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Flavor physics
• The Standard Model is an effective theory at low-energies of a more fundamental 

(unknown) theory: 

 Hierarchy and flavor problems unanswered — gravity not included. 
 Quest for physics beyond the SM! 

• Fermions appear as three almost identical replicas: 

 Flavor physics is the study of flavor-changing phenomena and CP violation. 

⇒
⇒

⇒

Twofold role of flavor physics:

I. To identify new symmetries: II. Search of New Physics:

*Through precision!
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 13 free parameters (masses and quark mixing) — fixed by data. 

  These (many) parameters exhibit a hierarchical structure which we do not understand.

⇒

⇒

2

I. Origin of flavor?
• Gauge sector of the SM entirely fixed by symmetry:

• Flavor sector loose:

 Only a handful of parameters. 

 Theory renormalizable and verified at the loop level.

⇒

⇒

<latexit sha1_base64="t3dMdF1wTkYqPFvy1Wa6mrKTOsE="></latexit>
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Olcyr Sumensari (IJCLab, Orsay)O. Sumensari 3

• Striking hierarchy of fermion masses [does not look accidental…]

• Why three families? Why do quarks and leptons mix in different ways?

How to explain the observed patterns in terms of less and more fundamental parameters?

I. Origin of flavor?
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I. Origin of neutrino masses?
Neutrinos are the least known particles in the SM: 

• What is the absolute scale of neutrino masses? 

• Normal or inverted ordering? 

• Is CP violated in the lepton sector? 

• Majorana or Dirac particles? (i.e., is lepton number conserved?) 

• … 

Huge experimental/theoretical effort to 
answer these questions and to measure 
precisely the PMNS matrix.
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i. Search deviations w.r.t. SM predictions:

e.g.,

<latexit sha1_base64="5q7pSYUWSJcol/hRul5voUyKJIw="></latexit>

Oexp = OSM (1 + �NP)

Both exp. and theory must be precise!

Look for observables: 

• (Highly) sensitive to contributions from New Physics 
• Mildly sensitive to hadronic uncertainties 
• Accessible in current and/or (near) future experiments.  

Rare meson decays are a good example!

II. Indirect searches of New Physics
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ii. Search processes forbidden (by accidental symmetries) in the SM

Global symmetry of the SM gauge sector:

Clean probes of New Physics!

<latexit sha1_base64="WaM4tbpHH5hmgmPKa8sNQ7OWlKY="></latexit>

U(3)5 ⌘ U(3)Q ⇥ U(3)L ⇥ U(3)U ⇥ U(3)D ⇥ U(3)E

<latexit sha1_base64="bK1J0nNNTGeudYBtSGYi/KozRFM="></latexit>

U(1)B ⇥ U(1)e ⇥ U(1)µ ⇥ U(1)⌧

Broken by Yukawas to

Examples: 

• Proton decay (BNV):   

•  (LNV):   

• Lepton Flavor Violation (LFV):  

p → π0e+

0νββ (A, Z) → (A, Z + 2) + 2e−

μ → eγ

II. Indirect searches of New Physics
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How do we do it?
The SM is an Effective Field Theory (EFT) at low energies of a more fundamental 
theory which is still unknown: 

Most general description of new physics as long 
as there is not enough energy to produce the new 
degrees of freedom.
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New physics flavor problem?

Flavor violation needs to be protected to suppress rare/forbidden processes: 
   e.g., Minimal Flavor Violation, or flavor symmetries such as . 

   Fundamental input for model building.  

⇒ U(2)5

⇒

[1910.11775]

[D’Ambrosio et al. ’02], [Barbieri et al. ’11]

<latexit sha1_base64="gUU4pk4JDCrOLyq58TLnhZYbLvc="></latexit>

Le↵ = LSM +
C
(5)
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X
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i + . . .

<latexit sha1_base64="HTIaGBu6PoDwho01beTC2bBp5Lg=">AAAB/nicdVDLSgMxFL1TX7W+RsWVm2AR6maYEaluhGI3LivYB7RjyaSZNjTzIMkIZRjwV9y4UMSt3+HOvzHTVvB5IORwzr3k5HgxZ1LZ9rtRWFhcWl4prpbW1jc2t8ztnZaMEkFok0Q8Eh0PS8pZSJuKKU47saA48Dhte+N67rdvqZAsCq/VJKZugIch8xnBSkt9c68XYDUimKf17CatVI8ydI6cvlm2raqdA/0mjjW97TLM0eibb71BRJKAhopwLGXXsWPlplgoRjjNSr1E0hiTMR7SrqYhDqh002n8DB1qZYD8SOgTKjRVv26kOJByEnh6Mg8rf3q5+JfXTZR/5qYsjBNFQzJ7yE84UhHKu0ADJihRfKIJJoLprIiMsMBE6cZKuoTPn6L/SevYcqqWc3VSrl3M6yjCPhxABRw4hRpcQgOaQCCFe3iEJ+POeDCejZfZaMGY7+zCNxivH46wlJE=</latexit>

C(6) = 1
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I.  Introduction 

II.  CKM-ology 

III. Recents results in B-physics* 

IV. Outlook 

Outline

*including the first observation of  at Belle-IIB → Kνν̄
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1995 Today

CKM-ology
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Strategy:  

Fix the CKM matrix entries through tree-level decays, and over-constrain it with loop-
induced processes:

9

CKM-ology
<latexit sha1_base64="CWkfAuIYgXrOWCpxP4KjzDYAALQ="></latexit>

Lc.c. �
gp
2

�
VCKM

�
ij

�
ūLi�

µdLj

�
W+

µ + h.c.

<latexit sha1_base64="arU1OdPDPYF/Gxtgo8e8+wmebKE=">AAACFHicbVDLSgMxFM34rPVVdekmWARBKDMi6kYodiOoUMFpC+04ZDKZNjSZGZKMUMJ8hBt/xY0LRdy6cOffmD4W2nogcHLOvdx7T5AyKpVtf1tz8wuLS8uFleLq2vrGZmlruyGTTGDi4oQlohUgSRiNiauoYqSVCoJ4wEgz6NeGfvOBCEmT+E4NUuJx1I1pRDFSRvJLhw1fdzhSPcF17eomz8+hdnNfZ/51ft8JUbdLBHR9HZq/XyrbFXsEOEucCSmDCep+6asTJjjjJFaYISnbjp0qTyOhKGYkL3YySVKE+6hL2obGiBPp6dFROdw3SgijRJgXKzhSf3doxKUc8MBUDveX095Q/M9rZyo68zSN00yRGI8HRRmDKoHDhGBIBcGKDQxBWFCzK8Q9JBBWJseiCcGZPnmWNI4qzknFuT0uVy8mcRTALtgDB8ABp6AKLkEduACDR/AMXsGb9WS9WO/Wx7h0zpr07IA/sD5/ACrVnuQ=</latexit>

VCKM = U†
uL

UdL

Good agreement! But there are a few tensions to be solved (precision physics is hard!)
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Example: kaon decays

<latexit sha1_base64="tMkDf3GofUCIAq8a8KJoLNhrI0c=">AAACQ3icdVDLSsNAFJ3UV42vVpduRkvBVUhKUZdFN4KbCvYBTSiTyaQdOpmEmUmxhP6GW/0ZP8JvcCduBSdthVr1wjCHc+693HP8hFGpbPvVKKytb2xuFbfNnd29/YNS+bAt41Rg0sIxi0XXR5IwyklLUcVINxEERT4jHX90neudMRGSxvxeTRLiRWjAaUgxUppyb10VQzdKocvTfqliWzU7L/gbONbstytgUc1+2ThxgxinEeEKMyRlz6klysuQUBQzMjXdVJIE4REakJ6GHEVEetns6CmsaiaAYSz04wrO2OWJDEUyV6RujZAaylVRTiL/Py0n/9ZWz1LhpZdRnqSKcDy/KkwZ1LHkccGACoIVm2iAsKDaGMRDJBBWOlSzurwqGNNELjw+zE2apg71Ozn4P2jXLOfcqt/VK42rRbxFcAxOwRlwwAVogBvQBC2AQQIewRN4Nl6MN+Pd+Ji3FozFzBH4UcbnFy6AsNs=</latexit>

K ! µ⌫

<latexit sha1_base64="MZm1eXM0On9ZDdO9pqhySCSkc/g=">AAACSXicdVDLSsNAFJ20Pmp8pbp0M1oKrkJairosuhHcVLAPaEKZTCbt0MkkzEyKpfRP3OrP+AV+hjtx5aSNUB+9MMzhnHsv9xw/YVQqx3kzCsWNza3t0o65u7d/cGiVjzoyTgUmbRyzWPR8JAmjnLQVVYz0EkFQ5DPS9cc3md6dECFpzB/UNCFehIachhQjpamBZd25KoZuQl3CGHR5OrAqjl13soJ/Qc1e/E4F5NUalI1TN4hxGhGuMENS9mv1RHkzJBTFjMxNN5UkQXiMhqSvIUcRkd5scfocVjUTwDAW+nEFF+zqxAxFMlOkbo2QGsnfopxG/jotI//Xfp+lwitvRnmSKsLx8qowZVBHk4UGAyoIVmyqAcKCamMQj5BAWOlozerqqmBCE5l7fFyaNE0d6ndycD3o1O3ahd24b1Sa13m8JXACzsA5qIFL0AS3oAXaAIMJeALP4MV4Nd6ND+Nz2Vow8plj8KMKxS8zv7HF</latexit>

K ! ⇡`⌫

• Non-perturbative QCD (Lattice QCD needed) — cf. FLAG review. 

Hadronic uncertainties:
<latexit sha1_base64="TdqwOftZYNfbvwZYWbyMw7roqZM="></latexit>

h0|s̄�µ�5u|K+i ! fK

<latexit sha1_base64="Uhmd2XiiPE+y0Nnqe2APyhc6l7c="></latexit>

h⇡+|s̄�µd|K0i ! f0,+(q
2)



Olcyr Sumensari (IJCLab, Orsay)O. Sumensari 10

Example: kaon decays

<latexit sha1_base64="tMkDf3GofUCIAq8a8KJoLNhrI0c=">AAACQ3icdVDLSsNAFJ3UV42vVpduRkvBVUhKUZdFN4KbCvYBTSiTyaQdOpmEmUmxhP6GW/0ZP8JvcCduBSdthVr1wjCHc+693HP8hFGpbPvVKKytb2xuFbfNnd29/YNS+bAt41Rg0sIxi0XXR5IwyklLUcVINxEERT4jHX90neudMRGSxvxeTRLiRWjAaUgxUppyb10VQzdKocvTfqliWzU7L/gbONbstytgUc1+2ThxgxinEeEKMyRlz6klysuQUBQzMjXdVJIE4REakJ6GHEVEetns6CmsaiaAYSz04wrO2OWJDEUyV6RujZAaylVRTiL/Py0n/9ZWz1LhpZdRnqSKcDy/KkwZ1LHkccGACoIVm2iAsKDaGMRDJBBWOlSzurwqGNNELjw+zE2apg71Ozn4P2jXLOfcqt/VK42rRbxFcAxOwRlwwAVogBvQBC2AQQIewRN4Nl6MN+Pd+Ji3FozFzBH4UcbnFy6AsNs=</latexit>

K ! µ⌫

<latexit sha1_base64="MZm1eXM0On9ZDdO9pqhySCSkc/g=">AAACSXicdVDLSsNAFJ20Pmp8pbp0M1oKrkJairosuhHcVLAPaEKZTCbt0MkkzEyKpfRP3OrP+AV+hjtx5aSNUB+9MMzhnHsv9xw/YVQqx3kzCsWNza3t0o65u7d/cGiVjzoyTgUmbRyzWPR8JAmjnLQVVYz0EkFQ5DPS9cc3md6dECFpzB/UNCFehIachhQjpamBZd25KoZuQl3CGHR5OrAqjl13soJ/Qc1e/E4F5NUalI1TN4hxGhGuMENS9mv1RHkzJBTFjMxNN5UkQXiMhqSvIUcRkd5scfocVjUTwDAW+nEFF+zqxAxFMlOkbo2QGsnfopxG/jotI//Xfp+lwitvRnmSKsLx8qowZVBHk4UGAyoIVmyqAcKCamMQj5BAWOlozerqqmBCE5l7fFyaNE0d6ndycD3o1O3ahd24b1Sa13m8JXACzsA5qIFL0AS3oAXaAIMJeALP4MV4Nd6ND+Nz2Vow8plj8KMKxS8zv7HF</latexit>

K ! ⇡`⌫

• Non-perturbative QCD (Lattice QCD needed) — cf. FLAG review. 

