutXjq5YYQOjdJFgZDmRRpN1N8TKQ6VGoa+6Qyx7qtZbyz+57USHVx4KYviRNOITBcFCUdaoHEgqMskJZoPDcFEMvNXRPpYYqJNbAUTgjt78jypn5Rcp+TenhYrV1kcediHAzgCF86hAjdQhRoQeIRneIU368l6sd6tj2lrzspmduEPrM8fgPGVfw==</latexit><latexit sha1_base64="WGBka5SPrfPe68w2qeCTJyXSmnE=">AAACA3icbVDLSgMxFL1TX7W+Rt3pJlgEcVFmrKgboejGZQX7gHYsmTTThmYmQ5IRylBw46+4caGIW3/CnX9j2s5CWw8Ezj3nXm7u8WPOlHacbyu3sLi0vJJfLaytb2xu2ds7dSUSSWiNCC5k08eKchbRmmaa02YsKQ59Thv+4HrsNx6oVExEd3oYUy/EvYgFjGBtpI69V0ZtoVlIFSqjS3Rmqpgnprg/7thFp+RMgOaJm5EiZKh27K92V5AkpJEmHCvVcp1YeymWmhFOR4V2omiMyQD3aMvQCJutXjq5YYQOjdJFgZDmRRpN1N8TKQ6VGoa+6Qyx7qtZbyz+57USHVx4KYviRNOITBcFCUdaoHEgqMskJZoPDcFEMvNXRPpYYqJNbAUTgjt78jypn5Rcp+TenhYrV1kcediHAzgCF86hAjdQhRoQeIRneIU368l6sd6tj2lrzspmduEPrM8fgPGVfw==</latexit><latexit sha1_base64="WGBka5SPrfPe68w2qeCTJyXSmnE=">AAACA3icbVDLSgMxFL1TX7W+Rt3pJlgEcVFmrKgboejGZQX7gHYsmTTThmYmQ5IRylBw46+4caGIW3/CnX9j2s5CWw8Ezj3nXm7u8WPOlHacbyu3sLi0vJJfLaytb2xu2ds7dSUSSWiNCC5k08eKchbRmmaa02YsKQ59Thv+4HrsNx6oVExEd3oYUy/EvYgFjGBtpI69V0ZtoVlIFSqjS3Rmqpgnprg/7thFp+RMgOaJm5EiZKh27K92V5AkpJEmHCvVcp1YeymWmhFOR4V2omiMyQD3aMvQCJutXjq5YYQOjdJFgZDmRRpN1N8TKQ6VGoa+6Qyx7qtZbyz+57USHVx4KYviRNOITBcFCUdaoHEgqMskJZoPDcFEMvNXRPpYYqJNbAUTgjt78jypn5Rcp+TenhYrV1kcediHAzgCF86hAjdQhRoQeIRneIU368l6sd6tj2lrzspmduEPrM8fgPGVfw==</latexit><latexit sha1_base64="WGBka5SPrfPe68w2qeCTJyXSmnE=">AAACA3icbVDLSgMxFL1TX7W+Rt3pJlgEcVFmrKgboejGZQX7gHYsmTTThmYmQ5IRylBw46+4caGIW3/CnX9j2s5CWw8Ezj3nXm7u8WPOlHacbyu3sLi0vJJfLaytb2xu2ds7dSUSSWiNCC5k08eKchbRmmaa02YsKQ59Thv+4HrsNx6oVExEd3oYUy/EvYgFjGBtpI69V0ZtoVlIFSqjS3Rmqpgnprg/7thFp+RMgOaJm5EiZKh27K92V5AkpJEmHCvVcp1YeymWmhFOR4V2omiMyQD3aMvQCJutXjq5YYQOjdJFgZDmRRpN1N8TKQ6VGoa+6Qyx7qtZbyz+57USHVx4KYviRNOITBcFCUdaoHEgqMskJZoPDcFEMvNXRPpYYqJNbAUTgjt78jypn5Rcp+TenhYrV1kcediHAzgCF86hAjdQhRoQeIRneIU368l6sd6tj2lrzspmduEPrM8fgPGVfw==</latexit>

