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CP Violation and CKM Matrix Measurements 

•  CP Violation in Standard Model 
•  How to measure CKM elements and CPV? 
•  Key experimental inputs from LHCb 



Motivation: Big questions to answer 

•  Origin of matter-antimatter asymmetry in Universe? 
•  CP Violation necessary to explain baryogenesis  
•  Measured CPV ~109 times too small to give:   
    (nBaryon-nAnti-Baryon)/nγ= 6x10-10  
 

•  Physics beyond Standard Model must exist  
     to generate missing CP asymmetry 

 
 
 

•  New Physics to make Standard Model complete/elegant?  
•  New Particles from high-mass scale may affect flavour observables  
     ! we can detect them indirectly     
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✗  ✗ 

•  Laws of Nature not symmetric  
      

•  P-transformation:  
      space reversal, 
      swaps up-down, left-right 
•  C-transformation: 
      swaps particle-antiparticle 

•  Weak interactions violate: 
P- & C-symmetry, fully 
    υL  υR   υL   υR 

       

combined CP-parity, slightly 
  K0

L→π+π-  O(10-3) 
  Γ(B0→K+π-)>Γ(B0→K-π-+) O(10-2) 

               spin 
 
 
 
   
                          momentum 

Introduction to CP (a)symmetry 
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  _     _ 
 
 
 

 
                _ 

                                   Mirror reflection 
 
 
 
  
       Left-handed particle              Right-handed particle 
 
 
 
                             
      Charge conjugation                            
 
 
 
 
 
 
        Left-handed antiparticle    Right-handed antiparticle 
 
 



•                       [quark]flavour = VCKM [quark]mass 
 
 

   ! mixing of quarks of different generations through weak force 

 

      
 

 
•  Single complex phase in the CKM matrix  
     ! CP Violation 
      [Kobayashi-Maskawa mechanism,  
      Nobel Prize in 2008] 
 

CKM matrix: origin of CP Violation 
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weakly interacting                  strongly produced 

VCKM =
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb
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          Wolfenstein parameterization; expansion in λ~0.2 



Why complex CKM matrix elements give CPV? 

•  CKM elements in practice:  
     effective couplings between quarks in charged weak currents 

 
       Amplitude ~|Vub|exp(-iγ)                   ~|Vub|exp(+iγ)   

 
                   Different amplitudes, different rates ! CP asymmetry 
 
•  Measure quark transitions by measuring decays of particles 
    ! access to CKM matrix elements 
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CP violation in the standard model

• Irreducible phase of the 
Cabibbo-Kobayashi-Maskawa 
matrix describing the charged 
currents of quarks 

• Potentially large effects in 
transitions involving the third 
generation 

• Highly suppressed for charm, 
which has small couplings to 
the third generation
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<latexit sha1_base64="CXPe39CK23Htg5EU5MysrrDGjjQ=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrs22ohBG8sI5gHJEu7OziZDZmeXmVkhLAF/wcZCEVv/xN7Ov3HyKDTxwIXDOedyH0EquDau++0UVlbX1jeKm6Wt7Z3dvfL+QVMnmaKsQRORqHaAmgkuWcNwI1g7VQzjQLBWMLyZ+K0HpjRP5L0ZpcyPsS95xCkaK7W6wkZD7JUrbtWdgiwTb04qV5+ly0cAqPfKX90woVnMpKECte54bmr8HJXhVLBxqZtpliIdYp91LJUYM+3n03XH5MQqIYkSZUsaMlV/d+QYaz2KA5uM0Qz0ojcR//M6mYku/JzLNDNM0tmgKBPEJGRyOwm5YtSIkSVIFbe7EjpAhdTYD5XsE7zFk5dJ86zquVXvzq3UrmGGIhzBMZyCB+dQg1uoQwMoDOEJXuDVSZ1n5815n0ULzrznEP7A+fgBqr2RRg==</latexit><latexit sha1_base64="HW/3wbdjPpbyHMidkY+4KEpXRbM=">AAAB7nicbVC7SgNBFL0bX3F9RS1tBoNgFXZtTCMGbSwjmAckS5idnU2GzM4OM7NCWPIRNhaKWNj4J/Y24t84eRSaeODC4ZxzuY9QcqaN5307hZXVtfWN4qa7tb2zu1faP2jqNFOENkjKU9UOsaacCdowzHDaloriJOS0FQ6vJ37rnirNUnFnRpIGCe4LFjOCjZVaXW6jEe6Vyl7FmwItE39Oypcf7oV8+3LrvdJnN0pJllBhCMdad3xPmiDHyjDC6djtZppKTIa4TzuWCpxQHeTTdcfoxCoRilNlSxg0VX935DjRepSENplgM9CL3kT8z+tkJq4GORMyM1SQ2aA448ikaHI7ipiixPCRJZgoZndFZIAVJsZ+yLVP8BdPXibNs4rvVfxbr1y7ghmKcATHcAo+nEMNbqAODSAwhAd4gmdHOo/Oi/M6ixacec8h/IHz/gOcTJK6</latexit><latexit sha1_base64="HW/3wbdjPpbyHMidkY+4KEpXRbM=">AAAB7nicbVC7SgNBFL0bX3F9RS1tBoNgFXZtTCMGbSwjmAckS5idnU2GzM4OM7NCWPIRNhaKWNj4J/Y24t84eRSaeODC4ZxzuY9QcqaN5307hZXVtfWN4qa7tb2zu1faP2jqNFOENkjKU9UOsaacCdowzHDaloriJOS0FQ6vJ37rnirNUnFnRpIGCe4LFjOCjZVaXW6jEe6Vyl7FmwItE39Oypcf7oV8+3LrvdJnN0pJllBhCMdad3xPmiDHyjDC6djtZppKTIa4TzuWCpxQHeTTdcfoxCoRilNlSxg0VX935DjRepSENplgM9CL3kT8z+tkJq4GORMyM1SQ2aA448ikaHI7ipiixPCRJZgoZndFZIAVJsZ+yLVP8BdPXibNs4rvVfxbr1y7ghmKcATHcAo+nEMNbqAODSAwhAd4gmdHOo/Oi/M6ixacec8h/IHz/gOcTJK6</latexit><latexit sha1_base64="4vYNKaIKy0wscKboQxD5MSFj0fw=">AAAB7nicbVBNS8NAFHypX7V+VT16WSyCp5J40WPRi8cKpi20oWw2L+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtg4sDDPz2PcmzATXxnW/ncrG5tb2TnW3trd/cHhUPz7p6DRXDH2WilT1QqpRcIm+4UZgL1NIk1BgN5zczf3uEyrNU/lophkGCR1JHnNGjZW6A2GjER3WG27TXYCsE68kDSjRHta/BlHK8gSlYYJq3ffczAQFVYYzgbPaINeYUTahI+xbKmmCOigW687IhVUiEqfKPmnIQv09UdBE62kS2mRCzVivenPxP6+fm/gmKLjMcoOSLT+Kc0FMSua3k4grZEZMLaFMcbsrYWOqKDO2oZotwVs9eZ10rpqe2/Qe3EbrtqyjCmdwDpfgwTW04B7a4AODCTzDK7w5mfPivDsfy2jFKWdO4Q+czx87hY95</latexit>