 Included in recent QCD+QED simulations of  on the lattice!⇒ K(π) → μν

Hadronic uncertainties:
<latexit sha1_base64="TdqwOftZYNfbvwZYWbyMw7roqZM="></latexit>

h0|s̄�µ�5u|K+i ! fK

[Di Giusti et al. ’17, ’18], [Di Carlo et al. ’19]…

<latexit sha1_base64="TYpuaCXEUz+70O/NUl6zwSVwcO8="></latexit>md �mu

⇤QCD
⇡ O(1%)

<latexit sha1_base64="o3lF9kr9Q9ySS7PCCryQruQ4L34="></latexit>

↵em ⇡ 1

137
and

• Current precision requires radiative and isospin-breaking corrections:

<latexit sha1_base64="rXDbA+bBeYC/ZCTEUU6/OVwxz6E="></latexit>

h⇡+|s̄�µu|K0i / f0,+(q
2)
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FLAG
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First-row unitarity

Better understanding the hadronic uncertainties is fundamental to solving these 
(mild) discrepancies!

<latexit sha1_base64="4f7GjN3dRIut7yoZQxs/8FpHd3I="></latexit>⇡ 0
<latexit sha1_base64="zi98Pwchdyj4qJReTTfC1vq5cMI="></latexit>

|Vud|2 + |Vus|2 + |Vub|2 = 1

<latexit sha1_base64="T6wWJDhAeaFSUDNpQxA8+UF09hg="></latexit>

�CKM ⌘ |Vud|2 + |Vus|2 + |Vub|2 � 1

exp
= �0.018(6)

Unitarity

<latexit sha1_base64="abBb+PF6U1ZtQ81NGDNnvrTXIRQ="></latexit>

K ! µ⌫

⇡ ! µ⌫

<latexit sha1_base64="iyoSif/tPGBojMpt+dkpMhvSUrI="></latexit>

K ! ⇡`⌫

<latexit sha1_base64="pTD54sXlDfsu/kam9omkWvtdmMc="></latexit>

0+ ! 0+

<latexit sha1_base64="isrbTA30yvrIie24ydcZ7DSVViQ="></latexit>

n� decay

[Cirigliano et al. 2208.11707]

https://arxiv.org/abs/2208.11707
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Inclusive vs. exclusive:  and  Vcb Vub

More problematic:  

•  plays an essential role in the predictions of FCNCs through unitarity: 

• This ambiguity needs to be solved to match the expected sensitivity of Belle-II!

Vcb

Long-standing discrepancy:

<latexit sha1_base64="39LMgivsEg6L5d/M7Vb5MhsaZ1k="></latexit>

B ! D(⇤)l⌫

<latexit sha1_base64="MrzjYRZY1w9vnAupZlZNdq+amNE=">AAACSnicdVDLTgIxFO0gKo4v0KWbKiHBzWSGEHVJcOMSE3kkQEin04GGTmfSdlAy4VPc6s/4A/6GO+PGDmCCKDdpenLOvTf3HDdiVCrbfjcyW9ntnd3cnrl/cHh0nC+ctGQYC0yaOGSh6LhIEkY5aSqqGOlEgqDAZaTtjm9TvT0hQtKQP6hpRPoBGnLqU4yUpgb5Qr2nQtgZJGV8OYOsx+NBvmhbFTst+Bc41vy3i2BZjUHBOO95IY4DwhVmSMquU4lUP0FCUczIzOzFkkQIj9GQdDXkKCCyn8xvn8GSZjzoh0I/ruCcXZ1IUCBTRerWAKmRXBflNHA3aSn5v7Z+lvJv+gnlUawIx4ur/JhBnU2aGvSoIFixqQYIC6qNQTxCAmGlszVLq6u8CY3k0uPTwqRp6lB/koObQatiOVdW9b5arNWX8ebAGbgAZeCAa1ADd6ABmgCDR/AMXsCr8WZ8GJ/G16I1YyxnTsGvymS/AUy9scc=</latexit>

B ! X(c)l⌫

<latexit sha1_base64="/prrE4r1adgVIMLYtqKgeD52C3A="></latexit>

B ! ⇡l⌫
<latexit sha1_base64="7O/wdclvFDy6R30U5lqzr4U47a0="></latexit>

Bs ! Kµ⌫

Bs ! Dsµ⌫

<latexit sha1_base64="7nmJmYxflLS7a2rm/FHXFxoMQZc=">AAAB7HicdVBNSwMxFMzWr1q/qh69BIvgaclKW+ut6MVjBdcW2qVk02wbms0uyVuhlP4GLx4U8eoP8ua/Md1WUNGBwDDzhrw3YSqFAUI+nMLK6tr6RnGztLW9s7tX3j+4M0mmGfdZIhPdCanhUijugwDJO6nmNA4lb4fjq7nfvufaiETdwiTlQUyHSkSCUbCS3xskYPrlCnFrpEHqVZwTr3axIKTqYc8lOSpoiVa//G5zLIu5AiapMV2PpBBMqQbBJJ+VepnhKWVjOuRdSxWNuQmm+bIzfGKVAY4SbZ8CnKvfE1MaGzOJQzsZUxiZ395c/MvrZhA1gqlQaQZcscVHUSYxJHh+OR4IzRnIiSWUaWF3xWxENWVg+ynZEr4uxf+TuzPXq7veTbXSvFzWUURH6BidIg+doya6Ri3kI4YEekBP6NlRzqPz4rwuRgvOMnOIfsB5+wRXcI8N</latexit>. . .

?
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[NEW] Warning!

Way out: independent LQCD results + Belle-II data! 

NB. Recent JLQCD agrees well with exp. data! 
 

[HPQCD, ’23][FNAL/MILC, ’21]

 Needs clarification to reliably extract  from … 
 

⇒ |Vcb | B → D*ℓν̄
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Which CKM value?
• Using available  data:b → cℓν̄

… to be compared to CKM global fits:

There is not a clear answer to this ambiguity so far.

• Alternative strategy: to use 

<latexit sha1_base64="SUYOvgepJHO5JqmizA5KN5q0jfk="></latexit>

|�t|UTfit = (41.4± 0.5)⇥ 10�2
<latexit sha1_base64="c7OEf7VQr5vZvRv4ZHo2zdMUVJo="></latexit>

|�t|CKMfitter = (40.5± 0.3)⇥ 10�2

<latexit sha1_base64="pZu+WU3c65V2HRpqy7QNXbrhxe0="></latexit>

�mBs / f2
Bs

B̂Bs |�t|2 [Buras, Venturini. ’21, ’22]

<latexit sha1_base64="Fcu7PHMre1+9mX9+99NRzivLtro=">AAACG3icbVBNS8NAEN34bf2KevSyWARPJSlFvQhSL16ECrYVmhA2241dupvE3YlQQvwdXvwrXjwo4knw4L9x0/bg14OBx3szzMwLU8E1OM6nNTM7N7+wuLRcWVldW9+wN7c6OskUZW2aiERdhUQzwWPWBg6CXaWKERkK1g2Hp6XfvWVK8yS+hFHKfEmuYx5xSsBIgV2PgrwZ6MLTNwpyb0AgbxYTqTiuHzawl0p8dOdJAgMl83PWKQK76tScMfBf4k5JFU3RCux3r5/QTLIYqCBa91wnBT8nCjgVrKh4mWYpoUNyzXqGxkQy7efj3wq8Z5Q+jhJlKgY8Vr9P5ERqPZKh6Sxv1L+9UvzP62UQHfk5j9MMWEwni6JMYEhwGRTuc8UoiJEhhCpubsV0QBShYOKsmBDc3y//JZ16zT2ouReN6klzGscS2kG7aB+56BCdoDPUQm1E0T16RM/oxXqwnqxX623SOmNNZ7bRD1gfX5ubocA=</latexit>

fBs

q
B̂Bs = 274± 8 MeV

<latexit sha1_base64="WCwEcSE/cnMIHdwMHBnrcoHp+iY=">AAACG3icbVDLSsNAFJ3Ud31VXboZLIKrkhStbgSpGzdCBfuApoTJdNIOnUnizI1QQvwON/6KGxeKuBJc+DdOHwttPXDhcM693HuPHwuuwba/rdzC4tLyyupafn1jc2u7sLPb0FGiKKvTSESq5RPNBA9ZHTgI1ooVI9IXrOkPLkd+854pzaPwFoYx60jSC3nAKQEjeYVy4KVVT2euvlOQun0CaTWbSNl5+aSC3VjiyoMrCfSVTK9ZI/MKRbtkj4HniTMlRTRFzSt8ut2IJpKFQAXRuu3YMXRSooBTwbK8m2gWEzogPdY2NCSS6U46/i3Dh0bp4iBSpkLAY/X3REqk1kPpm87RjXrWG4n/ee0EgrNOysM4ARbSyaIgERgiPAoKd7liFMTQEEIVN7di2ieKUDBx5k0IzuzL86RRLjmVknNzXLyoTuNYRfvoAB0hB52iC3SFaqiOKHpEz+gVvVlP1ov1bn1MWnPWdGYP/YH19QOYd6G+</latexit>

fBs

q
B̂Bs = 256± 6 MeV

(Nf = 2 + 1)

(Nf = 2 + 1 + 1)

[FLAG, ’21]

[HFLAV, ’22]

[HFLAV, ’22]

[FLAG ’21]

cf. also [Martinelli et al. ‘21]

<latexit sha1_base64="dTmcMWuabK/fs4HJqjDKo2tgdnM="></latexit>

|�t|⇥ 103 =

(
41.9± 1.0 , (Nf = 2 + 1 + 1)

39.2± 1.1 , (Nf = 2 + 1)
[HPQCD ’19]
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<latexit sha1_base64="XT/goTM39SktP6zXAIfEU6GrjO0="></latexit>

�t = VtbV
⇤
ts
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Recent results in B-physics
*emphasis on  at Belle-IIB → Kνν̄
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[Recap] -meson decaysB
Targets of current experiments (LHCb & Belle-II):

• Loop-induced decays: e.g.,  and b → sℓℓ b → sνν̄

• Tree-level decays: e.g., b → cτν̄

 Decays with -baryons are also available at LHCb. 

 In both cases, ratios of observables can be used to reduce theoretical uncertainties.