spin: 1/2⌦ 1/2 = 0� 1
<latexit sha1_base64="g4KNKaogU+QslQfnb1I2hvQwhpo=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4qjNF0I1QdOOygn1AO5RMmmlDM8mQ3BFK6caNv+LGhSJu/Qd3/o2ZdhbaeiBw7jn3cnNPmAhuwPO+naXlldW19cJGcXNre2fX3dtvGJVqyupUCaVbITFMcMnqwEGwVqIZiUPBmuHwJvObD0wbruQ9jBIWxKQvecQpASt13SP/rII7CnjMDM74FfZsnYjUll235JW9KfAi8XNSQjlqXfer01M0jZkEKogxbd9LIBgTDZwKNil2UsMSQoekz9qWSmK3BuPpFRN8YpUejpS2TwKeqr8nxiQ2ZhSHtjMmMDDzXib+57VTiC6DMZdJCkzS2aIoFRgUziLBPa4ZBTGyhFDN7V8xHRBNKNjgijYEf/7kRdKolH2v7N+dl6rXeRwFdIiO0Sny0QWqoltUQ3VE0SN6Rq/ozXlyXpx352PWuuTkMwfoD5zPHxf8lcE=</latexit><latexit sha1_base64="g4KNKaogU+QslQfnb1I2hvQwhpo=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4qjNF0I1QdOOygn1AO5RMmmlDM8mQ3BFK6caNv+LGhSJu/Qd3/o2ZdhbaeiBw7jn3cnNPmAhuwPO+naXlldW19cJGcXNre2fX3dtvGJVqyupUCaVbITFMcMnqwEGwVqIZiUPBmuHwJvObD0wbruQ9jBIWxKQvecQpASt13SP/rII7CnjMDM74FfZsnYjUll235JW9KfAi8XNSQjlqXfer01M0jZkEKogxbd9LIBgTDZwKNil2UsMSQoekz9qWSmK3BuPpFRN8YpUejpS2TwKeqr8nxiQ2ZhSHtjMmMDDzXib+57VTiC6DMZdJCkzS2aIoFRgUziLBPa4ZBTGyhFDN7V8xHRBNKNjgijYEf/7kRdKolH2v7N+dl6rXeRwFdIiO0Sny0QWqoltUQ3VE0SN6Rq/ozXlyXpx352PWuuTkMwfoD5zPHxf8lcE=</latexit><latexit sha1_base64="g4KNKaogU+QslQfnb1I2hvQwhpo=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4qjNF0I1QdOOygn1AO5RMmmlDM8mQ3BFK6caNv+LGhSJu/Qd3/o2ZdhbaeiBw7jn3cnNPmAhuwPO+naXlldW19cJGcXNre2fX3dtvGJVqyupUCaVbITFMcMnqwEGwVqIZiUPBmuHwJvObD0wbruQ9jBIWxKQvecQpASt13SP/rII7CnjMDM74FfZsnYjUll235JW9KfAi8XNSQjlqXfer01M0jZkEKogxbd9LIBgTDZwKNil2UsMSQoekz9qWSmK3BuPpFRN8YpUejpS2TwKeqr8nxiQ2ZhSHtjMmMDDzXib+57VTiC6DMZdJCkzS2aIoFRgUziLBPa4ZBTGyhFDN7V8xHRBNKNjgijYEf/7kRdKolH2v7N+dl6rXeRwFdIiO0Sny0QWqoltUQ3VE0SN6Rq/ozXlyXpx352PWuuTkMwfoD5zPHxf8lcE=</latexit><latexit sha1_base64="g4KNKaogU+QslQfnb1I2hvQwhpo=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4qjNF0I1QdOOygn1AO5RMmmlDM8mQ3BFK6caNv+LGhSJu/Qd3/o2ZdhbaeiBw7jn3cnNPmAhuwPO+naXlldW19cJGcXNre2fX3dtvGJVqyupUCaVbITFMcMnqwEGwVqIZiUPBmuHwJvObD0wbruQ9jBIWxKQvecQpASt13SP/rII7CnjMDM74FfZsnYjUll235JW9KfAi8XNSQjlqXfer01M0jZkEKogxbd9LIBgTDZwKNil2UsMSQoekz9qWSmK3BuPpFRN8YpUejpS2TwKeqr8nxiQ2ZhSHtjMmMDDzXib+57VTiC6DMZdJCkzS2aIoFRgUziLBPa4ZBTGyhFDN7V8xHRBNKNjgijYEf/7kRdKolH2v7N+dl6rXeRwFdIiO0Sny0QWqoltUQ3VE0SN6Rq/ozXlyXpx352PWuuTkMwfoD5zPHxf8lcE=</latexit>

flavor:

Q1Q2Q2Q1

{Q1Q2}       [Q1Q2]

  light antiquarks

JP: 1+ 0+

- q’-

{qq’}, 1+        [qq’], 0+

flavor JP

 [Q1Q2] [qq’] 0+

 [Q1Q2] {qq’} 1+

 {Q1Q2} [qq’] 1+

 {Q1Q2} {qq’} (0, 1, 2)+

doubly heavy tetraquarks

- - - -

- -
- -
- -
- -
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Doubly heavy tetraquarks in heavy-diquark limit



Manohar and Wise [Nucl.Phys. B399, 17 (1993)] 

     There must be stable QQqq tetraquarks in the limit mQ → ∞ 

Karliner and Rosner [Phys. Rev. Lett 119, 202001(2017)]: 

     stable bb[ud] 

     near threshold cc[ud] and bc[ud] 

Eichten and Quigg [Phys. Rev. Lett 119, 202002 (2017)]  

     stable bb[ud], bb[qs], cc and bc tetraquarks are not stable.  

q-

q-

Q1 Q2

 QQqq: stable from strong decays?- -

- -

It is important to have predictions of the masses with error bars

- -

- - - -
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Doubly heavy tetraquarks in heavy-diquark limit

- - - -



Singly heavy hadrons

Q q-

Q q

q

H
Q
` = mQ + E` +

K`

2mQ
+

S`

2mQ
S · j`

<latexit sha1_base64="sU0T5F+7lRT6U+4Gu5N1DtwZJiM="></latexit><latexit sha1_base64="sU0T5F+7lRT6U+4Gu5N1DtwZJiM="></latexit><latexit sha1_base64="sU0T5F+7lRT6U+4Gu5N1DtwZJiM="></latexit><latexit sha1_base64="sU0T5F+7lRT6U+4Gu5N1DtwZJiM="></latexit>

hadron spin:
   J = S + jl 

Hamiltonian through first order in 1/mQ:

parameters can be fitted with measured masses in PDG(2018)

` = q̄/qq, jP

<latexit sha1_base64="tCBJfaCfiJoDrLK/Qy52g3KR8S0=">AAAB/HicbVDLSgMxFL1TX7W+ql26CRbBhdQZKagLoejGZQX7gM5YMmmmjc08mmSEYai/4saFIm79EHf+jWk7C209EDiccy735rgRZ1KZ5reRW1peWV3Lrxc2Nre2d4q7e00ZxoLQBgl5KNoulpSzgDYUU5y2I0Gx73LacofXE7/1SIVkYXCnkog6Pu4HzGMEKy11iyWbcn5pu1ig0clodIwe7uvdYtmsmFOgRWJlpAwZdP7L7oUk9mmgCMdSdiwzUk6KhWKE03HBjiWNMBniPu1oGmCfSiedHj9Gh1rpIS8U+gUKTdXfEyn2pUx8Vyd9rAZy3puI/3mdWHnnTsqCKFY0ILNFXsyRCtGkCdRjghLFE00wEUzfisgAC0yU7qugS7Dmv7xImqcVq1q5uK2Wa1dZHXnYhwM4AgvOoAY3UIcGEEjgGV7hzXgyXox342MWzRnZTAn+wPj8AUAjk+I=</latexit>
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theoretical errors: isospin splittings [effects of electromagnetism 

and the u − d mass difference] 
correction to      of order 1/mQ:   

strange quark mass ms : difference in          when u or d → s                                 

Hamiltonian through first order in 1/mQ:

Singly heavy hadrons

H
Q
` = mQ + E` +

K`

2mQ
+

S`

2mQ
S · j`

<latexit sha1_base64="sU0T5F+7lRT6U+4Gu5N1DtwZJiM="></latexit><latexit sha1_base64="sU0T5F+7lRT6U+4Gu5N1DtwZJiM="></latexit><latexit sha1_base64="sU0T5F+7lRT6U+4Gu5N1DtwZJiM="></latexit><latexit sha1_base64="sU0T5F+7lRT6U+4Gu5N1DtwZJiM="></latexit>Q q-

Q q

q

` = q̄/qq, jP

<latexit sha1_base64="tCBJfaCfiJoDrLK/Qy52g3KR8S0=">AAAB/HicbVDLSgMxFL1TX7W+ql26CRbBhdQZKagLoejGZQX7gM5YMmmmjc08mmSEYai/4saFIm79EHf+jWk7C209EDiccy735rgRZ1KZ5reRW1peWV3Lrxc2Nre2d4q7e00ZxoLQBgl5KNoulpSzgDYUU5y2I0Gx73LacofXE7/1SIVkYXCnkog6Pu4HzGMEKy11iyWbcn5pu1ig0clodIwe7uvdYtmsmFOgRWJlpAwZdP7L7oUk9mmgCMdSdiwzUk6KhWKE03HBjiWNMBniPu1oGmCfSiedHj9Gh1rpIS8U+gUKTdXfEyn2pUx8Vyd9rAZy3puI/3mdWHnnTsqCKFY0ILNFXsyRCtGkCdRjghLFE00wEUzfisgAC0yU7qugS7Dmv7xImqcVq1q5uK2Wa1dZHXnYhwM4AgvOoAY3UIcGEEjgGV7hzXgyXox342MWzRnZTAn+wPj8AUAjk+I=</latexit>

E`,Q

<latexit sha1_base64="+eg/X4YdJuDw9TF1FppG3FtN6UI=">AAAB/XicdVDLSsNAFJ34rPVVHzs3g0VwISGpoY9dUQSXLdgHNCFMppN26OTBzESoIfgrblwo4tb/cOffOGkrqOiBgcM593LPHC9mVEjD+NCWlldW19YLG8XNre2d3dLefldECcekgyMW8b6HBGE0JB1JJSP9mBMUeIz0vMll7vduCRc0Cm/kNCZOgEYh9SlGUklu6dAOkBxjxNKrzE1twthZO3NLZUNv1KsVqwoN3TBqZsXMSaVmnVvQVEqOMlig5Zbe7WGEk4CEEjMkxMA0YumkiEuKGcmKdiJIjPAEjchA0RAFRDjpLH0GT5QyhH7E1QslnKnfN1IUCDENPDWZZxW/vVz8yxsk0q87KQ3jRJIQzw/5CYMygnkVcEg5wZJNFUGYU5UV4jHiCEtVWFGV8PVT+D/pVnTT0httq9y8WNRRAEfgGJwCE9RAE1yDFugADO7AA3gCz9q99qi9aK/z0SVtsXMAfkB7+wQHa5Wh</latexit>

S` ! S`,Q

<latexit sha1_base64="6Nc0LAOdiperWNMig0If2aNapWg=">AAACEnicdVDLSgMxFM3UV62vUZdugkVQkDIpxba7ohuXLdoHdIYhk6ZtaOZBkhHKMN/gxl9x40IRt67c+Tdm2go+D1w4nHMv997jRZxJZVnvRm5peWV1Lb9e2Njc2t4xd/c6MowFoW0S8lD0PCwpZwFtK6Y47UWCYt/jtOtNLjK/e0OFZGFwraYRdXw8CtiQEay05Jonto/VmGCeXKVuYlPOU1uFv8TTVuqaRatkWRZCCGYEVc8sTer1WhnVIMosjSJYoOmab/YgJLFPA0U4lrKPrEg5CRaKEU7Tgh1LGmEywSPa1zTAPpVOMnsphUdaGcBhKHQFCs7UrxMJ9qWc+p7uzG6VP71M/Mvrx2pYcxIWRLGiAZkvGsYcqhBm+cABE5QoPtUEE8H0rZCMscBE6RQLOoTPT+H/pFMuoUqp3qoUG+eLOPLgAByCY4BAFTTAJWiCNiDgFtyDR/Bk3BkPxrPxMm/NGYuZffANxusHRzGfJQ==</latexit>

parameters can be fitted with measured masses in PDG(2018)

