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RD(⇤)

(based on 2404.16772 and 2410.23257 with D. Bečirević, S. Fajfer and N. Košnik)

(and for )B → Kνν



Motivation

 Standard Model cannot address Dark Matter, BAU, Neutrino masses, … 

2

 Need for New Physics: Direct searches at LHC - Indirect searches at low energy⇒

Indirect searches - Test SM (accidental) symmetries

Flavour physics: test lepton flavour universality

[PDG 2024]
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 Need for New Physics: Direct searches at LHC - Indirect searches at low energy⇒

Indirect searches - Test SM (accidental) symmetries

Flavour physics: test lepton flavour universality

[PDG 2024]

BUT:  current measurements 
of semi-leptonic -meson 
decays appear to tell a 
different story!

B



-meson decaysB
Powerful probes of New Physics
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Theoretically clean - -quark is heavy: HQET applies, precise predictions thanks to 
non-perturbative QCD possible

b

Experimentally accessible -  at LHC mostly produced in forward region (design of 
LHCb), also dedicated " -factories" (Belle II, BaBar)B

Charged current decays used to measure CKM parameters (  ) |Vcb | , |Vub | , δCP, γ

Long lifetime - measure  and  oscilations, insight on  violation in the SMB Bs CP

Hundreds of decay channels to explore
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-meson decaysB
Powerful probes of New Physics
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Theoretically clean - -quarks is heavy: HQET applies, precise predictions thanks 
to non-perturbative QCD possible

b

Experimentally accessible -  at LHC mostly produced in forward region (design of 
LHCb), also dedicated " -factories" (Belle II, BaBar)B

Charged current decays used to measure CKM parameters (  ) |Vcb | , |Vub | , δCP, γ

Long lifetime - measure  and  oscilations, insight on  violation in the SMB Bs CP

Hundereds of decay channels to explore

And hundreds more...  
All in agreement with the SM 



-meson decaysB
Powerful probes of New Physics
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Theoretically clean - -quarks is heavy: HQET applies, precise predictions thanks 
to non-perturbative QCD possible

b

Experimentally accessible -  at LHC mostly produced in forward region (design of 
LHCb), also dedicated " -factories" (Belle II, BaBar)B

Charged current decays used to measure CKM parameters (  ) |Vcb | , |Vub | , δCP, γ

Long lifetime - measure  and  oscilations, insight on  violation in the SMB Bs CP

Hundereds of decay channels to explore

But: Significant deviation from SM  
observed in  decays B → D(*)ℓν



Observables in b → cℓν

Theoretically clean; hadronic uncertainties 
cancel in the ratio 

10
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RD(⇤) =
�(B ! D(⇤)⌧⌫)

�(B ! D(⇤)`⌫)
, ` = e, µ

Test of lepton flavour universality

SM predictions significantly smaller than 
experiment, combined deviation: ∼ 3.3 σ

 Violation of LFU? New Physics coupled to  and ?⇒ b τ
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Observables in b → sℓℓ

Theoretically very clean
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(Another) test of lepton flavour 
universality

Combined deviation from the SM , 
until December 2022.

∼ 4 σ

<latexit sha1_base64="L17uL+tPQ1Dz9OlNEuIQ/BesiU8="></latexit>

RK(⇤) =
�(B ! K(⇤)µµ)

�(B ! K(⇤)ee)

2212.09153

1810.08132 
1605.07633

(now fully consistent with the SM)



Possible explanations of RD(*)

EFT study - ΛNP ≃ mNP/CNP ∼ 𝒪(1 − 3)TeV
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Possible NP solutions: , Charged Higgses, Exotic 
neutrino interactions, … 

W′￼

Or Leptoquarks!

<latexit sha1_base64="fVYtN1fO879ZvvbO3E/FpGNntaU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtAvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPx8+M7w==</latexit>

b

<latexit sha1_base64="89J+JuC5FxMnvUsR7pwslvrJLdI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJuuXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHyVOM8A==</latexit>c
<latexit sha1_base64="Y6bEkB8bkKi+Mu2rEVKvBquMa9E=">AAAB6XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXQxsIiEfMByRH2NnPJkr29Y3dPCCH/wMZCEVv/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2acoB/RgeQhZ9RY6eG+3iuW3LI7B1klXkZKkKHWK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6ZScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nbpM8VMiPGllCmuL2VsCFVlBkbTsGG4C2/vEqaF2XvslypV0rVmyyOPJzAKZyDB1dQhTuoQQMYhPAMr/DmjJwX5935WLTmnGzmGP7A+fwBRnqNNA==</latexit>

