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Why BSM flavour physics?
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In the Standard Model flavour-changing (FC) transitions…
 …solely stem from W couplings, so that at tree-level 
FC transitions are limited to charged-current 
processes with left-handed fields, 

 …are suppressed by small elements of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix V. Flavour-
changing neutral current (FCNC) transitions are 
further suppressed by an electroweak loop and are 
often propotional to small mass ratios like            . 

Basics CKM Decays UT new physics global analysis SUSY Rare decays Summary

V is the Cabibbo-Kobayashi-Maskawa (CKM) matrix.

V =




Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb





Leptons: Only one Yukawa matrix Y l ; the mass matrix
Ml = Y lv of the charged leptons is diagonalised with

L jL = SLjkL
k ′
L , e kR = Sejke

k ′
R

No lepton-flavour violation!

Basics CKM Decays UT new physics global analysis SUSY Rare decays Summary

In the SM the flavour violation only occurs in the couplings of
W±

µ and G± to fermions.
⇒ At tree-level flavour-changes only occur in charged-

current processes.

Semileptonic decays:

determining |Vud | |Vus| |Vcb| |Vub|.
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Heavy BSM physics

4

<latexit sha1_base64="8Jgn00AoBPhN9Q2Gzb4uBeguIEI=">AAACAnicdVDLSgMxFM3UV62vUVfiJtgKrkrGR627ohuXVewDOqVk0sw0NDMZkoxahuLGX3HjQhG3foU7/8b0IajogQuHc+7l3nu8mDOlEfqwMjOzc/ML2cXc0vLK6pq9vlFXIpGE1ojgQjY9rChnEa1ppjltxpLi0OO04fXPRn7jmkrFRHSlBzFthziImM8I1kbq2Ftu6Inb1O0lAS24lyzoaSyluCkMO3YeFY+Qc1JCEBXRGGNSdg4c6EyVPJii2rHf3a4gSUgjTThWquWgWLdTLDUjnA5zbqJojEkfB7RlaIRDqtrp+IUh3DVKF/pCmoo0HKvfJ1IcKjUIPdMZYt1Tv72R+JfXSrRfbqcsihNNIzJZ5CccagFHecAuk5RoPjAEE8nMrZD0sMREm9RyJoSvT+H/pL5fdEpFdHGYr5xO48iCbbAD9oADjkEFnIMqqAEC7sADeALP1r31aL1Yr5PWjDWd2QQ/YL19Ar2gl6g=</latexit>) Flavour physics probes virtual effects from mass scales 
way above the energy of the studied process.

Example:

1964: Discovery of CP violation in K → ππ decays. The size of the
effect is governed by the mass of the top quark (of which no one had a
clue at the time).

mt ≈ 350 × mK

CP violating quantities probe mass scales far above the
energy of the experiment!

Enough of the past,. . .
. . . the rest of the talk is about present and future.

Ulrich Nierste (KIT) 14 Aug 2017 1 / 57
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Light BSM physics
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Flavour physics can also probe theories with new light particles 
which couple very feebly to the SM particles and may be produced 
in FCNC decays of mesons and baryons. 

b,s 
s,d 

a
a could be an axion (         strong CP problem)

or any boson related to a dark sector
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Rare decays
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Experimentalists measure branching ratios, e.g. 
for a B decay into some final state f.

<latexit sha1_base64="4pBeoJnUInv8QNwhIN6R3zv38s0="></latexit>

�(B ! f)

�total(B)

Compare: 
<latexit sha1_base64="BjI8K6ihj54Jis9g5/JGh57f7iI=">AAAB/nicdVDJSgNBEO1xjXEbFU9eGoMQL6HHJcZb0IMeI5gFMiHUdDpJk+6ZobtHCEPAX/HiQRGvfoc3/8bOIqjog4LHe1VU1QtiwbUh5MOZm19YXFrOrGRX19Y3Nt2t7ZqOEkVZlUYiUo0ANBM8ZFXDjWCNWDGQgWD1YHA59ut3TGkehbdmGLOWhF7Iu5yCsVLb3fWvQEpop76S2EQGxCgfHLbdHCmcEu+8SDApkAkmpOQde9ibKTk0Q6XtvvudiCaShYYK0Lrpkdi0UlCGU8FGWT/RLAY6gB5rWhqCZLqVTs4f4QOrdHA3UrZCgyfq94kUpNZDGdhOCaavf3tj8S+vmZhuqZXyME4MC+l0UTcR9k88zgJ3uGLUiKElQBW3t2LaBwXU2MSyNoSvT/H/pHZU8IoFcnOSK1/M4sigPbSP8shDZ6iMrlEFVRFFKXpAT+jZuXcenRfnddo658xmdtAPOG+f21+VbA==</latexit>

�total(b)
<latexit sha1_base64="lVZrS7x0wVANuH/fim2qX+yjiVs=">AAAB/nicdVDLSgNBEJz1GeMrKp68DAZBL2HWR4y3oAc9RjAmkITQO5nokJndZaZXCEvAX/HiQRGvfoc3/8bJQ1DRgoaiqpvuriBW0iJjH97U9Mzs3HxmIbu4tLyymltbv7ZRYrio8khFph6AFUqGoooSlajHRoAOlKgFvbOhX7sTxsoovMJ+LFoabkLZlRzQSe3cZvMctIZ22jSaYoSgBru4187lWeGI+SdFRlmBjTAiJf/Ap/5EyZMJKu3ce7MT8USLELkCaxs+i7GVgkHJlRhkm4kVMfAe3IiGoyFoYVvp6PwB3XFKh3Yj4ypEOlK/T6Sgre3rwHVqwFv72xuKf3mNBLulVirDOEER8vGibqLcn3SYBe1IIziqviPAjXS3Un4LBji6xLIuhK9P6f/ker/gFwvs8jBfPp3EkSFbZJvsEp8ckzK5IBVSJZyk5IE8kWfv3nv0XrzXceuUN5nZID/gvX0C9rmVfg==</latexit>

�total(t)

<latexit sha1_base64="X/PaR1PPvjgIV7iXXuN4BTeFPRg=">AAACC3icdZDLSgMxFIYzXmu9VV26CS2Cq5KptdZd0Y3LCvYCnbZk0kwbmrmQnBHKtHs3voobF4q49QXc+TamF0FFfwj8fOccTs7vRlJoIOTDWlpeWV1bT22kN7e2d3Yze/t1HcaK8RoLZaiaLtVcioDXQIDkzUhx6ruSN9zh5bTeuOVKizC4gVHE2z7tB8ITjIJB3UzWkdyDMa53E+ZOHCX6Axh3CtjRwsckT4qdQjeTI/lTYp+XyJTMNDNl+8TG9oLk0ELVbubd6YUs9nkATFKtWzaJoJ1QBYJJPkk7seYRZUPa5y1jA+pz3U5mt0zwkSE97IXKvADwjH6fSKiv9ch3TadPYaB/16bwr1orBq/cTkQQxcADNl/kxRJDiKfB4J5QnIEcGUOZEuavmA2oogxMfGkTwtel+H9TL+TtUp5cF3OVi0UcKXSIsugY2egMVdAVqqIaYugOPaAn9GzdW4/Wi/U6b12yFjMH6Iest09jf5n4</latexit>

|Vcb|2 ⇠ 0.042
<latexit sha1_base64="9gpRXvEGnUuEwdKUVRNlaY4nbsI=">AAACBnicdVDLSgNBEJz1GeMr6lGEwSB4CrNRY7wFvXiMYB6QjWF2MpsMmX0w0yuETU5e/BUvHhTx6jd482+cbCKoaEFDUdVNd5cbSaGBkA9rbn5hcWk5s5JdXVvf2Mxtbdd1GCvGayyUoWq6VHMpAl4DAZI3I8Wp70recAcXE79xy5UWYXANw4i3fdoLhCcYBSN1cnuO5B6McL2TgDt2lOj1YXRTxI4WPrY7uTwpnBD7rEQwKZAUKSnbRza2Z0oezVDt5N6dbshinwfAJNW6ZZMI2glVIJjk46wTax5RNqA93jI0oD7X7SR9Y4wPjNLFXqhMBYBT9ftEQn2th75rOn0Kff3bm4h/ea0YvHI7EUEUAw/YdJEXSwwhnmSCu0JxBnJoCGVKmFsx61NFGZjksiaEr0/x/6ReLNilArk6zlfOZ3Fk0C7aR4fIRqeogi5RFdUQQ3foAT2hZ+veerRerNdp65w1m9lBP2C9fQLWi5i2</latexit>

|Vtb|2 ⇠ 1

three-body 
phase space

two-body 
phase space

<latexit sha1_base64="V2QLgLGmWFaIC0l/2o+Z1NUlBdE=">AAACBHicdVDLSgMxFM3UV62vqstugkVwNWS0rXVXdONGqGAf0JkOmTTThmYeJBmhDF248VfcuFDErR/hzr8xbUdQ0QOBwzn3cnOOF3MmFUIfRm5peWV1Lb9e2Njc2t4p7u61ZZQIQlsk4pHoelhSzkLaUkxx2o0FxYHHaccbX8z8zi0VkkXhjZrE1AnwMGQ+I1hpyS2W7FhEsYqg7QtM0sD1+tVpeuV2+pWpWywjs4qssxqCyERzzEndOrGglSllkKHpFt/tQUSSgIaKcCxlz0KxclIsFCOcTgt2ImmMyRgPaU/TEAdUOuk8xBQeamUA/UjoFyo4V79vpDiQchJ4ejLAaiR/ezPxL6+XKL/upCyME0VDsjjkJxzq0LNG4IAJShSfaIKJYPqvkIywbkPp3gq6hK+k8H/SPjatmomuK+XGeVZHHpTAATgCFjgFDXAJmqAFCLgDD+AJPBv3xqPxYrwuRnNGtrMPfsB4+wTgCJg+</latexit>

/ m5
b

M4
W

<latexit sha1_base64="mGSQk6Z29gOh065/hsfbktMG42Q=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Khkfte6KblxWsA+YDiWTpm1oZjIkd4Qy9DPcuFDErV/jzr8xnY6gogcCh3PuJfecIJbCACEfTmFpeWV1rbhe2tjc2t4p7+61jUo04y2mpNLdgBouRcRbIEDybqw5DQPJO8Hkeu537rk2QkV3MI25H9JRJIaCUbCS14u1ikHhsA/9coVUz4l7WSOYVEmGjNTdUxe7uVJBOZr98ntvoFgS8giYpMZ4LonBT6kGwSSflXqJ4TFlEzrinqURDbnx0+zkGT6yygAPlbYvApyp3zdSGhozDQM7GVIYm9/eXPzL8xIY1v1URHECPGKLj4aJxDbkPD8eCM0ZyKkllGlhb8VsTDVlYFsq2RK+kuL/Sfuk6taq5Pas0rjK6yiiA3SIjpGLLlAD3aAmaiGGFHpAT+jZAefReXFeF6MFJ9/ZRz/gvH0CjQyRbw==</latexit>/ mt

<latexit sha1_base64="8Jgn00AoBPhN9Q2Gzb4uBeguIEI=">AAACAnicdVDLSgMxFM3UV62vUVfiJtgKrkrGR627ohuXVewDOqVk0sw0NDMZkoxahuLGX3HjQhG3foU7/8b0IajogQuHc+7l3nu8mDOlEfqwMjOzc/ML2cXc0vLK6pq9vlFXIpGE1ojgQjY9rChnEa1ppjltxpLi0OO04fXPRn7jmkrFRHSlBzFthziImM8I1kbq2Ftu6Inb1O0lAS24lyzoaSyluCkMO3YeFY+Qc1JCEBXRGGNSdg4c6EyVPJii2rHf3a4gSUgjTThWquWgWLdTLDUjnA5zbqJojEkfB7RlaIRDqtrp+IUh3DVKF/pCmoo0HKvfJ1IcKjUIPdMZYt1Tv72R+JfXSrRfbqcsihNNIzJZ5CccagFHecAuk5RoPjAEE8nMrZD0sMREm9RyJoSvT+H/pL5fdEpFdHGYr5xO48iCbbAD9oADjkEFnIMqqAEC7sADeALP1r31aL1Yr5PWjDWd2QQ/YL19Ar2gl6g=</latexit>) <latexit sha1_base64="afhnfGlmJCY+VLv3nKr09ruETEI="></latexit>

�total(b) ⇠ 3 · 10�13 �total(t)
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decays accessible

<latexit sha1_base64="dzRDl+jJB1y/HloZoNnsFvDgPtE=">AAAB+HicdVDLSgMxFM3UV62PVl26CRahboaMj1p3pS50WcE+oDOUTJppQ5OZIckIdeiXuHGhiFs/xZ1/Y9qOoKIHLhzOuZd77/FjzpRG6MPKLS2vrK7l1wsbm1vbxdLObltFiSS0RSIeya6PFeUspC3NNKfdWFIsfE47/vhy5nfuqFQsCm/1JKaewMOQBYxgbaR+qeheYSEwrDRcHcHgqF8qI/sMORdVBJGN5piTmnPiQCdTyiBDs196dwcRSQQNNeFYqZ6DYu2lWGpGOJ0W3ETRGJMxHtKeoSEWVHnp/PApPDTKAAaRNBVqOFe/T6RYKDURvukUWI/Ub28m/uX1Eh3UvJSFcaJpSBaLgoRD8+MsBThgkhLNJ4ZgIpm5FZIRlphok1XBhPD1KfyftI9tp2qjm9NyvZHFkQf74ABUgAPOQR1cgyZoAQIS8ACewLN1bz1aL9brojVnZTN74Aest08pCZIf</latexit>

�(B ! f)
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Small                       large lifetime of b-flavoured hadrons, which travel 
                                over macroscopic distances before they decay 

<latexit sha1_base64="3Itp3qfFf3wOq+MNaXtIXp9lABY=">AAAB/3icdVDJSgNBEO2JW4zbqODFS2MQ4iX0uMR4C3rQYwSzQBJCTaeTNOmeGbp7hDDm4K948aCIV3/Dm39jZxFU9EHB470qqur5keDaEPLhpObmFxaX0suZldW19Q13c6uqw1hRVqGhCFXdB80ED1jFcCNYPVIMpC9YzR9cjP3aLVOah8GNGUasJaEX8C6nYKzUdnealyAltJOmktiEBsQI5/yDtpsl+RPinRUIJnkywYQUvSMPezMli2Yot933ZieksWSBoQK0bngkMq0ElOFUsFGmGWsWAR1AjzUsDUAy3Uom94/wvlU6uBsqW4HBE/X7RAJS66H0bacE09e/vbH4l9eITbfYSngQxYYFdLqoGwv7KB6HgTtcMWrE0BKgittbMe2DAmpsZBkbwten+H9SPcx7hTy5Ps6WzmdxpNEu2kM55KFTVEJXqIwqiKI79ICe0LNz7zw6L87rtDXlzGa20Q84b584jpWW</latexit>

�total(b)
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 enables b physics at hadron colliders  
 (displaced decay vertices)  

 permits time-dependent studies of  oscillations 
          measure CP asymmetries determining 
          complex phases of new-physics amplitudes   

<latexit sha1_base64="0N3nXhQruVPqN/8w6mD6vez8zfM=">AAAB83icdVDLSsNAFJ3UV62vqks3U4vgxjDxUeuu1I3LCvYBTSiT6aQdOpmEmYlQQn/DjQtF3Poz7vwbp2kEFT1w4XDOvdx7jx9zpjRCH1ZhaXllda24XtrY3NreKe/udVSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT67nfveeSsUicaenMfVCPBIsYARrI7lNt3LiVlwfS9gclKvIvkDOVQ1BZKMMGak7Zw50cqUKcrQG5Xd3GJEkpEITjpXqOyjWXoqlZoTTWclNFI0xmeAR7RsqcEiVl2Y3z+CRUYYwiKQpoWGmfp9IcajUNPRNZ4j1WP325uJfXj/RQd1LmYgTTQVZLAoSDnUE5wHAIZOUaD41BBPJzK2QjLHERJuYSiaEr0/h/6Rzajs1G92eVxvNPI4iOACH4Bg44BI0wA1ogTYgIAYP4Ak8W4n1aL1Yr4vWgpXP7IMfsN4+ASNPkHU=</latexit>

B�B̄
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BSM flavour physics
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 search for virtual effects of heavy BSM particles 

 seach for light feebly coupled BSM particles 

 flavour model-building to address the flavour puzzle: 
 Why are most Yukawa couplings small, with hierarchical sizes? 
 Which symmetry/dynamics determines their sizes? 
 Are there connections between quark and lepton flavour physics?      

Directions:

invoke flavour symmetries to reduce the number of 20 or 22 
parameters of the quark and lepton Yukawa sectors 
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BSM flavour physics in the CRC
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From Januar 2020 to now I have found 16 P3H papers on BSM flavour 
physics.

 Heavy BSM:

 flavour anomalies: 21-025, 21-021, 21-017, 21-007, 21-005, 
 20-064, 20-046, 20-027 

 flavour-collider connection: 21-016, 21-002  

 Light BSM: 

 cosmology/astrophysics: 20-083, 20-022

 other: 20-024, 20-017 

  Flavour model-building: 20-047, 20-021



CRC meeting 2021                                                 Ulrich Nierste        Online, 26 May 2021 

Flavour anomalies
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Experimental data show statistically significant deviations in 
observables related to 

                            
  and

        

<latexit sha1_base64="P+7YKeLfkEWo1eB16fsPnVfYKTc=">AAAB+3icdVDLSgMxFM34rPU11qWbYBEEccj4qHVXdOOygn1AZyyZNNOGZh4kGbEM/RU3LhRx64+482/MTEdQ0QMJh3Pu5d57vJgzqRD6MObmFxaXlksr5dW19Y1Nc6vSllEiCG2RiEei62FJOQtpSzHFaTcWFAcepx1vfJn5nTsqJIvCGzWJqRvgYch8RrDSUt+seNBREZTQCZLbg+w77JtVZJ0i+7yGILJQjpzU7WMb2oVSBQWaffPdGUQkCWioCMdS9mwUKzfFQjHC6bTsJJLGmIzxkPY0DXFApZvmu0/hnlYG0I+EfqGCufq9I8WBlJPA05UBViP528vEv7xeovy6m7IwThQNyWyQn3Cor82CgAMmKFF8ogkmguldIRlhgYnScZV1CF+Xwv9J+8iyaxa6Pqk2Loo4SmAH7IJ9YIMz0ABXoAlagIB78ACewLMxNR6NF+N1VjpnFD3b4AeMt0+g9ZOK</latexit>

b ! sµ+µ�

decays.  
Often also                              is included in the list of flavour anomalies. 
 