⇒ b

⇒

<latexit sha1_base64="SnNiIh0ObFep+A2ajg2jmoZ+q8U=">AAACAHicbVDLSsNAFL3xWesr6sKFm8Ei1E1JRNRlqRvBTQX7gCaWyXTSDp08mJkIJWTjr7hxoYhbP8Odf+OkzUJbD1w4nHMvM+d4MWdSWda3sbS8srq2Xtoob25t7+yae/ttGSWC0BaJeCS6HpaUs5C2FFOcdmNBceBx2vHG17nfeaRCsii8V5OYugEehsxnBCst9c3DhqMidPuQVh0s1WnmUM7z6ZsVq2ZNgRaJXZAKFGj2zS9nEJEkoKEiHEvZs61YuSkWihFOs7KTSBpjMsZD2tM0xAGVbjoNkKETrQyQHwk9oUJT9fdFigMpJ4GnNwOsRnLey8X/vF6i/Cs3ZWGcKBqS2UN+wpHOnLeBBkxQovhEE0wE039FZIQFJkp3VtYl2PORF0n7rGZf1Oy780q9UdRRgiM4hirYcAl1uIEmtIBABs/wCm/Gk/FivBsfs9Ulo7g5gD8wPn8A8H+WAA==</latexit>

B ! K(⇤)``
<latexit sha1_base64="davgXplgloOkdogrVR8UYes96Dk=">AAACBHicbVDLSsNAFL2pr1pfUZfdBItQNyURUZelbgQ3FewDmlgm00k7dDIJMxOhhCzc+CtuXCji1o9w5984bbPQ1gPDHM65l5lz/JhRqWz72yisrK6tbxQ3S1vbO7t75v5BW0aJwKSFIxaJro8kYZSTlqKKkW4sCAp9Rjr++Grqdx6IkDTid2oSEy9EQ04DipHSUt8sN1wVWTf3adVFUp1kLk9cH4lU31nfrNg1ewZrmTg5qUCOZt/8cgcRTkLCFWZIyp5jx8pLkVAUM5KV3ESSGOExGpKephyFRHrpLERmHWtlYAWR0Icra6b+3khRKOUk9PVkiNRILnpT8T+vl6jg0kspjxNFOJ4/FCTM0rmnjVgDKghWbKIJwoLqv1p4hATCSvdW0iU4i5GXSfu05pzXnNuzSr2R11GEMhxBFRy4gDpcQxNagOERnuEV3own48V4Nz7mowUj3zmEPzA+fwBw95f9</latexit>

B ! K(⇤)⌫⌫̄

<latexit sha1_base64="LF0TG2gf+Dp+WbtVkW92SwlTJoU=">AAACT3icdVDLTgIxFO3gC8YXaOLGTZWQ4IYwBEV2BF24xEQeCYOkUwo0dDqTtkMkIz/jVn/GpV/izlhgTBDlJE1Ozrm9uec4PqNS5fMfRmxjc2t7J54wd/f2Dw6TqaOG9AKBSR17zBMtB0nCKCd1RRUjLV8Q5DqMNJ3RzcxvjomQ1OMPauKTjosGnPYpRkpL3eRJ1VYevH0MszaS6mJqE8ZsHnST6XzOKpZLl2X4l1i5/BxpEKHWTRlnds/DgUu4wgxJ2bYKvuqESCiKGZmadiCJj/AIDUhbU45cIjvhPMAUZrTSg31P6McVnKvLP0Lkypkj9aiL1FCumnLiOuu8mfi/t3qW6l93Qsr9QBGOF1f1AwZ1QbPqYI8KghWbaIKwoDoYxEMkEFa6YDOzvKo3pr6MMj4tQpqmLvWnObieNAo56ypXvC+mK9Wo3jg4BecgCyxQAhVwB2qgDjB4Bi/gFbwZ78an8RWLRmNGRI7BL8QS38gps5Y=</latexit>

B ! D(⇤)`⌫
<latexit sha1_base64="m+ZT5gX1wx9IYu7VgYb+mqEei+8="></latexit>

Bs ! D(⇤)
s `⌫

<latexit sha1_base64="y7KAKMP8ci6wEGox7MKxHldOYMU=">AAACTXicdVDLTsJAFJ3iA6wvUHduRgmJq4YSFNkR3LjERB4JJWQ6TGHitJ3MTIlI+Be3+jOu/RB3xjiFmiDKTW5ycs69N+celzMqVbH4bqQ2Nre205kdc3dv/+AwmztqyTASmDRxyELRcZEkjAakqahipMMFQb7LSNt9uIn19pgIScPgXk046floGFCPYqQ01c+e1PvSUSF0+IhChzAWdz+bL1p2uVq5rMK/wLaK88qDpBr9nHHmDEIc+SRQmCEpu3aJq94UCUUxIzPTiSThCD+gIelqGCCfyN50bn8GC5oZQC8UugMF5+zyxhT5MlakHvWRGslVUU58d50Wk/9rq7aUd92b0oBHigR44cqLGNThxMHBARUEKzbRAGFB9WMQj5BAWOl4zcLyqcGYcpn8+Lh40jR1qD/JwfWgVbLsK6t8V87X6km8GXAKzsEFsEEF1MAtaIAmwOAJPIMX8Gq8GR/Gp/G1GE0Zyc4x+FWp9DdjN7Pb</latexit>

Bs ! �``

<latexit sha1_base64="4eKLVPqwxy1s/7/wz3MIlRvxgwA=">AAACPHicdVDLTsJAFJ3iC+sLdOlmlJC4alqCIjuiG5eYWCCBhkyHKUyYPjIzJZKGb3CrP+N/uHdn3Lp2CjVBlJtMcnLOPZNzjxsxKqRpvmm5jc2t7Z38rr63f3B4VCget0QYc0xsHLKQd1wkCKMBsSWVjHQiTpDvMtJ2x7ep3p4QLmgYPMhpRBwfDQPqUYykouzeIJSiXyiZhlWt1y7r8C+wDHM+JZBNs1/UzpQRxz4JJGZIiK5ViaSTIC4pZmSm92JBIoTHaEi6CgbIJ8JJ5mlnsKyYAfRCrl4g4ZxddiTIF6ki1KqP5EisimLqu+u0lPxfW40lvWsnoUEUSxLgRSovZlCGMO0JDignWLKpAghzqg6DeIQ4wlK1qZeXvxpMaCSyGx8XR+q6KvWnObgetCqGdWVU76ulxk1Wbx6cgnNwASxQAw1wB5rABhhQ8ASewYv2qr1rH9rnYjWnZZ4T8Gu0r2/CzK7H</latexit>. . .

<latexit sha1_base64="4eKLVPqwxy1s/7/wz3MIlRvxgwA=">AAACPHicdVDLTsJAFJ3iC+sLdOlmlJC4alqCIjuiG5eYWCCBhkyHKUyYPjIzJZKGb3CrP+N/uHdn3Lp2CjVBlJtMcnLOPZNzjxsxKqRpvmm5jc2t7Z38rr63f3B4VCget0QYc0xsHLKQd1wkCKMBsSWVjHQiTpDvMtJ2x7ep3p4QLmgYPMhpRBwfDQPqUYykouzeIJSiXyiZhlWt1y7r8C+wDHM+JZBNs1/UzpQRxz4JJGZIiK5ViaSTIC4pZmSm92JBIoTHaEi6CgbIJ8JJ5mlnsKyYAfRCrl4g4ZxddiTIF6ki1KqP5EisimLqu+u0lPxfW40lvWsnoUEUSxLgRSovZlCGMO0JDignWLKpAghzqg6DeIQ4wlK1qZeXvxpMaCSyGx8XR+q6KvWnObgetCqGdWVU76ulxk1Wbx6cgnNwASxQAw1wB5rABhhQ8ASewYv2qr1rH9rnYjWnZZ4T8Gu0r2/CzK7H</latexit>. . .

<latexit sha1_base64="4eKLVPqwxy1s/7/wz3MIlRvxgwA=">AAACPHicdVDLTsJAFJ3iC+sLdOlmlJC4alqCIjuiG5eYWCCBhkyHKUyYPjIzJZKGb3CrP+N/uHdn3Lp2CjVBlJtMcnLOPZNzjxsxKqRpvmm5jc2t7Z38rr63f3B4VCget0QYc0xsHLKQd1wkCKMBsSWVjHQiTpDvMtJ2x7ep3p4QLmgYPMhpRBwfDQPqUYykouzeIJSiXyiZhlWt1y7r8C+wDHM+JZBNs1/UzpQRxz4JJGZIiK5ViaSTIC4pZmSm92JBIoTHaEi6CgbIJ8JJ5mlnsKyYAfRCrl4g4ZxddiTIF6ki1KqP5EisimLqu+u0lPxfW40lvWsnoUEUSxLgRSovZlCGMO0JDignWLKpAghzqg6DeIQ4wlK1qZeXvxpMaCSyGx8XR+q6KvWnObgetCqGdWVU76ulxk1Wbx6cgnNwASxQAw1wB5rABhhQ8ASewYv2qr1rH9rnYjWnZZ4T8Gu0r2/CzK7H</latexit>. . .

[Boer et al. ’19, Becirevic et al. ’22…]
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Revisiting  in the SMB → Kνν

[D. Becirevic, G. Piazza, OS, 2301.06990]
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•  :B → K(*)ℓℓ •  :B → K(*)νν̄

Why to study -decays with neutrinos?B

- Sensitive to new physics effects. 

- Experimentally clean (especially for ). 

- Many observables (angular distribution). 

- Theoretically challenging (non-factorizable 
contributions…)

ℓ = μ

- Sensitive to new physics effects. 

- Exp. more challenging (missing energy). 

- Fewer observables. 

- Theoretically cleaner! 

- Sensitive to operators with -leptons.τ

17
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• Effective Hamiltonian within the SM: 

• Short-distance contributions known to good precision: 

<latexit sha1_base64="OviTYFuTozoeCJwG1fKN9CcafMA="></latexit>

Lb!s⌫⌫
e↵ =

4GF�tp
2

↵em

2⇡

X

i

CSM
L (s̄L�µbL)(⌫̄Li�

µ⌫Li) + h.c. ,

i) Hadronic matrix-element: ii) CKM matrix:

<latexit sha1_base64="vbHOup3/BzpPEogwYWTC9TT+XKw=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvQboZJKa0boejGZQX7gHYYMmmmDc1khiQjltJfceNCEbf+iDv/xrSdhbYeuHA4517uvSdIOFPadb+t3Nb2zu5efr9wcHh0fGKfFjsqTiWhbRLzWPYCrChngrY105z2EklxFHDaDSa3C7/7SKVisXjQ04R6ER4JFjKCtZF8u9jzNbyGyKnVq2XUqJSrFd8uuY67BNwkKCMlkKHl21+DYUzSiApNOFaqj9xEezMsNSOczguDVNEEkwke0b6hAkdUebPl7XN4aZQhDGNpSmi4VH9PzHCk1DQKTGeE9VitewvxP6+f6vDKmzGRpJoKsloUphzqGC6CgEMmKdF8aggmkplbIRljiYk2cRVMCGj95U3SqTqo7qD7Wql5k8WRB+fgApQBAg3QBHegBdqAgCfwDF7BmzW3Xqx362PVmrOymTPwB9bnDyKOkUQ=</latexit>

Xt = 1.462(17)(2)

Known Lorentz factors

<latexit sha1_base64="kXOxvBPB1jqTowqKeNrkk2R551c="></latexit>

|VtbV
⇤
ts| = |Vcb| (1 +O(�2))

[Buchala et al. ’93, ’99], [Misiak et al. ’99], [Brod et al. '10]

From CKM unitarity:

Two main sources of uncertainties:

<latexit sha1_base64="+smICPPfnirNdzH5QAbo3xODIjg="></latexit>

hK(⇤)|s̄L�µbL|Bi =
X

a

Kµ
a Fa(q

2)

see e.g. [Buras et al. '14]

Including NLO QCD and two-loop EW contributions:

<latexit sha1_base64="3MOmWeaZg7D27NJ9Geooo1WQYLY="></latexit>

�t = VtbV
⇤
ts

Form-factors (e.g., LQCD) Which value to take (incl. vs. excl.)?