LQ

<latexit sha1_base64="iOi4if5NkMIV0hgFuxOxEMPZMJw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJXe53nrixItKPOI25r+hIi1AwirnUR5oMqjW37s5BVolXkBoUaA6qX/1hxBLFNTJJre15box+Sg0KJvms0k8sjymb0BHvZVRTxa2fzm+dkbNMGZIwMllpJHP190RKlbVTFWSdiuLYLnu5+J/XSzC88VOh4wS5ZotFYSIJRiR/nAyF4QzlNCOUGZHdStiYGsowi6eSheAtv7xK2hd176p++XBZa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb45yXpx352PRWnKKmWP4A+fzByQbjlE=</latexit>⌧

<latexit sha1_base64="ZdwZZRY4yltDKU6D4D7eibOERsM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JNpv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBh0Y3g</latexit>⌫

(1603.04993)



EFT study - ΛNP ≃ mNP/CNP ∼ 𝒪(1 − 3)TeV
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Possible NP solutions: , Charged Higgses, Exotic 
neutrino interactions... 

W′￼

Or Leptoquarks!
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Possible explanations of RD(*)



EFT study - ΛNP ≃ mNP/CNP ∼ 𝒪(1 − 3)TeV
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Possible NP solutions: , Charged Higgses, Exotic 
neutrino interactions... 

W′￼

Or Leptoquarks!
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1706.07808  
1712.01368 

2405.06062

Possible explanations of RD(*)



EFT study - ΛNP ≃ mNP/CNP ∼ 𝒪(1 − 3)TeV
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Possible NP solutions: , Charged Higgses, Exotic 
neutrino interactions... 

W′￼

Or Leptoquarks!

<latexit sha1_base64="fVYtN1fO879ZvvbO3E/FpGNntaU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtAvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPx8+M7w==</latexit>

b

<latexit sha1_base64="89J+JuC5FxMnvUsR7pwslvrJLdI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJuuXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHyVOM8A==</latexit>c
<latexit sha1_base64="Y6bEkB8bkKi+Mu2rEVKvBquMa9E=">AAAB6XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXQxsIiEfMByRH2NnPJkr29Y3dPCCH/wMZCEVv/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2acoB/RgeQhZ9RY6eG+3iuW3LI7B1klXkZKkKHWK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6ZScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nbpM8VMiPGllCmuL2VsCFVlBkbTsGG4C2/vEqaF2XvslypV0rVmyyOPJzAKZyDB1dQhTuoQQMYhPAMr/DmjJwX5935WLTmnGzmGP7A+fwBRnqNNA==</latexit>

LQ

<latexit sha1_base64="iOi4if5NkMIV0hgFuxOxEMPZMJw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJXe53nrixItKPOI25r+hIi1AwirnUR5oMqjW37s5BVolXkBoUaA6qX/1hxBLFNTJJre15box+Sg0KJvms0k8sjymb0BHvZVRTxa2fzm+dkbNMGZIwMllpJHP190RKlbVTFWSdiuLYLnu5+J/XSzC88VOh4wS5ZotFYSIJRiR/nAyF4QzlNCOUGZHdStiYGsowi6eSheAtv7xK2hd176p++XBZa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb45yXpx352PRWnKKmWP4A+fzByQbjlE=</latexit>⌧

<latexit sha1_base64="ZdwZZRY4yltDKU6D4D7eibOERsM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JNpv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBh0Y3g</latexit>⌫

(1603.04993)

Possible explanations of RD(*)



Constraints on LQ models - collider bounds

Direct searches    ⇒ Mmin
LQ ∼ 1 TeV − 1.5 TeV

16

High-  tails in pT pp → ττ, pp → τν

2101.11582 
2401.11928 

2308.07826

<latexit sha1_base64="5a3jtcUqnyUp6j2FJhbbgZl2/AM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh960X664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqaV1Uvctq7b5Wqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6F6jXA=</latexit>

} ATLAS
<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>� CMS

 Mathematica package High-pT⇒
e.g. 