The drivers are lepton-flavour universality violating (LFUV) ratios, in 
which                      is normalised to  and  is 
normalised to                  . 
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aµ ⌘ (g � 2)µ

<latexit sha1_base64="P+7YKeLfkEWo1eB16fsPnVfYKTc=">AAAB+3icdVDLSgMxFM34rPU11qWbYBEEccj4qHVXdOOygn1AZyyZNNOGZh4kGbEM/RU3LhRx64+482/MTEdQ0QMJh3Pu5d57vJgzqRD6MObmFxaXlksr5dW19Y1Nc6vSllEiCG2RiEei62FJOQtpSzHFaTcWFAcepx1vfJn5nTsqJIvCGzWJqRvgYch8RrDSUt+seNBREZTQCZLbg+w77JtVZJ0i+7yGILJQjpzU7WMb2oVSBQWaffPdGUQkCWioCMdS9mwUKzfFQjHC6bTsJJLGmIzxkPY0DXFApZvmu0/hnlYG0I+EfqGCufq9I8WBlJPA05UBViP528vEv7xeovy6m7IwThQNyWyQn3Cor82CgAMmKFF8ogkmguldIRlhgYnScZV1CF+Xwv9J+8iyaxa6Pqk2Loo4SmAH7IJ9YIMz0ABXoAlagIB78ACewLMxNR6NF+N1VjpnFD3b4AeMt0+g9ZOK</latexit>

b ! sµ+µ�

<latexit sha1_base64="x+u2DI4Qk+s70HiN2cIR92b24L8=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEN4aJj1p3RTcuK9gHNLFMppN26GQSZiZCCQV/xY0LRdz6He78G6dtBBU9cOFwzr3ce0+QcKY0Qh9WYW5+YXGpuFxaWV1b37A3t5oqTiWhDRLzWLYDrChngjY005y2E0lxFHDaCoaXE791R6VisbjRo4T6Ee4LFjKCtZG69k7g6RgS6Gmc3h5CL8DSE2nXLiPnFLnnFQSRg6aYkqp77EI3V8ogR71rv3u9mKQRFZpwrFTHRYn2Myw1I5yOS16qaILJEPdpx1CBI6r8bHr+GO4bpQfDWJoSGk7V7xMZjpQaRYHpjLAeqN/eRPzL66Q6rPoZE0mqqSCzRWHKofl4kgXsMUmJ5iNDMJHM3ArJAEtMtEmsZEL4+hT+T5pHjltx0PVJuXaRx1EEu2APHAAXnIEauAJ10AAEZOABPIFn6956tF6s11lrwcpntsEPWG+fPTmVCQ==</latexit>

b ! c⌧�⌫̄

<latexit sha1_base64="7nWe+sWtEA/gZ6xuLQvxuRGawyQ=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEN4aJj1p3RTcuK9gHNLFMppN26GQSZiZCCQV/xY0LRdz6He78G6dtBBU9cOFwzr3ce0+QcKY0Qh9WYW5+YXGpuFxaWV1b37A3t5oqTiWhDRLzWLYDrChngjY005y2E0lxFHDaCoaXE791R6VisbjRo4T6Ee4LFjKCtZG69k7g6RgS6FHObw+hF2DpibRrl5FzitzzCoLIQVNMSdU9dqGbK2WQo961371eTNKICk04VqrjokT7GZaaEU7HJS9VNMFkiPu0Y6jAEVV+Nj1/DPeN0oNhLE0JDafq94kMR0qNosB0RlgP1G9vIv7ldVIdVv2MiSTVVJDZojDl0Hw8yQL2mKRE85EhmEhmboVkgCUm2iRWMiF8fQr/J80jx6046PqkXLvI4yiCXbAHDoALzkANXIE6aAACMvAAnsCzdW89Wi/W66y1YOUz2+AHrLdPKPCU/A==</latexit>

b ! c`�⌫̄
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 angular distribution observable P5’ for low q2=M2(µ+µ-)


                                for low q2 
 

                                for low q2 

                                 angular distribution 
 

<latexit sha1_base64="Cdl//HXt2SwC2mzZC1PnVjRfz4M=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCKJaMj1p3pW4ENxXsAzptyaSZNjTzIMkIdSj+ihsXirj1P9z5N6bTEVT0QMLhnHu59x4n5EwqhD6MzMzs3PxCdjG3tLyyumaub9RlEAlCayTggWg6WFLOfFpTTHHaDAXFnsNpwxleTPzGLRWSBf6NGoW07eG+z1xGsNJS19yq2CqAV519aHtR5yD5D7tmHhVOkXVeRBAVUIKElKxjC1qpkgcpql3z3e4FJPKorwjHUrYsFKp2jIVihNNxzo4kDTEZ4j5taepjj8p2nGw/hrta6UE3EPr5Cibq944Ye1KOPEdXelgN5G9vIv7ltSLlltox88NIUZ9MB7kRh/rgSRSwxwQlio80wUQwvSskAywwUTqwnA7h61L4P6kfFaxiAV2f5MuVNI4s2AY7YA9Y4AyUwSWoghog4A48gCfwbNwbj8aL8TotzRhpzyb4AePtE1U/k94=</latexit>

B ! K⇤µ+µ�

b

l

s

l

<latexit sha1_base64="0/sCkmhjUOvIdx4IY8rBlgTBKFg=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCIA4ZH7Xuim5cVrAP6Iwlk2ba0MyDJCPUofgrblwo4tb/cOffmE5HUNEDIYdz7uXee7yYM6kQ+jAKM7Nz8wvFxdLS8srqmrm+0ZRRIghtkIhHou1hSTkLaUMxxWk7FhQHHqctb3gx8Vu3VEgWhddqFFM3wP2Q+YxgpaWuueU5KoISOpTzm/3pd9A1y8g6QfZZBUFkoQwZqdpHNrRzpQxy1Lvmu9OLSBLQUBGOpezYKFZuioVihNNxyUkkjTEZ4j7taBrigEo3zbYfw12t9KAfCf1CBTP1e0eKAylHgacrA6wG8rc3Ef/yOonyq27KwjhRNCTTQX7CoT54EgXsMUGJ4iNNMBFM7wrJAAtMlA6spEP4uhT+T5qHll2x0NVxuXaex1EE22AH7AEbnIIauAR10AAE3IEH8ASejXvj0XgxXqelBSPv2QQ/YLx9Ag5SlFQ=</latexit>

b ! s`+`� deviations from the SM in these measurements:

<latexit sha1_base64="S2jhrDsMfx+7OP7mW0/Oi5fAjW0="></latexit>

R(K) =
B(B ! Kµ+µ�)

B(B ! Ke+e�)
<latexit sha1_base64="Yi0O/7UB9U1bdk2QQMt6iTNIRTE="></latexit>

R(K⇤) =
B(B ! K⇤µ+µ�)

B(B ! K⇤e+e�)

<latexit sha1_base64="Eb7WJBlJld32j5E+1Rp78z4vjYM=">AAACAHicdVBLSwMxGMzWV62vqgcPXoJFEMQl66PWW6kXjxXsA7rrkk3TNjTZXZKsUJZe/CtePCji1Z/hzX9j2q6gogMJw8z3kcwEMWdKI/Rh5ebmFxaX8suFldW19Y3i5lZTRYkktEEiHsl2gBXlLKQNzTSn7VhSLAJOW8HwcuK37qhULApv9CimnsD9kPUYwdpIfnGn5ivo6gi68YBBVyS3h5PryC+WkH2GnIsygshGU0xJxTlxoJMpJZCh7hff3W5EEkFDTThWquOgWHsplpoRTscFN1E0xmSI+7RjaIgFVV46DTCG+0bpwl4kzQk1nKrfN1IslBqJwEwKrAfqtzcR//I6ie5VvJSFcaJpSGYP9RIOTeBJG7DLJCWajwzBRDLzV0gGWGKiTWcFU8JXUvg/aR7bTtlG16elai2rIw92wR44AA44B1VwBeqgAQgYgwfwBJ6te+vRerFeZ6M5K9vZBj9gvX0CUAaVmA==</latexit>

Bs ! �µ+µ�
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b

l

s

l

Fit observables to Wilson coefficients      of dim-6 operators     . 
Different measurements involve different combinations of the 
same set of coefficients. 

            correlations and redundancies 

<latexit sha1_base64="/d0gtfwQezhsSjlM9H+QToXeIKI=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPQ49LjLdgLh4jmgWSIfR0epI2PQvdPUIY8glePCji1S/y5t/YmYygog8KHu9VUVXPiwVXGuMPa2FxaXlltbBWXN/Y3Nou7ey2VJRIypo0EpHseEQxwUPW1FwL1oklI4EnWNsb12d++55JxaPwVk9i5gZkGHKfU6KNdFPv3/VLZWyfYeeighG2cYaMVJ0TBzm5UoYcjX7pvTeIaBKwUFNBlOo6ONZuSqTmVLBpsZcoFhM6JkPWNTQkAVNump06RYdGGSA/kqZCjTL1+0RKAqUmgWc6A6JH6rc3E//yuon2q27KwzjRLKTzRX4ikI7Q7G804JJRLSaGECq5uRXREZGEapNO0YTw9Sn6n7SObadi4+vTcu0yj6MA+3AAR+DAOdTgChrQBApDeIAneLaE9Wi9WK/z1gUrn9mDH7DePgFEdY3L</latexit>

Cj

<latexit sha1_base64="8QbZu2I00epPIuyHITJtUARC+JM=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPQ49LjLegF48JmgWSIfR0epI2PQvdPUIY8glePCji1S/y5t/YmYygog8KHu9VUVXPiwVXGuMPa2FxaXlltbBWXN/Y3Nou7ey2VJRIypo0EpHseEQxwUPW1FwL1oklI4EnWNsbX8389j2TikfhrZ7EzA3IMOQ+p0Qb6abRv+uXytg+w85FBSNs4wwZqTonDnJypQw56v3Se28Q0SRgoaaCKNV1cKzdlEjNqWDTYi9RLCZ0TIasa2hIAqbcNDt1ig6NMkB+JE2FGmXq94mUBEpNAs90BkSP1G9vJv7ldRPtV92Uh3GiWUjni/xEIB2h2d9owCWjWkwMIVRycyuiIyIJ1Sadognh61P0P2kd207Fxo3Tcu0yj6MA+3AAR+DAOdTgGurQBApDeIAneLaE9Wi9WK/z1gUrn9mDH7DePgFZyY3Z</latexit>

Qj

<latexit sha1_base64="8Jgn00AoBPhN9Q2Gzb4uBeguIEI=">AAACAnicdVDLSgMxFM3UV62vUVfiJtgKrkrGR627ohuXVewDOqVk0sw0NDMZkoxahuLGX3HjQhG3foU7/8b0IajogQuHc+7l3nu8mDOlEfqwMjOzc/ML2cXc0vLK6pq9vlFXIpGE1ojgQjY9rChnEa1ppjltxpLi0OO04fXPRn7jmkrFRHSlBzFthziImM8I1kbq2Ftu6Inb1O0lAS24lyzoaSyluCkMO3YeFY+Qc1JCEBXRGGNSdg4c6EyVPJii2rHf3a4gSUgjTThWquWgWLdTLDUjnA5zbqJojEkfB7RlaIRDqtrp+IUh3DVKF/pCmoo0HKvfJ1IcKjUIPdMZYt1Tv72R+JfXSrRfbqcsihNNIzJZ5CccagFHecAuk5RoPjAEE8nMrZD0sMREm9RyJoSvT+H/pL5fdEpFdHGYr5xO48iCbbAD9oADjkEFnIMqqAEC7sADeALP1r31aL1Yr5PWjDWd2QQ/YL19Ar2gl6g=</latexit>)
Likelihood ratio test of new-physics hypothesis 
with arbitrary      and the SM hypothesis              : <latexit sha1_base64="/d0gtfwQezhsSjlM9H+QToXeIKI=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPQ49LjLdgLh4jmgWSIfR0epI2PQvdPUIY8glePCji1S/y5t/YmYygog8KHu9VUVXPiwVXGuMPa2FxaXlltbBWXN/Y3Nou7ey2VJRIypo0EpHseEQxwUPW1FwL1oklI4EnWNsb12d++55JxaPwVk9i5gZkGHKfU6KNdFPv3/VLZWyfYeeighG2cYaMVJ0TBzm5UoYcjX7pvTeIaBKwUFNBlOo6ONZuSqTmVLBpsZcoFhM6JkPWNTQkAVNump06RYdGGSA/kqZCjTL1+0RKAqUmgWc6A6JH6rc3E//yuon2q27KwzjRLKTzRX4ikI7Q7G804JJRLSaGECq5uRXREZGEapNO0YTw9Sn6n7SObadi4+vTcu0yj6MA+3AAR+DAOdTgChrQBApDeIAneLaE9Wi9WK/z1gUrn9mDH7DePgFEdY3L</latexit>

Cj

<latexit sha1_base64="ur4mX5QJWH39/+N/1T/31qU+FLA=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgqmR81LoQit24ESraB7R1yKSZNjbzIMmIZZhfceNCEbf+iDv/xnQ6gooeuJfDOfeSm+OEnEmF0IeRm5tfWFzKLxdWVtfWN8zNYksGkSC0SQIeiI6DJeXMp03FFKedUFDsOZy2nXF96rfvqJAs8K/VJKR9Dw995jKClZZss1i3b+Ep1P0m7gkPXl0ktllC5SNknVQQRGWUIiVV68CCVqaUQIaGbb73BgGJPOorwrGUXQuFqh9joRjhNCn0IklDTMZ4SLua+tijsh+ntydwVysD6AZCl69gqn7fiLEn5cRz9KSH1Uj+9qbiX143Um61HzM/jBT1yewhN+JQBXAaBBwwQYniE00wEUzfCskIC0yUjqugQ/j6KfyftPbLVqWMLg9LtbMsjjzYBjtgD1jgGNTAOWiAJiDgHjyAJ/BsJMaj8WK8zkZzRrazBX7AePsEcAOTbA==</latexit>

Cj = CSM
j

Key operators: 

Operators for b → s!!

For ! = e, µ, τ :

Q7 =
e

16π2
mb s̄LσµνbRFµν

Q"
9 =

e2

16π2
s̄LγµbL !̄γ

µ!

Q"
10 =

e2

16π2
s̄LγµbL !̄γ

µγ5!

Primed operators Q7,9,10 involve quark fields with the opposite
chiralities.

The Wilson coefficients are C7,C"
9, .... The coefficient C7 cannot have

sizable contributions from new physics, because b → sγ branching
fractions agree well with the Standard-Model predictions.

Ulrich Nierste (KIT) 8 May 2017 4 / 26
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 analysis in P3H-020-064
<latexit sha1_base64="0/sCkmhjUOvIdx4IY8rBlgTBKFg=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCIA4ZH7Xuim5cVrAP6Iwlk2ba0MyDJCPUofgrblwo4tb/cOffmE5HUNEDIYdz7uXee7yYM6kQ+jAKM7Nz8wvFxdLS8srqmrm+0ZRRIghtkIhHou1hSTkLaUMxxWk7FhQHHqctb3gx8Vu3VEgWhddqFFM3wP2Q+YxgpaWuueU5KoISOpTzm/3pd9A1y8g6QfZZBUFkoQwZqdpHNrRzpQxy1Lvmu9OLSBLQUBGOpezYKFZuioVihNNxyUkkjTEZ4j7taBrigEo3zbYfw12t9KAfCf1CBTP1e0eKAylHgacrA6wG8rc3Ef/yOonyq27KwjhRNCTTQX7CoT54EgXsMUGJ4iNNMBFM7wrJAAtMlA6spEP4uhT+T5qHll2x0NVxuXaex1EE22AH7AEbnIIauAR10AAE3IEH8ASejXvj0XgxXqelBSPv2QQ/YLx9Ag5SlFQ=</latexit>

b ! s`+`�

13

Complete      and       to SU(2)-invariant operators (SM-
effective field theory, SMEFT)

3
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<latexit sha1_base64="NuoaX+RjhNtnbCoPhePqfnrvJwY=">AAAB9HicbVBNT8JAEJ3iF+IX6tHLRmLiibTFRI9ELh48QCIfCVSyXbawYbutu1sS0vA7vHjQGK/+GG/+GxfoQcGXTPLy3kxm5vkxZ0rb9reV29jc2t7J7xb29g8Oj4rHJy0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt++Pa3G9PqFQsEg96GlMvxEPBAkawNpJXe0zvG7N+6rpuZdYvluyyvQBaJ05GSpCh3i9+9QYRSUIqNOFYqa5jx9pLsdSMcDor9BJFY0zGeEi7hgocUuWli6Nn6MIoAxRE0pTQaKH+nkhxqNQ09E1niPVIrXpz8T+vm+jgxkuZiBNNBVkuChKOdITmCaABk5RoPjUEE8nMrYiMsMREm5wKJgRn9eV10nLLTqXsNq5K1dssjjycwTlcggPXUIU7qEMTCDzBM7zCmzWxXqx362PZmrOymVP4A+vzB5rckVY=</latexit>

0
<latexit sha1_base64="rsPGDo38dCUrLsAt/ftnosrChUA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPemeMuA==</latexit>

0.2
<latexit sha1_base64="nT71qUd+FPjRxDu8sJFUtCQXDYg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0iqoMeiF48V7Qe0oWy2m3bpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqnhUijeQIGSt1PNaRxK3gpHtzO/9cS1EYl6xHHKg5gOlIgEo2ilB8+t9soVz/XmIKvEz0kFctR75a9uP2FZzBUySY3p+F6KwYRqFEzyaambGZ5SNqID3rFU0ZibYDI/dUrOrNInUaJtKSRz9ffEhMbGjOPQdsYUh2bZm4n/eZ0Mo+tgIlSaIVdssSjKJMGEzP4mfaE5Qzm2hDIt7K2EDammDG06JRuCv/zyKmlWXf/Crd5fVmo3eRxFOIFTOAcfrqAGd1CHBjAYwDO8wpsjnRfn3flYtBacfOYY/sD5/AFWTo0s</latexit>

0.4
<latexit sha1_base64="g88CocwEnkllIxQ6pG+r3XTpgTc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkt6LHoxWNF+wFtKJvtpl262YTdiVBKf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXplIY9LxvZ219Y3Nru7BT3N3bPzgsHR03TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4Wj25nfeuLaiEQ94jjlQUwHSkSCUbTSg+dWe6Wy53pzkFXi56QMOeq90le3n7As5gqZpMZ0fC/FYEI1Cib5tNjNDE8pG9EB71iqaMxNMJmfOiXnVumTKNG2FJK5+ntiQmNjxnFoO2OKQ7PszcT/vE6G0XUwESrNkCu2WBRlkmBCZn+TvtCcoRxbQpkW9lbChlRThjadog3BX355lTQrrn/pVu6r5dpNHkcBTuEMLsCHK6jBHdShAQwG8Ayv8OZI58V5dz4WrWtOPnMCf+B8/gBZVo0u</latexit>

0.6
<latexit sha1_base64="riyt+Mq3xklQkwKpU6+rtVJTIt4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4CkkV9Vj04rGi/YA2lM120i7dbMLuRiilP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLU8G18bxvZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpRcIl1w43AVqqQxqHAZji8nfrNJ1SaJ/LRjFIMYtqXPOKMGis9eO5lt1T2XG8Gskz8nJQhR61b+ur0EpbFKA0TVOu276UmGFNlOBM4KXYyjSllQ9rHtqWSxqiD8ezUCTm1So9EibIlDZmpvyfGNNZ6FIe2M6ZmoBe9qfif185MdB2MuUwzg5LNF0WZICYh079JjytkRowsoUxxeythA6ooMzadog3BX3x5mTQqrn/uVu4vytWbPI4CHMMJnIEPV1CFO6hBHRj04Rle4c0Rzovz7nzMW1ecfOYI/sD5/AFcXo0w</latexit>

0.8
<latexit sha1_base64="/DRT7LVD7nzFLGt/7LscG8ryHnE=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4CkkV7LHoxWNF+wFtKJvtpF262YTdjVBKf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXpoJr43nfztr6xubWdmGnuLu3f3BYOjpu6iRTDBssEYlqh1Sj4BIbhhuB7VQhjUOBrXB0O/NbT6g0T+SjGacYxHQgecQZNVZ68Nxqr1T2XG8Oskr8nJQhR71X+ur2E5bFKA0TVOuO76UmmFBlOBM4LXYzjSllIzrAjqWSxqiDyfzUKTm3Sp9EibIlDZmrvycmNNZ6HIe2M6ZmqJe9mfif18lMVA0mXKaZQckWi6JMEJOQ2d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgL7+8SpoV1790K/dX5dpNHkcBTuEMLsCHa6jBHdShAQwG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gBfZo0y</latexit>

1
<latexit sha1_base64="TtIgPQprnJE4HSS++PuM3etxya8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPe+uMuQ==</latexit>