E`,Q

<latexit sha1_base64="GinxcNH4OrGlwjCGjRlS67lDgpw=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCCymJ1Ed3RRFctmAf0IQwmU7aoZNJmJkINQR/xY0LRdz6H+78GydthSp6YOBwzr3cM8ePGZXKsj6NwsLi0vJKcbW0tr6xuWVu77RllAhMWjhikej6SBJGOWkpqhjpxoKg0Gek44+ucr9zR4SkEb9V45i4IRpwGlCMlJY8c88JkRpixNLrzEsdwthxM/PMslWxJoBz5NSya2c2tGdKGczQ8MwPpx/hJCRcYYak7NlWrNwUCUUxI1nJSSSJER6hAelpylFIpJtO0mfwUCt9GERCP67gRJ3fSFEo5Tj09WSeVf72cvEvr5eo4MJNKY8TRTieHgoSBlUE8ypgnwqCFRtrgrCgOivEQyQQVrqwki7h+6fwf9I+qdjVSq1ZLdcvZ3UUwT44AEfABuegDm5AA7QABvfgETyDF+PBeDJejbfpaMGY7eyCHzDevwDGW5V1</latexit>
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hadron spin:
   J = S + jl 

S`

<latexit sha1_base64="PKJVT3vcHD3HfW/BC41iTPGcQ6o=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgqiTiq7uiG5cV7QOaECbTm3bo5MHMRCwhv+LGhSJu/RF3/o2TtkIVPTBwOOde7pnjJ5xJZVmfRmlpeWV1rbxe2djc2t4xd6sdGaeCQpvGPBY9n0jgLIK2YopDLxFAQp9D1x9fFX73HoRkcXSnJgm4IRlGLGCUKC15ZtUJiRpRwrPb3Msc4Dz3zJpVt6bAC+TUshtnNrbnSg3N0fLMD2cQ0zSESFFOpOzbVqLcjAjFKIe84qQSEkLHZAh9TSMSgnSzafYcH2plgINY6BcpPFUXNzISSjkJfT1ZJJW/vUL8y+unKrhwMxYlqYKIzg4FKccqxkUReMAEUMUnmhAqmM6K6YgIQpWuq6JL+P4p/p90juv2Sb1xc1JrXs7rKKN9dICOkI3OURNdoxZqI4oe0CN6Ri9GbjwZr8bbbLRkzHf20A8Y71/Fv5Ty</latexit>



Singly heavy hadrons

Q q-

Q q

q

parameters can be fitted with measured masses in PDG(2018) ` = q̄/qq, jP

<latexit sha1_base64="tCBJfaCfiJoDrLK/Qy52g3KR8S0=">AAAB/HicbVDLSgMxFL1TX7W+ql26CRbBhdQZKagLoejGZQX7gM5YMmmmjc08mmSEYai/4saFIm79EHf+jWk7C209EDiccy735rgRZ1KZ5reRW1peWV3Lrxc2Nre2d4q7e00ZxoLQBgl5KNoulpSzgDYUU5y2I0Gx73LacofXE7/1SIVkYXCnkog6Pu4HzGMEKy11iyWbcn5pu1ig0clodIwe7uvdYtmsmFOgRWJlpAwZdP7L7oUk9mmgCMdSdiwzUk6KhWKE03HBjiWNMBniPu1oGmCfSiedHj9Gh1rpIS8U+gUKTdXfEyn2pUx8Vyd9rAZy3puI/3mdWHnnTsqCKFY0ILNFXsyRCtGkCdRjghLFE00wEUzfisgAC0yU7qugS7Dmv7xImqcVq1q5uK2Wa1dZHXnYhwM4AgvOoAY3UIcGEEjgGV7hzXgyXox342MWzRnZTAn+wPj8AUAjk+I=</latexit>
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kinetic term: ∝ 1/µQ1Q2 

spin dependent term: ∝ (S1/mQ1 + S2/mQ2 ) 