2207.10756   
2207.10714 
2112.14604 
1801.07641

<latexit sha1_base64="iOi4if5NkMIV0hgFuxOxEMPZMJw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJXe53nrixItKPOI25r+hIi1AwirnUR5oMqjW37s5BVolXkBoUaA6qX/1hxBLFNTJJre15box+Sg0KJvms0k8sjymb0BHvZVRTxa2fzm+dkbNMGZIwMllpJHP190RKlbVTFWSdiuLYLnu5+J/XSzC88VOh4wS5ZotFYSIJRiR/nAyF4QzlNCOUGZHdStiYGsowi6eSheAtv7xK2hd176p++XBZa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb45yXpx352PRWnKKmWP4A+fzByQbjlE=</latexit>⌧

<latexit sha1_base64="iOi4if5NkMIV0hgFuxOxEMPZMJw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJXe53nrixItKPOI25r+hIi1AwirnUR5oMqjW37s5BVolXkBoUaA6qX/1hxBLFNTJJre15box+Sg0KJvms0k8sjymb0BHvZVRTxa2fzm+dkbNMGZIwMllpJHP190RKlbVTFWSdiuLYLnu5+J/XSzC88VOh4wS5ZotFYSIJRiR/nAyF4QzlNCOUGZHdStiYGsowi6eSheAtv7xK2hd176p++XBZa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb45yXpx352PRWnKKmWP4A+fzByQbjlE=</latexit>⌧

<latexit sha1_base64="IZTywYQOmLMf5Bsd/7S0Vt6TEzQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7Ow6M2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tgrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AN6LjP4=</latexit>q

<latexit sha1_base64="IZTywYQOmLMf5Bsd/7S0Vt6TEzQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7Ow6M2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tgrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AN6LjP4=</latexit>q

<latexit sha1_base64="+3OB06vvB6HtwD/UOwzbn0bAOfo=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJoY2GRgPmQ5Ah7m02yZG/v2J0Tw5FfYWOhiK0/x85/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nItRGRusdxzP2QDpToC0bRSg8d5E+Y3tUm3WLJLbszkGXiZaQEGard4lenF7Ek5AqZpMa0PTdGP6UaBZN8UugkhseUjeiAty1VNOTGT2cHT8iJVXqkH2lbCslM/T2R0tCYcRjYzpDi0Cx6U/E/r51g/8pPhYoT5IrNF/UTSTAi0+9JT2jOUI4toUwLeythQ6opQ5tRwYbgLb68TBpnZe+ifF47L1WuszjycATHcAoeXEIFbqEKdWAQwjO8wpujnRfn3fmYt+acbOYQ/sD5/AEJzJCT</latexit>

LQ

e.g. 2308.07826



Constraints on LQ models - electroweak and flavour

17

Electroweak precision observables: Z → ττ, Z → νν, τ → ℓνν

-physics observables:  mixing, , , , 
, angular observables

B Bs − Bs B → Kνν Bc → τν Bs → ττ
B → Kττ

1901.06315

LQ
Z

τ

τ

τ

τ

LQ

LQ

q
q

q

Z

Correlations between flavour observables are highly model dependent
 i.e. dependent on the quantum numbers and “texture” of couplings⇒

LQ

τ ℓ−

νν

W−
q

q



 R2 = (3, 2,7/6)
Consider minimal coupling texture

18



<latexit sha1_base64="6tx70901Je8JZ/I8hZ6TdHtgdjk=">AAACFHicbZDLSsNAFIYn9VbrrerSzWARRDEkxXpZCEU3LlzUSy/QxjCZTtqhkwszEyGEPIQbX8WNC0XcunDn2zhts9DWHwY+/nMOZ87vhIwKaRjfWm5mdm5+Ib9YWFpeWV0rrm80RBBxTOo4YAFvOUgQRn1Sl1Qy0go5QZ7DSNMZXAzrzQfCBQ38OxmHxPJQz6cuxUgqyy7u9+zbswNDr5x2XI5wEts394nTkShKY/sqQ7iXpkk5tYslQzdGgtNgZlACmWp28avTDXDkEV9ihoRom0YorQRxSTEjaaETCRIiPEA90lboI48IKxkdlcId5XShG3D1fAlH7u+JBHlCxJ6jOj0k+2KyNjT/q7Uj6Z5YCfXDSBIfjxe5EYMygMOEYJdygiWLFSDMqforxH2kwpEqx4IKwZw8eRoaZd080ivXh6XqeRZHHmyBbbALTHAMquAS1EAdYPAInsEreNOetBftXfsYt+a0bGYT/JH2+QPZ8p4g</latexit>

gS = �0.59
yb⌧R yb⌧⇤L

2

R2 = (3, 2,7/6)
Consider minimal coupling texture

19

<latexit sha1_base64="QXsuFjCpXFvLtBeNC+7tRroplNs="></latexit>

RD

RSM
D

= 1 + 11.1Re(gS) + 65.4|gS |2
<latexit sha1_base64="sPeSABGMag91WKNSLt7OmAp5ikY="></latexit>

RD⇤

RSM
D⇤

= 1� 25.5Re(gS) + 663|gS |2

After matching 
and running...