18

 in the SM B → Kνν̄
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• Lattice QCD data available at nonzero recoil ( ) for all form-factors: 

    with                    . 

q2 ≠ q2
max

• [NEW] We update the FLAG average by combining [HPQCD ’22] results with [FNAL/MILC ’16]: 

Pole factor:
<latexit sha1_base64="VZPaYlHezLrH7hW2IgVCevCnFNs=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyxCXTjOFKluhKIbN0IF+4B2OmTStA3NZMYkI9Sh+CtuXCji1v9w59+YaSv4PBDu4Zx7uTfHjxiVyrbfjczM7Nz8QnYxt7S8srpmrm/UZBgLTKo4ZKFo+EgSRjmpKqoYaUSCoMBnpO4PzlK/fkOEpCG/UsOIuAHqcdqlGCkteeZWxaOF63Zx78TZ1+XgwqPtomfmbatkp4C/iWONq50HU1Q8863VCXEcEK4wQ1I2HTtSboKEopiRUa4VSxIhPEA90tSUo4BINxlfP4K7WunAbij04wqO1a8TCQqkHAa+7gyQ6sufXir+5TVj1T12E8qjWBGOJ4u6MYMqhGkUsEMFwYoNNUFYUH0rxH0kEFY6sJwO4fOn8H9SK1pOyXIuD/Pl02kcWbANdkABOOAIlME5qIAqwOAW3INH8GTcGQ/Gs/Eyac0Y05lN8A3G6weaWZNl</latexit>

Pi(q
2) = 1� q2/M2

i [Becirevic, Piazza, OS. 2301.06990]

<latexit sha1_base64="/Ac/H9G2xn63sDVkALa74KHjGLE="></latexit>

�2
min/d.o.f. ' 9.2/10

Only form-factor needed for !B → Kνν̄
<latexit sha1_base64="owtJlLqahtk/KSWG4dA9GU2WyFs=">AAAB9HicdVDLSgMxFM3UV62vqks3oUWoFErGalsXQtGNywr2Ae0wZNJMG5p5mGQKw9C/ENy4UMStH+Ouf2P6EFT0wOUezrmX3Bwn5EwqhKZGamV1bX0jvZnZ2t7Z3cvuH7RkEAlCmyTggeg4WFLOfNpUTHHaCQXFnsNp2xldz/z2mArJAv9OxSG1PDzwmcsIVlqyXLtYQCeXro10s7N5VEKVC3RWhZrMocl5rWzWytBcKvl6rld8mNbjhp396PUDEnnUV4RjKbsmCpWVYKEY4XSS6UWShpiM8IB2NfWxR6WVzI+ewGOt9KEbCF2+gnP1+0aCPSljz9GTHlZD+dubiX953Ui5NSthfhgp6pPFQ27EoQrgLAHYZ4ISxWNNMBFM3wrJEAtMlM4po0P4+in8n7ROS2alZN7qNK7AAmlwBHKgAExQBXVwAxqgCQi4B4/gGbwYY+PJeDXeFqMpY7lzCH7AeP8ELcKTZw==</latexit>

f+(0) = f0(0)

Form-factors:  B → Kνν̄

<latexit sha1_base64="ydVPQN/dBFAOcGFPWZVUDQyDMz8="></latexit>

hK(k)|s̄�µb|B(p)i =

(p+ k)µ � m2

B �m2
K

q2
qµ
�
f+(q

2) + qµ
m2

B �m2
K

q2
f0(q

2)
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*See back-up for proposed tests of 
these results.

Form-factors based on Light-
Cone Sum Rules (LCSR) lead to 
smaller branching fractions.

[Bharucha et al. ’15, Gubernari et al. ’18]

[Becirevic, Piazza, OS. 2301.06990]

Form-factors:  B → Kνν̄

20
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[Becirevic, Piazza, OS. 2301.06990]

Take-home:  

• To remain cautions about hadronic uncertainties associated to the form-factors and the 
extraction of CKM matrix-elements — non-negligible given the projected Belle-II sensitivity. 

• Binned measurements at Belle-II would be a valuable piece of information to test the 
consistency the SM predictions (cf. back-up).

*Using  from  for illustrationVcb B → Dℓν̄

10°6

10°5

10°4

<latexit sha1_base64="OXj8yQaCaa+C/xB4c8GjRKzAK2A=">AAACDnicbVDLSsNAFJ34rPUVdelmsBQqhZKIqMtSN4KbCvYBTVom00k7dDIJMxOhhHyBG3/FjQtF3Lp25984abPQ1gMDh3PuZe45XsSoVJb1baysrq1vbBa2its7u3v75sFhW4axwKSFQxaKrockYZSTlqKKkW4kCAo8Rjre5DrzOw9ESBryezWNiBugEac+xUhpaWCWnQCpMUYsaaSVRr/qqBDe9qvQ4TF0PCQSTdLTgVmyatYMcJnYOSmBHM2B+eUMQxwHhCvMkJQ924qUmyChKGYkLTqxJBHCEzQiPU05Coh0k1mcFJa1MoR+KPTjCs7U3xsJCqScBp6ezI6Xi14m/uf1YuVfuQnlUawIx/OP/JhBnTnrBg6pIFixqSYIC6pvhXiMBMJKN1jUJdiLkZdJ+6xmX9Tsu/NSvZHXUQDH4ARUgA0uQR3cgCZoAQwewTN4BW/Gk/FivBsf89EVI985An9gfP4AjGGbKQ==</latexit>

B(B+ ! K+⌫⌫̄)
<latexit sha1_base64="FFtuii4dwR4IlgQAXi0/vvsBzFw=">AAACDnicbVDLSsNAFJ34rPUVdelmsBTqpiQi6rLUjeCmon1AE8NkOmmHTiZhZiKUkC9w46+4caGIW9fu/BsnbRbaemDgcM69zD3HjxmVyrK+jaXlldW19dJGeXNre2fX3NvvyCgRmLRxxCLR85EkjHLSVlQx0osFQaHPSNcfX+Z+94EISSN+pyYxcUM05DSgGCkteWbVCZEaYcTSZlZr3luOiuC1dwsdnkDHRyLVJDv2zIpVt6aAi8QuSAUUaHnmlzOIcBISrjBDUvZtK1ZuioSimJGs7CSSxAiP0ZD0NeUoJNJNp3EyWNXKAAaR0I8rOFV/b6QolHIS+noyP17Oe7n4n9dPVHDhppTHiSIczz4KEgZ15rwbOKCCYMUmmiAsqL4V4hESCCvdYFmXYM9HXiSdk7p9VrdvTiuNZlFHCRyCI1ADNjgHDXAFWqANMHgEz+AVvBlPxovxbnzMRpeMYucA/IHx+QPU75tX</latexit>

B(B0 ! KS⌫⌫̄)
<latexit sha1_base64="WpqG53V3z6fRUGXGUsxKZTEzUDU=">AAACFXicbVDLSgMxFM34rPVVdekmWIRKpcyIqMtSN4KbCvYBnbbcSdM2NJMZkoxQhvkJN/6KGxeKuBXc+Tem7Sy09UDgcM693JzjhZwpbdvf1tLyyuraemYju7m1vbOb29uvqyCShNZIwAPZ9EBRzgStaaY5bYaSgu9x2vBG1xO/8UClYoG41+OQtn0YCNZnBLSRurlT1wc9JMDjSlKodIquDvBtJ3ZBaVxMsCsi7HogY0OSk24ub5fsKfAicVKSRymq3dyX2wtI5FOhCQelWo4d6nYMUjPCaZJ1I0VDICMY0JahAnyq2vE0VYKPjdLD/UCaJzSeqr83YvCVGvuemZxkUPPeRPzPa0W6f9WOmQgjTQWZHepHHJvok4pwj0lKNB8bAkQy81dMhiCBaFNk1pTgzEdeJPWzknNRcu7O8+VKWkcGHaIjVEAOukRldIOqqIYIekTP6BW9WU/Wi/VufcxGl6x05wD9gfX5Ax7Qnis=</latexit>

B(B+ ! K⇤+⌫⌫̄)
<latexit sha1_base64="jx/z2d9iAkzIJo23qMqi9ELPSmE=">AAACFXicbVDLSgMxFM3UV62vUZdugkWoKGVGRF2WuhHcVLAP6LTlTpq2oZnMkGSEMsxPuPFX3LhQxK3gzr8xfSy09UDgcM693JzjR5wp7TjfVmZpeWV1Lbue29jc2t6xd/dqKowloVUS8lA2fFCUM0GrmmlOG5GkEPic1v3h9divP1CpWCju9SiirQD6gvUYAW2kjn3qBaAHBHhSTgvl9omnQ3zbTjxQGjsp9kSMPR9kYkh63LHzTtGZAC8Sd0byaIZKx/7yuiGJAyo04aBU03Ui3UpAakY4TXNerGgEZAh92jRUQEBVK5mkSvGRUbq4F0rzhMYT9fdGAoFSo8A3k+MMat4bi/95zVj3rloJE1GsqSDTQ72YYxN9XBHuMkmJ5iNDgEhm/orJACQQbYrMmRLc+ciLpHZWdC+K7t15vlSe1ZFFB+gQFZCLLlEJ3aAKqiKCHtEzekVv1pP1Yr1bH9PRjDXb2Ud/YH3+ACa0njA=</latexit>

B(B+ ! K⇤0⌫⌫̄)

SM

Exp (90% CL)

[Belle 1303.3719, 1702.03224]

[BaBar 1009.1529, 1303.7465]

Summary (circa ’22)
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[Algueró et al. ’21, Altmannshofer et al. ’21, Hurth et al. ‘21]  

22

• Angular  observables show a preference for  : B → K(*)μμ δCμμ
9 < 0

New physics effects or underestimated 
hadronic uncertainties?

see e.g. Ciuchini et al’. '21

Capdevilla talk at FPCP'23

<latexit sha1_base64="3pj9RZ0d3EY/LsAIV/MQ3VT3PZc="></latexit>

Lb!s``
e↵ =

4GFp
2
�t

X

`

h
C``

9

�
s̄�µPLb

��
¯̀�µ`

�
+ C``

10

�
s̄�µPLb

��
¯̀�µ�5`

�
+ . . .

i
+ h.c.

[Intermezzo] Anomalies in  decays?B → K(*)μμ

NB. LFU ratios  do not depend on , but they are difficult to measure 
— cf. latest LHCb results, which now agree with the SM predictions.

RK(*) = ℬ(B → K(*)μμ)/ℬ(B → K(*)ee) Cℓℓ
9
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•  and  have a similar decay spectrum away from the narrow  resonances:B → K(*)νν B → K(*)μμ cc̄

  Form-factor uncertainties cancel out to a good extent for  . 

  Neglecting NP contributions, this ratio can be used to extract  !