1.2
<latexit sha1_base64="DW8vzfh1Nfg/MftlPXPwRLk5y9g=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0iqoMeiF48V7Qe0oWy2m3bpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqnhUijeQIGSt1PNaRxK3gpHtzO/9cS1EYl6xHHKg5gOlIgEo2ilB9+t9soVz/XmIKvEz0kFctR75a9uP2FZzBUySY3p+F6KwYRqFEzyaambGZ5SNqID3rFU0ZibYDI/dUrOrNInUaJtKSRz9ffEhMbGjOPQdsYUh2bZm4n/eZ0Mo+tgIlSaIVdssSjKJMGEzP4mfaE5Qzm2hDIt7K2EDammDG06JRuCv/zyKmlWXf/Crd5fVmo3eRxFOIFTOAcfrqAGd1CHBjAYwDO8wpsjnRfn3flYtBacfOYY/sD5/AFX1I0t</latexit>

1.4
<latexit sha1_base64="zPRebUahoFQdF8nZcgd5Yj485iA=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkt6LHoxWNF+wFtKJvtpl262YTdiVBKf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXplIY9LxvZ219Y3Nru7BT3N3bPzgsHR03TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4Wj25nfeuLaiEQ94jjlQUwHSkSCUbTSg+9We6Wy53pzkFXi56QMOeq90le3n7As5gqZpMZ0fC/FYEI1Cib5tNjNDE8pG9EB71iqaMxNMJmfOiXnVumTKNG2FJK5+ntiQmNjxnFoO2OKQ7PszcT/vE6G0XUwESrNkCu2WBRlkmBCZn+TvtCcoRxbQpkW9lbChlRThjadog3BX355lTQrrn/pVu6r5dpNHkcBTuEMLsCHK6jBHdShAQwG8Ayv8OZI58V5dz4WrWtOPnMCf+B8/gBa3I0v</latexit>

Scenario A
<latexit sha1_base64="Ar3lydp9wEMz8HHhVrLs61Diy9E=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCp7JbBT1WvXisaD+gu5Rsmrah2WRJsoWy9J948aCIV/+JN/+NabsHbX0w8Hhvhpl5UcKZNp737RTW1jc2t4rbpZ3dvf0D9/CoqWWqCG0QyaVqR1hTzgRtGGY4bSeK4jjitBWN7mZ+a0yVZlI8mUlCwxgPBOszgo2Vuq4bqDh7JFRgxWSAbqZdt+xVvDnQKvFzUoYc9a77FfQkSWMqDOFY647vJSbMsDKMcDotBammCSYjPKAdSwWOqQ6z+eVTdGaVHupLZUsYNFd/T2Q41noSR7Yzxmaol72Z+J/XSU3/OsyYSFJDBVks6qccGYlmMaAeU5QYPrEEE8XsrYgMscLE2LBKNgR/+eVV0qxW/ItK9eGyXLvN4yjCCZzCOfhwBTW4hzo0gMAYnuEV3pzMeXHenY9Fa8HJZ47hD5zPH1L3k3M=</latexit>
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<latexit sha1_base64="NuoaX+RjhNtnbCoPhePqfnrvJwY=">AAAB9HicbVBNT8JAEJ3iF+IX6tHLRmLiibTFRI9ELh48QCIfCVSyXbawYbutu1sS0vA7vHjQGK/+GG/+GxfoQcGXTPLy3kxm5vkxZ0rb9reV29jc2t7J7xb29g8Oj4rHJy0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt++Pa3G9PqFQsEg96GlMvxEPBAkawNpJXe0zvG7N+6rpuZdYvluyyvQBaJ05GSpCh3i9+9QYRSUIqNOFYqa5jx9pLsdSMcDor9BJFY0zGeEi7hgocUuWli6Nn6MIoAxRE0pTQaKH+nkhxqNQ09E1niPVIrXpz8T+vm+jgxkuZiBNNBVkuChKOdITmCaABk5RoPjUEE8nMrYiMsMREm5wKJgRn9eV10nLLTqXsNq5K1dssjjycwTlcggPXUIU7qEMTCDzBM7zCmzWxXqx362PZmrOymVP4A+vzB5rckVY=</latexit>
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<latexit sha1_base64="F41nq4W6ldjZrcgCmF6gcNAL1vE=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4Kkkq6LHYi8cW7Ae0sWy2k3bpZhN3N4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8w8P+ZMadv+tjY2t7Z3dgt7xf2Dw6Pj0slpW0WJpNCiEY9k1ycKOBPQ0kxz6MYSSOhz6PiT+tzvTEEqFokHPYvBC8lIsIBRoo3k1R/TJmSD1K26bjYole2KvQBeJ05OyihHY1D66g8jmoQgNOVEqZ5jx9pLidSMcsiK/URBTOiEjKBnqCAhKC9dHJ3hS6MMcRBJU0Ljhfp7IiWhUrPQN50h0WO16s3F/7xeooNbL2UiTjQIulwUJBzrCM8TwEMmgWo+M4RQycytmI6JJFSbnIomBGf15XXSditOteI2r8u1uzyOAjpHF+gKOegG1dA9aqAWougJPaNX9GZNrRfr3fpYtm5Y+cwZ+gPr8wfBj5Fv</latexit>

0
<latexit sha1_base64="rsPGDo38dCUrLsAt/ftnosrChUA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPemeMuA==</latexit>

0.5
<latexit sha1_base64="cJMY6+PI9dH/F4Umn17uuiHlFu0=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4CklV9Fj04rGi/YA2lM120i7dbMLuRiilP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLU8G18bxvZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpRcIl1w43AVqqQxqHAZji8nfrNJ1SaJ/LRjFIMYtqXPOKMGis9eO5lt1T2XG8Gskz8nJQhR61b+ur0EpbFKA0TVOu276UmGFNlOBM4KXYyjSllQ9rHtqWSxqiD8ezUCTm1So9EibIlDZmpvyfGNNZ6FIe2M6ZmoBe9qfif185MdB2MuUwzg5LNF0WZICYh079JjytkRowsoUxxeythA6ooMzadog3BX3x5mTQqrn/uVu4vytWbPI4CHMMJnIEPV1CFO6hBHRj04Rle4c0Rzovz7nzMW1ecfOYI/sD5/AFa2o0v</latexit>

1
<latexit sha1_base64="TtIgPQprnJE4HSS++PuM3etxya8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPe+uMuQ==</latexit>

1.5
<latexit sha1_base64="BB7GG9tOcWyYV3FQaUa0if7JMAk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4CklV9Fj04rGi/YA2lM120i7dbMLuRiilP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLU8G18bxvZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpRcIl1w43AVqqQxqHAZji8nfrNJ1SaJ/LRjFIMYtqXPOKMGis9+O5lt1T2XG8Gskz8nJQhR61b+ur0EpbFKA0TVOu276UmGFNlOBM4KXYyjSllQ9rHtqWSxqiD8ezUCTm1So9EibIlDZmpvyfGNNZ6FIe2M6ZmoBe9qfif185MdB2MuUwzg5LNF0WZICYh079JjytkRowsoUxxeythA6ooMzadog3BX3x5mTQqrn/uVu4vytWbPI4CHMMJnIEPV1CFO6hBHRj04Rle4c0Rzovz7nzMW1ecfOYI/sD5/AFcYI0w</latexit>

2
<latexit sha1_base64="jk/1fpohXujb3eq/tOFNvjxoFrw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZq1frrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ffW+Mug==</latexit>

�0.5
<latexit sha1_base64="mUKywcIkM8S7xDkDJP61gmMVSqA=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4MSRV0WPRi8cK9gPaUDbbTbt0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHCmjed9Oyura+sbm6Wt8vbO7t5+5eCwpeNUEdokMY9VJ8SaciZp0zDDaSdRFIuQ03Y4vsv99hNVmsXy0UwSGgg8lCxiBJtcOvfcq36l6rneDGiZ+AWpQoFGv/LVG8QkFVQawrHWXd9LTJBhZRjhdFrupZommIzxkHYtlVhQHWSzW6fo1CoDFMXKljRopv6eyLDQeiJC2ymwGelFLxf/87qpiW6CjMkkNVSS+aIo5cjEKH8cDZiixPCJJZgoZm9FZIQVJsbGU7Yh+IsvL5NWzfUv3NrDZbV+W8RRgmM4gTPw4RrqcA8NaAKBETzDK7w5wnlx3p2PeeuKU8wcwR84nz/EfY1m</latexit>

�1
<latexit sha1_base64="gxmVDwgXNkVVBW8MWuMKIAF1sIU=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4sSRV0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0cO71SmW34s5AlomXkzLkqPdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWCpphNrPZpdOyKlV+iSMlS1pyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhtZ9xmaQGJZsvClNBTEymb5M+V8iMGFtCmeL2VsKGVFFmbDhFG4K3+PIyaVYr3kWlen9Zrt3kcRTgGE7gDDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8dcXJZ47gD5zPH+UwjPA=</latexit>

�1.5
<latexit sha1_base64="YVxtLr2qFbEbs5y3A7oIYA7dVhY=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4MSRV0WPRi8cK9gPaUDbbTbt0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHCmjed9Oyura+sbm6Wt8vbO7t5+5eCwpeNUEdokMY9VJ8SaciZp0zDDaSdRFIuQ03Y4vsv99hNVmsXy0UwSGgg8lCxiBJtcOvfdq36l6rneDGiZ+AWpQoFGv/LVG8QkFVQawrHWXd9LTJBhZRjhdFrupZommIzxkHYtlVhQHWSzW6fo1CoDFMXKljRopv6eyLDQeiJC2ymwGelFLxf/87qpiW6CjMkkNVSS+aIo5cjEKH8cDZiixPCJJZgoZm9FZIQVJsbGU7Yh+IsvL5NWzfUv3NrDZbV+W8RRgmM4gTPw4RrqcA8NaAKBETzDK7w5wnlx3p2PeeuKU8wcwR84nz/GA41n</latexit>

0
<latexit sha1_base64="rsPGDo38dCUrLsAt/ftnosrChUA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPemeMuA==</latexit>

1
<latexit sha1_base64="TtIgPQprnJE4HSS++PuM3etxya8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPe+uMuQ==</latexit>

1.5
<latexit sha1_base64="BB7GG9tOcWyYV3FQaUa0if7JMAk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4CklV9Fj04rGi/YA2lM120i7dbMLuRiilP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLU8G18bxvZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpRcIl1w43AVqqQxqHAZji8nfrNJ1SaJ/LRjFIMYtqXPOKMGis9+O5lt1T2XG8Gskz8nJQhR61b+ur0EpbFKA0TVOu276UmGFNlOBM4KXYyjSllQ9rHtqWSxqiD8ezUCTm1So9EibIlDZmpvyfGNNZ6FIe2M6ZmoBe9qfif185MdB2MuUwzg5LNF0WZICYh079JjytkRowsoUxxeythA6ooMzadog3BX3x5mTQqrn/uVu4vytWbPI4CHMMJnIEPV1CFO6hBHRj04Rle4c0Rzovz7nzMW1ecfOYI/sD5/AFcYI0w</latexit>

0.5
<latexit sha1_base64="cJMY6+PI9dH/F4Umn17uuiHlFu0=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4CklV9Fj04rGi/YA2lM120i7dbMLuRiilP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLU8G18bxvZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpRcIl1w43AVqqQxqHAZji8nfrNJ1SaJ/LRjFIMYtqXPOKMGis9eO5lt1T2XG8Gskz8nJQhR61b+ur0EpbFKA0TVOu276UmGFNlOBM4KXYyjSllQ9rHtqWSxqiD8ezUCTm1So9EibIlDZmpvyfGNNZ6FIe2M6ZmoBe9qfif185MdB2MuUwzg5LNF0WZICYh079JjytkRowsoUxxeythA6ooMzadog3BX3x5mTQqrn/uVu4vytWbPI4CHMMJnIEPV1CFO6hBHRj04Rle4c0Rzovz7nzMW1ecfOYI/sD5/AFa2o0v</latexit>

Scenario B
<latexit sha1_base64="FETP5kZowDKA4KxZf3VkHD9oils=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBU9mtgh5LvXisaD+gu5RsOm1Ds8mSZAtl6T/x4kERr/4Tb/4b03YP2vpg4PHeDDPzooQzbTzv2ylsbG5t7xR3S3v7B4dH7vFJS8tUUWhSyaXqREQDZwKahhkOnUQBiSMO7Wh8N/fbE1CaSfFkpgmEMRkKNmCUGCv1XDdQcfZIQRDFZIDrs55b9ireAnid+DkpoxyNnvsV9CVNYxCGcqJ11/cSE2ZEGUY5zEpBqiEhdEyG0LVUkBh0mC0un+ELq/TxQCpbwuCF+nsiI7HW0ziynTExI73qzcX/vG5qBrdhxkSSGhB0uWiQcmwknseA+0wBNXxqCaGK2VsxHRFFqLFhlWwI/urL66RVrfhXlerDdblWz+MoojN0ji6Rj25QDd2jBmoiiiboGb2iNydzXpx352PZWnDymVP0B87nD1R8k3Q=</latexit>

0

<latexit sha1_base64="bpotvbS9VN9Z9yyyNpEJTylf9Fw=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrJRJKCLBAVlIpGHlFjR+bIJp5zP1t0eUmTlC2ihokO0fBAF/4JtXEDCVKOZXe3sBLEUBl330ymtrW9sbpW3Kzu7e/sH1cOjroms5tDhkYx0P2AGpFDQQYES+rEGFgYSesHsJvN7j6CNiNQ9zmPwQzZVYiI4w1Rqu6Nqza27Oegq8QpSIwVao+rXcBxxG4JCLpkxA8+N0U+YRsElLCpDayBmfMamMEipYiEYP8mDLuiZNQwjGoOmQtJchN8bCQuNmYdBOhkyfDDLXib+5w0sTq78RKjYIiieHUIhIT9kuBZpA0DHQgMiy5IDFYpyphkiaEEZ56lo00oqaR/e8verpHtR9xr163aj1rwtmimTE3JKzolHLkmT3JEW6RBOgDyRZ/LiWOfVeXPef0ZLTrFzTP7A+fgGGsuRRw==</latexit>

0.5

<latexit sha1_base64="OLg0exuEyo73qPrM7zq5vi6uZCY=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJyrJRENBFgoIyCPKQEis6XzbhlPPZuluDIiufQAsVHaLleyj4F2zjAhKmGs3samfHj6Qw6DifVmlpeWV1rbxe2djc2t6p7u61TRhrDi0eylB3fWZACgUtFCihG2lggS+h408uM7/zANqIUN3hNAIvYGMlRoIzTKVbxz4dVGuO7eSgi8QtSI0UaA6qX/1hyOMAFHLJjOm5ToRewjQKLmFW6ccGIsYnbAy9lCoWgPGSPOqMHsWGYUgj0FRImovweyNhgTHTwE8nA4b3Zt7LxP+8Xoyjcy8RKooRFM8OoZCQHzJci7QDoEOhAZFlyYEKRTnTDBG0oIzzVIzTUippH+7894ukfWK7dfvipl5rXBXNlMkBOSTHxCVnpEGuSZO0CCdj8kSeyYv1aL1ab9b7z2jJKnb2yR9YH9//hpG+</latexit>

1

<latexit sha1_base64="/EilF0G6e92nuV326+JWXcutDIM=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrJRJKCLBAVlIpGHlFjR+bIJp5zP1t0eUmTlC2ihokO0fBAF/4JtXEDCVKOZXe3sBLEUBl330ymtrW9sbpW3Kzu7e/sH1cOjroms5tDhkYx0P2AGpFDQQYES+rEGFgYSesHsJvN7j6CNiNQ9zmPwQzZVYiI4w1Rqe6Nqza27Oegq8QpSIwVao+rXcBxxG4JCLpkxA8+N0U+YRsElLCpDayBmfMamMEipYiEYP8mDLuiZNQwjGoOmQtJchN8bCQuNmYdBOhkyfDDLXib+5w0sTq78RKjYIiieHUIhIT9kuBZpA0DHQgMiy5IDFYpyphkiaEEZ56lo00oqaR/e8verpHtR9xr163aj1rwtmimTE3JKzolHLkmT3JEW6RBOgDyRZ/LiWOfVeXPef0ZLTrFzTP7A+fgGHFqRSA==</latexit>

1.5

<latexit sha1_base64="DykgCmmWEeH89Aej5rPxeU8WMjw=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJyrJRENBFgoIyCPKQEis6XzbhlPPZuluDIiufQAsVHaLleyj4F2zjAhKmGs3samfHj6Qw6DifVmlpeWV1rbxe2djc2t6p7u61TRhrDi0eylB3fWZACgUtFCihG2lggS+h408uM7/zANqIUN3hNAIvYGMlRoIzTKVb1z4dVGuO7eSgi8QtSI0UaA6qX/1hyOMAFHLJjOm5ToRewjQKLmFW6ccGIsYnbAy9lCoWgPGSPOqMHsWGYUgj0FRImovweyNhgTHTwE8nA4b3Zt7LxP+8Xoyjcy8RKooRFM8OoZCQHzJci7QDoEOhAZFlyYEKRTnTDBG0oIzzVIzTUippH+7894ukfWK7dfvipl5rXBXNlMkBOSTHxCVnpEGuSZO0CCdj8kSeyYv1aL1ab9b7z2jJKnb2yR9YH98BJpG/</latexit>

2

<latexit sha1_base64="SfPiNQfUwaVQZljV8Nt8jIiaio4=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRXYUCegiQUGZSOQhJVZ0vmzCKeezdbeHFFn5Alqo6BAtH0TBv2AbF5Aw1WhmVzs7QSyFQdf9dNbWNza3tks75d29/YPDytFx10RWc+jwSEa6HzADUijooEAJ/VgDCwMJvWB2k/m9R9BGROoe5zH4IZsqMRGcYSq166NK1a25Oegq8QpSJQVao8rXcBxxG4JCLpkxA8+N0U+YRsElLMpDayBmfMamMEipYiEYP8mDLui5NQwjGoOmQtJchN8bCQuNmYdBOhkyfDDLXib+5w0sTq78RKjYIiieHUIhIT9kuBZpA0DHQgMiy5IDFYpyphkiaEEZ56lo00rKaR/e8verpFuveY3adbtRbd4WzZTIKTkjF8Qjl6RJ7kiLdAgnQJ7IM3lxrPPqvDnvP6NrTrFzQv7A+fgGHemRSQ==</latexit>

2.5

<latexit sha1_base64="n057vmx1/mcXQFOvN0OHDyzf74g=">AAAB9XicbVC7TsNAEDzzDOEVoKQ5ESFRWXYUBHSRoKAMgjykxIrOl0045Xy27tagyMon0EJFh2j5Hgr+Bdu4gISpRjO72tnxIykMOs6ntbS8srq2Xtoob25t7+xW9vbbJow1hxYPZai7PjMghYIWCpTQjTSwwJfQ8SeXmd95AG1EqO5wGoEXsLESI8EZptJtzT4dVKqO7eSgi8QtSJUUaA4qX/1hyOMAFHLJjOm5ToRewjQKLmFW7scGIsYnbAy9lCoWgPGSPOqMHseGYUgj0FRImovweyNhgTHTwE8nA4b3Zt7LxP+8Xoyjcy8RKooRFM8OoZCQHzJci7QDoEOhAZFlyYEKRTnTDBG0oIzzVIzTUsppH+7894ukXbPdun1xU682ropmSuSQHJET4pIz0iDXpElahJMxeSLP5MV6tF6tN+v9Z3TJKnYOyB9YH98Ct5HA</latexit>