0.20 0.25 0.30 0.35 0.40 0.45 0.50
0.15

0.20

0.25

0.30

0.35

0.40

<latexit sha1_base64="+CLGikPl80XfOOhOsHVhN6iWU1o=">AAACAHicbVDJSgNBEO2JW4zbqAcPXgaD4EHCTIjLRQh68RglGyRh6OlUkiY9C901Yhjm4q948aCIVz/Dm39jZzlo4oOCx3tVVNXzIsEV2va3kVlaXlldy67nNja3tnfM3b26CmPJoMZCEcqmRxUIHkANOQpoRhKo7wloeMObsd94AKl4GFRxFEHHp/2A9zijqCXXPPDd5N4tpldO4ax92kZ4xKQK9dQ183bBnsBaJM6M5MkMFdf8andDFvsQIBNUqZZjR9hJqETOBKS5dqwgomxI+9DSNKA+qE4yeSC1jrXStXqh1BWgNVF/TyTUV2rke7rTpzhQ895Y/M9rxdi77CQ8iGKEgE0X9WJhYWiN07C6XAJDMdKEMsn1rRYbUEkZ6sxyOgRn/uVFUi8WnPNC6a6UL1/P4siSQ3JETohDLkiZ3JIKqRFGUvJMXsmb8WS8GO/Gx7Q1Y8xm9skfGJ8/jQ+Vwg==</latexit>

mR2 = 1.5TeV



R2 = (3, 2,7/6)
Consider minimal coupling texture
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<latexit sha1_base64="QXsuFjCpXFvLtBeNC+7tRroplNs="></latexit>

RD

RSM
D

= 1 + 11.1Re(gS) + 65.4|gS |2
<latexit sha1_base64="sPeSABGMag91WKNSLt7OmAp5ikY="></latexit>

RD⇤

RSM
D⇤

= 1� 25.5Re(gS) + 663|gS |2

Fails to accommodate for the anomaly …  
Unless?

0.20 0.25 0.30 0.35 0.40 0.45 0.50
0.15

0.20

0.25

0.30

0.35

0.40

<latexit sha1_base64="+CLGikPl80XfOOhOsHVhN6iWU1o=">AAACAHicbVDJSgNBEO2JW4zbqAcPXgaD4EHCTIjLRQh68RglGyRh6OlUkiY9C901Yhjm4q948aCIVz/Dm39jZzlo4oOCx3tVVNXzIsEV2va3kVlaXlldy67nNja3tnfM3b26CmPJoMZCEcqmRxUIHkANOQpoRhKo7wloeMObsd94AKl4GFRxFEHHp/2A9zijqCXXPPDd5N4tpldO4ax92kZ4xKQK9dQ183bBnsBaJM6M5MkMFdf8andDFvsQIBNUqZZjR9hJqETOBKS5dqwgomxI+9DSNKA+qE4yeSC1jrXStXqh1BWgNVF/TyTUV2rke7rTpzhQ895Y/M9rxdi77CQ8iGKEgE0X9WJhYWiN07C6XAJDMdKEMsn1rRYbUEkZ6sxyOgRn/uVFUi8WnPNC6a6UL1/P4siSQ3JETohDLkiZ3JIKqRFGUvJMXsmb8WS8GO/Gx7Q1Y8xm9skfGJ8/jQ+Vwg==</latexit>

mR2 = 1.5TeV



R2 = (3, 2,7/6)
Consider minimal coupling texture

21

Fails to accommodate for the anomaly...  
Unless?  We allow couplings to have 
imaginary part!