    Wigner-Eckart theorem: 

orbital angular momentum dependent term: ∝ L·B → 0 when L=0

Hamiltonian through first order in 1/mQ: 

H
Q1Q2

` = (mQ1 +mQ2) + EQ1Q2 + E` +
K`

2µQ1Q2

+
S`

8µQ1Q2

S · j`
<latexit sha1_base64="tszeRbcTgs2CSW+6bK6+GzQ0iS8="></latexit><latexit sha1_base64="tszeRbcTgs2CSW+6bK6+GzQ0iS8="></latexit><latexit sha1_base64="tszeRbcTgs2CSW+6bK6+GzQ0iS8="></latexit><latexit sha1_base64="tszeRbcTgs2CSW+6bK6+GzQ0iS8="></latexit>

pNRQCD: [Brambilla, Vairo, and Rosch, Phys. Rev. D72, 034021 (2005)]

hadron spin: J = S + jl 

q-

q-

q

Q1 Q2

Q1 Q2

Doubly heavy hadrons
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Fleming and Mehen [Phys. Rev. D73, 034502 (2005)]: QQ system  

1

2

⌧✓
S`

2mQ1

S1 +
S`

2mQ2

S2

◆
· j`

�
=

S`

2S2

✓
S1 · S
2mQ1

+
S2 · S
2mQ2

◆
hS · j`i

<latexit sha1_base64="qXpNv9EsuaRQyCodrTB5j0JlFfY="></latexit>



Doubly heavy hadrons

The kinetic and spin splitting terms are different from those by Eichten and Quigg 
[Phys. Rev. Lett 119, 202002 (2017)] K`

2(mQ1 +mQ2)

<latexit sha1_base64="MUL5Kdq/xVZBntoMSI7lqStz0is=">AAACFHicbVDLSgMxFM34rPU16tJNsAiVQpkpBXVXcCO4acE+oDMMmTTThmYeJBmhhPkIN/6KGxeKuHXhzr8xnc5CWw+EHM65l3vv8RNGhbSsb2NtfWNza7u0U97d2z84NI+OeyJOOSZdHLOYD3wkCKMR6UoqGRkknKDQZ6TvT2/mfv+BcEHj6F7OEuKGaBzRgGIkteSZNSfgCCsnRHKCEVN3mecQxjLVqIae6nh2Vsv/RnaReWbFqls54CqxC1IBBdqe+eWMYpyGJJKYISGGtpVIVyEuKWYkKzupIAnCUzQmQ00jFBLhqvyoDJ5rZQSDmOsXSZirvzsUCoWYhb6unC8vlr25+J83TGVw5SoaJakkEV4MClIGZQznCcER5QRLNtMEYU71rhBPkE5J6hzLOgR7+eRV0mvU7Wb9utOstJpFHCVwCs5AFdjgErTALWiDLsDgETyDV/BmPBkvxrvxsShdM4qeE/AHxucP4D+eqQ==</latexit>

S`

2(mQ1 +mQ2)
S · j`

<latexit sha1_base64="UXxUfG8VDSoxU0ouG3vbKKJwASg=">AAACInicbVBLS8NAGNzUV62vqEcvi0WoCCUpBe2t4MVjS+0DmhA22027unmwuxFKyG/x4l/x4kFRT4I/xk2ag7Z+sOwwMx+7M27EqJCG8aWV1tY3NrfK25Wd3b39A/3waCDCmGPSxyEL+chFgjAakL6kkpFRxAnyXUaG7v11pg8fCBc0DG7lPCK2j6YB9ShGUlGO3rI8jnBi+UjOMGJJL3UswliaNGq+k3QdM73I70Z6nsKehSehhHe5xdGrRt3IB64CswBVUEzH0T+sSYhjnwQSMyTE2DQiaSeIS4oZSStWLEiE8D2akrGCAfKJsJM8YgrPFDOBXsjVCSTM2d8bCfKFmPuucmZRxLKWkf9p41h6V3ZCgyiWJMCLh7yYQRnCrC84oZxgyeYKIMyp+ivEM6Q6k6rViirBXI68CgaNutmst7rNartZ1FEGJ+AU1IAJLkEb3IAO6AMMHsEzeAVv2pP2or1rnwtrSSt2jsGf0b5/AIjCpDg=</latexit>
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H
Q1Q2