1
<latexit sha1_base64="9+KJXuOQLcA4stmLR9g1gMFaPRk=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zVyyZm/v2N0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIrg2rvvt5FZW19Y38puFre2d3b3i/kFDx6liWGexiFUroBoFl1g33AhsJQppFAhsBsObSd58QKV5LO/MKEE/on3JQ86osVbN6xZLbtmdiiyDN4fS1Wfh8hEAqt3iV6cXszRCaZigWrc9NzF+RpXhTOC40Ek1JpQNaR/bFiWNUPvZdNAxObFOj4Sxsk8aMnV/d2Q00noUBbYyomagF7OJ+V/WTk144WdcJqlByWYfhakgJiaTrUmPK2RGjCxQpridlbABVZQZe5uCPYK3uPIyNM7Knlv2am6pcg0z5eEIjuEUPDiHCtxCFerAAOEJXuDVuXeenTfnfVaac+Y9h/BHzscP6JWOfg==</latexit><latexit sha1_base64="Z8V04fZzeMezS1Yhxdn4BxtugQA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxV8Tv5glf0JiKL4M+gcPnhXiTvX265k/9sdWOWRigNE1Trpu8lpp1RZTgTOHJbqcaEsgHtYdOipBHqdjYZdESOrdMlYazsk4ZM3N8dGY20HkaBrYyo6ev5bGz+lzVTE563My6T1KBk04/CVBATk/HWpMsVMiOGFihT3M5KWJ8qyoy9jWuP4M+vvAi106LvFf2KVyhdwVQ5OIQjOAEfzqAEN1CGKjBAeIAneHbunEfnxXmdli45s54D+CPn7QfaJI/y</latexit><latexit sha1_base64="Z8V04fZzeMezS1Yhxdn4BxtugQA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxV8Tv5glf0JiKL4M+gcPnhXiTvX265k/9sdWOWRigNE1Trpu8lpp1RZTgTOHJbqcaEsgHtYdOipBHqdjYZdESOrdMlYazsk4ZM3N8dGY20HkaBrYyo6ev5bGz+lzVTE563My6T1KBk04/CVBATk/HWpMsVMiOGFihT3M5KWJ8qyoy9jWuP4M+vvAi106LvFf2KVyhdwVQ5OIQjOAEfzqAEN1CGKjBAeIAneHbunEfnxXmdli45s54D+CPn7QfaJI/y</latexit><latexit sha1_base64="1enTr8x+dPZYKeA2su7IqvnUdLk=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVa3qBac+vuAmSdeAWpQYHmoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx6IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90EOZdpZlCy5aIoE8QkZP41GXKFzIipJZQpbm8lbEwVZcZmU7EheKsvr5P2Vd1z617LrTVuizjKcAbncAkeXEMD7qEJPjBAeIZXeHMenRfn3flYtpacYuYU/sD5/AF5XYyx</latexit>