⇒

<latexit sha1_base64="XqkSitLpt4jkRea9Ckvib8aDqFw="></latexit>

RD⇤

RSM
D⇤

= 1� 25.5Re(gS e�i') + 663|gS e�i'|2

<latexit sha1_base64="5PKNJd2aTZ3OF10QLjiXlvgirq4="></latexit>

RD

RSM
D

= 1 + 11.1Re(gS e�i') + 65.4|gS e�i'|2

1309.0301   
1806.05689

2002.07272  
2206.09717

0.20 0.25 0.30 0.35 0.40 0.45 0.50
0.15

0.20

0.25

0.30

0.35

0.40

<latexit sha1_base64="+CLGikPl80XfOOhOsHVhN6iWU1o=">AAACAHicbVDJSgNBEO2JW4zbqAcPXgaD4EHCTIjLRQh68RglGyRh6OlUkiY9C901Yhjm4q948aCIVz/Dm39jZzlo4oOCx3tVVNXzIsEV2va3kVlaXlldy67nNja3tnfM3b26CmPJoMZCEcqmRxUIHkANOQpoRhKo7wloeMObsd94AKl4GFRxFEHHp/2A9zijqCXXPPDd5N4tpldO4ax92kZ4xKQK9dQ183bBnsBaJM6M5MkMFdf8andDFvsQIBNUqZZjR9hJqETOBKS5dqwgomxI+9DSNKA+qE4yeSC1jrXStXqh1BWgNVF/TyTUV2rke7rTpzhQ895Y/M9rxdi77CQ8iGKEgE0X9WJhYWiN07C6XAJDMdKEMsn1rRYbUEkZ6sxyOgRn/uVFUi8WnPNC6a6UL1/P4siSQ3JETohDLkiZ3JIKqRFGUvJMXsmb8WS8GO/Gx7Q1Y8xm9skfGJ8/jQ+Vwg==</latexit>

mR2 = 1.5TeV



Consider minimal coupling texture
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<latexit sha1_base64="+CLGikPl80XfOOhOsHVhN6iWU1o=">AAACAHicbVDJSgNBEO2JW4zbqAcPXgaD4EHCTIjLRQh68RglGyRh6OlUkiY9C901Yhjm4q948aCIVz/Dm39jZzlo4oOCx3tVVNXzIsEV2va3kVlaXlldy67nNja3tnfM3b26CmPJoMZCEcqmRxUIHkANOQpoRhKo7wloeMObsd94AKl4GFRxFEHHp/2A9zijqCXXPPDd5N4tpldO4ax92kZ4xKQK9dQ183bBnsBaJM6M5MkMFdf8andDFvsQIBNUqZZjR9hJqETOBKS5dqwgomxI+9DSNKA+qE4yeSC1jrXStXqh1BWgNVF/TyTUV2rke7rTpzhQ895Y/M9rxdi77CQ8iGKEgE0X9WJhYWiN07C6XAJDMdKEMsn1rRYbUEkZ6sxyOgRn/uVFUi8WnPNC6a6UL1/P4siSQ3JETohDLkiZ3JIKqRFGUvJMXsmb8WS8GO/Gx7Q1Y8xm9skfGJ8/jQ+Vwg==</latexit>

mR2 = 1.5TeV

 can be accommodated :)RD(*)

*  allowed  
    regions
2σ

R2 = (3, 2,7/6)



Consider minimal coupling texture
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<latexit sha1_base64="+CLGikPl80XfOOhOsHVhN6iWU1o=">AAACAHicbVDJSgNBEO2JW4zbqAcPXgaD4EHCTIjLRQh68RglGyRh6OlUkiY9C901Yhjm4q948aCIVz/Dm39jZzlo4oOCx3tVVNXzIsEV2va3kVlaXlldy67nNja3tnfM3b26CmPJoMZCEcqmRxUIHkANOQpoRhKo7wloeMObsd94AKl4GFRxFEHHp/2A9zijqCXXPPDd5N4tpldO4ax92kZ4xKQK9dQ183bBnsBaJM6M5MkMFdf8andDFvsQIBNUqZZjR9hJqETOBKS5dqwgomxI+9DSNKA+qE4yeSC1jrXStXqh1BWgNVF/TyTUV2rke7rTpzhQ895Y/M9rxdi77CQ8iGKEgE0X9WJhYWiN07C6XAJDMdKEMsn1rRYbUEkZ6sxyOgRn/uVFUi8WnPNC6a6UL1/P4siSQ3JETohDLkiZ3JIKqRFGUvJMXsmb8WS8GO/Gx7Q1Y8xm9skfGJ8/jQ+Vwg==</latexit>

mR2 = 1.5TeV

 can be accommodated :)RD(*)

*  allowed  
    regions
2σ

R2 = (3, 2,7/6)



Consider minimal coupling texture
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[2404.16772]