⇒ q2 ≫ m2
ℓ

⇒ Cμμ
9

[Becirevic, Piazza, OS. 2301.06990]

Ratio of partial branching fractions 
integrated in the same -bin.q2

[Bartsch et al. '09]

• We can defined the CKM-free ratio:

<latexit sha1_base64="wyOi6xa2gKwqBFLn3ju+er4C3KM=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzLj212pG8FNBfuAzljupJk2NJMZkoxQhrrxV9y4UMStf+HOvzF9LLT1QMjhnHtJzgkSzpR2nG9rbn5hcWk5t5JfXVvf2LS3tmsqTiWhVRLzWDYCUJQzQauaaU4biaQQBZzWg97V0K8/UKlYLO50P6F+BB3BQkZAG6ll75Y9HeObew+Uxp5IvQBkZu5Byy44RefYcS5PsSEjYHeaFNAElZb95bVjkkZUaMJBqabrJNrPQGpGOB3kvVTRBEgPOrRpqICIKj8bJRjgA6O0cRhLc4TGI/X3RgaRUv0oMJMR6K6a9obif14z1eGFnzGRpJoKMn4oTDk2oYd14DaTlGjeNwSIZOavmHRBAtGmtLwpYSbyLKkdFd2zont7UiiVJ3Xk0B7aR4fIReeohK5RBVURQY/oGb2iN+vJerHerY/x6Jw12dlBf2B9/gA+xJbI</latexit>

B ! K⇤⌫⌫̄
<latexit sha1_base64="wobXXhcRNykiLM+bU2J4lWvnMKQ=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchaSmNt2VuhHcVLAPaGKZTCft0MkkzEzEUvorblwo4tYfceffOH0IKnqYgcM593LvPWHKqFS2/WGsrK6tb2zmtvLbO7t7++ZBoSWTTGDSxAlLRCdEkjDKSVNRxUgnFQTFISPtcHQx89t3REia8Bs1TkkQowGnEcVIaalnFuq+SuDVrY+kgn6c6dczi7ZV9ar2WRnalmu7XsnRxHFL5YoHHcueowiWaPTMd7+f4CwmXGGGpOw6dqqCCRKKYkameT+TJEV4hAakqylHMZHBZL77FJ5opQ+jROjPFZyr3zsmKJZyHIe6MkZqKH97M/Evr5upyAsmlKeZIhwvBkUZg/rcWRCwTwXBio01QVhQvSvEQyQQVjquvA7h61L4P2mVLOfccq7dYq2+jCMHjsAxOAUOqIAauAQN0AQY3IMH8ASejanxaLwYr4vSFWPZcwh+wHj7BLFBlD8=</latexit>

B ! K⇤µµ

<latexit sha1_base64="yQs2kPbkrM2ynBw+SSW/ckZPB/Q=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWwVVJirUuS90IbirYVmhCmUwn7dDJJMxMhBqKr+LGhSJufQ93vo3Ty0Jbfxj4+M85zDl/kHCmtON8W7mV1bX1jfxmYWt7Z3fP3j9oqTiVhDZJzGN5H2BFORO0qZnm9D6RFEcBp+1geDWptx+oVCwWd3qUUD/CfcFCRrA2Vtc+qns6RjfIEynyAiwzA+OuXXRKTqVcqVaRgamQuwhFmKvRtb+8XkzSiApNOFaq4zqJ9jMsNSOcjgteqmiCyRD3acegwBFVfjbdfoxOjdNDYSzNExpN3d8TGY6UGkWB6YywHqjF2sT8r9ZJdXjpZ0wkqaaCzD4KU47MwZMoUI9JSjQfGcBEMrMrIgMsMdEmsIIJYenkZWiVS+5Fyb09L9bq8zjycAwncAYuVKEG19CAJhB4hGd4hTfryXqx3q2PWWvOms8cwh9Znz+5m5TH</latexit>

B ! K⌫⌫̄
<latexit sha1_base64="yWWHNF96pZDEHr9H55ZLATnXQK0=">AAAB9XicdVBNSwMxEM3Wr1q/qh69BIvgadnVta23Ui+Clwq2FbpryabZNjTJLklWKaX/w4sHRbz6X7z5b8y2Farog4HHezPMzAsTRpV2nE8rt7S8srqWXy9sbG5t7xR391oqTiUmTRyzWN6GSBFGBWlqqhm5TSRBPGSkHQ4vMr99T6SisbjRo4QEHPUFjShG2kh3dV/H8Ar6PM2qWyy5tjMFdGyveu6clg1xq2eeV4HfVgnM0egWP/xejFNOhMYMKdVxnUQHYyQ1xYxMCn6qSILwEPVJx1CBOFHBeHr1BB4ZpQejWJoSGk7VxYkx4kqNeGg6OdID9dvLxL+8TqqjajCmIkk1EXi2KEoZNK9mEcAelQRrNjIEYUnNrRAPkERYm6AKiyH8T1ontlu23WuvVKvP48iDA3AIjoELKqAGLkEDNAEGEjyCZ/BiPVhP1qv1NmvNWfOZffAD1vsXlHuR8A==</latexit>

B ! Kµµ

*using 2-loop results for  loops from [Asatryan et al. '09]cc̄

[Intermezzo] Remarks on B → K(*)νν/ B → K(*)μμ
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• Predictions using perturbative calculation of  loops:cc̄ [Becirevic, Piazza, OS. 2301.06990]

Precise measurements could help us to understand the various anomalies in  data.b → sμμ

with the following dependence on  :Ceff
9

<latexit sha1_base64="lBOMWEHqiTJADIRU7aNBlc0OzSg=">AAACDXicbZC7TsMwFIadcivlFmBksShI7VIShICxggWJpSB6kZoQOa7bWnWcyHaQqigvwMKrsDCAECs7G2+D02aAll+y9Ok/58jn/H7EqFSW9W0UFhaXlleKq6W19Y3NLXN7pyXDWGDSxCELRcdHkjDKSVNRxUgnEgQFPiNtf3SZ1dsPREga8js1jogboAGnfYqR0pZnHjgBUkOMWHKbesn1fVJxkFTVNM2Ix0dOEFdTzyxbNWsiOA92DmWQq+GZX04vxHFAuMIMSdm1rUi5CRKKYkbSkhNLEiE8QgPS1chRQKSbTK5J4aF2erAfCv24ghP390SCAinHga87s93lbC0z/6t1Y9U/dxPKo1gRjqcf9WMGVQizaGCPCoIVG2tAWFC9K8RDJBBWOsCSDsGePXkeWsc1+7Rm35yU6xd5HEWwB/ZBBdjgDNTBFWiAJsDgETyDV/BmPBkvxrvxMW0tGPnMLvgj4/MHiyab2Q==</latexit> R
(⌫

/
µ
)

K
(
⇤
)

using [Asatryan et al. '09]
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Understanding the first determination of 
 at Belle-IIB → Kνν

[L. Allwicher, D. Becirevic, G. Piazza, S. Rosauro-Alcaraz, OS, 02246]
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• Only the incl. method shows an excess above background (and w.r.t. the SM predictions). 

• The had. method is compatible with the SM (and with no observed signal). 

25 

[NEW] Belle-II results [Belle-II, 2311.14647]

 above the SM prediction≈ 3σ

 More data is needed! Many possible cross-checks (e.g., ).⇒ B0 → KSνν̄

<latexit sha1_base64="L/qynmpAubu+x/aXEaJ2yAGbpXE="></latexit>

B(B+ ! K+⌫⌫̄)exp =
⇥
2.4± 0.5(stat)+0.5

�0.4(syst)
⇤
⇥ 10�5

New Belle-II results

First Belle-II result

Theory uncertainty sub-dominant 
(thus far!)
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• Low-energy EFT:

• Complementarity of  and  :B → Kνν̄ B → K*νν̄

see e.g. [Buras et al. ’14]

<latexit sha1_base64="dxuqOX2uAR3sNTzPTbNimowJWhY=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9CJ4qWA/pA1ls520SzebsLsRSuiv8OJBEa/+HG/+G7dtDlp9MPB4b4aZeUEiuDau++UUlpZXVteK66WNza3tnfLuXlPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo+up33pEpXks7804QT+iA8lDzqix0kMXDe3dkku3V664VXcG8pd4OalAjnqv/NntxyyNUBomqNYdz02Mn1FlOBM4KXVTjQllIzrAjqWSRqj9bHbwhBxZpU/CWNmShszUnxMZjbQeR4HtjKgZ6kVvKv7ndVITXvgZl0lqULL5ojAVxMRk+j3pc4XMiLEllClubyVsSBVlxmZUsiF4iy//Jc2TqndW9e5OK7WrPI4iHMAhHIMH51CDG6hDAxhE8AQv8Ooo59l5c97nrQUnn9mHX3A+vgGlwo+n</latexit>

⌘K = 0
<latexit sha1_base64="iOMIoYmDmj1hiQpVMThCyM8ZTYM=">AAAB/3icbVDJSgNBEO2JW4zbqODFS2MQ4iXMuF+EoBfBSwSzQGYcejqdpEnPQneNEMYc/BUvHhTx6m9482/sJHPQxAcFj/eqqKrnx4IrsKxvIzc3v7C4lF8urKyurW+Ym1t1FSWSshqNRCSbPlFM8JDVgINgzVgyEviCNfz+1chvPDCpeBTewSBmbkC6Ie9wSkBLnrnjMCBeenPvEAVDfIGPyicl+8Azi1bZGgPPEjsjRZSh6plfTjuiScBCoIIo1bKtGNyUSOBUsGHBSRSLCe2TLmtpGpKAKTcd3z/E+1pp404kdYWAx+rviZQESg0CX3cGBHpq2huJ/3mtBDrnbsrDOAEW0smiTiIwRHgUBm5zySiIgSaESq5vxbRHJKGgIyvoEOzpl2dJ/bBsn5bt2+Ni5TKLI4920R4qIRudoQq6RlVUQxQ9omf0it6MJ+PFeDc+Jq05I5vZRn9gfP4AWYOUXA==</latexit>

⌘K⇤ = 3.5(1)

<latexit sha1_base64="uu1dnTGdYnMGhm8lm3v2Mz+fmA4="></latexit>

Lb!s⌫⌫
e↵ =

4GF�tp
2

↵em

2⇡

X

ij

h
C

⌫i⌫j
L (s̄L�µbL)(⌫̄Li�

µ⌫Lj) + C
⌫i⌫j
R (s̄R�µbR)(⌫̄Li�

µ⌫Lj)
i
+ h.c. ,

EFT for b → sνν̄

Forbidden region in the EFT approach

Exclusion from Belle/BaBar

[Becirevic, Piazza, OS. ’22]

[Bause et al. ’23]
[Allwicher et al (OS). ’23]
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Predictions
• Another observable to measure is the  longitudinal-polarisation asymmetry: K*

The measurement of  and  would be model-independent 
tests of Belle-II results.

ℬ(B → K*νν̄) FL(B → K*νν̄)

[Altmannshofer et al. ’09]

[Allwicher, Becirevic, Piazza, Rousaro-Alcaraz OS. ’23]

Depletion of SM prediction!

<latexit sha1_base64="TOIEkWW1Cls1mY5a/+2Z4iOqZKg="></latexit>

FL ⌘ �L(B ! K⇤⌫⌫̄)

�(B ! K⇤⌫⌫̄)

<latexit sha1_base64="mobJMAwd1qw1Vr7TX9PlcLD8UiA="></latexit>

FL(B ! K⇤⌫⌫̄)SM = 0.49(7)

<latexit sha1_base64="zs1E44QofI12SxYtC7ZDwq0W4Aw="></latexit>

RFL ⌘ FL

F SM
L
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SMEFT for  (and )b → sνν b → sℓℓ
• SMEFT is formulated for  with  invariant operators. 

• Gauge invariance correlates  with  since  . 

• Two types of  contributions at tree-level:

Λ ≫ vew SU(3)c × SU(2)L × U(1)Y

b → sνν̄ b → sℓℓ Li = (νLi, ℓLi)T

d = 6

i)  :ψ2H2D ii)  :ψ4

Lepton flavor universal!

[Allwicher, Becirevic, Piazza, Rousaro-Alcaraz OS. ’23]

e.g., e.g., 
<latexit sha1_base64="B/OzcnY9Z2uKzvK6t9xK7DK9CJI="></latexit>

Old = (L̄�µL)(d̄R�µdR)
<latexit sha1_base64="ZmTNk4XbKpiVjVflVr8oUOZjGmo="></latexit>

O
(1)
Hl

= (H† !
DH)(L̄�µ

L)

[Buchmuller & Wyler. ’85, Gradkowski et al. ’10]
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SMEFT for  (and )b → sνν b → sℓℓ
• SMEFT is formulated for  with  invariant operators. 

• Gauge invariance correlates  with  since  . 