1
<latexit sha1_base64="9+KJXuOQLcA4stmLR9g1gMFaPRk=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zVyyZm/v2N0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIrg2rvvt5FZW19Y38puFre2d3b3i/kFDx6liWGexiFUroBoFl1g33AhsJQppFAhsBsObSd58QKV5LO/MKEE/on3JQ86osVbN6xZLbtmdiiyDN4fS1Wfh8hEAqt3iV6cXszRCaZigWrc9NzF+RpXhTOC40Ek1JpQNaR/bFiWNUPvZdNAxObFOj4Sxsk8aMnV/d2Q00noUBbYyomagF7OJ+V/WTk144WdcJqlByWYfhakgJiaTrUmPK2RGjCxQpridlbABVZQZe5uCPYK3uPIyNM7Knlv2am6pcg0z5eEIjuEUPDiHCtxCFerAAOEJXuDVuXeenTfnfVaac+Y9h/BHzscP6JWOfg==</latexit><latexit sha1_base64="Z8V04fZzeMezS1Yhxdn4BxtugQA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxV8Tv5glf0JiKL4M+gcPnhXiTvX265k/9sdWOWRigNE1Trpu8lpp1RZTgTOHJbqcaEsgHtYdOipBHqdjYZdESOrdMlYazsk4ZM3N8dGY20HkaBrYyo6ev5bGz+lzVTE563My6T1KBk04/CVBATk/HWpMsVMiOGFihT3M5KWJ8qyoy9jWuP4M+vvAi106LvFf2KVyhdwVQ5OIQjOAEfzqAEN1CGKjBAeIAneHbunEfnxXmdli45s54D+CPn7QfaJI/y</latexit><latexit sha1_base64="Z8V04fZzeMezS1Yhxdn4BxtugQA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxV8Tv5glf0JiKL4M+gcPnhXiTvX265k/9sdWOWRigNE1Trpu8lpp1RZTgTOHJbqcaEsgHtYdOipBHqdjYZdESOrdMlYazsk4ZM3N8dGY20HkaBrYyo6ev5bGz+lzVTE563My6T1KBk04/CVBATk/HWpMsVMiOGFihT3M5KWJ8qyoy9jWuP4M+vvAi106LvFf2KVyhdwVQ5OIQjOAEfzqAEN1CGKjBAeIAneHbunEfnxXmdli45s54D+CPn7QfaJI/y</latexit><latexit sha1_base64="1enTr8x+dPZYKeA2su7IqvnUdLk=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVa3qBac+vuAmSdeAWpQYHmoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx6IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90EOZdpZlCy5aIoE8QkZP41GXKFzIipJZQpbm8lbEwVZcZmU7EheKsvr5P2Vd1z617LrTVuizjKcAbncAkeXEMD7qEJPjBAeIZXeHMenRfn3flYtpacYuYU/sD5/AF5XYyx</latexit>

1
<latexit sha1_base64="9+KJXuOQLcA4stmLR9g1gMFaPRk=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zVyyZm/v2N0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIrg2rvvt5FZW19Y38puFre2d3b3i/kFDx6liWGexiFUroBoFl1g33AhsJQppFAhsBsObSd58QKV5LO/MKEE/on3JQ86osVbN6xZLbtmdiiyDN4fS1Wfh8hEAqt3iV6cXszRCaZigWrc9NzF+RpXhTOC40Ek1JpQNaR/bFiWNUPvZdNAxObFOj4Sxsk8aMnV/d2Q00noUBbYyomagF7OJ+V/WTk144WdcJqlByWYfhakgJiaTrUmPK2RGjCxQpridlbABVZQZe5uCPYK3uPIyNM7Knlv2am6pcg0z5eEIjuEUPDiHCtxCFerAAOEJXuDVuXeenTfnfVaac+Y9h/BHzscP6JWOfg==</latexit><latexit sha1_base64="Z8V04fZzeMezS1Yhxdn4BxtugQA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxV8Tv5glf0JiKL4M+gcPnhXiTvX265k/9sdWOWRigNE1Trpu8lpp1RZTgTOHJbqcaEsgHtYdOipBHqdjYZdESOrdMlYazsk4ZM3N8dGY20HkaBrYyo6ev5bGz+lzVTE563My6T1KBk04/CVBATk/HWpMsVMiOGFihT3M5KWJ8qyoy9jWuP4M+vvAi106LvFf2KVyhdwVQ5OIQjOAEfzqAEN1CGKjBAeIAneHbunEfnxXmdli45s54D+CPn7QfaJI/y</latexit><latexit sha1_base64="Z8V04fZzeMezS1Yhxdn4BxtugQA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxV8Tv5glf0JiKL4M+gcPnhXiTvX265k/9sdWOWRigNE1Trpu8lpp1RZTgTOHJbqcaEsgHtYdOipBHqdjYZdESOrdMlYazsk4ZM3N8dGY20HkaBrYyo6ev5bGz+lzVTE563My6T1KBk04/CVBATk/HWpMsVMiOGFihT3M5KWJ8qyoy9jWuP4M+vvAi106LvFf2KVyhdwVQ5OIQjOAEfzqAEN1CGKjBAeIAneHbunEfnxXmdli45s54D+CPn7QfaJI/y</latexit><latexit sha1_base64="1enTr8x+dPZYKeA2su7IqvnUdLk=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVa3qBac+vuAmSdeAWpQYHmoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx6IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90EOZdpZlCy5aIoE8QkZP41GXKFzIipJZQpbm8lbEwVZcZmU7EheKsvr5P2Vd1z617LrTVuizjKcAbncAkeXEMD7qEJPjBAeIZXeHMenRfn3flYtpacYuYU/sD5/AF5XYyx</latexit>