<latexit sha1_base64="+CLGikPl80XfOOhOsHVhN6iWU1o=">AAACAHicbVDJSgNBEO2JW4zbqAcPXgaD4EHCTIjLRQh68RglGyRh6OlUkiY9C901Yhjm4q948aCIVz/Dm39jZzlo4oOCx3tVVNXzIsEV2va3kVlaXlldy67nNja3tnfM3b26CmPJoMZCEcqmRxUIHkANOQpoRhKo7wloeMObsd94AKl4GFRxFEHHp/2A9zijqCXXPPDd5N4tpldO4ax92kZ4xKQK9dQ183bBnsBaJM6M5MkMFdf8andDFvsQIBNUqZZjR9hJqETOBKS5dqwgomxI+9DSNKA+qE4yeSC1jrXStXqh1BWgNVF/TyTUV2rke7rTpzhQ895Y/M9rxdi77CQ8iGKEgE0X9WJhYWiN07C6XAJDMdKEMsn1rRYbUEkZ6sxyOgRn/uVFUi8WnPNC6a6UL1/P4siSQ3JETohDLkiZ3JIKqRFGUvJMXsmb8WS8GO/Gx7Q1Y8xm9skfGJ8/jQ+Vwg==</latexit>

mR2 = 1.5TeV

 can be accommodated :)RD(*)

But: high-  - data and constraints 
from  decay exclude the viable 
parameter space :(

pT
Z → ττ

*  allowed  
    regions
2σ

R2 = (3, 2,7/6)
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R̃2 = (3, 2,1/6)

*wrt. to quantum numbers
The "opposite" of R2



Again,  can be accommodated :)  
   * if a right-handed neutrino is added!

RD(*)
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[2404.16772]

But  is too severely affectedB → Kνν

*  allowed  
    regions
2σ

Modified High-  with right-handed 
neutrinos

pT

R̃2 = (3, 2,1/6)
The "opposite" of R2

*wrt. to quantum numbers



 S1 = (3, 1,1/3)
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<latexit sha1_base64="SYXf6gEOsjuFTvDGyUiAbsDWfFs="></latexit>

LS1 = yijLQC,a
i ✏abLb

jS1 + yijRuC
i ejS1 + ỹiNR dCi NRS1 + h.c.

We will focus on three cases:



 S1 = (3, 1,1/3)
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We will focus on three cases:

1. Only left-handed interactions



 S1 = (3, 1,1/3)
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We will focus on three cases:

1. Only left-handed interactions

2. Left- and right-handed interactions



 S1 = (3, 1,1/3)
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We will focus on three cases:

1. Only left-handed interactions

2. Left- and right-handed interactions

3. Only right-handed interactions



 S1 = (3, 1,1/3)
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We will focus on three cases:

1. Only left-handed interactions

2. Left- and right-handed interactions

3. Only right-handed interactions

 each of them will have specific 
fffcorrelations between flavour observables
⇒



"Left-handed"  S1 = (3, 1,1/3)

Once again,  can be 
accommodated

RD(*)
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[2404.16772]

But this time the effect in  and  
 is slightly too large

Bs − Bs
τ → ℓνν

*  allowed  
    regions
2σ



Need right-handed interactions
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[2404.16772]

Successfully accommodate  and 
consistent with other observables :)

RD(*)

evade  mixing constraint⇒ Bs − Bs

*  allowed  
    regions
2σ

"Left- and right-handed"  S1 = (3, 1,1/3)

2008.09548



<latexit sha1_base64="9+nXYIqDf35+1jcsBg4hQ4y5oBc=">AAACEnicbVC7TsMwFHV4lvIKMLJYVEjAUCXlOVaAgIGhSPQhNW3luE5r1U6C7VSqonwDC7/CwgBCrExs/A1umwFajnSlo3Pu1b33uCGjUlnWtzEzOze/sJhZyi6vrK6tmxubFRlEApMyDlggai6ShFGflBVVjNRCQRB3Gam6vYuhX+0TIWng36tBSBocdXzqUYyUllrmvkMeItqHjicQjg+TuJDAq9ZtM75sHiSOopxI6FwjzlHLzFl5awQ4TeyU5ECKUsv8ctoBjjjxFWZIyrpthaoRI6EoZiTJOpEkIcI91CF1TX2kdzXi0UsJ3NVKG3qB0OUrOFJ/T8SISzngru7kSHXlpDcU//PqkfLOGjH1w0gRH48XeRGDKoDDfGCbCoIVG2iCsKD6Voi7SIejdIpZHYI9+fI0qRTy9kn++O4oVzxP48iAbbAD9oANTkER3IASKAMMHsEzeAVvxpPxYrwbH+PWGSOd2QJ/YHz+AGncnVI=</latexit>

⌘ 3

2
FD⇤

L ⇥ �

<latexit sha1_base64="UG6qFVORl/rXiD+qVd02S3+acis="></latexit>

PD(⇤)

⌧ =
�+(D(⇤))� ��(D(⇤))