• Two types of  contributions at tree-level:

Λ ≫ vew SU(3)c × SU(2)L × U(1)Y

b → sνν̄ b → sℓℓ Li = (νLi, ℓLi)T

d = 6

i)  :ψ2H2D ii)  :ψ4

 Severely constrained by  and  :⇒ ℬ(Bs → μμ) ΔmBs

Lepton flavor universal!

 Only viable option!⇒

[Allwicher, Becirevic, Piazza, Rousaro-Alcaraz OS. ’23]

e.g., e.g., 
<latexit sha1_base64="B/OzcnY9Z2uKzvK6t9xK7DK9CJI="></latexit>

Old = (L̄�µL)(d̄R�µdR)
<latexit sha1_base64="ZmTNk4XbKpiVjVflVr8oUOZjGmo="></latexit>

O
(1)
Hl

= (H† !
DH)(L̄�µ

L)

[Buchmuller & Wyler. ’85, Gradkowski et al. ’10]
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SMEFT for  (and )b → sνν b → sℓℓ
•  operators invariant under :ψ4 SU(2) × U(1)Y

<latexit sha1_base64="qOmhC3I620l+fNaRprFTyuDWxR0=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSQi6rHoxWMF+wFNKJvtpF262YTdTaGE/hMvHhTx6j/x5r9x0+ag1Qe7PN6bYWZemHKmtOt+WZW19Y3Nrep2bWd3b//APjzqqCSTFNs04YnshUQhZwLbmmmOvVQiiUOO3XByV/jdKUrFEvGoZykGMRkJFjFKtJEGth36OnGUj5znxTcf2HW34S7g/CVeSepQojWwP/1hQrMYhaacKNX33FQHOZGaUY7zmp8pTAmdkBH2DRUkRhXki83nzplRhk6USPOEdhbqz46cxErN4tBUxkSP1apXiP95/UxHN0HORJppFHQ5KMq4Y44tYnCGTCLVfGYIoZKZXR06JpJQbcKqmRC81ZP/ks5Fw7tqeA+X9eZtGUcVTuAUzsGDa2jCPbSgDRSm8AQv8Grl1rP1Zr0vSytW2XMMv2B9fAOpZZOv</latexit>

b ! s``
<latexit sha1_base64="JaUhgoukQb1KZFps+fTAXOTBktU=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlE1GXRjcsK9gFNKJPppB06mYSZiVhCfsWNC0Xc+iPu/BsnbRbaemCYwzn3cu89QcKZ0o7zbVXW1jc2t6rbtZ3dvf0D+7DeVXEqCe2QmMeyH2BFORO0o5nmtJ9IiqOA014wvS383iOVisXiQc8S6kd4LFjICNZGGtr1wNMxUp5IvQDLzPz50G44TWcOtErckjSgRHtof3mjmKQRFZpwrNTAdRLtZ1hqRjjNa16qaILJFI/pwFCBI6r8bL57jk6NMkJhLM0TGs3V3x0ZjpSaRYGpjLCeqGWvEP/zBqkOr/2MiSTVVJDFoDDlyJxbBIFGTFKi+cwQTCQzuyIywRITbeKqmRDc5ZNXSfe86V423fuLRuumjKMKx3ACZ+DCFbTgDtrQAQJP8Ayv8Gbl1ov1bn0sSitW2XMEf2B9/gBPtZSg</latexit>

b ! s⌫⌫̄

<latexit sha1_base64="VPjWEBLVVGVtoPc1w5kQhEDxgWc=">AAACBXicdZDLSgMxFIYz9VbrrepSF6FF6GAZZipW3RXduHBR0Wkr7TBk0rQNzVxIMkIZunHjC/gQblwo4tZ3cNe3MW0VvP4Q+PjPOZyc34sYFdI0R1pqZnZufiG9mFlaXlldy65v1EQYc0xsHLKQNzwkCKMBsSWVjDQiTpDvMVL3+ifjev2acEHD4FIOIuL4qBvQDsVIKsvNbhcu7MKe7uJiq6iopLtniuyCpbtXupvNm8a+aR2VLfgbLMOcKF/JtXbvRpVB1c2+tdohjn0SSMyQEE3LjKSTIC4pZmSYacWCRAj3UZc0FQbIJ8JJJlcM4Y5y2rATcvUCCSfu14kE+UIMfE91+kj2xM/a2Pyr1oxl59BJaBDFkgR4uqgTMyhDOI4EtiknWLKBAoQ5VX+FuIc4wlIFl1EhfF4K/4daybDKhnWu0jgGU6XBFsiBArDAAaiAU1AFNsDgBtyDR/Ck3WoP2rP2Mm1NaR8zm+CbtNd3Gz+YIg==</latexit>

(SU(3)c, SU(2)L, U(1)Y )

<latexit sha1_base64="isy+J7xKpYot2F1cELClVvQR8PU=">AAACDXicbZBPSwJBGMZn7Z/Zv62OXQYtMBLbVaiOUpeOBq0KrsjsOKuDM7vLzGwgi1+gS5c+SJcORXTt3s1v06walPXAwI/nfV/mfR8vYlQqy5oYmaXlldW17HpuY3Nre8fc3WvIMBaYODhkoWh5SBJGA+IoqhhpRYIg7jHS9IZXab15R4SkYXCrRhHpcNQPqE8xUtrqmodO14aupBwWXY7UwPOT6rj0jfa4VDmtHnfNglW2poJ/wZ5DoZZ3Tx4ntVG9a366vRDHnAQKMyRl27Yi1UmQUBQzMs65sSQRwkPUJ22NAeJEdpLpNWN4pJ0e9EOhX6Dg1P05kSAu5Yh7ujNdUy7WUvO/WjtW/kUnoUEUKxLg2Ud+zKAKYRoN7FFBsGIjDQgLqneFeIAEwkoHmNMh2Isn/4VGpWyfle0bncYlmCkLDkAeFIENzkENXIM6cAAG9+AJvIBX48F4Nt6M91lrxpjP7INfMj6+ANDlnRs=</latexit>

U1 ⇠ (3,1, 2/3)

<latexit sha1_base64="RMtLUkB7hmprHRQbw9tgEOHqx9c=">AAACFHicbVDLSsNAFJ34rPUVdelmaBEqLTUxoC6LblxWtA9oSplMJ+3QySTMTIQS8hGC+CtuXCji1oW7/o3Th6CtBy4czrmXe+/xIkalsqyRsbS8srq2ntnIbm5t7+yae/t1GcYCkxoOWSiaHpKEUU5qiipGmpEgKPAYaXiDq7HfuCdC0pDfqWFE2gHqcepTjJSWOmbxtuNA6EoawIIbINX3/MT1kEicNC39CE5ask+c446Zt8rWBHCR2DOSr+Tc4uOoMqx2zC+3G+I4IFxhhqRs2Vak2gkSimJG0qwbSxIhPEA90tKUo4DIdjJ5KoVHWulCPxS6uIIT9fdEggIph4GnO8dnynlvLP7ntWLlX7QTyqNYEY6ni/yYQRXCcUKwSwXBig01QVhQfSvEfSQQVjrHrA7Bnn95kdRPy/ZZ2b7RaVyCKTLgEORAAdjgHFTANaiCGsDgATyDV/BmPBkvxrvxMW1dMmYzB+APjM9vPmqgCw==</latexit>

S3 ⇠ (3̄,3, 1/3)

<latexit sha1_base64="c1ojPh/+R50lfZJ7aAzDLjFtbhM=">AAACD3icbZC7TsMwFIadcivlFmBksVqBikBVwgCMFSyMRaIX0YTKcZ3Wqp1EtoMURX0DFiSehIUBhFhZ2fo2OG2H0vJLlj795xz5nN+LGJXKskZGbml5ZXUtv17Y2Nza3jF39xoyjAUmdRyyULQ8JAmjAakrqhhpRYIg7jHS9AbXWb35SISkYXCnkoi4HPUC6lOMlLY65tH9gxMJyokjKYdlhyPV9/zUHp7OoHXcMUtWxRoLLoI9hVK16Jy8jKpJrWP+ON0Qx5wECjMkZdu2IuWmSCiKGRkWnFiSCOEB6pG2xgBxIt10fM8QHmqnC/1Q6BcoOHZnJ1LEpUy4pzuzJeV8LTP/q7Vj5V+6KQ2iWJEATz7yYwZVCLNwYJcKghVLNCAsqN4V4j4SCCsdYUGHYM+fvAiNs4p9XrFvdRpXYKI8OABFUAY2uABVcANqoA4weAKv4B18GM/Gm/FpfE1ac8Z0Zh/8kfH9C/46nvU=</latexit>

Z 0 ⇠ (1,1, 0)

<latexit sha1_base64="gKxmhOzuSW1t/siO/4kPvoo/1Vg="></latexit>

V ⇠ (1, 3, 0)

• Correlations for concrete mediators: 

-                    : 

-                    : 

-                    : 

-                    : 

   …

<latexit sha1_base64="6bdJmb0s4I619vAqGo1pCDlxXzw="></latexit>

C
⇤2

' (5 TeV)�2
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SMEFT for  (and )b → sνν b → sℓℓ

[Allwicher, Becirevic, Piazza, Rousaro-Alcaraz OS. ’23]

•  operators invariant under :ψ4 SU(2) × U(1)Y
<latexit sha1_base64="qOmhC3I620l+fNaRprFTyuDWxR0=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSQi6rHoxWMF+wFNKJvtpF262YTdTaGE/hMvHhTx6j/x5r9x0+ag1Qe7PN6bYWZemHKmtOt+WZW19Y3Nrep2bWd3b//APjzqqCSTFNs04YnshUQhZwLbmmmOvVQiiUOO3XByV/jdKUrFEvGoZykGMRkJFjFKtJEGth36OnGUj5znxTcf2HW34S7g/CVeSepQojWwP/1hQrMYhaacKNX33FQHOZGaUY7zmp8pTAmdkBH2DRUkRhXki83nzplRhk6USPOEdhbqz46cxErN4tBUxkSP1apXiP95/UxHN0HORJppFHQ5KMq4Y44tYnCGTCLVfGYIoZKZXR06JpJQbcKqmRC81ZP/ks5Fw7tqeA+X9eZtGUcVTuAUzsGDa2jCPbSgDRSm8AQv8Grl1rP1Zr0vSytW2XMMv2B9fAOpZZOv</latexit>

b ! s``
<latexit sha1_base64="JaUhgoukQb1KZFps+fTAXOTBktU=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlE1GXRjcsK9gFNKJPppB06mYSZiVhCfsWNC0Xc+iPu/BsnbRbaemCYwzn3cu89QcKZ0o7zbVXW1jc2t6rbtZ3dvf0D+7DeVXEqCe2QmMeyH2BFORO0o5nmtJ9IiqOA014wvS383iOVisXiQc8S6kd4LFjICNZGGtr1wNMxUp5IvQDLzPz50G44TWcOtErckjSgRHtof3mjmKQRFZpwrNTAdRLtZ1hqRjjNa16qaILJFI/pwFCBI6r8bL57jk6NMkJhLM0TGs3V3x0ZjpSaRYGpjLCeqGWvEP/zBqkOr/2MiSTVVJDFoDDlyJxbBIFGTFKi+cwQTCQzuyIywRITbeKqmRDc5ZNXSfe86V423fuLRuumjKMKx3ACZ+DCFbTgDtrQAQJP8Ayv8Gbl1ov1bn0sSitW2XMEf2B9/gBPtZSg</latexit>

b ! s⌫⌫̄

Which flavor?

I) Couplings to muons are tightly constrained by . 

II) LFV couplings are constrained by searches for  and . 

III)The only viable option is coupling to ’s (due to weak exp. limits on ).