��
<latexit sha1_base64="c8fu03cmC9CwY/z6422PfmcADVw=">AAAB8HicbVDLSgMxFL1TX219VV26CRbBjWXGTV0W3bisYB/SDjWTybShSWZIMkIZ+hVuFBRx6+e482/MtF1o64HA4Zxzyb0nSDjTxnW/ncLa+sbmVrFU3t7Z3duvHBy2dZwqQlsk5rHqBlhTziRtGWY47SaKYhFw2gnG17nfeaRKs1jemUlCfYGHkkWMYGOl+/M+t9kQlweVqltzZ0CrxFuQaqOUvDwAQHNQ+eqHMUkFlYZwrHXPcxPjZ1gZRjidlvuppgkmYzykPUslFlT72WzhKTq1SoiiWNknDZqpvycyLLSeiMAmBTYjvezl4n9eLzXRpZ8xmaSGSjL/KEo5MjHKr0chU5QYPrEEE8XsroiMsMLE2I7yErzlk1dJ+6LmuTXv1rZxBXMU4RhO4Aw8qEMDbqAJLSAg4Ale4c1RzrPz7nzMowVnMXMEf+B8/gAm2ZF2</latexit><latexit sha1_base64="gs3/aLc4YZSzsOL7KtMd9hxcbyU=">AAAB8HicbVDLSgMxFL1TX219VV26CRbBjWXGjS6LblxWsA9th5LJpG1okhmSjFiGfoUbBUXcuvFf3Pk1mmm70NYDgcM555J7TxBzpo3rfjm5peWV1bV8obi+sbm1XdrZbegoUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZDC8yv3lHlWaRvDajmPoC9yXrMYKNlW6OO9xmQ1zslspuxZ0ALRJvRsrVQvx0+3H/XeuWPjthRBJBpSEca9323Nj4KVaGEU7HxU6iaYzJEPdp21KJBdV+Oll4jA6tEqJepOyTBk3U3xMpFlqPRGCTApuBnvcy8T+vnZjemZ8yGSeGSjL9qJdwZCKUXY9CpigxfGQJJorZXREZYIWJsR1lJXjzJy+SxknFcyvelW3jHKbIwz4cwBF4cApVuIQa1IGAgAd4hhdHOY/Oq/M2jeac2cwe/IHz/gP9W5OW</latexit><latexit sha1_base64="gs3/aLc4YZSzsOL7KtMd9hxcbyU=">AAAB8HicbVDLSgMxFL1TX219VV26CRbBjWXGjS6LblxWsA9th5LJpG1okhmSjFiGfoUbBUXcuvFf3Pk1mmm70NYDgcM555J7TxBzpo3rfjm5peWV1bV8obi+sbm1XdrZbegoUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZDC8yv3lHlWaRvDajmPoC9yXrMYKNlW6OO9xmQ1zslspuxZ0ALRJvRsrVQvx0+3H/XeuWPjthRBJBpSEca9323Nj4KVaGEU7HxU6iaYzJEPdp21KJBdV+Oll4jA6tEqJepOyTBk3U3xMpFlqPRGCTApuBnvcy8T+vnZjemZ8yGSeGSjL9qJdwZCKUXY9CpigxfGQJJorZXREZYIWJsR1lJXjzJy+SxknFcyvelW3jHKbIwz4cwBF4cApVuIQa1IGAgAd4hhdHOY/Oq/M2jeac2cwe/IHz/gP9W5OW</latexit><latexit sha1_base64="jaZ0YO9udt4dWC3ZEOEi1KudcJ8=">AAAB8HicbVC7TsMwFL0pr1JeAUYWiwqJhSphgbGChbFI9IHaqHIcp7VqO5HtIFVRv4KFAYRY+Rw2/ganzQAtR7J0dM658r0nTDnTxvO+ncra+sbmVnW7trO7t3/gHh51dJIpQtsk4YnqhVhTziRtG2Y47aWKYhFy2g0nt4XffaJKs0Q+mGlKA4FHksWMYGOlx4sBt9kI14Zu3Wt4c6BV4pekDiVaQ/drECUkE1QawrHWfd9LTZBjZRjhdFYbZJqmmEzwiPYtlVhQHeTzhWfozCoRihNlnzRorv6eyLHQeipCmxTYjPWyV4j/ef3MxNdBzmSaGSrJ4qM448gkqLgeRUxRYvjUEkwUs7siMsYKE2M7Kkrwl09eJZ3Lhu81/Huv3rwp66jCCZzCOfhwBU24gxa0gYCAZ3iFN0c5L86787GIVpxy5hj+wPn8Adzoj8Q=</latexit>
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CCCCCCCCCCCCA

<latexit sha1_base64="L5BR9mZFUOXCs0ffc8rtTM9izA4="></latexit><latexit sha1_base64="HpRlp2sqJYAPEeV7AydieIGBmzI="></latexit><latexit sha1_base64="HpRlp2sqJYAPEeV7AydieIGBmzI="></latexit><latexit sha1_base64="R61M2kdD/TgFwqaLIBhwFRDtb+4="></latexit>