3

<latexit sha1_base64="sgiz3pF+t1VpZ+QxGfkLTCNYyNU=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTZEArpIUFAmEnlIiRWdL5twyvls3e0hRVa+gBYqOkTLB1HwL9jGBSRMNZrZ1c5OEEth0HU/nZXVtfWNzdJWeXtnd2+/cnDYMZHVHNo8kpHuBcyAFAraKFBCL9bAwkBCN5jeZH73EbQRkbrHWQx+yCZKjAVnmEqti2Gl6tbcHHSZeAWpkgLNYeVrMIq4DUEhl8yYvufG6CdMo+AS5uWBNRAzPmUT6KdUsRCMn+RB5/TUGoYRjUFTIWkuwu+NhIXGzMIgnQwZPphFLxP/8/oWx1d+IlRsERTPDqGQkB8yXIu0AaAjoQGRZcmBCkU50wwRtKCM81S0aSXltA9v8ftl0jmvefXadatebdwWzZTIMTkhZ8Qjl6RB7kiTtAknQJ7IM3lxrPPqvDnvP6MrTrFzRP7A+fgGH3iRSg==</latexit>

CLQ
2223

<latexit sha1_base64="rsSbC4JNX9l6o1L3e4i/G6DnZLE=">AAAB/3icbZA7SwNBFIVnfcb4ilraDAbBKuzGgNoFgmBhkYB5QLKG2clNHDL7cOauEJYF/RW2WtmJrT/Fwv/i7iaFJp7qcM4d7p3PCaTQaJpfxtLyyuraem4jv7m1vbNb2NtvaT9UHJrcl77qOEyDFB40UaCETqCAuY6EtjOupX37AZQWvneDkwBsl408MRScYRLZtdvouhH3o3K5fBr3C0WzZGaii8aamSKZqd4vfPcGPg9d8JBLpnXXMgO0I6ZQcAlxvhdqCBgfsxF0E+sxF7QdZUfH9DjUDH0agKJC0iyE3y8i5mo9cZ1k0mV4p+e7NPyv64Y4PLcj4QUhgsfTRSgkZIs0VyKhAXQgFCCy9HKgwqOcKYYISlDGeRKGCZ58wsOa//2iaZVLVqV00agUq5ePUzI5ckiOyAmxyBmpkitSJ03CyT15Ji/k1Xgy3ox342M6umTMaB6QPzI+fwCPs5Zm</latexit>

CLQ
2223

<latexit sha1_base64="rsSbC4JNX9l6o1L3e4i/G6DnZLE=">AAAB/3icbZA7SwNBFIVnfcb4ilraDAbBKuzGgNoFgmBhkYB5QLKG2clNHDL7cOauEJYF/RW2WtmJrT/Fwv/i7iaFJp7qcM4d7p3PCaTQaJpfxtLyyuraem4jv7m1vbNb2NtvaT9UHJrcl77qOEyDFB40UaCETqCAuY6EtjOupX37AZQWvneDkwBsl408MRScYRLZtdvouhH3o3K5fBr3C0WzZGaii8aamSKZqd4vfPcGPg9d8JBLpnXXMgO0I6ZQcAlxvhdqCBgfsxF0E+sxF7QdZUfH9DjUDH0agKJC0iyE3y8i5mo9cZ1k0mV4p+e7NPyv64Y4PLcj4QUhgsfTRSgkZIs0VyKhAXQgFCCy9HKgwqOcKYYISlDGeRKGCZ58wsOa//2iaZVLVqV00agUq5ePUzI5ckiOyAmxyBmpkitSJ03CyT15Ji/k1Xgy3ox342M6umTMaB6QPzI+fwCPs5Zm</latexit>
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<latexit sha1_base64="n7BnRKoi1dZMCCLAum3Cv3ae0Gk=">AAACDXicbZDNSsNAFIUn9a/Wv6grcTNYBFchkYK6K4jgsoL9gbaUyfS2Dp1kwsyNWELRN/Ap3OrKnbj1GVz4LiZpF1o9q8M5d7hzPz+SwqDrflqFhcWl5ZXiamltfWNzy97eaRgVaw51rqTSLZ8ZkCKEOgqU0Io0sMCX0PRH51nfvAVthAqvcRxBN2DDUAwEZ5hGPXuvg3CHOkhqyiBooTSNnL4zcCY9u+w6bi7613gzUyYz1Xr2V6eveBxAiFwyY9qeG2E3YRoFlzApdWIDEeMjNoR2akMWgOkm+QkTehgbhopGoKmQNA/h54uEBcaMAz+dDBjemPkuC//r2jEOTruJCKMYIeTZIhQS8kWGa5GyAdoXGhBZ9nOgIqScaYYZDco4T8M4hVVKeXjz1/81jWPHqzhnV5Vy9eJhSqZI9skBOSIeOSFVcklqpE44uSdP5Jm8WI/Wq/VmvU9HC9aM5i75JevjG2qLnFw=</latexit>

CLQ
2223

<latexit sha1_base64="NuoaX+RjhNtnbCoPhePqfnrvJwY=">AAAB9HicbVBNT8JAEJ3iF+IX6tHLRmLiibTFRI9ELh48QCIfCVSyXbawYbutu1sS0vA7vHjQGK/+GG/+GxfoQcGXTPLy3kxm5vkxZ0rb9reV29jc2t7J7xb29g8Oj4rHJy0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt++Pa3G9PqFQsEg96GlMvxEPBAkawNpJXe0zvG7N+6rpuZdYvluyyvQBaJ05GSpCh3i9+9QYRSUIqNOFYqa5jx9pLsdSMcDor9BJFY0zGeEi7hgocUuWli6Nn6MIoAxRE0pTQaKH+nkhxqNQ09E1niPVIrXpz8T+vm+jgxkuZiBNNBVkuChKOdITmCaABk5RoPjUEE8nMrYiMsMREm5wKJgRn9eV10nLLTqXsNq5K1dssjjycwTlcggPXUIU7qEMTCDzBM7zCmzWxXqx362PZmrOymVP4A+vzB5rckVY=</latexit>

0
<latexit sha1_base64="rsPGDo38dCUrLsAt/ftnosrChUA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPemeMuA==</latexit>

0.2
<latexit sha1_base64="nT71qUd+FPjRxDu8sJFUtCQXDYg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0iqoMeiF48V7Qe0oWy2m3bpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqnhUijeQIGSt1PNaRxK3gpHtzO/9cS1EYl6xHHKg5gOlIgEo2ilB8+t9soVz/XmIKvEz0kFctR75a9uP2FZzBUySY3p+F6KwYRqFEzyaambGZ5SNqID3rFU0ZibYDI/dUrOrNInUaJtKSRz9ffEhMbGjOPQdsYUh2bZm4n/eZ0Mo+tgIlSaIVdssSjKJMGEzP4mfaE5Qzm2hDIt7K2EDammDG06JRuCv/zyKmlWXf/Crd5fVmo3eRxFOIFTOAcfrqAGd1CHBjAYwDO8wpsjnRfn3flYtBacfOYY/sD5/AFWTo0s</latexit>

0.4
<latexit sha1_base64="g88CocwEnkllIxQ6pG+r3XTpgTc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkt6LHoxWNF+wFtKJvtpl262YTdiVBKf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXplIY9LxvZ219Y3Nru7BT3N3bPzgsHR03TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4Wj25nfeuLaiEQ94jjlQUwHSkSCUbTSg+dWe6Wy53pzkFXi56QMOeq90le3n7As5gqZpMZ0fC/FYEI1Cib5tNjNDE8pG9EB71iqaMxNMJmfOiXnVumTKNG2FJK5+ntiQmNjxnFoO2OKQ7PszcT/vE6G0XUwESrNkCu2WBRlkmBCZn+TvtCcoRxbQpkW9lbChlRThjadog3BX355lTQrrn/pVu6r5dpNHkcBTuEMLsCHK6jBHdShAQwG8Ayv8OZI58V5dz4WrWtOPnMCf+B8/gBZVo0u</latexit>

0.6
<latexit sha1_base64="riyt+Mq3xklQkwKpU6+rtVJTIt4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4CkkV9Vj04rGi/YA2lM120i7dbMLuRiilP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLU8G18bxvZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpRcIl1w43AVqqQxqHAZji8nfrNJ1SaJ/LRjFIMYtqXPOKMGis9eO5lt1T2XG8Gskz8nJQhR61b+ur0EpbFKA0TVOu276UmGFNlOBM4KXYyjSllQ9rHtqWSxqiD8ezUCTm1So9EibIlDZmpvyfGNNZ6FIe2M6ZmoBe9qfif185MdB2MuUwzg5LNF0WZICYh079JjytkRowsoUxxeythA6ooMzadog3BX3x5mTQqrn/uVu4vytWbPI4CHMMJnIEPV1CFO6hBHRj04Rle4c0Rzovz7nzMW1ecfOYI/sD5/AFcXo0w</latexit>

0.8
<latexit sha1_base64="/DRT7LVD7nzFLGt/7LscG8ryHnE=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4CkkV7LHoxWNF+wFtKJvtpF262YTdjVBKf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXpoJr43nfztr6xubWdmGnuLu3f3BYOjpu6iRTDBssEYlqh1Sj4BIbhhuB7VQhjUOBrXB0O/NbT6g0T+SjGacYxHQgecQZNVZ68Nxqr1T2XG8Oskr8nJQhR71X+ur2E5bFKA0TVOuO76UmmFBlOBM4LXYzjSllIzrAjqWSxqiDyfzUKTm3Sp9EibIlDZmrvycmNNZ6HIe2M6ZmqJe9mfif18lMVA0mXKaZQckWi6JMEJOQ2d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgL7+8SpoV1790K/dX5dpNHkcBTuEMLsCHa6jBHdShAQwG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gBfZo0y</latexit>

1
<latexit sha1_base64="TtIgPQprnJE4HSS++PuM3etxya8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPe+uMuQ==</latexit>

1.2
<latexit sha1_base64="DW8vzfh1Nfg/MftlPXPwRLk5y9g=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0iqoMeiF48V7Qe0oWy2m3bpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqnhUijeQIGSt1PNaRxK3gpHtzO/9cS1EYl6xHHKg5gOlIgEo2ilB9+t9soVz/XmIKvEz0kFctR75a9uP2FZzBUySY3p+F6KwYRqFEzyaambGZ5SNqID3rFU0ZibYDI/dUrOrNInUaJtKSRz9ffEhMbGjOPQdsYUh2bZm4n/eZ0Mo+tgIlSaIVdssSjKJMGEzP4mfaE5Qzm2hDIt7K2EDammDG06JRuCv/zyKmlWXf/Crd5fVmo3eRxFOIFTOAcfrqAGd1CHBjAYwDO8wpsjnRfn3flYtBacfOYY/sD5/AFX1I0t</latexit>

1.4
<latexit sha1_base64="zPRebUahoFQdF8nZcgd5Yj485iA=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Ckkt6LHoxWNF+wFtKJvtpl262YTdiVBKf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXplIY9LxvZ219Y3Nru7BT3N3bPzgsHR03TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4Wj25nfeuLaiEQ94jjlQUwHSkSCUbTSg+9We6Wy53pzkFXi56QMOeq90le3n7As5gqZpMZ0fC/FYEI1Cib5tNjNDE8pG9EB71iqaMxNMJmfOiXnVumTKNG2FJK5+ntiQmNjxnFoO2OKQ7PszcT/vE6G0XUwESrNkCu2WBRlkmBCZn+TvtCcoRxbQpkW9lbChlRThjadog3BX355lTQrrn/pVu6r5dpNHkcBTuEMLsCHK6jBHdShAQwG8Ayv8OZI58V5dz4WrWtOPnMCf+B8/gBa3I0v</latexit>

Scenario A
<latexit sha1_base64="Ar3lydp9wEMz8HHhVrLs61Diy9E=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCp7JbBT1WvXisaD+gu5Rsmrah2WRJsoWy9J948aCIV/+JN/+NabsHbX0w8Hhvhpl5UcKZNp737RTW1jc2t4rbpZ3dvf0D9/CoqWWqCG0QyaVqR1hTzgRtGGY4bSeK4jjitBWN7mZ+a0yVZlI8mUlCwxgPBOszgo2Vuq4bqDh7JFRgxWSAbqZdt+xVvDnQKvFzUoYc9a77FfQkSWMqDOFY647vJSbMsDKMcDotBammCSYjPKAdSwWOqQ6z+eVTdGaVHupLZUsYNFd/T2Q41noSR7Yzxmaol72Z+J/XSU3/OsyYSFJDBVks6qccGYlmMaAeU5QYPrEEE8XsrYgMscLE2LBKNgR/+eVV0qxW/ItK9eGyXLvN4yjCCZzCOfhwBTW4hzo0gMAYnuEV3pzMeXHenY9Fa8HJZ47hD5zPH1L3k3M=</latexit>
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<latexit sha1_base64="NuoaX+RjhNtnbCoPhePqfnrvJwY=">AAAB9HicbVBNT8JAEJ3iF+IX6tHLRmLiibTFRI9ELh48QCIfCVSyXbawYbutu1sS0vA7vHjQGK/+GG/+GxfoQcGXTPLy3kxm5vkxZ0rb9reV29jc2t7J7xb29g8Oj4rHJy0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt++Pa3G9PqFQsEg96GlMvxEPBAkawNpJXe0zvG7N+6rpuZdYvluyyvQBaJ05GSpCh3i9+9QYRSUIqNOFYqa5jx9pLsdSMcDor9BJFY0zGeEi7hgocUuWli6Nn6MIoAxRE0pTQaKH+nkhxqNQ09E1niPVIrXpz8T+vm+jgxkuZiBNNBVkuChKOdITmCaABk5RoPjUEE8nMrYiMsMREm5wKJgRn9eV10nLLTqXsNq5K1dssjjycwTlcggPXUIU7qEMTCDzBM7zCmzWxXqx362PZmrOymVP4A+vzB5rckVY=</latexit>
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<latexit sha1_base64="F41nq4W6ldjZrcgCmF6gcNAL1vE=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4Kkkq6LHYi8cW7Ae0sWy2k3bpZhN3N4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8w8P+ZMadv+tjY2t7Z3dgt7xf2Dw6Pj0slpW0WJpNCiEY9k1ycKOBPQ0kxz6MYSSOhz6PiT+tzvTEEqFokHPYvBC8lIsIBRoo3k1R/TJmSD1K26bjYole2KvQBeJ05OyihHY1D66g8jmoQgNOVEqZ5jx9pLidSMcsiK/URBTOiEjKBnqCAhKC9dHJ3hS6MMcRBJU0Ljhfp7IiWhUrPQN50h0WO16s3F/7xeooNbL2UiTjQIulwUJBzrCM8TwEMmgWo+M4RQycytmI6JJFSbnIomBGf15XXSditOteI2r8u1uzyOAjpHF+gKOegG1dA9aqAWougJPaNX9GZNrRfr3fpYtm5Y+cwZ+gPr8wfBj5Fv</latexit>

0
<latexit sha1_base64="rsPGDo38dCUrLsAt/ftnosrChUA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPemeMuA==</latexit>

0.5
<latexit sha1_base64="cJMY6+PI9dH/F4Umn17uuiHlFu0=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4CklV9Fj04rGi/YA2lM120i7dbMLuRiilP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLU8G18bxvZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpRcIl1w43AVqqQxqHAZji8nfrNJ1SaJ/LRjFIMYtqXPOKMGis9eO5lt1T2XG8Gskz8nJQhR61b+ur0EpbFKA0TVOu276UmGFNlOBM4KXYyjSllQ9rHtqWSxqiD8ezUCTm1So9EibIlDZmpvyfGNNZ6FIe2M6ZmoBe9qfif185MdB2MuUwzg5LNF0WZICYh079JjytkRowsoUxxeythA6ooMzadog3BX3x5mTQqrn/uVu4vytWbPI4CHMMJnIEPV1CFO6hBHRj04Rle4c0Rzovz7nzMW1ecfOYI/sD5/AFa2o0v</latexit>

1
<latexit sha1_base64="TtIgPQprnJE4HSS++PuM3etxya8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPe+uMuQ==</latexit>

1.5
<latexit sha1_base64="BB7GG9tOcWyYV3FQaUa0if7JMAk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4CklV9Fj04rGi/YA2lM120i7dbMLuRiilP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLU8G18bxvZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpRcIl1w43AVqqQxqHAZji8nfrNJ1SaJ/LRjFIMYtqXPOKMGis9+O5lt1T2XG8Gskz8nJQhR61b+ur0EpbFKA0TVOu276UmGFNlOBM4KXYyjSllQ9rHtqWSxqiD8ezUCTm1So9EibIlDZmpvyfGNNZ6FIe2M6ZmoBe9qfif185MdB2MuUwzg5LNF0WZICYh079JjytkRowsoUxxeythA6ooMzadog3BX3x5mTQqrn/uVu4vytWbPI4CHMMJnIEPV1CFO6hBHRj04Rle4c0Rzovz7nzMW1ecfOYI/sD5/AFcYI0w</latexit>

2
<latexit sha1_base64="jk/1fpohXujb3eq/tOFNvjxoFrw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZq1frrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ffW+Mug==</latexit>

�0.5
<latexit sha1_base64="mUKywcIkM8S7xDkDJP61gmMVSqA=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4MSRV0WPRi8cK9gPaUDbbTbt0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHCmjed9Oyura+sbm6Wt8vbO7t5+5eCwpeNUEdokMY9VJ8SaciZp0zDDaSdRFIuQ03Y4vsv99hNVmsXy0UwSGgg8lCxiBJtcOvfcq36l6rneDGiZ+AWpQoFGv/LVG8QkFVQawrHWXd9LTJBhZRjhdFrupZommIzxkHYtlVhQHWSzW6fo1CoDFMXKljRopv6eyLDQeiJC2ymwGelFLxf/87qpiW6CjMkkNVSS+aIo5cjEKH8cDZiixPCJJZgoZm9FZIQVJsbGU7Yh+IsvL5NWzfUv3NrDZbV+W8RRgmM4gTPw4RrqcA8NaAKBETzDK7w5wnlx3p2PeeuKU8wcwR84nz/EfY1m</latexit>

�1
<latexit sha1_base64="gxmVDwgXNkVVBW8MWuMKIAF1sIU=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4sSRV0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0cO71SmW34s5AlomXkzLkqPdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWCpphNrPZpdOyKlV+iSMlS1pyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhtZ9xmaQGJZsvClNBTEymb5M+V8iMGFtCmeL2VsKGVFFmbDhFG4K3+PIyaVYr3kWlen9Zrt3kcRTgGE7gDDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8dcXJZ47gD5zPH+UwjPA=</latexit>

�1.5
<latexit sha1_base64="YVxtLr2qFbEbs5y3A7oIYA7dVhY=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4MSRV0WPRi8cK9gPaUDbbTbt0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHCmjed9Oyura+sbm6Wt8vbO7t5+5eCwpeNUEdokMY9VJ8SaciZp0zDDaSdRFIuQ03Y4vsv99hNVmsXy0UwSGgg8lCxiBJtcOvfdq36l6rneDGiZ+AWpQoFGv/LVG8QkFVQawrHWXd9LTJBhZRjhdFrupZommIzxkHYtlVhQHWSzW6fo1CoDFMXKljRopv6eyLDQeiJC2ymwGelFLxf/87qpiW6CjMkkNVSS+aIo5cjEKH8cDZiixPCJJZgoZm9FZIQVJsbGU7Yh+IsvL5NWzfUv3NrDZbV+W8RRgmM4gTPw4RrqcA8NaAKBETzDK7w5wnlx3p2PeeuKU8wcwR84nz/GA41n</latexit>

0
<latexit sha1_base64="rsPGDo38dCUrLsAt/ftnosrChUA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPemeMuA==</latexit>

1
<latexit sha1_base64="TtIgPQprnJE4HSS++PuM3etxya8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPe+uMuQ==</latexit>