ℬ(Bs → μμ)

ℬ(Bs → ℓiℓj) ℬ(B → K(*)ℓiℓj)

τ b → sττ

 Predictions: ⇒
<latexit sha1_base64="CQF6fLkp+UwrQoGERchMRp6pE5w="></latexit>

B(Bs ! ⌧⌧)

B(Bs ! ⌧⌧)SM
' B(B ! K(⇤)⌧⌧)

B(B ! K(⇤)⌧⌧)SM
' 10

However, experimentally challenging…
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 and RD RD*
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<latexit sha1_base64="6ifmocgminU6qwszjCSyxRP7ESM="></latexit>

RD(⇤) =
B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)µ⌫)

•  and  : dominated by BaBar! 

• LHCb also measured  and , but with limited precision. 

• SM predictions are under reasonable control (cf. back-up).

Rexp
D Rexp

D*

Rexp
J/ψ Rexp

Λc

Needs urgent clarification from Belle-II and LHCb (run-2) data!

LFU in b → cτν̄

31
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Le↵ = �2
p
2GFVcb

h
(1 + gVL)

�
c̄L�µbL

��
¯̀
L�µ⌫L

�
+ gVR

�
c̄R�µbR

��
¯̀
L�µ⌫L

�

+ gSR

�
c̄LbR

��
¯̀
R⌫L

�
+ gSL

�
c̄RbL

��
¯̀
R⌫L

�
+ gT

�
c̄R�µ⌫bL

��
¯̀
R�µ⌫⌫L

�i
+ h.c.

•   gauge invariance implies that only  ,  ,  and   
can break LFU at . 

• Few scenarios can accommodate data: 

SU(3)c × SU(2)L × U(1)Y gVL
gSL

gSR
gT

d = 6

Only scalar/vector leptoquarks can do the job!

-  :   ,   

-  :    

-  :   , 

U1 ∼ (3, 1, 2/3) gVL
gSR

R2 ∼ (3, 2, 7/6) gSL
= 4gT

S1 ∼ (3, 1, 1/3) gSL
= − 4gT gVL

see e.g. [Angelescu, Becirevic, Faroughy, Jaffredo, OS, ’21]EFT for b → cτν̄
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Angular observables: b → cτν̄
Example:

• Many more opportunities in other modes:

see e.g. [Becirevic, Jaffredo, Penuelas, OS, ’21]

<latexit sha1_base64="ErI+a5XFU9x+GPqSFystPcO5yCM="></latexit>

⇤b ! ⇤c(! ⇤⇡)⌧ ⌫̄
<latexit sha1_base64="A1+qyNITtPJBGDwOov5g8waEZ5w=">AAACDnicdVC7SgNBFJ31GeMramkzGAKxCbu6xNhJtLCMYFTIxnB3MtHB2dll5q4QlnyBjb9iY6GIrbWdf+PkIajogYHDOfdy55wwkcKg6344U9Mzs3PzuYX84tLyymphbf3MxKlmvMliGeuLEAyXQvEmCpT8ItEcolDy8/DmcOif33JtRKxOsZ/wdgRXSvQEA7RSp1CqBxjTo8sADNLyiAeJ2KYBQkqDEHQWqHTQKRTdilurev4+tWQES2q7frXqU2+iFMkEjU7hPejGLI24QibBmJbnJtjOQKNgkg/yQWp4AuwGrnjLUgURN+1sFGdAS1bp0l6s7VNIR+r3jQwiY/pRaCcjwGvz2xuKf3mtFHu1diZUkiJXbHyol0pqUw+7oV2hOUPZtwSYFvavlF2DBoa2wbwt4Ssp/Z+c7VS8asU78YsH9UkdObJJtkiZeGSPHJBj0iBNwsgdeSBP5Nm5dx6dF+d1PDrlTHY2yA84b5+VZ5s8</latexit>

B ! D⇤(! D⇡)⌧ ⌫̄
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B ! D⌧⌫
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Complementarity between LHC data, flavor and EWPT

[L. Allwicher, D. Faroughy, F. Jaffredo, OS, F. Wilsch. ’22]Example:  U1 ∼ (3, 1, 2/3)

First considered by [Eboli, ‘88] 

cf. also [Faroughy et al. ’15] 

34
*see back-up for the other models!

HighPT

[Feruglio et al. ’16] 



High-pT searches (CMS and ATLAS) can probe the same four-fermion operators 
constrained by flavor-physics experiments (NA62, KOTO, BES-III, LHCb, Belle-II...).  

Flavorful New Physics?

Many works on EFTs and Drell-Yan: Cirigliano et al. ’12, ’18], [de Blas et al. ’13], [Farina et al. ’16], [Dawson et al. ’18, ’21], [Greljo et al. ’18], [Shepherd 
et al. ’18], [Fuentes-Martín et al. ’20], [Marzocca et al. ’20], [Endo et al. ’21], [Boughezal et al. ’21], [Angelescu et al. ’20], [Allwicher et al. ’23]…

35

[Intermezzo] Probing flavor at the LHC



Olcyr Sumensari (IJCLab, Orsay) Flavor physics at low- and high-pT

Strategy: Recast di-lepton searches and look for NP effects in the tails of the invariant-
mass distributions (where  is large).S/B

Goal: Probe flavor transitions that are poorly constrained at low energies (e.g., )b → sττ

36

[Intermezzo] Probing flavor at the LHC



EFT valid 

Strategy: Recast di-lepton searches and look for NP effects in the tails of the invariant-
mass distributions (where  is large).S/B

Caveat: EFT must be valid ( ). Otherwise, use explicit model (e.g., leptoquark or Z’).E ≪ Λ

Goal: Probe flavor transitions that are poorly constrained at low energies (e.g., )b → sττ

36

[Intermezzo] Probing flavor at the LHC
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[arXiv:2002.12223]  

CMS-PAS-EXO-19-019  

ATLAS-CONF-2021-025  

[arXiv:1906.05609]  

[arXiv:2205.06709] 
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Searches available ( ):140 fb−1

*more to be included (see GitHub page)

Main functionalities:

• Consider SMEFT ( ) and specific 
mediators (LQs, , …). 

• Computes cross-sections, event yields 
and likelihoods as a function of NP 
couplings. 

• SMEFT likelihoods can be exported in 
the WCxf format.

d ≤ 8
Z′ 

[Aebischer et al. ’17]

Reinterpretation of latest LHC Drell-Yan 
searches for New Physics scenarios with 
general flavor structure.  

Recast procedure: 

   MadGraph 5 + Pythia + Delphes

HighPT: A Tool for high-  Drell-Yan Tails Beyond the SMpT

37
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Outlook
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+ Kaon physics (NA62 and KOTO) 
+ EDM experiments & Muon g-2 at Fermilab 
+ Huge effort in the neutrino sector 
+ …

Outlook

2206.11331

1910.11775

LHCb

Belle-II

BES-III

LFV
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Improved data will have the potential to resolve persisting anomalies such :RD(*)

Belle-II LHCb

 They will also provide valuable inputs to determine better  and  :⇒ Vub Vcb

Belle-II physics book

-physics: Belle-II and LHCbB

39
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An impressive progress is expected in the next years in  experiments:μ → e

F Cei 2020 J. Phys.: Conf. Ser. 1526 

 Very clean probes of new physics!⇒

40

μ → eLepton Flavor Violation
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Belle-II will also improve the sensitivity on  and  decays by a factor  : τ → e τ → μ 𝒪(10)

Lepton Flavor Violation

[NEW] CMS obtained  (90%CL.) — comparable to BaBar/Belle!Br(τ → 3μ) < 2.4 × 10−8

[CMS, 2312.02371]

Belle-II physics book

-decaysτ

41
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https://indico.ijclab.in2p3.fr/e/tauLFV

11/04 -12/04 
in Orsay

https://indico.ijclab.in2p3.fr/e/tauLFV


Olcyr Sumensari (IJCLab, Orsay)O. Sumensari

Summary
• Precision frontier: fundamental to seek new physics particles that cannot be 

produced on-shell at the LHC — complementary approach! 

• Hadronic uncertainties: QCD remains the main obstacle to using low-energy 
observables to probe new physics — caution is advised! 

•  and  : theory and exp. progress is needed to solve this issue — needed to fix 
the parametric uncertainties of rare decays in the SM… Belle-II data and new LQCD 
results will be essential.  

• : Theoretically clean and a helpful tool to constrain (B)SM physics. More 
data and further cross-checks are needed to understand the first Belle-II results — 
e.g.,  and . 

• LHC: Drell-Yan processes at high energies are also complementary probes of flavor-
physics operators — valuable inputs for flavor model-building.

Vcb Vub

B → Kνν

B0 → KSνν̄ B → K*νν̄

Many opportunities to explore physics (B)SM in current/future flavor experiments!

Thank you!
43
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• Semileptonic operators: 

• Dimension-6 tensor operator is not allowed by  . 

• (Pseudo)scalar operators are tightly constrained by 

SU(2)L × U(1)Y

<latexit sha1_base64="nk4gO2f9VXmU0yGd0Ybjg81dfiQ="></latexit>

B(Bs ! µµ)exp = (2.85± 0.22)⇥ 10�9

B(Bs ! µµ)SM = (3.66± 0.14)⇥ 10�9

[Our exp. average: CMS, ATLAS, LHCb]

[Beneke et al. ’19]

[Buchmuller, Wyler. ’85]
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EFT for b → sℓℓ
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• Good agreement between LHCb results and the SM predictions; 

• Small deficit in the exp. average — due to ATLAS measurement. 

[Our exp. average: CMS, ATLAS, LHCb]

[Angelescu, Becirevic, Faroughy, Jaffredo, OS. '21]  

[LHCb ’21]

Bs → μμ
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[Intermezzo] Lepton Flavor Universality violation?

LFU ratios are independent of , thus being theoretically clean. However, 
LHCb data now agrees with the SM predictions.

Cℓℓ
9 ≡ Cee

9 = Cμμ
9

Constraints on LFU violation:

<latexit sha1_base64="htfP6huzuwdhcftTK9Icy+SG6oY="></latexit>

RK(⇤) =
B(B ! K(⇤)µµ)

B(B ! K(⇤)ee)

����
q22[q20 ,q21 ]
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•  decays are more challenging for several reasons:B → K*νν̄

• We use LCSR (+LQCD) results from [Bharucha et al. ’15, Horgan et al. ‘13]:

 Relatively small uncertainties, but are they accurate?⇒

[  uncertainty] ≈ 15 %

Form-factors:  B → K*νν̄
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[Intermezzo]: Cross-check of fB→K
+ (q2)

 Independent of  and the form-factor normalisation, as well as of NP contributions.⇒ λt

NB. w/o νR

<latexit sha1_base64="6g/6X30WZwn3Wpjpvk7NLhBq8M0="></latexit>

rlow/high =
B(B ! K⌫⌫̄)low�q2

B(B ! K⌫⌫̄)high�q2
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rlow/high = 1.91± 0.06
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rlow/high = 2.15± 0.26

e.g, using (old) FLAG average:

[Becirevic, Piazza, OS. 2301.06990]

• SM predictions depend on the extrapolation of the LQCD form-factors to low  
values — parameterisation dependent?  

   How can we test the shape of the extrapolated LQCD form-factors?  

• We propose to measure: 

• Using the bins  vs.  :

q2

⇒

(0, q2
max/2) (q2

max/2, q2
max)
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*Annihilation contributions not 
included below (see next slides)!

Form-factors based on Light-
Cone Sum Rules (LCSR) lead to 
smaller branching fractions.

[Bharucha et al. ’15, Gubernari et al. ’18]

[Becirevic, Piazza, OS. 2301.06990]

Form-factors:  B → Kνν̄
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Hidden sectors?
• What if the excess is due to , where  is a light mediator produced 

on-shell (i.e., with )? 