d
<latexit sha1_base64="VFuwgu+V5p0BTRBgWq/UWrlORlI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM1m0q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIphi2WiER1A6pRcIktw43AbqqQxoHATjC+m/mdJ1SaJ/LBTFL0YzqUPOKMGis1w0Gl6tbcOcgq8QpShQKNQeWrHyYsi1EaJqjWPc9NjZ9TZTgTOC33M40pZWM6xJ6lksao/Xx+6JScWyUkUaJsSUPm6u+JnMZaT+LAdsbUjPSyNxP/83qZiW78nMs0MyjZYlGUCWISMvuahFwhM2JiCWWK21sJG1FFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfH6Yzo</latexit><latexit sha1_base64="VFuwgu+V5p0BTRBgWq/UWrlORlI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM1m0q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIphi2WiER1A6pRcIktw43AbqqQxoHATjC+m/mdJ1SaJ/LBTFL0YzqUPOKMGis1w0Gl6tbcOcgq8QpShQKNQeWrHyYsi1EaJqjWPc9NjZ9TZTgTOC33M40pZWM6xJ6lksao/Xx+6JScWyUkUaJsSUPm6u+JnMZaT+LAdsbUjPSyNxP/83qZiW78nMs0MyjZYlGUCWISMvuahFwhM2JiCWWK21sJG1FFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfH6Yzo</latexit><latexit sha1_base64="VFuwgu+V5p0BTRBgWq/UWrlORlI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM1m0q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIphi2WiER1A6pRcIktw43AbqqQxoHATjC+m/mdJ1SaJ/LBTFL0YzqUPOKMGis1w0Gl6tbcOcgq8QpShQKNQeWrHyYsi1EaJqjWPc9NjZ9TZTgTOC33M40pZWM6xJ6lksao/Xx+6JScWyUkUaJsSUPm6u+JnMZaT+LAdsbUjPSyNxP/83qZiW78nMs0MyjZYlGUCWISMvuahFwhM2JiCWWK21sJG1FFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfH6Yzo</latexit><latexit sha1_base64="VFuwgu+V5p0BTRBgWq/UWrlORlI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM1m0q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIphi2WiER1A6pRcIktw43AbqqQxoHATjC+m/mdJ1SaJ/LBTFL0YzqUPOKMGis1w0Gl6tbcOcgq8QpShQKNQeWrHyYsi1EaJqjWPc9NjZ9TZTgTOC33M40pZWM6xJ6lksao/Xx+6JScWyUkUaJsSUPm6u+JnMZaT+LAdsbUjPSyNxP/83qZiW78nMs0MyjZYlGUCWISMvuahFwhM2JiCWWK21sJG1FFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfH6Yzo</latexit>

s
<latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit><latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit><latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit><latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit> b

<latexit sha1_base64="B8QOfSq5IKQ3NJiokTqrVfN3Ulk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AxOGM5g==</latexit><latexit sha1_base64="B8QOfSq5IKQ3NJiokTqrVfN3Ulk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AxOGM5g==</latexit><latexit sha1_base64="B8QOfSq5IKQ3NJiokTqrVfN3Ulk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AxOGM5g==</latexit><latexit sha1_base64="B8QOfSq5IKQ3NJiokTqrVfN3Ulk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AxOGM5g==</latexit>

u
<latexit sha1_base64="HdrHs+9WrEY+c6wp70bq3BGtMmw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A4a2M+Q==</latexit><latexit sha1_base64="HdrHs+9WrEY+c6wp70bq3BGtMmw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A4a2M+Q==</latexit><latexit sha1_base64="HdrHs+9WrEY+c6wp70bq3BGtMmw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A4a2M+Q==</latexit><latexit sha1_base64="HdrHs+9WrEY+c6wp70bq3BGtMmw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A4a2M+Q==</latexit>

c
<latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit><latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit><latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit><latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit>

t
<latexit sha1_base64="fInOqGTCCrWkRGJFOZWK1l6FLBY=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBNMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK75X8etX5eptHkcBTuEMLsCHa6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDgKYz4</latexit><latexit sha1_base64="fInOqGTCCrWkRGJFOZWK1l6FLBY=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBNMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK75X8etX5eptHkcBTuEMLsCHa6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDgKYz4</latexit><latexit sha1_base64="fInOqGTCCrWkRGJFOZWK1l6FLBY=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBNMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK75X8etX5eptHkcBTuEMLsCHa6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDgKYz4</latexit><latexit sha1_base64="fInOqGTCCrWkRGJFOZWK1l6FLBY=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBNMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK75X8etX5eptHkcBTuEMLsCHa6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDgKYz4</latexit>

� ⇡ 0.22
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•  CKM matrix is unitary in the SM     V+
CKMVCKM = VCKMV+

CKM = 1 
  

  ! If the CKM matrix complex ! CPV ! Unitarity Triangles 
 
    B Triangle                Bs Triangle 

    D Triangle 
 

 
•  Triangle openness indicates how large CPV expected 
•  Measure CPV in various processes ! measure angles of the triangles 

 

What Unitarity Triangles tell us? 
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λ≈0.2 

Vud V*ub ~λ3   α         Vtd V*tb ~λ3                   
 

               γ       β 
 

                    Vcd V*cb  ~λ3 

                                       Vts V*tb ~λ2  
Vus V*ub ~λ4                                                        βs               
                                            Vcs V*cb ~λ2 

                                                         V*ud Vcd ~λ                                      V*ub Vcb ~λ5  
 βc 
                                               V*us Vcs~λ 
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CKM and CPV SM Metrology