1.5
<latexit sha1_base64="BB7GG9tOcWyYV3FQaUa0if7JMAk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4CklV9Fj04rGi/YA2lM120i7dbMLuRiilP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLU8G18bxvZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpRcIl1w43AVqqQxqHAZji8nfrNJ1SaJ/LRjFIMYtqXPOKMGis9+O5lt1T2XG8Gskz8nJQhR61b+ur0EpbFKA0TVOu276UmGFNlOBM4KXYyjSllQ9rHtqWSxqiD8ezUCTm1So9EibIlDZmpvyfGNNZ6FIe2M6ZmoBe9qfif185MdB2MuUwzg5LNF0WZICYh079JjytkRowsoUxxeythA6ooMzadog3BX3x5mTQqrn/uVu4vytWbPI4CHMMJnIEPV1CFO6hBHRj04Rle4c0Rzovz7nzMW1ecfOYI/sD5/AFcYI0w</latexit>

0.5
<latexit sha1_base64="cJMY6+PI9dH/F4Umn17uuiHlFu0=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4CklV9Fj04rGi/YA2lM120i7dbMLuRiilP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLU8G18bxvZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpRcIl1w43AVqqQxqHAZji8nfrNJ1SaJ/LRjFIMYtqXPOKMGis9eO5lt1T2XG8Gskz8nJQhR61b+ur0EpbFKA0TVOu276UmGFNlOBM4KXYyjSllQ9rHtqWSxqiD8ezUCTm1So9EibIlDZmpvyfGNNZ6FIe2M6ZmoBe9qfif185MdB2MuUwzg5LNF0WZICYh079JjytkRowsoUxxeythA6ooMzadog3BX3x5mTQqrn/uVu4vytWbPI4CHMMJnIEPV1CFO6hBHRj04Rle4c0Rzovz7nzMW1ecfOYI/sD5/AFa2o0v</latexit>

Scenario B
<latexit sha1_base64="FETP5kZowDKA4KxZf3VkHD9oils=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBU9mtgh5LvXisaD+gu5RsOm1Ds8mSZAtl6T/x4kERr/4Tb/4b03YP2vpg4PHeDDPzooQzbTzv2ylsbG5t7xR3S3v7B4dH7vFJS8tUUWhSyaXqREQDZwKahhkOnUQBiSMO7Wh8N/fbE1CaSfFkpgmEMRkKNmCUGCv1XDdQcfZIQRDFZIDrs55b9ireAnid+DkpoxyNnvsV9CVNYxCGcqJ11/cSE2ZEGUY5zEpBqiEhdEyG0LVUkBh0mC0un+ELq/TxQCpbwuCF+nsiI7HW0ziynTExI73qzcX/vG5qBrdhxkSSGhB0uWiQcmwknseA+0wBNXxqCaGK2VsxHRFFqLFhlWwI/urL66RVrfhXlerDdblWz+MoojN0ji6Rj25QDd2jBmoiiiboGb2iNydzXpx352PZWnDymVP0B87nD1R8k3Q=</latexit>

0

<latexit sha1_base64="bpotvbS9VN9Z9yyyNpEJTylf9Fw=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrJRJKCLBAVlIpGHlFjR+bIJp5zP1t0eUmTlC2ihokO0fBAF/4JtXEDCVKOZXe3sBLEUBl330ymtrW9sbpW3Kzu7e/sH1cOjroms5tDhkYx0P2AGpFDQQYES+rEGFgYSesHsJvN7j6CNiNQ9zmPwQzZVYiI4w1Rqu6Nqza27Oegq8QpSIwVao+rXcBxxG4JCLpkxA8+N0U+YRsElLCpDayBmfMamMEipYiEYP8mDLuiZNQwjGoOmQtJchN8bCQuNmYdBOhkyfDDLXib+5w0sTq78RKjYIiieHUIhIT9kuBZpA0DHQgMiy5IDFYpyphkiaEEZ56lo00oqaR/e8verpHtR9xr163aj1rwtmimTE3JKzolHLkmT3JEW6RBOgDyRZ/LiWOfVeXPef0ZLTrFzTP7A+fgGGsuRRw==</latexit>

0.5

<latexit sha1_base64="OLg0exuEyo73qPrM7zq5vi6uZCY=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJyrJRENBFgoIyCPKQEis6XzbhlPPZuluDIiufQAsVHaLleyj4F2zjAhKmGs3samfHj6Qw6DifVmlpeWV1rbxe2djc2t6p7u61TRhrDi0eylB3fWZACgUtFCihG2lggS+h408uM7/zANqIUN3hNAIvYGMlRoIzTKVbxz4dVGuO7eSgi8QtSI0UaA6qX/1hyOMAFHLJjOm5ToRewjQKLmFW6ccGIsYnbAy9lCoWgPGSPOqMHsWGYUgj0FRImovweyNhgTHTwE8nA4b3Zt7LxP+8Xoyjcy8RKooRFM8OoZCQHzJci7QDoEOhAZFlyYEKRTnTDBG0oIzzVIzTUippH+7894ukfWK7dfvipl5rXBXNlMkBOSTHxCVnpEGuSZO0CCdj8kSeyYv1aL1ab9b7z2jJKnb2yR9YH9//hpG+</latexit>

1

<latexit sha1_base64="/EilF0G6e92nuV326+JWXcutDIM=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrJRJKCLBAVlIpGHlFjR+bIJp5zP1t0eUmTlC2ihokO0fBAF/4JtXEDCVKOZXe3sBLEUBl330ymtrW9sbpW3Kzu7e/sH1cOjroms5tDhkYx0P2AGpFDQQYES+rEGFgYSesHsJvN7j6CNiNQ9zmPwQzZVYiI4w1Rqe6Nqza27Oegq8QpSIwVao+rXcBxxG4JCLpkxA8+N0U+YRsElLCpDayBmfMamMEipYiEYP8mDLuiZNQwjGoOmQtJchN8bCQuNmYdBOhkyfDDLXib+5w0sTq78RKjYIiieHUIhIT9kuBZpA0DHQgMiy5IDFYpyphkiaEEZ56lo00oqaR/e8verpHtR9xr163aj1rwtmimTE3JKzolHLkmT3JEW6RBOgDyRZ/LiWOfVeXPef0ZLTrFzTP7A+fgGHFqRSA==</latexit>

1.5

<latexit sha1_base64="DykgCmmWEeH89Aej5rPxeU8WMjw=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJyrJRENBFgoIyCPKQEis6XzbhlPPZuluDIiufQAsVHaLleyj4F2zjAhKmGs3samfHj6Qw6DifVmlpeWV1rbxe2djc2t6p7u61TRhrDi0eylB3fWZACgUtFCihG2lggS+h408uM7/zANqIUN3hNAIvYGMlRoIzTKVb1z4dVGuO7eSgi8QtSI0UaA6qX/1hyOMAFHLJjOm5ToRewjQKLmFW6ccGIsYnbAy9lCoWgPGSPOqMHsWGYUgj0FRImovweyNhgTHTwE8nA4b3Zt7LxP+8Xoyjcy8RKooRFM8OoZCQHzJci7QDoEOhAZFlyYEKRTnTDBG0oIzzVIzTUippH+7894ukfWK7dfvipl5rXBXNlMkBOSTHxCVnpEGuSZO0CCdj8kSeyYv1aL1ab9b7z2jJKnb2yR9YH98BJpG/</latexit>

2

<latexit sha1_base64="SfPiNQfUwaVQZljV8Nt8jIiaio4=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRXYUCegiQUGZSOQhJVZ0vmzCKeezdbeHFFn5Alqo6BAtH0TBv2AbF5Aw1WhmVzs7QSyFQdf9dNbWNza3tks75d29/YPDytFx10RWc+jwSEa6HzADUijooEAJ/VgDCwMJvWB2k/m9R9BGROoe5zH4IZsqMRGcYSq166NK1a25Oegq8QpSJQVao8rXcBxxG4JCLpkxA8+N0U+YRsElLMpDayBmfMamMEipYiEYP8mDLui5NQwjGoOmQtJchN8bCQuNmYdBOhkyfDDLXib+5w0sTq78RKjYIiieHUIhIT9kuBZpA0DHQgMiy5IDFYpyphkiaEEZ56lo00rKaR/e8verpFuveY3adbtRbd4WzZTIKTkjF8Qjl6RJ7kiLdAgnQJ7IM3lxrPPqvDnvP6NrTrFzQv7A+fgGHemRSQ==</latexit>

2.5

<latexit sha1_base64="n057vmx1/mcXQFOvN0OHDyzf74g=">AAAB9XicbVC7TsNAEDzzDOEVoKQ5ESFRWXYUBHSRoKAMgjykxIrOl0045Xy27tagyMon0EJFh2j5Hgr+Bdu4gISpRjO72tnxIykMOs6ntbS8srq2Xtoob25t7+xW9vbbJow1hxYPZai7PjMghYIWCpTQjTSwwJfQ8SeXmd95AG1EqO5wGoEXsLESI8EZptJtzT4dVKqO7eSgi8QtSJUUaA4qX/1hyOMAFHLJjOm5ToRewjQKLmFW7scGIsYnbAy9lCoWgPGSPOqMHseGYUgj0FRImovweyNhgTHTwE8nA4b3Zt7LxP+8Xoyjcy8RKooRFM8OoZCQHzJci7QDoEOhAZFlyYEKRTnTDBG0oIzzVIzTUsppH+7894ukXbPdun1xU682ropmSuSQHJET4pIz0iDXpElahJMxeSLP5MV6tF6tN+v9Z3TJKnYOyB9YH98Ct5HA</latexit>

3

<latexit sha1_base64="sgiz3pF+t1VpZ+QxGfkLTCNYyNU=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTZEArpIUFAmEnlIiRWdL5twyvls3e0hRVa+gBYqOkTLB1HwL9jGBSRMNZrZ1c5OEEth0HU/nZXVtfWNzdJWeXtnd2+/cnDYMZHVHNo8kpHuBcyAFAraKFBCL9bAwkBCN5jeZH73EbQRkbrHWQx+yCZKjAVnmEqti2Gl6tbcHHSZeAWpkgLNYeVrMIq4DUEhl8yYvufG6CdMo+AS5uWBNRAzPmUT6KdUsRCMn+RB5/TUGoYRjUFTIWkuwu+NhIXGzMIgnQwZPphFLxP/8/oWx1d+IlRsERTPDqGQkB8yXIu0AaAjoQGRZcmBCkU50wwRtKCM81S0aSXltA9v8ftl0jmvefXadatebdwWzZTIMTkhZ8Qjl6RB7kiTtAknQJ7IM3lxrPPqvDnvP6MrTrFzRP7A+fgGH3iRSg==</latexit>

CLQ
2223

<latexit sha1_base64="rsSbC4JNX9l6o1L3e4i/G6DnZLE=">AAAB/3icbZA7SwNBFIVnfcb4ilraDAbBKuzGgNoFgmBhkYB5QLKG2clNHDL7cOauEJYF/RW2WtmJrT/Fwv/i7iaFJp7qcM4d7p3PCaTQaJpfxtLyyuraem4jv7m1vbNb2NtvaT9UHJrcl77qOEyDFB40UaCETqCAuY6EtjOupX37AZQWvneDkwBsl408MRScYRLZtdvouhH3o3K5fBr3C0WzZGaii8aamSKZqd4vfPcGPg9d8JBLpnXXMgO0I6ZQcAlxvhdqCBgfsxF0E+sxF7QdZUfH9DjUDH0agKJC0iyE3y8i5mo9cZ1k0mV4p+e7NPyv64Y4PLcj4QUhgsfTRSgkZIs0VyKhAXQgFCCy9HKgwqOcKYYISlDGeRKGCZ58wsOa//2iaZVLVqV00agUq5ePUzI5ckiOyAmxyBmpkitSJ03CyT15Ji/k1Xgy3ox342M6umTMaB6QPzI+fwCPs5Zm</latexit>
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FIG. 2. Inference of hadronic contributions from a fit in the SM to the available experimental b ! s`+`� dataset at low q2,
adopting the parameterization in eq. (6), omitting (left panel in green) or using (right panel in red) new data from refs. [41,
42]. Contours correspond to smallest regions of 68%, 95%, 99.7% probability. For marginalized one-dimensional posterior
distributions the 68% highest probability density interval (HPDI) is explicitly reported, highlighted by vertical bands.

ence for a non-vanishing |h(0)
0 |. Thus, new data globally

strengthen the evidence of non-vanishing h’s, introducing
a slight preference for purely hadronic contributions.

Generalizing our analysis to the SMEFT, we consider
the following additional operators:

OLQ(1)

2223 = (L̄2�µL2)(Q̄2�
µQ3) ,

OLQ(3)

2223 = (L̄2�µ⌧AL2)(Q̄2�
µ⌧AQ3) ,

OQe
2322 = (Q̄2�µQ3)(ē2�

µe2) ,

OLd
2223 = (L̄2�µL2)(d̄2�

µd3) ,

Oed
2223 = (ē2�µe2)(d̄2�

µd3) , (8)

where ⌧A=1,2,3 are Pauli matrices (a sum over A in the
equations above is understood), weak doublets are in
upper case and SU(2)L singlets are in lower case, and
flavour indices are defined in the basis of diagonal down-
type quark Yukawa couplings. Since in our analysis op-

erators OLQ(1,3)

2223 always enter as a sum, we collectively
denote their Wilson coe�cient as CLQ

2223. We normal-
ize SMEFT Wilson coe�cients to a NP scale ⇤ = 30
TeV. With this normalization, after electroweak symme-
try breaking C9 receives contributions from N⇤(CLQ

2223 +
CQe

2322), C10 from N⇤(�CLQ
2223 + CQe

2322) and the chirality-
flipped operators C 0

9 from N⇤(Ced
2223 + CLd

2223), C 0
10 from

N⇤(Ced
2223 � CLd

2223), with |N⇤| ' 0.7. To quantitatively
compare di↵erent NP scenarios, where di↵erent sets of
SMEFT Wilson coe�cients are allowed to float, to the

SM, we compute the Information Criterion (IC) [70]:

IC ⌘ �2log L + 4�2
logL , (9)

where the first and second terms respectively represent
mean and variance of the loglikelihood posterior distri-
bution. Model selection between two scenarios proceeds
according to the smallest IC value reported and the ex-
tent to which a model should be preferred over another
one follows the canonical scale of evidence of ref. [71],
related in this context to (positive) IC di↵erences. For
convenience we always report �IC ⌘ ICSM � ICNP.

In the simplest NP scenario considered (scenario A),
we just allow for NP contributions to appear in CLQ

2223,
corresponding to �C9,µ = ��C10,µ. We then generalize

to the case of non-vanishing CLQ
2223 and CQe

2322 (scenario
B), which allows for independent NP contributions to
C9,µ and C10,µ. Finally, we also switch on Ced

2223 and
CLd

2223, thus allowing for NP to modify independently
also the chirality-flipped operators C 0

9,µ and C 0
10,µ (sce-

nario C). The results of our fit in the three scenarios
described above are summarized in Table I and Figure
3. Our main conclusion is that the preferred scenario is
the simplest one, namely a NP contribution to CLQ

2223, or
equivalently �C9,µ = ��C10,µ, leading to �IC = 29.

The fitted value of CLQ
2223 = 0.77 ± 0.13 corresponds to

�C9,µ = ��C10,µ = �0.54 ± 0.09 for a NP scale ⇤ of 30
TeV, deviating from the SM with a significance of ⇠ 6�.
Scenarios B and C, in spite of the increase in model com-
plexity, do not produce a sizable improvement in the fit.
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P3H-20-064: updated global fit to B anomalies

Updated fit to NP WCs by M. Fedele and collaborators (“Rome group’’),   right 
before Moriond ’21 (post-Moriond results basically unchanged)

Some of the latest anomalous measurements…



P3H-20-064: updated global fit to B anomalies

C9 = N⇤(C
LQ
2223 + CQe

2322)
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C10 = N⇤(�CLQ
2223 + CQe

2322)
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Allowing for larger hadronic contributions

2011.01212 (P3H-20-064)                        Ciuchini, 
Fedele, Franco, Paul, Silvestrini, Valli

Strong evidence of NP 
coupling(s) even above the  
level (according to NP scenarios 

and hadronic treatments)!

6σ
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P3H-21-017, P3H-21-025: Loop models for anomalies

DM

LFUV ratios

(g − 2)μ

2103.09835 (P3H-21-017) 
Arcadi, Calibbi, Fedele, Mescia

2104.03228 (P3H-21-025) 
Arcadi, Calibbi, Fedele, Mescia



P3H-21-017: B anomalies and DM

A viable model capable to address B-anomalies while evading LHC bounds 
and DM Direct Detection, providing also the observed relic density! 

�Q �L  
(3,2, 1/6) (1,2,�1/2) (1,1, 0)?

<latexit sha1_base64="Bl+/TjdK9Vglcg9AvV1mulLcRHQ="></latexit>

(DM)



Extension of the previous model, 
capable to address  as 

well thanks to couplings to right-
handed muons!

(g − 2)μ

�Q �L   0

(3,2, 1/6) (1,2,�1/2) (1,1, 0)? (1,2,�1/2)?
<latexit sha1_base64="QFxX8OG70pqQMkLooiB9RAoIur4="></latexit>

P3H-21-025: B anomalies,  and DM(g − 2)μ

(Singlet-Doublet mixed DM)

For more details on the project, follow M. Fedele’s talk tomorrow during YSF!
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Top-bottom connection in P3H-21-002

19

SMEFT operators with top fields can be 
probed in b physics

FCNC decays of b quarks proceed through top loops
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Flavor breaking in four-quark couplings
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Figure 5: Impact of electroweak contributions of C(�)
�q (mt) = C(1)

�q �C(3)
�q and C(3)

�q (mt) to

tt̄Z and tt̄W production in MFV. Shown are the ��2 = 2.30 (solid) and ��2 = 5.99

(dashed) contours obtained from four-parameter fits of {a(�)
�q , b(�)

�q , a(3)�q , b
(3)
�q } to top

observables with (orange) and without (purple) electroweak contributions. Bs ! µ+µ�

and B ! Xs� are also included in the fits. Left: flavor universality test of weak neutral

currents with up-quarks (a(�)
�q , b(�)

�q ). Right: flavor-universal neutral currents (a(�)
�q ) versus

charged currents (a(3)�q ).

focus mostly on O(1)
qq , O

(3)
qq , i.e., on operators with left-handed quarks only. In MFV, the

relevant degrees of freedom that can be probed in top observables are (see Eq. (3.15))

A(�)
qq , eA(�)

qq , A(3)
qq , eA(3)

qq . (5.7)

These four parameters can be resolved in a combined fit of top-antitop production and

electroweak top production, cf. Eqs. (4.5) and (4.7). In addition, Bs ! µ+µ� is sensitive

to the combination

Bqq = sin ✓B(�)
qq (mt) + cos ✓B(3)

qq (mt), sin ✓ = 0.09 (5.8)

through the Wilson coe�cient (see Eq. (3.16))

C10(mb) = 0.29
⇣
A(3)

qq (mt) +B(3)
qq (mt)y

2
t

⌘
+ 0.03

⇣
eA(�)
qq (mt) +B(�)

qq (mt)y
2
t

⌘
. (5.9)

As mentioned in Sec. 3.3, the sensitivity of C10 to F (3)
qq (µ) = A(3)

qq (µ) + B(3)
qq (µ)y2t and

F (�)
qq (µ) = eA(�)

qq (µ) + B(�)
qq (µ)y2t depends on the choice of the scale µ, due to operator

mixing in the SMEFT RG evolution. By comparing the matching relations in Tab. 5 with

Tabs. 7 and 8, we see that C10 has a good sensitivity to F (3)
qq (mZ) and F (�)

qq (mZ), while the

sensitivity to F (3)
qq (mt) and F (�)

qq (mt) is much lower. As a consequence, the relative impact

of top and flavor observables in the SMEFT fit is sensitive to the energy scale probed in

top observables.
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Bruggisser, Schäfer, van Dyk, Westhoff 2101.07273
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Figure 2: Feynman diagrams for SMEFT-to-WET matching in b ! s transitions at one-

loop level. On the left we show possible two-quark operator insertions (circles) in a tW

loop (a) and a sZ or bZ loop (b). Here X is either an on-shell photon or gluon (C7, C8),

or an o↵-shell photon or Z boson coupling to a muon pair (C9, C10). On the right we

show possible four-quark operator insertions. The two circles specify the quark currents.