�+(D(⇤)) + ��(D(⇤))
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Explored 3 different minimal TeV-scale LQ models

Only  with left and right-handed interactions phenomenologically viable⇒ S1

Can be tested in                          angular observables

Predictions with “left- and right-handed”  S1

2104.02094   
2004.06726 
1309.0301 

1602.03030 
...

 helicityτ
<latexit sha1_base64="vIjkRU52j+/IrihvM76/y9tbo7Y="></latexit>

AD(⇤)

FB =
1

�

Z
dq2

✓Z 1

0
�
Z 0

�1

◆
cos ✓⌧d�(D

(⇤))

<latexit sha1_base64="HThTcwR4DEFv8SgrZF0XzA6c7Ts="></latexit>

d2�(D⇤)

dq2d cos ✓D
= a✓D cos2 ✓D + b✓D sin2 ✓D

<latexit sha1_base64="YCwvXRFe/Z9SvICgMgfz+7OLFgo=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCdVES8bUs1YXLCvYBTSyT6aQdOpmEeQg1FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3niBhVCrH+bZyC4tLyyv51cLa+sbmlr2905CxFpjUccxi0QqQJIxyUldUMdJKBEFRwEgzGFyN/eYDEZLG/E4NE+JHqMdpSDFSRurYe1XoqRhe36el46ORp5D2uO7YRafsTADniZuRIshQ69hfXjfGOiJcYYakbLtOovwUCUUxI6OCpyVJEB6gHmkbylFEpJ9Orh/BQ6N0YRgLU1zBifp7IkWRlMMoMJ0RUn05643F/7y2VuGln1KeaEU4ni4KNYPm33EUsEsFwYoNDUFYUHMrxH0kEFYmsIIJwZ19eZ40Tsruefns9rRYqWZx5ME+OAAl4IILUAE3oAbqAINH8AxewZv1ZL1Y79bHtDVnZTO74A+szx/YdJQ4</latexit>

B ! D(⇤)⌧⌫
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Tree level effect in        b → cτν ⇒

Loop effects in b → sℓℓ

Predictions with “left- and right-handed”  S1
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 decayB+ → K+νν

Relatively clean theoretical prediction

  No large uncertainties beyond the form factors⇒

New Belle II measurement shows  
deviation from the SM prediction

∼ 2.7σ

1409.4557, 2301.06990

  ⇒
<latexit sha1_base64="0Ox/23trWdfDW3GVbkSo3P5K0Gw="></latexit>

B(B+ ! K+⌫⌫)SM = 4.4(3)⇥ 10�6

<latexit sha1_base64="2/V1L1knmkSY7gmS0SWB4XKLfw8="></latexit>

B(B+ ! K+⌫⌫)exp. = 2.35(67)⇥ 10�5

<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit>

{

The new neutral lepton of mass  fits 
the binned data best

∼ 0.6 GeV

2403.13887

2403.13887 
2312.12507
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Right-handed interactions 
no CKM mixing⇒

Model with only right-handed interactions?

Inert  (“right-handed”) S1

 evading a lot of constraints from flavour observables⇒

<latexit sha1_base64="+deMa0FbPulvv8x5jSLkojrC3MM="></latexit>

LS1 = yRiju
C
i ejS1 + ỹRiNdCi NR S1
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Right-handed couplings 
no CKM mixing⇒

Model with only right-handed interactions?

 evading a lot of constraints from flavour observables⇒

<latexit sha1_base64="09uxMcYz9FbEmn2RHOVz2UVL5K8="></latexit>

LS1 = yRc⌧ c
C⌧S1 + ỹRbNbCNR S1 + ỹRsNsCNR S1

Create desired effect in RD(*) Also allows an enhancing effect in 
B → K(*) 'inv'

Inert  (“right-handed”) S1
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 can be accommodated :)RD(*)