` = (mQ1 +mQ2) + EQ1Q2 + E` +
K`

2µQ1Q2

+
S`

8µQ1Q2

S · j`
<latexit sha1_base64="tszeRbcTgs2CSW+6bK6+GzQ0iS8="></latexit><latexit sha1_base64="tszeRbcTgs2CSW+6bK6+GzQ0iS8="></latexit><latexit sha1_base64="tszeRbcTgs2CSW+6bK6+GzQ0iS8="></latexit><latexit sha1_base64="tszeRbcTgs2CSW+6bK6+GzQ0iS8="></latexit>

E`,Q1Q2
<latexit sha1_base64="cCiImSG1yWNAEs/X9XfPts5Vjyk=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBhZTMOLR1VxTBZQv2AZ0yZNK0Dc08SDJCGQpu/BU3LhRx60+482/MtBVU9MCFwzn3cu89fsyZVAh9GLml5ZXVtfx6YWNza3vH3N1rySgRhDZJxCPR8bGknIW0qZjitBMLigOf07Y/vsz89i0VkkXhjZrEtBfgYcgGjGClJc88gG6A1Yhgnl5NvdSlnJ82PKvh2VPPLKLSebVsO2WISghVLNvKiF1xzhxoaSVDESxQ98x3tx+RJKChIhxL2bVQrHopFooRTqcFN5E0xmSMh7SraYgDKnvp7IcpPNZKHw4ioStUcKZ+n0hxIOUk8HVndrD87WXiX143UYNqL2VhnCgakvmiQcKhimAWCOwzQYniE00wEUzfCskIC0yUjq2gQ/j6FP5PWnbJQiWr4RRrF4s48uAQHIETYIEKqIFrUAdNQMAdeABP4Nm4Nx6NF+N13pozFjP74AeMt09wpZdj</latexit><latexit sha1_base64="cCiImSG1yWNAEs/X9XfPts5Vjyk=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBhZTMOLR1VxTBZQv2AZ0yZNK0Dc08SDJCGQpu/BU3LhRx60+482/MtBVU9MCFwzn3cu89fsyZVAh9GLml5ZXVtfx6YWNza3vH3N1rySgRhDZJxCPR8bGknIW0qZjitBMLigOf07Y/vsz89i0VkkXhjZrEtBfgYcgGjGClJc88gG6A1Yhgnl5NvdSlnJ82PKvh2VPPLKLSebVsO2WISghVLNvKiF1xzhxoaSVDESxQ98x3tx+RJKChIhxL2bVQrHopFooRTqcFN5E0xmSMh7SraYgDKnvp7IcpPNZKHw4ioStUcKZ+n0hxIOUk8HVndrD87WXiX143UYNqL2VhnCgakvmiQcKhimAWCOwzQYniE00wEUzfCskIC0yUjq2gQ/j6FP5PWnbJQiWr4RRrF4s48uAQHIETYIEKqIFrUAdNQMAdeABP4Nm4Nx6NF+N13pozFjP74AeMt09wpZdj</latexit><latexit sha1_base64="cCiImSG1yWNAEs/X9XfPts5Vjyk=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBhZTMOLR1VxTBZQv2AZ0yZNK0Dc08SDJCGQpu/BU3LhRx60+482/MtBVU9MCFwzn3cu89fsyZVAh9GLml5ZXVtfx6YWNza3vH3N1rySgRhDZJxCPR8bGknIW0qZjitBMLigOf07Y/vsz89i0VkkXhjZrEtBfgYcgGjGClJc88gG6A1Yhgnl5NvdSlnJ82PKvh2VPPLKLSebVsO2WISghVLNvKiF1xzhxoaSVDESxQ98x3tx+RJKChIhxL2bVQrHopFooRTqcFN5E0xmSMh7SraYgDKnvp7IcpPNZKHw4ioStUcKZ+n0hxIOUk8HVndrD87WXiX143UYNqL2VhnCgakvmiQcKhimAWCOwzQYniE00wEUzfCskIC0yUjq2gQ/j6FP5PWnbJQiWr4RRrF4s48uAQHIETYIEKqIFrUAdNQMAdeABP4Nm4Nx6NF+N13pozFjP74AeMt09wpZdj</latexit><latexit sha1_base64="cCiImSG1yWNAEs/X9XfPts5Vjyk=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBhZTMOLR1VxTBZQv2AZ0yZNK0Dc08SDJCGQpu/BU3LhRx60+482/MtBVU9MCFwzn3cu89fsyZVAh9GLml5ZXVtfx6YWNza3vH3N1rySgRhDZJxCPR8bGknIW0qZjitBMLigOf07Y/vsz89i0VkkXhjZrEtBfgYcgGjGClJc88gG6A1Yhgnl5NvdSlnJ82PKvh2VPPLKLSebVsO2WISghVLNvKiF1xzhxoaSVDESxQ98x3tx+RJKChIhxL2bVQrHopFooRTqcFN5E0xmSMh7SraYgDKnvp7IcpPNZKHw4ioStUcKZ+n0hxIOUk8HVndrD87WXiX143UYNqL2VhnCgakvmiQcKhimAWCOwzQYniE00wEUzfCskIC0yUjq2gQ/j6FP5PWnbJQiWr4RRrF4s48uAQHIETYIEKqIFrUAdNQMAdeABP4Nm4Nx6NF+N13pozFjP74AeMt09wpZdj</latexit>