Contributions to C9 and C10 are due to F (�)
qq and F (1)

qu (c), as well as F (3)
qq (d).

a series of examples.

The SMEFT dipole operators with right-handed down quarks, OdX , match onto the

WET operators O7(0) and O8(0) at tree level and at one-loop level. Compared to the SM

contribution, e↵ects of these operators on C7 and C8 are chirally enhanced by mW /mb.

This enhancement makes C7 and C8 and in general also C70 and C80 very sensitive probes

of SMEFT dipole operators. In MFV all operator contributions with right-handed

bottom quarks are suppressed by yb. This suppression lifts the chiral enhancement in the

matching relation, but still leaves a sizeable e↵ect of CdX in C7 and C8. Thanks to the

chiral enhancement, b ! s observables are sensitive to yb-suppressed flavor structures at

tree level, unlike top observables, where no such enhancement occurs. E↵ects of CdX in

C70 and C80 in MFV are suppressed by ys, and we neglect them in our analysis. In Tab. 10

in App. B, we list all SMEFT-to-WET matching relations with a non-trivial dependence

on the quark masses and Yukawa couplings.

Operators with right-handed up-type quarks only appear in the SMEFT-to-WET matching

at the one-loop level.

Operators with left-handed quarks, O(1)
�q and O(3)

�q , match onto O9 and O10 at tree level and

onto O7�10 at one-loop level. The corresponding Wilson coe�cients modify the neutral

and charged weak currents with left-handed quarks as

uLūLZ : C(1)
�q � C(3)

�q , dLd̄LZ : C(1)
�q + C(3)

�q , qLq̄
0
LW : C(3)

�q . (3.10)

The various contributions of C(1)
�q and C(3)

�q to C9 and C10 are

tree level : C(1),kk
�q + C(3),kk

�q (3.11)

tW loop : C(1),33
�q � C(3),33

�q , C(3),3k
�q

bZ, sZ loop : C(1),kk
�q + C(3),kk

�q ,
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X

k

C(�),33kk
qq

<latexit sha1_base64="9qceih/EpfD0hJBMiqVN051AbOU="></latexit><latexit sha1_base64="9qceih/EpfD0hJBMiqVN051AbOU="></latexit><latexit sha1_base64="9qceih/EpfD0hJBMiqVN051AbOU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="cfj5T62LqtLpj0Pzr2p/DjgXb8g="></latexit><latexit sha1_base64="cfj5T62LqtLpj0Pzr2p/DjgXb8g="></latexit><latexit sha1_base64="c4OgxEACa3mW4g3rxRiwOBjTYtM="></latexit><latexit sha1_base64="9qceih/EpfD0hJBMiqVN051AbOU="></latexit><latexit sha1_base64="9qceih/EpfD0hJBMiqVN051AbOU="></latexit><latexit sha1_base64="9qceih/EpfD0hJBMiqVN051AbOU="></latexit><latexit sha1_base64="9qceih/EpfD0hJBMiqVN051AbOU="></latexit><latexit sha1_base64="9qceih/EpfD0hJBMiqVN051AbOU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="cfj5T62LqtLpj0Pzr2p/DjgXb8g="></latexit><latexit sha1_base64="cfj5T62LqtLpj0Pzr2p/DjgXb8g="></latexit><latexit sha1_base64="c4OgxEACa3mW4g3rxRiwOBjTYtM="></latexit><latexit sha1_base64="9qceih/EpfD0hJBMiqVN051AbOU="></latexit><latexit sha1_base64="9qceih/EpfD0hJBMiqVN051AbOU="></latexit><latexit sha1_base64="9qceih/EpfD0hJBMiqVN051AbOU="></latexit><latexit sha1_base64="9qceih/EpfD0hJBMiqVN051AbOU="></latexit><latexit sha1_base64="9qceih/EpfD0hJBMiqVN051AbOU="></latexit><latexit sha1_base64="9qceih/EpfD0hJBMiqVN051AbOU="></latexit>

bottom
tq

<latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="ig/HUqWg2zcHcIhT0tSS/++FJws="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit>

q̄
<latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="+hY//vHFqzh/TJ4WtxGAlZYrwac="></latexit><latexit sha1_base64="+hY//vHFqzh/TJ4WtxGAlZYrwac="></latexit><latexit sha1_base64="R6QurOaaCkCONtYF+zGZflESXu8="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit>

t̄
<latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="4fgJy4JaB9Y2Zr2Rxo7fAvlvdic="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit>

top

C33ii
qq , C3ii3

qq
<latexit sha1_base64="OHH7Xc8UUsGP4zqony87kOOc7k8="></latexit><latexit sha1_base64="OHH7Xc8UUsGP4zqony87kOOc7k8="></latexit><latexit sha1_base64="OHH7Xc8UUsGP4zqony87kOOc7k8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="/BrnY62UpZNbq8MoSYLEg2TOEy4="></latexit><latexit sha1_base64="/BrnY62UpZNbq8MoSYLEg2TOEy4="></latexit><latexit sha1_base64="dYu6YDMJWir6FYAth/C85GHEOqs="></latexit><latexit sha1_base64="OHH7Xc8UUsGP4zqony87kOOc7k8="></latexit><latexit sha1_base64="OHH7Xc8UUsGP4zqony87kOOc7k8="></latexit><latexit sha1_base64="OHH7Xc8UUsGP4zqony87kOOc7k8="></latexit><latexit sha1_base64="OHH7Xc8UUsGP4zqony87kOOc7k8="></latexit><latexit sha1_base64="OHH7Xc8UUsGP4zqony87kOOc7k8="></latexit><latexit sha1_base64="OHH7Xc8UUsGP4zqony87kOOc7k8="></latexit>

P3H-21-002



CRC meeting 2021                                                 Ulrich Nierste        Online, 26 May 2021 

Flavour anomalies

21

<latexit sha1_base64="80qscK+OZuCypWgloGm+Wgh21p8=">AAAB/XicdVDLSgMxFM34rPU1PnZugkVwNWR81LorunFZwT6gM5RMmmlDM5khyQh1KP6KGxeKuPU/3Pk3ptMRVPRAwuGce7n3niDhTGmEPqy5+YXFpeXSSnl1bX1j097abqk4lYQ2Scxj2QmwopwJ2tRMc9pJJMVRwGk7GF1O/fYtlYrF4kaPE+pHeCBYyAjWRurZuwH0dAyJ+XEKvQBLT6Q9u4KcU+SeVxFEDsqRk5p77EK3UCqgQKNnv3v9mKQRFZpwrFTXRYn2Myw1I5xOyl6qaILJCA9o11CBI6r8LN9+Ag+M0odhLM0TGubq944MR0qNo8BURlgP1W9vKv7ldVMd1vyMiSTVVJDZoDDl0Nw7jQL2maRE87EhmEhmdoVkiCUm2gRWNiF8XQr/J60jx6066PqkUr8o4iiBPbAPDoELzkAdXIEGaAIC7sADeALP1r31aL1Yr7PSOavo2QE/YL19AmvtlJQ=</latexit>

b ! c⌧ ⌫̄ is probed in                          and 
<latexit sha1_base64="WNFn6wLvN2Y2O6nemPm0NzlBggA="></latexit>

R(D) ⌘ B(B ! D⌧ ⌫̄)

B(B ! D`⌫̄)

<latexit sha1_base64="HltyGnWg8ggnMgHow1ns2NOInck="></latexit>

R(D⇤) ⌘ B(B ! D⇤⌧ ⌫̄)

B(B ! D⇤`⌫̄)

HFLAV finds a 3.1σ tension 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Tension increases if                
is included.
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The authors find a 4σ discrepancy in 2018 Belle data which was 
hidden in a redundant parameterisation used by the collaboration. 
 
However, this redundancy is not reflected in the error correlation 
matrices of this analysis, pointing to an inconsistency which must be 
resolved before definite conclusions can be drawn.  
Possible BSM explanations show a different pattern than those 
explaining in .  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P3H-20-083

Supernova Constraints on Dark Flavored Sectors

         Martin Camalich, Terol-Calvo, Tolos, Ziegler


Light BSM particles could be mediators between SM particles and a  
Dark Sector comprising Dark Matter and dark force carriers. 

Dark flavour astrophysics:



Flavor Physics with SN1987A

Constrain flavor-violating hyperon decays to neutron + invsis. 

Many hyperons in hot proto-neutron star 
formed during core-collapse supernovae [T 
≈ 40 MeV]

Hyperon decays to longlived invisible 
particle provide extra cooling that 
would have shorten observed neutrino 
pulse of SN1987A 

6

Baryon B1 BR(B1 ! B2a)90%
⇤ 8.5⇥ 10�3

⌃+ 4.9⇥ 10�3

⌅0 2.3⇥ 10�4

⌅� 6.4⇥ 10�4

⇤c 1
⇤b 4.1⇥ 10�2

TABLE II. The 90% CL upper bounds on the branch-
ing fractions for the baryon B1 ! B2a decays ob-
tained by adding up the measured branching fractions of
the exclusive modes (hyperons) or by comparing theory
predictions for lifetimes with the measurements (heavy
baryons).

at e+e� collisions just above the pair-production
threshold [119]. Note that bottom baryons are
not produced in the modern e+e� machines, since
they run at energies below the corresponding pair-
production thresholds, so that only LHCb, while
challenging, could have access to these decays.

D. Supernova bound

In the core of neutron stars (NS) hyperons coex-
ist in equilibrium with neutrons, protons and elec-
trons [120–123]. The decay ⇤ ! na would repre-
sent a new cooling mechanism for NS, and can thus
be constrained by stellar structure calculations and
observations. At exactly zero temperature, the de-
generate ⇤ and neutron distributions must have the
same Fermi energy, leaving no phase space for the
⇤ ! na decays to occur. The degeneracy is par-
tially lifted at finite temperature allowing for the
⇤ ! na transitions with a rate that increases with
the temperature. The impact of this new cooling
mechanism is maximal during the few seconds af-
ter the supernova explosion, when a proto-neutron
star (PNS) reaches temperatures of several tens of
MeV [124, 125].
In order to estimate the cooling facilitated by the

sd-axion interaction in this early phase of the su-
pernova evolution we assume that the PNS is a sys-
tem of non-interacting (finite temperature) Fermi
gases of neutrons, protons, electrons and ⇤ baryons
that are in thermal and chemical equilibrium. Fur-
thermore, we assume that the neutrinos are trapped
inside the PNS, while the lepton fraction num-
ber, relative to baryon number density, is taken
to be YL = 0.3 [126]. The occupancy of ⇤ states
is distributed according to the Fermi distribution
f⇤
ppp

= 1/
�
1 + exp

�
E⇤�µ⇤

T

��
where ppp is the ⇤ three-

momentum in the star’s rest frame, E⇤ its energy,
E2

⇤ = ppp2 +m2
⇤, and µ⇤ its chemical potential. Neu-

trons are distributed following an analogous distri-
bution, fn

p
0

p
0

p
0 , characterized by µn and labelled by the

corresponding neutron three-momentum p0p0p0, also in
the star’s frame. Anti-particles follow identical dis-
tributions with the replacement µ ! �µ, so that for
the temperatures expected in a PNS the densities of

⇤ and n are negligible.
The volume emission rate Q inside the PNS due

to the process ⇤ ! na is given by,

Q =
m3

⇤�(⇤ ! na)

⇡2(m2
⇤ �m2

n
)

Z 1

0
p dp⇥

⇥

Z
p
0
max

p
0
min

p0dp0
E⇤ � En

E⇤En

f⇤
ppp
(1� fn

p
0

p
0

p
0),

(13)

where p0max (p
0
min) is the maximal (minimal) neutron

momentum in the ⇤ ! na decay, if ⇤ has momen-
tum p = |ppp| (all in the PNS’s rest frame) 2. No-
tice that in the non-relativistic limit where p, p0 ⌧
m⇤ ⇠ mn, and in the limit of no Fermi blocking of
the final state neutrons, this formula reduces to a
more familiar form,

Q ' nn(m⇤ �mn)�(⇤ ! na) e�
m⇤�mn

T , (14)

where nn is the number density of neutrons.
Evaluating the distributions (chemical potentials)

for benchmark conditions of T = 30 MeV and nu-
clear density ⇢ = ⇢nuc, using Eq. (13), we obtain for
the energy loss per unit mass ✏ = Q/⇢,

✏ = 3.6⇥ 1038
erg

s g
GeV2

✓
f1(0)2

|FV

sd
|2

+
g1(0)2

|FA

sd
|2

◆
. (15)

Setting as the maximal limit on ✏ the energy
lost through neutrino emission one second after
the collapse of the supernova SN 1987A, ✏ .
1019 erg/s g [126, 127], one obtains bounds on |FA

sd
|

and |FV

sd
| in the range 109 - 1010 GeV.

Our estimates are a✏icted by significant uncer-
tainties. Nuclear interactions induce important cor-
rections in the calculation of the number densi-
ties [121, 123] and there are considerable stellar un-
certainties stemming from the complex physics at
work in the supernova. Note that the energy loss
per unit mass obtained using the approximate for-
mula in Eq. (14) is independent of the structural
details of the PNS, except for the temperature. At
T = 30 MeV this leads to an emission rate that is
⇠ 40% larger than in Eq. (15). More than anything,
the emission rate su↵ers from the uncertainty in the
temperature of the central region. Variation of this
quantity from 20 to 40 MeV changesQ by two orders
of magnitude. Finally, our bound crucially relies on
the validity of the standard scenario for the SN ex-
plosion as applied to SN 1987A, which was disputed
in a recent publication [128].

IV. BOUNDS FROM MESON MIXING

The exchanges of axions with flavor violating cou-
plings contribute to �F = 2 transitions and can

2
In the star’s rest frame ⇤ is moving in the direction of p̂pp.
The maximum (minimum) three-momentum of the neutron

in the PNS’s rest frame is reached when the neutron recoils

in the ⇤’s rest frame in the direction (in the direction op-

posite) to p̂pp.

Gives best bound on invisible hyperon decays!

a
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✴ Additional energy loss rate should be smaller than total luminosity carried 
away by neutrinos in cooling proto-neutron star (PNS) 
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Proto-neutron stars forming a few seconds after core-collapse supernovae are hot and dense envi-
ronments where hyperons can be e�ciently produced by weak processes. By making use of various
state-of-the-art supernova simulations combined with the proper extensions of the equations of state
including ⇤ hyperons, we calculate the cooling of the star induced by the emission of dark bosons
X0 through the decay ⇤ ! nX0. Comparing this novel energy-loss process to the neutrino cooling
of SN 1987A allows us to set stringent constraints on massless dark photons and axions with flavor-
violating couplings to quarks. We find that this new supernova bound can be orders of magnitude
stronger than other limits in dark-sector models.

Introduction: Clarifying the fundamental nature of
dark matter remains one of the major challenges of mod-
ern physics [1]. An attractive possibility is to postulate
the existence of a dark sector, neutral under the Stan-
dard Model (SM) gauge group and interacting with or-
dinary matter through new mediators or portals. Dark
photons (or light Z 0-bosons) induced by hidden gauge
groups [2, 3], or axions and axion-like-particles (ALPs)
arising from a spontaneously broken global symmetry
[4–11] are prime examples of bosonic portals (see [12]
for a review). Indeed, dark-sector scenarios have at-
tracted much attention over the past years, leading to
an extensive experimental program to search for feebly-
interacting particles [13–16].

If the dark photon is strictly massless, then it can in-
teract with the SM fields only through higher-dimension
operators whose structure ultimately depend on the ul-
traviolet (UV) completion of the model [17]. It can cou-
ple to fermions of all generations and, in general, medi-
ates flavor-changing processes [17–23] (see [3] for a re-
view). Also axions and ALPs can display a rich flavor
structure depending, again, on the UV dynamics of the
model [24–30]. Hence, rare meson and lepton decays or
meson-mixing can pose serious constraints in these mod-
els [3, 26, 29, 30]. On the other hand, energy-loss ar-
guments applied to stellar evolution lead to some of the
strongest indirect bounds on dark sectors [31–35]. They
typically constrain the emission of particles that couple
to photons, electrons or nucleons, and with masses below
the temperature of the stellar plasma [35, 36]. A partic-
ularly interesting system is the proto-neutron star (PNS)
forming during core-collapse supernovae (SN) [37], which
reaches temperatures and densities that enable the pro-
duction of muons [38] or ⇤ hyperons [39]. This opens up

the possibility to probe the couplings of the dark sector
to heavier flavors of the SM [29, 40, 41].
The observation of SN 1987A (and possibly of NS

1987A [42, 43]) has helped to confirm the standard pic-
ture of core-collapse SN [44–46] (see however Ref. [47]
for a critical view). An experimental limit on dark lu-
minosity stems from the observation of a neutrino pulse,
sustained over ⇠ 10 s [48, 49], in coincidence with SN
1987A [50–52]. Exotic cooling would shorten the neu-
trino signal, leading to the classical bound [35],

Ld . 3⇥ 1052 erg s�1, (1)

at ⇠ 1 s after bounce (see also [53–63]).
In the present letter we discuss the possibility that also

hyperons can contribute to the dark luminosity through
the decay process ⇤ ! nX0 if the dark particles, X0, in-
teract with strange quarks. This idea was first explored
in [29] for the case that X0 is a flavor-violating QCD ax-
ion. Here we investigate this novel SN cooling mechanism
by implementing state-of-the-art simulations combined
with proper extensions of the nuclear equations of state
(EoS) to include ⇤’s. For definiteness (and simplicity)
this is applied to the case in which X0 is a massless dark
photon or an axion. As we will discuss below, the new
SN bound on these models can be orders of magnitude
stronger than those obtained from other sources.
Emission rates: The width of the decay ⇤ ! nX0

for massless X0, in vacuum and the ⇤’s rest frame reads

� ⌘ �(⇤ ! nX0) =
!̄3

2⇡
CX , (2)

where !̄ = (m2
⇤ � m2

n)/2m⇤ is the X0 energy in this
frame, mB (B = n, ⇤) are the baryon masses and CX is
a constant with dimensions of E�2 that is related to the
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✴ Calculate energy loss from 2-body hyperon decays to invisible
2

energy scale and couplings of the model. The spectrum
of the emission rate per unit volume that is induced by
this process in the medium is given by

dNem

d!
=
m2

⇤�

2⇡2!̄

Z 1

E0

dE f⇤(1� fn), (3)

where ! (E) is the energy of the X0 (⇤) in the PNS’s rest
frame. The number densities of the baryons follow the
relativistic Fermi distributions, fB, at a given temper-
ature, T , and chemical potential, µ, established by “�-
equilibrium”, pe� $ B⌫e. In Eq. (3) we have neglected a
Bose-stimulation factor (1+fX) where fX is now a Bose-
Einstein distribution. Finally, E0 = m⇤(!2 + !̄2)/(2!!̄)
is the minimal energy of the ⇤ required to produce an
X0 with energy !. By multiplying Eq. (3) by ! one de-
rives the spectrum of the energy-loss rate dQ/d!, which
integrated over ! gives the total rate of energy radiated
by the star per unit volume of the stellar plasma.