• The main difference would be a peak in the -distributions at  , smeared by the 
detector resolution. 

• Good fit to Belle-II data too since the excess is mostly localised (within large uncertainties!):  

B → KX( → inv) X ∼ (1, 1,0)
mX < mB

q2 q2 ≃ m2
X

• Best fit ( ):2.8σ

 To be checked by dedicated searches!⇒

<latexit sha1_base64="girZWVQmaklgEaGvauyo/XBvAo0="></latexit>

B(B ! KX) = (5.1± 2.1)⇥ 10�6
<latexit sha1_base64="FuMq2+MNzVwwm41f4v0uxSBpRjs=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KkkRdVl0ocsK9gFNCJPppB06kwwzE7GEiht/xY0LRdz6E+78GydtFtp64MLhnHu5955QMKq043xbC4tLyyurpbXy+sbm1ra9s9tSSSoxaeKEJbITIkUYjUlTU81IR0iCeMhIOxxe5n77jkhFk/hWjwTxOerHNKIYaSMF9j4POtBDQsjkHtYePI70QPLsirTGgV1xqs4EcJ64BamAAo3A/vJ6CU45iTVmSKmu6wjtZ0hqihkZl71UEYHwEPVJ19AYcaL8bPLDGB4ZpQejRJqKNZyovycyxJUa8dB05jeqWS8X//O6qY7O/YzGItUkxtNFUcqgTmAeCOxRSbBmI0MQltTcCvEASYS1ia1sQnBnX54nrVrVPa26NyeV+kURRwkcgENwDFxwBurgGjRAE2DwCJ7BK3iznqwX6936mLYuWMXMHvgD6/MHxj6Xng==</latexit>

mX ⇡ 2 GeV

[Altmannshofer et al. ’23]
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[Intermezzo]:  in the SMB → D(*)ℓν̄

[MILC/Fermilab ’15, HPQCD ’15]

<latexit sha1_base64="AhKiYm81g0FhnEkS4qo6wUEozk4="></latexit>

Rlatt.
D = 0.293(5)

For light (heavy) leptons:

<latexit sha1_base64="Tc8PYZnvIHzleFx3eppf5vnWfB0="></latexit>

Rlatt.+exp
D = 0.295(3)

<latexit sha1_base64="y/NT3AmP1nTse3AUkjx7jMg1q6g="></latexit>

B ! D(⇤)l⌫̄ (l = e, µ)

[FLAG ’21]

Form-factors (from lattice, exp…)

<latexit sha1_base64="6pEI2X5xLgsK6nFrHMcdpItdWbM="></latexit>

hD(⇤)|c̄L�µbL|Bi =
X

a

Kµ
a Fa(q

2)

Known Lorentz factors

•  : one (two) form-factors with  at ; 

 Lattice QCD at  for both form-factors. 

• : three (four) form-factors; 

 [NEW] First lattice results at  ! 

 Tensions with  exp. data… 

B → D f0(0) = f+(0) q2 = 0
⇒ q2 ≠ q2

max

B → D*

⇒ q2 ≠ q2
max

⇒ B → D*ℓν̄

… for [MILC/Fermilab ’21, HPQCD ’23]
<latexit sha1_base64="4IxiDCacX2jTvlqgVCSTHZAyAgE=">AAAB+nicdVDLSsNAFJ34rPWV6tLNYBFchSQNbd0V3bisYB/QhjKZTtqhk2SYmagl9lPcuFDErV/izr9x0lZQ0QMDh3PO5d45AWdUKtv+MFZW19Y3Ngtbxe2d3b19s3TQlkkqMGnhhCWiGyBJGI1JS1HFSJcLgqKAkU4wucj9zg0RkibxtZpy4kdoFNOQYqS0NDBLfcS5SO6gY1X6ko4iNDDLtnVWr7peFdqWbdcc18mJW/Mqno7Zc5TBEs2B+d4fJjiNSKwwQ1L2HJsrP0NCUczIrNhPJeEIT9CI9DSNUUSkn81Pn8ETrQxhmAj9YgXn6veJDEVSTqNAJyOkxvK3l4t/eb1UhXU/ozFPFYnxYlGYMqgSmPcAh1QQrNhUE4QF1bdCPEYCYaXbKuoSvn4K/ydt13KqlnPllRvnyzoK4Agcg1PggBpogEvQBC2AwS14AE/g2bg3Ho0X43URXTGWM4fgB4y3T8NBk7I=</latexit>⇡ 1.3�

<latexit sha1_base64="V2TBFD3dd2pTr+fI6dCNHjS9JmI=">AAAB+nicdVDLSsNAFJ3UV62vVJduBovgKiQxtHVXdOOygn1AE8pkOmmHTiZhZqKW2k9x40IRt36JO//GSVtBRQ9cOJxzL/feE6aMSmXbH0ZhZXVtfaO4Wdra3tndM8v7bZlkApMWTlgiuiGShFFOWooqRrqpICgOGemE44vc79wQIWnCr9UkJUGMhpxGFCOlpb5Z9lGaiuQOupbnSzqMUd+s2NZZvep6VWhbtl1zXCcnbs079aCjlRwVsESzb777gwRnMeEKMyRlz7FTFUyRUBQzMiv5mSQpwmM0JD1NOYqJDKbz02fwWCsDGCVCF1dwrn6fmKJYykkc6s4YqZH87eXiX14vU1E9mFKeZopwvFgUZQyqBOY5wAEVBCs20QRhQfWtEI+QQFjptEo6hK9P4f+k7VpO1XKuvErjfBlHERyCI3ACHFADDXAJmqAFMLgFD+AJPBv3xqPxYrwuWgvGcuYA/IDx9gnGV5O0</latexit>⇡ 2.4�

See talk by Lytle
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EFT vs. concrete models

The EFT reproduces well the leptoquark models for  .M ≳ 2 TeV

<latexit sha1_base64="LaGlC1T5IaONQeAIKtdaWY5GZh8=">AAACA3icdVDLSgMxFM34rPU16k43wSK4GmZUtN0V3bisYB/QGUomzbShmUxIMkIZBtz4K25cKOLWn3Dn35hOK/g8JHA4597c3BMKRpV23Xdrbn5hcWm5tFJeXVvf2LS3tlsqSSUmTZywRHZCpAijnDQ11Yx0hCQoDhlph6OLid++IVLRhF/rsSBBjAacRhQjbaSevSuErxOY+cVTWchSkvtxak7esyuu49aq7nEN/iae4xaogBkaPfvN7yc4jQnXmCGlup4rdJAhqSlmJC/7qSIC4REakK6hHMVEBVkxOIcHRunDKJHmcg0L9WtHhmKlxnFoKmOkh+qnNxH/8rqpjqpBRrlINeF4OihKGTRbTwKBfSoJ1mxsCMKSmr9CPEQSYW1iK5sQPjeF/5PWkeOdOt7VSaV+PoujBPbAPjgEHjgDdXAJGqAJMLgF9+ARPFl31oP1bL1MS+esWc8O+Abr9QOrLJja</latexit>

pp ! µµ
<latexit sha1_base64="fVQfQ2mmZFceEu6v0XlGJwc/qkk=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK4KomKtruiG5cV7AOaUCbTSTt0kgzzEErIxo2/4saFIm79B3f+jZO0gs8DFw7n3Dt37gk4o1I5zrs1N7+wuLRcWimvrq1vbNpb222ZaIFJCycsEd0AScJoTFqKKka6XBAUBYx0gvFF7nduiJA0ia/VhBM/QsOYhhQjZaS+vce5pxKYesVTacA0yTyFdF5Z3644Vadec47r8Ddxq06BCpih2bffvEGCdURihRmSsuc6XPkpEopiRrKypyXhCI/RkPQMjVFEpJ8WqzN4YJQBDBNhKlawUL9OpCiSchIFpjNCaiR/ern4l9fTKqz5KY25ViTG00WhZtDcnUcCB1QQrNjEEIQFNX+FeIQEwsoEVzYhfF4K/yfto6p7WnWvTiqN81kcJbAL9sEhcMEZaIBL0AQtgMEtuAeP4Mm6sx6sZ+tl2jpnzWZ2wDdYrx9Gvpm+</latexit>

pp ! ⌧⌧

NB. The convergence is slower for -channel mediators.s

[Allwicher et al., in preparation]

Examples:
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Example:  b → sττ

vs.

Upper limits (90%CL.):
<latexit sha1_base64="pY1lbRtMwjnW9YTJdVzwIWZJSLk=">AAACGnicbVC7TsMwFHV4lvIKMLJYVEhlIEoAlQ4MVVkYi0QfUhMix3Vaq85DtoNURfkOFn6FhQGE2BALf4PTZoCWI13p+Nx7dX2OFzMqpGl+a0vLK6tr66WN8ubW9s6uvrffEVHCMWnjiEW85yFBGA1JW1LJSC/mBAUeI11vfJ33uw+ECxqFd3ISEydAw5D6FCOpJFe37ADJEUYsbWbVpitsGUFboiSvE3gFa0ZdvWlABLTM+/T0PHP1immYU8BFYhWkAgq0XP3THkQ4CUgoMUNC9C0zlk6KuKSYkaxsJ4LECI/RkPQVDZE65qRTaxk8VsoA+hFXFUo4VX9vpCgQYhJ4ajI3IuZ7ufhfr59Iv+6kNIwTSUI8O+QnDCr/eU5wQDnBkk0UQZhT9VeIR4gjLFWaZRWCNW95kXTODKtmWLcXlUaziKMEDsERqAILXIIGuAEt0AYYPIJn8AretCftRXvXPmajS1qxcwD+QPv6ASrBnwg=</latexit>

B(Bs ! ⌧⌧) < 6.8⇥ 10�3

<latexit sha1_base64="9U5NWOuQUdX4TxHOBhk5ppARFHs="></latexit>

B(B0 ! K⇤ 0⌧⌧) < 3.1⇥ 10�3

<latexit sha1_base64="HkBRfQiv+JmrcQvGkar16Vj20vo="></latexit>

B(B+ ! K+⌧⌧) < 2.25⇥ 10�3
<latexit sha1_base64="sYsf+QPzP+1gkSLbCYPgYS/Z7A8=">AAACEHicdVDLSsNAFJ34rPUVdelmsIhuDIlI67LUjRuhon1AE8NkOmmHTh7MTMQS8glu/BU3LhRx69Kdf+MkreDzwDCHc+7l3nu8mFEhTfNdm5mdm19YLC2Vl1dW19b1jc22iBKOSQtHLOJdDwnCaEhakkpGujEnKPAY6Xijk9zvXBMuaBReynFMnAANQupTjKSSXH3PDpAcYsTSRuYWnAfpxVkGbRTHPLqBlnmVHtQyV6+YRtXMAX8Tyyh+swKmaLr6m92PcBKQUGKGhOhZZiydFHFJMSNZ2U4EiREeoQHpKRqigAgnLQ7K4K5S+tCPuHqhhIX6tSNFgRDjwFOV+crip5eLf3m9RPrHTkrDOJEkxJNBfsKgjGCeDuxTTrBkY0UQ5lTtCvEQcYSlyrCsQvi8FP5P2oeGVTWs86NKvTGNowS2wQ7YBxaogTo4BU3QAhjcgnvwCJ60O+1Be9ZeJqUz2rRnC3yD9voBkQ2c5g==</latexit>

BSM ⇡ 10�7

[LHCb. ’17]

[BaBar. ’16]

[Belle. ’21]

[Allwicher et al., in preparation]

Vector Scalar

Complementarity

LHC dominates!

• Related to  for some operators through  invariance,  . 

• Extremely difficult measurement at low energies!

b → cτν̄ SU(2)L Li = (νLi, ℓLi)T