 5

B → ππ, ρρ α / Φ2 B→D* l ν / b → c l ν |Vcb| via Form factor  / OPE
B → D(*) K(*) γ / Φ3 B→π l ν / b → u l ν |Vub| via Form factor  / OPE
B → J/ψ Ks β / Φ1 M → l ν (γ) |VUD| via Decay constant fM

Bs → J/ψ Φ βs εK (ρ, η ) via BK

K → π ν anti-ν ρ, η Δmd, Δms |Vtb Vt{d,s}| via Bag factor BB

B(s) → µ+ µ- |Vt{d,s}| via Decay constant fB

Some decays worth combining

Exp. uncertainties Th. uncertainties
B ! ⇡⇡, ⇢⇢ ↵ B(b)! D(c)`⌫ |Vcb| vs form factor (OPE)
B ! DK � B(b)! D(c)`⌫ |Vcb| vs form factor (OPE)

M ! `⌫(�) |VUD| vs fM
B ! J/ Ks � ✏K (⇢̄, ⌘̄) vs BK
B ! J/ � �s �Md ,�Ms |VtbVtd ,s| vs BB
K ! ⇡⌫⌫̄ (⇢̄, ⌘̄) B ! `+`� |Vtd ,s| vs fB

Sébastien Descotes-Genon (LPT-Orsay) CKM fits and lattice 15/09/10 6

A handle on these parameters

d ! u: Nuclear physics (superallowed � decays)
s ! u: Kaon physics (KLOE, KTeV, NA62)
c ! d , s: Charm physics (CLEO-c, BESIII)
b ! u, c and t ! d , s: B physics (Babar, Belle, CDF/DØ, LHCb)
t ! b: Top physics (CDF/DØ, ATLAS, CMS)

data = weak ⌦ QCD =) Need for hadronic inputs (lattice)
and deconvolution (statistics)

Sébastien Descotes-Genon (LPT-Orsay) CKM fits and lattice 15/09/10 5

• How do we measure the CKM parameters?

How do we measure the CKM parameters? 

•  CKM matrix elements  
from rates of  
semileptonic decays  
and B0

(s)-B0
(s) oscillation  

frequencies [Δmd(s) ] 

 
 

•  Angles of the Unitarity Triangle  
from CP violation  
 
•  Measure sides and angles 
! overconstrain the Unitarity Triangle 
! test Standard Model consistency 
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_ 
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Sébastien Descotes-Genon (LPT-Orsay) CKM fits and lattice 15/09/10 6

A handle on these parameters

d ! u: Nuclear physics (superallowed � decays)
s ! u: Kaon physics (KLOE, KTeV, NA62)
c ! d , s: Charm physics (CLEO-c, BESIII)
b ! u, c and t ! d , s: B physics (Babar, Belle, CDF/DØ, LHCb)
t ! b: Top physics (CDF/DØ, ATLAS, CMS)

data = weak ⌦ QCD =) Need for hadronic inputs (lattice)
and deconvolution (statistics)
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• How do we measure the CKM parameters?

Vud                    Vus                    Vub 

 
 
Vcd                    Vcs                   Vcb 
 
 
Vtd                     Vts                    Vtb       



The Unitarity Triangle: how precision evolved 
•  2001: 1st results from B-Factory experiments (Belle, BaBar) 
•  2011: 1st results from LHCb 

•  Unitarity Triangle consistent with a triangle ! SM seems fine [within errors]  
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LHCb: major player in flavour physics 

•  Large cross-sections: σ(pp→bb)~0.3mb, σ(pp→cc)~6mb  
     ! huge samples of charm and beauty hadrons 
•  All beauty-hadron species produced: B, Bs, Bc, Λb, … 
•  Very good track reconstruction & particle ID 
•  Excellent decay-time resolution: ~50fs 

 
•  LHCb data samples 
Run1 (2011-2012) 
 3/fb at 7-8TeV 
Run2 (2015-2018) 
 6/fb at 13 TeV 

9 

LHCb: the detector and its performances so far JINST 3 (2008) S08005
Int. J. Mod. Phys. A30 (2015) 1530022
arXiv:1412.6352 sub. to JINST

key points:
• momentum resolution                            
(s(p)/p  0.5 % (low momentum) to 1 % @ 200 GeV/c)

• impact parameter resolution                  
(s(IP)  15 mm at high pT)

• primary and secondary vertices reco.
• decay time resolution (s(t)  50 fs )
• ‘global’ PID: e / m / p / K                                  
(K id  95 % p mis-id  5 %, p < 100 GeV/c)

• g and p0 reconstruction

single-arm forward spectrometer at the LHC

recorded lumi.:
2011 2012 (Run 1): 3.19 /fb 
~ 3 10 11 b anti-b pairs prod.
2015  2018 (Run 2): 5.9 /fb
~ 2 x 6 10 11 b anti-b pairs prod.