An approximate (and more intuitive) formula can be
obtained by neglecting the Pauli-blocking for neutrons
and taking the limit where E, !, m⇤ �mn are all much
smaller than mn in Eq. (3) [29],

Q ' n⇤(m⇤ �mn)�, (4)

where n⇤ is the number density of ⇤ in the medium. If
we further neglect interactions of the baryons with the
medium, so that ⇤’s are only produced via thermal fluc-
tuations at given chemical potential, then

n⇤ ' nn exp

✓
�
m⇤ �mn

T

◆
. (5)

There are other mechanisms that produce X0 from
the ⇤n-coupling, such as the bremsstrahlung process
⇤n ! nnX0. As we will see below, production by
⇤ ! nX0 decays always leads to stronger bounds on the
X0 couplings than the corresponding process in nucleons,
like nn ! nnX0. Since replacing an initial neutron by a
hyperon in this process will only lead to further suppres-
sion, the additional contribution to the dark luminosity
from ⇤-bremsstrahlung can be neglected.

Reabsorption and trapping: The emitted X0 can
get reabsorbed by the stellar medium if their mean-free
path is shorter than the size of the PNS [53, 54, 57, 64–
66]. The main absorption mechanism is the inverse of
production, X0n ! ⇤, and the absorption rate per unit
volume dNab/d! can be calculated similarly to the emis-
sion rate. Assuming time-reversal implies that the matrix
elements of both processes are equal while thermal equi-
librium implies that (1+ fX)f⇤(1� fn) = fX(1� f⇤)fn.
Thus,

dNab

d!
=

dNem

d!
, (6)

which is just the detailed balance between emission and
absorption [64–66]. From Eq. (6) it is straightforward to

calculate the energy-dependent mean-free path �! as

��1
! =

1
dnX
d!

dNab

d!
=

m2
⇤�

!̄!2

Z 1

E0

dE(1� f⇤)fn, (7)

where nX is the number density of X0 in the medium.
The flux of X0 with energy ! that propagate outwards
in the PNS from a point at radius r will experience an
exponential damping from absorption described by the
optical depth,

⌧(!, r) =

Z 1

r
�!(r

0)�1dr0, (8)

where the mean-free path depends on the thermodynam-
ical quantities at r0. The total dark luminosity of the
PNS can be then written as,

Ld =

Z
d3~r

Z 1

0
d!

dQ(r)

d!
e�⌧(!,r), (9)

where the energy-loss rate also depends on the radius.
This equation describes the attenuation of the flux by

re-absorption but it does not account completely for the
luminosity in the strong X0-coupling limit, where the
mean free path becomes much shorter than the radius
of the PNS and the X0 undergoes multiple absorptions
and emissions before leaving the star. In this trapping
regime, emission of X0 is better described by black-body
radiation from a surface where the optical depth is, av-
eraged over !, equal to 2/3 [64, 65]. In our case there is
a maximum radius of emission, Rd, at density and tem-
perature (Td) such that ⇤’s are not longer produced in
the medium. This sets a minimal emission loss-rate in
the trapping regime determined by

Lt
d =

⇡3

30
gsR

2
dT

4
d , (10)

where gs the spin-degeneracy factor of the X0.
Supernova simulations and EoS: A robust com-

putation of the dark luminosity with the equations above
requires knowing the radial profiles of the relevant ther-
modynamical quantities at a given time of the SN ex-
plosion. We use recent simulations including muons that
were developed specifically to constrain the axion-muon
coupling using the neutrino data from SN 1987A [40].
Two EoS are employed for nuclear matter, SFHo [67]
and LS220 [68], and the simulations are performed for
di↵erent masses of the progenitor star spanning the
range allowed by observations [69]. These are labelled
by SFHo-18.8, SFHo-18.6 and SFHo-20.0, or by LS220-
20.0, depending on the EoS and mass (in solar masses)
used. The simulations are spherically symmetric (one-
dimensional) and explosions are, therefore, artificially
triggered [40, 46, 70–72]. The data consist of radial pro-
files of di↵erent thermodynamical variables such as den-
sity, temperature and the particle abundancies at various
post-bounce times [73].

Hyperon vacuum decay rate 

Neutron number density 
(taken from simulations)Hyperon energy in 

PNS frame

Lost energy in CMS

Lost energy

Emission rate 
per unit volume

Total energy loss rate is  
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Ld =

Z
dV

Z 1

0
d!

dNem

d!
!



SN Simulations

✴ Compare SN simulations with different EoS and NS masses
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FIG. 1. Radial profiles of the ⇤ abundancy Y⇤ = n⇤/nB , with
nB the baryon number density, for the simulations of [40] at
⇠ 1 s after bounce and using the appropriate extensions of
the nuclear LS220 (red dashed) and SFHo EoS with hyper-
ons [78]. The upper and lower limits of the gray band around
the SFHoY-18.6 curve (solid black) correspond to the SFHo
simulations with 20M� and 18.8M�, respectively. We also
include the results for SFHo-18.6 assuming a purely thermal
distribution (blue dotted), see Eq. (5).

Hyperons are not included as particle ingredients in
the simulations. However, they can be added indi-
rectly through the nuclear EoS because the SFH and
LS models have been extended with ⇤’s as explicit de-
grees of freedom; these EoS are called SFHoY [74] and
LS220⇤ [75, 76], respectively. EoSs with and without hy-
perons lead to almost identical predictions of the system’s
thermodynamical properties except for densities larger
than nuclear saturation density [39]. In the case of LS,
di↵erences start occurring at twice nuclear-density [77]
while for SFHo they provide very similar properties even
at very high densities [74]. Thus, we assume that the
structure of the PNS in the simulations is not a↵ected by
the inclusion of hyperons. We use density, temperature
and proton fraction as inputs to obtain the radial pro-
files of the relevant thermodynamical quantities, which
are derived from interpolation tables generated by the
CompOSE database [78].

In Fig. 1 we show the radial profiles of the ⇤ abun-
dancy, Y⇤, predicted by these EoS for the simulations of
[40] at ⇠ 1 s post-bounce. A large abundancy of ⇤, of
the order of 10% is obtained at the core of the PNS for
LS220⇤. In case of SFHoY, ⇤ abundancies are always
modest, of less than a few percent, with a maximum at
r ' 7�8 km where the PNS reaches the highest temper-
atures and ⇤-production is dominated by thermal e↵ects.

Finally, it is important to point out that only SFHoY
is consistent with all known nuclear and astrophysical
constraints [39]. The LS220⇤ EoS, on the other hand, is
unable to produce neutron stars with 2M� masses, being
in conflict with observations [79–81]. Therefore, in our
analysis, we use the results from the SFHo simulations
as our baseline and include LS220 to test the robustness

SFHo-18.6 SFHo-18.8 SFHo-20.0 LS220-20.0

Thermal 27 60 7 6
EoS-App. 20 46 6 2

EoS 36 92 10 4
EoS* 20 53 5 4

Lt
d [erg s�1] 1.1⇥ 1055 6.5⇥ 1054 1.7⇥ 1055 1.7⇥ 1054

TABLE I. Upper limits on BR(⇤ ! nX0), in units of 10�10,
for di↵erent SN simulations and approaches in the calculation
of the dark emissivity (see main text). The value in boldface
corresponds to our baseline result. In the last row we show
the minimal emissivity achieved in the trapping regime (for
gs = 1).

of the results with respect to the choice of EoS.
Medium e↵ects: SFHoY implements a relativistic

microscopic model with baryon-baryon interactions me-
diated by meson fields that are described in a mean-field
approximation. For a baryon B with three-momentum
~p, the medium corrections lead to e↵ective masses, m⇤

B,
and energies, E⇤

B =
p

~p 2 +m⇤2
B + VB , where VB is the

time-like component of the vector self-energy [82]. In
the case of LS, the baryon-baryon interactions are mod-
elled using non-relativistic e↵ective interactions. The in-
medium masses are not modified while the energies re-
ceive a contribution similar to VB but adopting the form
of a non-relativistic potential [68, 75].
These medium modifications have to be taken into ac-

count in the distributions fB in order to obtain the right
baryon abundancies [78], and in the calculation of the
emission and absorption rates. These simplify consider-
ably if we neglect Vn � V⇤, which is ⇠ 10 MeV for all
relevant conditions. In the Appendix we present the cor-
responding formulas for dQ/d! and ��1

! .
Results: Combining all the previous ingredients we

compute the dark luminosity of SN 1987A as a function
of �(⇤ ! nX0). Comparing this to the bound in lumi-
nosity shown in Eq. (1) allows us to set an upper limit on
the branching fraction of the decay ⇤ ! nX0. In Tab. I
we collect our results for the various SN simulations (eval-
uated at 1 s after bounce) and di↵erent approaches to cal-
culate the rates. “Thermal” and “EoS-App.” employ the
approximate Eq. (4) in combination with either Eq. (5)
or the corresponding hyperonic EoS for n⇤, respectively.
“EoS” is obtained from exactly solving Eq. (3) and in-
cluding medium e↵ects (m⇤

B and VB) in the calculation
of the fB. In “EoS*” we also include these e↵ects in the
calculation of the rates.
We find that the bounds are quite robust with respect

to the approach used for the calculation of the luminosi-
ties. The largest di↵erence we find is by a factor ⇠ 2
within any given simulation. On the other hand, they
are very sensitive to the mass of the progenitor star, with
di↵erences that can be larger than by an order of magni-
tude. The simulations collapsing 20M� provide markedly
stronger limits as they are the ones where the PNS reach
the highest temperatures and densities [40]. Although

<latexit sha1_base64="8/TQmPoUfAQ2wdozvEkEk6ZDa04="></latexit>n⇤

nB
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FIG. 2. Dark luminosity with EoS* for the various simulations
at ⇠ 1 s post-bounce as a function of the branching-fraction
of the decay ⇤ ! nX0. Gray region is excluded by Eq. (1).

LS220⇤ predicts a larger number of ⇤’s it eventually leads
to only slightly stronger limits compared to SFHoY-20.0.

In the last row of Tab. I we also show the minimal lu-
minosities obtained in the trapping regime, see Eq. (10),
which are all much larger than the upper limit in Eq. (1).
This is due to the fact that the last surface of the PNS
where ⇤’s can be produced in equilibrium corresponds
to a very hot region. Therefore, only the free-streaming
regime is relevant for the SN bound on ⇤ ! nX0.

In Fig. 2 we show the dependence of the luminosity on
the branching fraction for the di↵erent simulations and
including medium corrections to the rates. The flatten-
ing of the curves at large coupling (or branching ratio)
reflects the behavior in the trapping regime discussed pre-
viously. Given all the above, the SN 1987A bound is,

BR(⇤ ! nX0) . 5.0⇥ 10�9, (11)

obtained by combining the most refined calculation
(EoS*) with the simulation giving the most conservative
bound (SFHo-18.80) [40].

Dark photons: In order to apply our result to the
massless dark photon case we consider the dimension-five
operator

L�0 =
1

⇤UV
 ̄i�

µ⌫
⇣
Cij + iCij

5 �5
⌘
 jF

0
µ⌫ , (12)

where F 0
µ⌫ is the field strength associated to the dark

photon,  i are the SM fermions and Cij
(5) are the cou-

plings of the interaction, suppressed by the energy scale
⇤UV, that depends on the underlying UV completion [3].
This operator allows for flavor o↵-diagonal couplings and
would contribute to the dark width in Eq. (2) with
C�0 = 8g2T /⇤

2
UV(|Cds

|
2 + |Cds

5 |
2), where gT is the ⇤ ! n

tensor charge. We use the value gT = �0.73 which is ob-
tained by using SU(3)-flavor symmetry with the tensor
charges of the nucleon calculated in the lattice [83, 84]
(see Appendix for details).

FIG. 3. Model independent excluded region of the couplings
of the dipole operator Eq. (12) from various sources. In blue,
limits to quark flavor diagonal and lepton couplings; in or-
ange, limits to ds coupling that can be directly compared to
the one derived in this work, in dark red. In faint orange the
prospected limit from BESIII.

Taking the upper limit on BR(⇤ ! nX0) by SN given
in Eq. (11) we can set the lower limit,

⇤UV & 1.5⇥ 1010 GeV, (13)

assuming order-one couplings. This can be compared
to the limits on flavor-violating hyperon decays from
laboratory experiments. Using the upper bounds on
the invisible branching fractions given in Table II of
[29] and the tensor form factors in the Appendix, the
decay ⌅�

! ⌃��0 sets the strongest limit, ⇤UV &
3.8 ⇥ 107 GeV. This could be improved in future exper-
iments like BESIII. Using the prospected sensitivity for
BR(⇤ ! n�0) ' BR(⇤ ! n⌫⌫̄) [85], the bound could
be pushed up to 1.9 ⇥ 109 GeV. Kaon decays can place
a similar limit using BR(K+

! ⇡+⇡0X0) [86]; applying
the calculations derived in [23] we get ⇤UV & 1.7 ⇥ 107

GeV. Probing this beyond the SN limit, for example at
the NA62 experiment [20], would require reaching a sen-
sitivity BR(K+

! ⇡+⇡0X0) . 1.85⇥ 10�10.

We can generalize the comparison and allow for cou-
plings to other matter fields in the dipole operator. In
section II.A of [3] one can find a compendium of all the
bounds on this operator. In Fig. 3 we show these lim-
its compared to the ones on the ds-couplings. We see
that the SN analysis done in this work sets the strongest
model-independent limit in both flavor diagonal and o↵-
diagonal couplings to quarks. Note that this SN bound
is also stronger, by an order of magnitude, than from
nucleon-nucleon bremsstrahlung. Thus, ⇤ ! n�0 pro-
vides the largest dark luminosity in this model unless a
suppression of the ds-coupling is imposed. Finally, our
bound is comparable to the strongest limit in the lepton
sector, on Cee

(5), stemming from star cooling.
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FIG. 2. Dark luminosity with EoS* for the various simulations
at ⇠ 1 s post-bounce as a function of the branching-fraction
of the decay ⇤ ! nX0. Gray region is excluded by Eq. (1).

LS220⇤ predicts a larger number of ⇤’s it eventually leads
to only slightly stronger limits compared to SFHoY-20.0.
In the last row of Tab. I we also show the minimal lu-

minosities obtained in the trapping regime, see Eq. (10),
which are all much larger than the upper limit in Eq. (1).
This is due to the fact that the last surface of the PNS
where ⇤’s can be produced in equilibrium corresponds
to a very hot region. Therefore, only the free-streaming
regime is relevant for the SN bound on ⇤ ! nX0.
In Fig. 2 we show the dependence of the luminosity on

the branching fraction for the di↵erent simulations and
including medium corrections to the rates. The flatten-
ing of the curves at large coupling (or branching ratio)
reflects the behavior in the trapping regime discussed pre-
viously. Given all the above, the SN 1987A bound is,

BR(⇤ ! nX0) . 5.0⇥ 10�9, (11)

obtained by combining the most refined calculation
(EoS*) with the simulation giving the most conservative
bound (SFHo-18.80) [40].
Dark photons: In order to apply our result to the

massless dark photon case we consider the dimension-five
operator

L�0 =
1

⇤UV
 ̄i�

µ⌫
⇣
Cij + iCij

5 �5
⌘
 jF

0
µ⌫ , (12)

where F 0
µ⌫ is the field strength associated to the dark

photon,  i are the SM fermions and Cij
(5) are the cou-

plings of the interaction, suppressed by the energy scale
⇤UV, that depends on the underlying UV completion [3].
This operator allows for flavor o↵-diagonal couplings and
would contribute to the dark width in Eq. (2) with
C�0 = 8g2T /⇤

2
UV(|Cds

|
2 + |Cds

5 |
2), where gT is the ⇤ ! n

tensor charge. We use the value gT = �0.73 which is ob-
tained by using SU(3)-flavor symmetry with the tensor
charges of the nucleon calculated in the lattice [83, 84]
(see Appendix for details).

FIG. 3. Model independent excluded region of the couplings
of the dipole operator Eq. (12) from various sources. In blue,
limits to quark flavor diagonal and lepton couplings; in or-
ange, limits to ds coupling that can be directly compared to
the one derived in this work, in dark red. In faint orange the
prospected limit from BESIII.

Taking the upper limit on BR(⇤ ! nX0) by SN given
in Eq. (11) we can set the lower limit,

⇤UV & 1.5⇥ 1010 GeV, (13)

assuming order-one couplings. This can be compared
to the limits on flavor-violating hyperon decays from
laboratory experiments. Using the upper bounds on
the invisible branching fractions given in Table II of
[29] and the tensor form factors in the Appendix, the
decay ⌅�

! ⌃��0 sets the strongest limit, ⇤UV &
3.8 ⇥ 107 GeV. This could be improved in future exper-
iments like BESIII. Using the prospected sensitivity for
BR(⇤ ! n�0) ' BR(⇤ ! n⌫⌫̄) [85], the bound could
be pushed up to 1.9 ⇥ 109 GeV. Kaon decays can place
a similar limit using BR(K+

! ⇡+⇡0X0) [86]; applying
the calculations derived in [23] we get ⇤UV & 1.7 ⇥ 107

GeV. Probing this beyond the SN limit, for example at
the NA62 experiment [20], would require reaching a sen-
sitivity BR(K+

! ⇡+⇡0X0) . 1.85⇥ 10�10.

We can generalize the comparison and allow for cou-
plings to other matter fields in the dipole operator. In
section II.A of [3] one can find a compendium of all the
bounds on this operator. In Fig. 3 we show these lim-
its compared to the ones on the ds-couplings. We see
that the SN analysis done in this work sets the strongest
model-independent limit in both flavor diagonal and o↵-
diagonal couplings to quarks. Note that this SN bound
is also stronger, by an order of magnitude, than from
nucleon-nucleon bremsstrahlung. Thus, ⇤ ! n�0 pro-
vides the largest dark luminosity in this model unless a
suppression of the ds-coupling is imposed. Finally, our
bound is comparable to the strongest limit in the lepton
sector, on Cee

(5), stemming from star cooling.

RB

2

II. PROFILES FROM SIMULATIONS

As with any supernova bound, it is critical to assess
the robustness of our results to variations in the choice
of model. To do this, we ran four simulations that span
a range of allowable final neutron star (NS) masses for
SN1987A (see Table I). The simulations were performed
in spherical symmetry (1D) with the Prometheus-
Vertex code with general-relativistic corrections and
six-species neutrino transport, solving iteratively the
two-moment equations for neutrino energy and momen-
tum with a Boltzmann closure [44] and using the full set
of neutrino processes listed in [45] and [34]. PNS convec-
tion was taken into account by a mixing-length treatment
and explosions were artificially triggered a few 100ms af-
ter bounce at the progenitor’s Fe/Si or Si/O composition
interface as described in [46].

The main astrophysical uncertainties are connected to
the neutron star mass in SN 1987A and the equation of
state at supernuclear densities. Model SFHo-18.6 has a
canonical neutron star mass well within the range ex-
pected for the compact remnant in SN 1987A, while
in models SFHo-20.0 and LS220-20.0 the neutron star
masses are near the upper edge of the expected range,
and in model SFHo-18.8 the neutron star mass is at the
lower edge of the allowed range [32]. The SFHo equation
of state is fully compatible with all current constraints
from nuclear theory and experiment [35–37] and astro-
physics, including pulsar mass measurements [38–40] and
the radius constraints deduced from gravitational-wave
and Neutron Star Interior Composition Explorer mea-
surements [41–43]. Results for the long-used LS220 equa-
tion of state are shown for reference and comparison.
Note that these equations of state are considerably softer
than those of previous works on axion emission from su-
pernovae [52–54], which employed sti↵ equations of state
that are increasingly disfavored by the constraints above.
The adoption of softer equations of state generically re-
sults in a smaller radius and higher temperature than
in PNS models with sti↵ equations of state. It should
be noted that though this change is most relevant for
the axion-muon coupling, the generically higher temper-
atures will influence many existing supernova limits on
new particles, and these results should be revisited with
the new EoS constraints in mind.