 up to masses of RHN up to 1 GeV⇒ ∼
*  allowed  
    regions
2σ

0.0 0.5 1.0 1.5 2.0 2.5
1.0

1.5

2.0

2.5

3.0

3.5

<latexit sha1_base64="W8M/631aZwsjTA3Vga3kSoXbZYU=">AAACDXicbVDJSgNBEO2Je9yiHr00RkElhBkRFUQQ9eDRLQtk4tDTqcTGnoXuGjEM8wNe/BUvHhTx6t2bf2Mn5uD2oODxXhVV9fxYCo22/WHlhoZHRsfGJ/KTU9Mzs4W5+aqOEsWhwiMZqbrPNEgRQgUFSqjHCljgS6j514c9v3YDSosovMBuDM2AdULRFpyhkbzC8pmXHl2mq+trWVZySzTw0nPPyfY23F0X4RbTC6hmXqFol+0+6F/iDEiRDHDiFd7dVsSTAELkkmndcOwYmylTKLiELO8mGmLGr1kHGoaGLADdTPvfZHTFKC3ajpSpEGlf/T6RskDrbuCbzoDhlf7t9cT/vEaC7Z1mKsI4QQj516J2IilGtBcNbQkFHGXXEMaVMLdSfsUU42gCzJsQnN8v/yXVjbKzVd483SzuHwziGCeLZImsEodsk31yTE5IhXByRx7IE3m27q1H68V6/WrNWYOZBfID1tsnWdqagw==</latexit>

RD(⇤) , mS1 = 2 TeV

Only RH interactions

 Evaded  mixing, also 
   and  

⇒ Bs − Bs
Z → ττ τ → ℓνν

Inert  (“right-handed”) S1
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Excess in  can also be 
accommodated :)

ℬ(B+ → K+ 'inv')

*  allowed  
    regions
2σ

0.00 0.05 0.10 0.15 0.20
1.0

1.5

2.0

2.5

3.0

3.5

<latexit sha1_base64="fBfOs39Xgv5Z6++aaxXaaykO/0w="></latexit>

B ! K(⇤)’inv’, mS1 = 2 TeV

Besides  and , practically 
no other constraining observable

RD(*) B → K(*)'inv'

0.0 0.5 1.0 1.5 2.0 2.5
1.0

1.5

2.0

2.5

3.0

3.5

<latexit sha1_base64="W8M/631aZwsjTA3Vga3kSoXbZYU=">AAACDXicbVDJSgNBEO2Je9yiHr00RkElhBkRFUQQ9eDRLQtk4tDTqcTGnoXuGjEM8wNe/BUvHhTx6t2bf2Mn5uD2oODxXhVV9fxYCo22/WHlhoZHRsfGJ/KTU9Mzs4W5+aqOEsWhwiMZqbrPNEgRQgUFSqjHCljgS6j514c9v3YDSosovMBuDM2AdULRFpyhkbzC8pmXHl2mq+trWVZySzTw0nPPyfY23F0X4RbTC6hmXqFol+0+6F/iDEiRDHDiFd7dVsSTAELkkmndcOwYmylTKLiELO8mGmLGr1kHGoaGLADdTPvfZHTFKC3ajpSpEGlf/T6RskDrbuCbzoDhlf7t9cT/vEaC7Z1mKsI4QQj516J2IilGtBcNbQkFHGXXEMaVMLdSfsUU42gCzJsQnN8v/yXVjbKzVd483SzuHwziGCeLZImsEodsk31yTE5IhXByRx7IE3m27q1H68V6/WrNWYOZBfID1tsnWdqagw==</latexit>

RD(⇤) , mS1 = 2 TeV

Inert  (“right-handed”) S1
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Inert  (“right-handed”) - predictions S1

For example: ,  , Bc → τ'inv' Bc → Ds 'inv' Bc → J/ψ τ 'inv' (RJ/ψ)

Particularly interesting:

   (branching fraction scales with the  )⇒ Ds → 'inv' m2
NR

  Angular observables in  decays, example:⇒ B → D(*)τν

Deviate from SM in the 
presence of RHN

Left almost 
unchanged



For example: ,  , Bc → τ'inv' Bc → Ds 'inv' Bc → J/ψ τ 'inv' (RJ/ψ)
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Particularly interesting:

   (branching fraction scales with the  )⇒ Ds → 'inv' m2
NR

  Angular observables in  decays, example:⇒ B → D(*)τν

  Only some observables experimentally measured, poor accuracy ⇒
  Improvements in Belle II?⇒

Inert  (“right-handed”) - predictions S1
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Explored 4 different minimal TeV-scale LQ models
Only two are viable:⇒

Summary and conclusions

 with left and right-handed interactionsS1

 with only right-handed interactions, with the introduction of  
right-handed neutrino(s), enhances also 
S1

B → K(*)νν

Hint for the New Physics in  transitionsb → cℓν

Plenty of observables affected; , , , High- ,  
     FB asymmetry,…
⇒ RD(*) Z → ττ, νν τ → ℓνν pT

Few observables affected, but has a specific signature in 
angular observables in 
⇒

B → D(*)τν

More specifically, the presence of RHN can be inferred from ⇒ Pτ



Thank you for your attention!