LHCb

GPDh2

b anti-b pairs produced

h1

optimized for beauty and charm physics 
at 2 < h < 5

_ 
 
 
 
 
                                           

LHCb detector: single-arm forward spectrometer  

_ 



•  Complementary to results from B  
•  Using Λb helps to solve tensions 
      
 
 
 
 
 
 
 
 
 

•  Normalised with Λb→Λcµυ 

|Vub|/|Vcb| using decays of beauty baryon Λb 
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XXIV Cracow Epiphany Conference M. Rotondo

b u

W-
Vub

XXIV Cracow Epiphany Conference M. Rotondo

b c

W-
Vcb

B→πlυ  Λb→plυ       B→Dlυ  Λb→Λclυ 

Nature Phys. 11 743-747 (2015) 

|V
ub

| 

|Vcb| 

NATURE PHYSICS DOI: 10.1038/NPHYS3415 ARTICLES
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Figure 2 | Illustrating the method used to reduce the number of selected
events from the q2 region where lattice QCD has high uncertainties. The
e�ciency of simulated ⇤0

b !pµ�⌫µ candidates as a function of q2. For the
case where one q2 solution is required to be above 15 GeV2/c4 (marked by
the vertical line), there is still significant e�ciency for the signal below this
value, whereas, when both solutions have this requirement, only a small
amount of signal below 15 GeV2/c4 is selected.

background where only neutral particles come directly from the
⇤+

c decay is estimated by reconstructing ⇤0
b !(⇤+

c !pK 0
s )µ

�⌫µ

decays. These two background categories are separated because
the isolation BDT significantly reduces the charged component but
has no e�ect on the neutral case. For the rest of the ⇤+

c decay
modes, the relative branching fraction between the decay and either
the ⇤+

c ! pK�⇡+ or ⇤+
c ! pK 0

s decay modes, as appropriate, is
taken from ref. 14. For some neutral decay modes, where only
the corresponding mode with charged decay particles is measured,
assumptions based on isospin symmetry are used. In these decays,
an uncertainty corresponding to 100% of the branching fraction
is allowed for in the fit. Background from ⇤0

b !D0pµ�⌫µ decays
is constrained in a similar way to the ⇤+

c charged decay modes,
with the normalization done relative to ⇤0

b !D0(!K�⇡+)pµ�⌫µ

decays reconstructed in the data.
Any background with a ⇤+

c baryon may also arise from
decays of the type ⇤0

b ! (⇤⇤+
c ! ⇤+

c ⇡⇡)µ�⌫µ, where ⇤⇤+
c

represents the ⇤c(2,595)+ or ⇤c(2,625)+ resonances as well
as non-resonant contributions. The proportions between the
⇤0

b !(⇤⇤+
c !⇤+

c ⇡⇡)µ�⌫µ and the ⇤0
b !⇤+

c µ�⌫µ backgrounds
are determined from the fit to the ⇤0

b !(⇤+
c !pK�⇡+)µ�⌫µ mcorr

distribution and then used in the ⇤0
b !pµ�⌫µ fit.

The decays ⇤0
b !N ⇤µ�⌫µ, where the N ⇤ baryon decays into

a proton and other non-reconstructed particles, are very similar
to the signal decay and have poorly known branching fractions.
The N ⇤ resonance represents any of the states N (1,440), N (1,520),
N (1,535) or N (1,770). None of the ⇤0

b ! N ⇤µ�⌫µ decays have
been observed and the mcorr shape of these decays is obtained
using simulation samples generated according to the quark-model
prediction of the form factors and branching fractions34. A 100%
uncertainty is allowed for in the branching fractions of these decays.

Background where a pion or kaon is mis-identified as a proton
originates from various sources and is measured by using a special
data set where no PID is applied to the proton candidate. Finally, an
estimate of combinatorial background, where the proton and muon
originate from di�erent decays, is obtained from a data set where
the proton and muon have the same charge. The amount and shape
of this background are in good agreement between the same-sign
and opposite-sign pµ samples for corrected masses above 6GeV/c2.

For the ⇤0
b ! (⇤+

c ! pK�⇡+)µ�⌫µ yield, the reconstructed
pK�⇡+ mass is studied to determine the level of combinatorial
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Figure 3 | Corrected mass fit used for determining signal yields. Fits are
made to (top) ⇤0

b !pµ�⌫µ and (bottom) ⇤0
b !(⇤+

c !pK�⇡+)µ�⌫µ

candidates. The statistical uncertainties arising from the finite size of the
simulation samples used to model the mass shapes are indicated by open
boxes and the data are represented by the black points. The statistical
uncertainty on the data points is smaller than the marker size used. The
di�erent signal and background components appear in the same order in
the fits and the legends. There are no data above the nominal ⇤0

b mass
owing to the removal of unphysical q2 solutions.

background. The ⇤+
c signal shape is modelled using a Gaussian

function with an asymmetric power-law tail, and the background
is modelled as an exponential function. Within a selected signal
region of 30MeV/c2 from the known ⇤+

c mass, the combinatorial
background is 2% of the signal yield. Subsequently, a fit is
performed to the mcorr distribution for ⇤0

b ! (⇤+
c !pK�⇡+)µ�⌫µ

candidates, as shown in Fig. 3, which is used to discriminate between
⇤0

b !⇤+
c µ�⌫µ and ⇤0

b !(⇤⇤+
c !⇤+

c ⇡⇡)µ�⌫µ decays.
The ⇤0

b ! pµ�⌫µ and ⇤0
b ! (⇤+

c ! pK�⇡+)µ�⌫µ yields are
17,687 ± 733 and 34,255 ± 571, respectively. This is the first
observation of the decay ⇤0

b !pµ�⌫µ.
The ⇤0

b ! pµ�⌫µ branching fraction is measured relative to
the ⇤0

b ! (⇤+
c ! pK�⇡+)µ�⌫µ branching fraction. The relative

e�ciencies for reconstruction, trigger and final event selection are
obtained from simulated events, with several corrections applied to
improve the agreement between the data and the simulation. These
correct for di�erences between data and simulation in the detector
response and di�erences in the ⇤0

b kinematic properties for the
selected ⇤0

b !pµ�⌫µ and ⇤0
b ! (⇤+

c !pK�⇡+)µ�⌫µ candidates.
The ratio of e�ciencies is 3.52 ± 0.20, with the sources of the
uncertainty described below.