We have plotted the temperature, density, and muon
number density for these simulations at 1 second post-
bounce in Figures 1, 2, and 3 respectively.3 Note that
though the temperature varies by 30%, the ultimate
muon density, the quantity to which our bound is most
sensitive, does not change by more than an O(1) factor in
regions of interest, demonstrating a considerable robust-

3 The full profile data can be found at the Garching Core-
Collapse Supernova Archive, https://wwwmpa.mpa-garching.
mpg.de/ccsnarchive/archive.html.)
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FIG. 1: Temperature profile for various models at 1 s post-
bounce.

FIG. 2: Density profile for the models corresponding to Fig. 1.

ness to large changes in initial parameters. In order to
place conservative limits, we ultimately adopt the SFHo-
18.8 result as our fiducial profile, which is the coolest and
results in the weakest constraint. Additionally, though
we place our bound at t = 1 sec, we have also computed
the bound at t = 0.5 sec and t = 3 sec, which span the
time interval of highest temperature and neutrino lumi-
nosity, and find that the ultimate limit on gaµ does not
change by more than a factor of two.

III. AXION PRODUCTION BY MUONS

There are two dominant contributions to the axion
emissivity due to muons in the supernova: Compton scat-
tering (�+µ ! a+µ) and muon-proton bremsstrahlung
(µ + p ! µ + p + a). Contributions from muon-muon
bremsstrahlung are subdominant as the muon number
density is over an order of magnitude below the proton
density, muon-electron bremsstrahlung is suppressed by
the muon-electron mass ratio, and other channels such as
Primako↵ or nuclear bremsstrahlung require additional
couplings of the axion.
While electrons in the core of the PNS are highly de-

Hyperon number density Temperature Profiles

Invisible Luminosity
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Especially interesting: Lepton sector, because there are unknown 
parameters like the neutrino mass scale and the leptonic CP phase 



Flavor Physics with U(2)

✴ Construct realistic extension of old U(2) flavor models by Barbieri & al. 
R. Barbieri, G. Dvali, L. Hall ’96

charged lepton and neutrino masses follow the simple pattern

m{u,d,e,⌫} ⇠

0

@
0 "2 0
"2 "2 {", "2, ", "2}
0 {", ", "2, "2} {1, ", ", "2}

1

A , (5.27)

where the mass scale is set by v in the quark and charged lepton sector and v2/M in the
neutrino sector. The di↵erence between the fermion sectors just follows from the di↵erent
U(1) charge assignment for the third generation, see Eq. (5.26). Although this model is more
predictive than the Dirac case, since two U(1) charges are replaced by a single mass scale
M , we obtain an excellent fit to all SM observables with O(1) coe�cients between 0.4 and 2,
see Table 10. From this fit we can again predict the overall neutrino mass scales, and as in
the previous case only neutrinos with normal mass hierarchy are viable. Scanning over many
good fits we have obtained a slightly narrower range for the sum of neutrino masses roughly
given by (58÷ 78) meV, while again the predictions for the e↵ective neutrino mass entering
beta decay and neutrinoless double beta decay are far below future experimental sensitivities,
see Table 12.

Finally we have discussed the various possibilities to test our models apart from the
predictions in the neutrino sector. In general sizable deviations in experimental observables
from the SM require the existence of su�ciently light degrees of freedom. While there is
no particular reason why the cuto↵ and its associated dynamics should be light, there is
the natural possibility to solve the strong CP problem and account for DM through the
Goldstone boson of the global U(1)F symmetry, which we refer to as the U(2) Axiflavon. In
contrast to the Axiflavon related to a single Froggatt-Nielsen U(1)F symmetry as presented in
Refs. [11], here the flavor-violating couplings of the axion are protected by the approximate
U(2) symmetry. Therefore the U(2) Axiflavon looks very much like a usual DFSZ/KSVZ
axion, with the strongest constraint from WD cooling, which requires a su�ciently light
axion ma < 14 meV. Particularly interesting is the axion mass range where DM can be
explained through the misalignment mechanism, implying axion masses around (1÷ 40)µeV,
which corresponds to a cuto↵ scale of roughly (1013 ÷ 1015)GeV. This range will be tested
by future axion haloscope searches.

The present model could be extended in several ways: 1) A more careful study of the
neutrino sector might allow to pin down the predictions analytically, and it could be interesting
to take a closer look to the type-I seesaw model, in particular its connection with Leptogenesis
2) One could embed the model into a supersymmetric framework to address the hierarchy
problem 3) Finally it might be interesting to study possible UV completions and calculate
the low-energy constraints from flavor-violating obervables on the new dynamics.
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★ viable CKM (old models in conflict with                                   )             

★ neutrinos sector adressed
★ no need for Supersymmetry
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Vub/Vcb 6=
p

mu/mc

✴ Reproduce all Yukawa hierarchies with 1 small parameter   + many 
O(1) coefficients 

✴ Texture 0’s allow predictions for neutrino sector observables

M. Linster, R. Ziegler ’18      



Model Setup

✴ Simple setup with charges compatible with SU(5) or Pati-Salam

below a UV scale ⇤, which sets the relevant mass scale for additional dynamics. We assume
that the scale ⇤ is large enough to safely neglect the impact of these new degrees of freedom
on phenomenology. Thus we simply work with an e↵ective theory with cut-o↵ scale ⇤ that
only involves SM fields and spurions that parametrize the breaking of SU(2)F ⇥ U(1)F .

The SM fermions have U(2)F quantum numbers that are compatible with an SU(5) GUT
structure, i.e. they are specified by the quantum number of the two SU(5) representations
10 = Q,U,E and 5 = L,E. The first two generations transform as a doublet under SU(2)F ,
the third generation is an SU(2)F singlet and the Higgs field is a singlet under both SU(2)F
and U(1)F . Thus, the U(1)F quantum numbers of the SM fermions are specified by four
charges {X10a , X5a , X103 , X53

} for {10a,5a,103,53} with a = 1, 2. It turns out that a suc-
cessful fit to the observed fermion masses and mixings can be achieved for the following simple
choice for U(1)F charges:

X103 = 0 , X10a = X5a = X53
= 1 . (2.1)

The breaking of the flavor symmetry is described by two scalar spurions � and �, which
transform under U(2)F as � = 2�1 and �= 1�1. These fields acquire the following vacuum
expectation values (VEVs):

h�i =

✓
"�⇤
0

◆
, h�i = "�⇤ , (2.2)

where we will take "� ⇠ "� ⇠ O(0.01). In Table 1 we summarize the field content and the
transformation properties under the flavor group. As the fermions are charged under U(2)F ,

10a 5a 103 53 H �a �

SU(2)F 2 2 1 1 1 2 1

U(1)F 1 1 0 1 0 �1 �1

Table 1: The field content and U(2)F quantum numbers.

Yukawa couplings require additional spurion insertions in order to be U(2)F -invariant. This
leads to non-renormalizable interactions suppressed by appropriate powers of ⇤. For example,
the resulting Lagrangian in the up-sector, at leading order in "�,�, is given by

Lu =
�u
11

⇤6
�4(�⇤

aQa)(�
⇤

bUb)H +
�u
12

⇤2
�2✏abQaUbH +

�u
13

⇤3
�2(�⇤

aQa)U3H

+
�u
22

⇤2
(✏ab�aQb)(✏cd�cUd)H +

�u
23

⇤
(✏ab�aQb)U3H +

�u
31

⇤3
�2Q3(�

⇤

aUa)H

+
�u
32

⇤
Q3(✏ab�aUb)H + �u

33Q3U3H , (2.3)

and similar in the down and charged lepton sector. After inserting the spurion VEVs the cuto↵
dependence drops out, and Yukawa hierarchies arise from powers of the small parameters
"�,�. In this way we get for the up-, down- and charged lepton Yukawa matrices (defined as

3
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✴ Construct Yukawa Lagrangian with appropriate Flavon insertions

below a UV scale ⇤, which sets the relevant mass scale for additional dynamics. We assume
that the scale ⇤ is large enough to safely neglect the impact of these new degrees of freedom
on phenomenology. Thus we simply work with an e↵ective theory with cut-o↵ scale ⇤ that
only involves SM fields and spurions that parametrize the breaking of SU(2)F ⇥ U(1)F .

The SM fermions have U(2)F quantum numbers that are compatible with an SU(5) GUT
structure, i.e. they are specified by the quantum number of the two SU(5) representations
10 = Q,U,E and 5 = L,E. The first two generations transform as a doublet under SU(2)F ,
the third generation is an SU(2)F singlet and the Higgs field is a singlet under both SU(2)F
and U(1)F . Thus, the U(1)F quantum numbers of the SM fermions are specified by four
charges {X10a , X5a , X103 , X53

} for {10a,5a,103,53} with a = 1, 2. It turns out that a suc-
cessful fit to the observed fermion masses and mixings can be achieved for the following simple
choice for U(1)F charges:

X103 = 0 , X10a = X5a = X53
= 1 . (2.1)

The breaking of the flavor symmetry is described by two scalar spurions � and �, which
transform under U(2)F as � = 2�1 and �= 1�1. These fields acquire the following vacuum
expectation values (VEVs):

h�i =

✓
"�⇤
0

◆
, h�i = "�⇤ , (2.2)

where we will take "� ⇠ "� ⇠ O(0.01). In Table 1 we summarize the field content and the
transformation properties under the flavor group. As the fermions are charged under U(2)F ,

10a 5a 103 53 H �a �

SU(2)F 2 2 1 1 1 2 1

U(1)F 1 1 0 1 0 �1 �1

Table 1: The field content and U(2)F quantum numbers.

Yukawa couplings require additional spurion insertions in order to be U(2)F -invariant. This
leads to non-renormalizable interactions suppressed by appropriate powers of ⇤. For example,
the resulting Lagrangian in the up-sector, at leading order in "�,�, is given by

Lu =
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33Q3U3H , (2.3)

and similar in the down and charged lepton sector. After inserting the spurion VEVs the cuto↵
dependence drops out, and Yukawa hierarchies arise from powers of the small parameters
"�,�. In this way we get for the up-, down- and charged lepton Yukawa matrices (defined as

3

<latexit sha1_base64="85QdSlSK4UcNFr+oK9Z8JgHxGLg="></latexit>

+ . . .

✴ Flavon vevs generate hierarchical Yukawa structure 
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where �f
ij are (in general complex) O(1) coe�cients and we have kept only the leading con-

tributions in "�,�. Note that, in contrast to the supersymmetric U(2) model in Ref. [6], there
are no holomorphy constraints, which leads to a more general Yukawa pattern.

One can show that the �11,�13,�31 entries give only subleading corrections to quark masses
and mixings, which are relatively suppressed by at least "2�. Thus, e↵ectively, three texture
zeros appear in the Yukawa matrix, much as in the supersymmetric models [6], and to good
approximation we obtain the Yukawa couplings
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Because of the hierarchical structure and the presence of the texture zeros, it is possible
to analytically derive some approximate results for the singular values and the rotations
to the mass basis [7]. One can also perturbatively diagonalize the Yukawa matrices, and
obtain the following estimates for singular values and CKM matrix elements (neglecting O(1)
coe�cients):

yu ⇠ "4�/"
2
� , yd ⇠ ye ⇠ "4�/"

2
� , Vub ⇠ "2�/"� ,

yc ⇠ "2� , ys ⇠ yµ ⇠ "2�"�/
q

"2� + "2� , Vcb ⇠ "� ,

yt ⇠ 1 , yb ⇠ y⌧ ⇠

q
"2� + "2� , Vus ⇠ "2�/"

2
� . (2.6)

These expressions can be compared to the (1�) ranges for fermion mass ratios and CKM
elements, taken for definiteness at 10 TeV
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⇡ �(2.4÷2.5) ,

mµ

m⌧
⇡ �1.8 , Vcb ⇡ �2 , (2.7)

where � = 0.2 ⇡ Vus and yb(10TeV) ⇡ �2.7, y⌧ (10TeV) ⇡ �2.8. Within roughly a factor �,
all hierarchies can be reproduced taking

"� ⇠ Vcb ⇠ �2 , "� ⇠ �2÷3 , (2.8)

4

Lyuk = QTYuUH + · · · ) the result

Yu ⇡

0

@
�u
11"

2
�"

4
� �u

12"
2
� �u

13"�"
2
�

��u
12"

2
� �u

22"
2
� �u

23"�
�u
31"�"

2
� �u

32"� �u
33

1

A , Yd ⇡

0

@
�d
11"

2
�"

4
� �d

12"
2
� �d

13"�"
3
�

��d
12"

2
� �d

22"
2
� �d

23"�"�
�d
31"�"

2
� �d

32"� �d
33"�

1

A , (2.4)

Ye ⇡

0

@
�e
11"

2
�"

4
� �e

12"
2
� �e

13"�"
2
�

��e
12"

2
� �e

22"
2
� �e

23"�
�e
31"�"

3
� �e

32"�"� �e
33"�

1

A ,

where �f
ij are (in general complex) O(1) coe�cients and we have kept only the leading con-

tributions in "�,�. Note that, in contrast to the supersymmetric U(2) model in Ref. [6], there
are no holomorphy constraints, which leads to a more general Yukawa pattern.

One can show that the �11,�13,�31 entries give only subleading corrections to quark masses
and mixings, which are relatively suppressed by at least "2�. Thus, e↵ectively, three texture
zeros appear in the Yukawa matrix, much as in the supersymmetric models [6], and to good
approximation we obtain the Yukawa couplings
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Because of the hierarchical structure and the presence of the texture zeros, it is possible
to analytically derive some approximate results for the singular values and the rotations
to the mass basis [7]. One can also perturbatively diagonalize the Yukawa matrices, and
obtain the following estimates for singular values and CKM matrix elements (neglecting O(1)
coe�cients):
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These expressions can be compared to the (1�) ranges for fermion mass ratios and CKM
elements, taken for definiteness at 10 TeV
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where � = 0.2 ⇡ Vus and yb(10TeV) ⇡ �2.7, y⌧ (10TeV) ⇡ �2.8. Within roughly a factor �,
all hierarchies can be reproduced taking

"� ⇠ Vcb ⇠ �2 , "� ⇠ �2÷3 , (2.8)

4

corrections 
dropping sub-leading 

O(✏2�) ⇠ 10�4
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Scenario Free parameters NO/IO
P

mi [meV] m� [meV] m�� [meV]

DCL none NO 65.0+0.9
�0.6 10.0+0.3

�0.2 0+0

�0

(64 ! 68)2� (10 ! 11)2� (0 ! 0)2�
(63 ! 69)3� (9 ! 12)3� (0 ! 0)3�

U(2)PS sRe
23 ,� NO 65.7+3.8

�2.1 9.8+1.6
�0.3 1.2+0.5

�0.3

(62 ! 72)2� (9 ! 13)2� (0 ! 2)2�
(62 ! 75)3� (9 ! 14)3� (0 ! 2)2�

U(2)5 sLe
23 ,�1,�2 NO 63.7+4.4

�2.1 9.5+1.5
�0.3 1.8+1.3

�0.8

(60 ! 74)2� (9 ! 13)2� (0 ! 4)2�
(59 ! 272)3� (9 ! 85)3� (0 ! 54)3�

IO 224.2+173.8
�36.1 77+54

�10
68.0+31.0

�12.2

(173 ! 1070)2� (65 ! 303)2� (49 ! 255)2�
(167 ! 5584)3� (63 ! 497)3� (1 ! 299)3�

TABLE I. Predictions for neutrino observables in the three scenarios. The first line shows the most likely value
along with the 1� interval defined to contain 68.3 % of all generated sample points, analogously are defined the 2�
and 3� regions.

FIG. 1. Parameter space at 2� in the m��/
P

mi plane
for generic NO (blue), generic IO (red), and the U(2)PS

(green), U(2)5,IO (violet) and U(2)5,NO (orange) scenar-
ios. Also shown are the present constraints from cosmol-
ogy [5] (grey region) and the expected future bounds on
m�� and

P
mi (dashed grey lines), see text for details.

the size of the charged lepton rotation angle, which
is bounded from above by

p
me/mµ in the U(2)PS

scenario. Therefore the predictions in U(2)PS can-
not deviate much from DCL, and in particular IO
is not viable. The NO parameter space in U(2)PS is
largely contained in the one of the U(2)5 scenario,
since the latter allows for larger rotation angles and
thus larger deviations from DCL.

We visualize these results in Figs. 1 and 2, which
show the preferred parameter space (at 2�) in the
m��/

P
mi plane for the di↵erent scenarios and the

generic (i.e. experimentally allowed) case, which has
been obtained by minimizing the NuFIT likelihood
at each point. While Fig. 1 is the standard plot in
logarithmic scale, the DCL scenario is only visible in

FIG. 2. Preferred parameter space at 2� in the
m��/

P
mi plane for generic NO (blue), and the diag-

onal charged lepton (DCL) (yellow), U(2)5,NO (orange)
and U(2)PS (green) scenarios. The black star denotes the
prediction in the DCL scenario for the best-fit value.

the linear scale of Fig. 2 since the prediction for m��

identically vanishes in the DCL case. In this plot we
also denote the prediction in the DCL scenario for
the best-fit value with a black cross, which shows
that the deviations from this point in the two sce-
narios are rather small, despite the presence of the
additional parameters. We do not show a similar
plot for the m�/⌃mi plane, since these parameters
are strongly correlated and do not provide further
information (m� is below future sensitivities any-
way).

Finally we analyze the predictions for the CP
phase � and compare it to the present experimen-
tal situation represented by the global fit in Ref. [1].
Since the resulting values for � depend to a large
extent on the value of s23, we display fit and model

✴ Three different scenarios depending on charged lepton sector

charged leptons diagonal

Pati-Salam charged leptons

SU(5) charged leptons

neutrino mass parameter 
of beta decay

neutrino mass parameter of 
0νββ decay
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scenario. Therefore the predictions in U(2)PS can-
not deviate much from DCL, and in particular IO
is not viable. The NO parameter space in U(2)PS is
largely contained in the one of the U(2)5 scenario,
since the latter allows for larger rotation angles and
thus larger deviations from DCL.

We visualize these results in Figs. 1 and 2, which
show the preferred parameter space (at 2�) in the
m��/

P
mi plane for the di↵erent scenarios and the
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prediction in the DCL scenario for the best-fit value.

the linear scale of Fig. 2 since the prediction for m��

identically vanishes in the DCL case. In this plot we
also denote the prediction in the DCL scenario for
the best-fit value with a black cross, which shows
that the deviations from this point in the two sce-
narios are rather small, despite the presence of the
additional parameters. We do not show a similar
plot for the m�/⌃mi plane, since these parameters
are strongly correlated and do not provide further
information (m� is below future sensitivities any-
way).

Finally we analyze the predictions for the CP
phase � and compare it to the present experimen-
tal situation represented by the global fit in Ref. [1].
Since the resulting values for � depend to a large
extent on the value of s23, we display fit and model

★ Only NO is viable  
★ Small absolute scale 

★ 0𝜈ββ is out of reach

✴ Numerical analysis scanning over free parameters in CL sector
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The  flavour anomaly is robust, with steadily increasing 
statistical significance since 2013, pointing to left-handed new 
physics. It implies a new particle lighter than 50 TeV, underpinning a 
scientific case for the FCC-hh. CRC activity linking it to   
                       and  dark matter.                                                 

 Flavour physics constrains light BSM physics (axions, mediators to 
 a Dark Sector) and astrophysics contributes to dark flavour 
 physics. 

 The CRC is well-positioned to explore the top-bottom and  
 BSM-Higgs-flavour connections.
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aµ ⌘ (g � 2)µ