parameters for Q1Q2q fitted with lattice QCD calculations



Parameters of Q1Q2qq’ from those of Q1Q2q, Qq, and Qqq

Doubly heavy hadrons

S`,QQ = S`,Q̄

<latexit sha1_base64="Ny+yKa7RcsOff+a1OK/q7Fmwk5Y=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0VwISWRgroQCm5cNmgf0IQwmU7aoZNJmJkIJeQ73Pgrblwo4k7c+DdO2iy09cCFwzn3cu89QcKoVJb1bVRWVtfWN6qbta3tnd09c/+gK+NUYNLBMYtFP0CSMMpJR1HFSD8RBEUBI71gclP4vQciJI35vZomxIvQiNOQYqS05Ju2GyE1xohld7mfuYSxM8fJ4TVc1t0ACejkvlm3GtYMcJnYJamDEm3f/HSHMU4jwhVmSMqBbSXKy5BQFDOS19xUkgThCRqRgaYcRUR62ey1HJ5oZQjDWOjiCs7U3xMZiqScRoHuLA6Wi14h/ucNUhVeehnlSaoIx/NFYcqgimGRExxSQbBiU00QFlTfCvEYCYSVTrOmQ7AXX14m3fOG3WxcOc16q1nGUQVH4BicAhtcgBa4BW3QARg8gmfwCt6MJ+PFeDc+5q0Vo5w5BH9gfP0AMvug7g==</latexit>

Doubly Heavy Tetraquarks                              I                          Liping He (OSU)                              I                             @PHENO 2020 12

QQ: 

bc: 

- - - -- -



q

Predictions for doubly heavy tetraquarks

Q Q

-

q-

two heavy mesons
[MeV] [MeV]

stable 
tetraquarks

no stable cc tetraquarks
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Karliner and Rosner [Phys. Rev. Lett 119, 202001(2017)]

m(cc[ud]) = 3882 ± 12 MeV, m(bb[ud]) = 10398 ± 12 MeV- - - -



q

b c

-

q-

two heavy mesons
[MeV] [MeV]

no stable bc tetraquarks

Predictions for doubly heavy tetraquarks
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Karliner and Rosner [Phys. Rev. Lett 119, 202001(2017)]

m([bc][ud]) = 7134 ± 13 MeV, 10MeV below 7144 MeV- -



Summary

Predict masses with error bars for doubly heavy tetraquarks

Verify the two stable tetraquarks:

     bb[ud] (10476 ± 25 MeV)  ≈ 130 MeV below strong-decay threshold

     bb[qs] (10655 ± 25 MeV)  ≈ 40 MeV below strong-decay threshold 

There are no stable cc or bc tetraquarks

q-

q-
Q1 Q2

- -

- -
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