Systematic uncertainties associated with the measurement are
summarized in Table 1. The largest uncertainty originates from the
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122 LHCb Collaboration / Physics Letters B 760 (2016) 117–131

Fig. 3. Invariant mass distributions of selected B± → [π+π−]D h± candidates, separated by charge. The dashed black line represents the residual contribution from charmless 
decays. This component is present in the D final states considered, but is most visible in this case. See the caption of Fig. 1 for other definitions. (For interpretation of the 
colours in this figure, the reader is referred to the web version of this article.)

Fig. 4. Invariant mass distributions of selected B± → [K + K −]D h± candidates, separated by charge. The dashed cyan line represents partially reconstructed Λ0
b →

[p+ K −π+]Λ+
c

h− decays, where the pion is missed and the proton is misidentified as a kaon. See the caption of Fig. 1 for other definitions. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)

the two-body and four-body D mode fits. Correlations between the 
categories are negligible and the total systematic uncertainties are 
given by the sums in quadrature.

5. Results

The results of the fits to data, with statistical and systematic 
uncertainties, are:

AKπ
K = −0.0194 ± 0.0072 ± 0.0060

R Kπ
K/π = 0.0779 ± 0.0006 ± 0.0019

AK K
K = 0.087 ± 0.020 ± 0.008

AK K
π = −0.0145 ± 0.0050 ± 0.0017

R K K = 0.968 ± 0.022 ± 0.021

Aππ
K = 0.128 ± 0.037 ± 0.012

Aππ
π = 0.0043 ± 0.0086 ± 0.0031

Rππ = 1.002 ± 0.040 ± 0.026

Rπ K
ADS(π) = 0.00360 ± 0.00012 ± 0.00009

Rπ K
ADS(K ) = 0.0188 ± 0.0011 ± 0.0010

Aπ K
ADS(π) = 0.100 ± 0.031 ± 0.009

Aπ K
ADS(K ) = −0.403 ± 0.056 ± 0.011 ,

R Kπππ
K/π = 0.0793 ± 0.0010 ± 0.0018

Rππππ = 0.975 ± 0.037 ± 0.019

Rπ Kππ
ADS(K ) = 0.0140 ± 0.0015 ± 0.0006
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colours in this figure, the reader is referred to the web version of this article.)

Fig. 4. Invariant mass distributions of selected B± → [K + K −]D h± candidates, separated by charge. The dashed cyan line represents partially reconstructed Λ0
b →

[p+ K −π+]Λ+
c

h− decays, where the pion is missed and the proton is misidentified as a kaon. See the caption of Fig. 1 for other definitions. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)

the two-body and four-body D mode fits. Correlations between the 
categories are negligible and the total systematic uncertainties are 
given by the sums in quadrature.

5. Results

The results of the fits to data, with statistical and systematic 
uncertainties, are:

AKπ
K = −0.0194 ± 0.0072 ± 0.0060

R Kπ
K/π = 0.0779 ± 0.0006 ± 0.0019

AK K
K = 0.087 ± 0.020 ± 0.008

AK K
π = −0.0145 ± 0.0050 ± 0.0017

R K K = 0.968 ± 0.022 ± 0.021

Aππ
K = 0.128 ± 0.037 ± 0.012

Aππ
π = 0.0043 ± 0.0086 ± 0.0031

Rππ = 1.002 ± 0.040 ± 0.026

Rπ K
ADS(π) = 0.00360 ± 0.00012 ± 0.00009

Rπ K
ADS(K ) = 0.0188 ± 0.0011 ± 0.0010

Aπ K
ADS(π) = 0.100 ± 0.031 ± 0.009

Aπ K
ADS(K ) = −0.403 ± 0.056 ± 0.011 ,

R Kπππ
K/π = 0.0793 ± 0.0010 ± 0.0018

Rππππ = 0.975 ± 0.037 ± 0.019

Rπ Kππ
ADS(K ) = 0.0140 ± 0.0015 ± 0.0006
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M(DK)             [MeV]                       M(DK)            [MeV] 

B-→D[→π+π-]K- B+→D[→π+π-]K+ 

•  Clean test of the Standard Model 
•  Interference of favoured b→c & suppressed b→u  
 

                                   
 
 

•  Key observable: asymmetry between B+ and B- yields 

 
•  Many decays used e.g. D→K+K-, π+π-, KSπ+π-, K+π-π+π- 
 
 
 

γ angle from B±→DK± 
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rBe
iδB =

A B− →DK −( )
A B− →DK −( )

LHCB-CONF-2018-002 (Combination) 

Vud V*ub                   
 

         γ                    

A(B− ) ~ AD→ f + rBe
i δB−γ( )AD→ f

→f 

→f 
Vub  

+ 

rB, δB:  
hadronic parameters  

ACP= 13 ± 4 ± 1 % 
   Combinations:  
   LHCb: γ = 74+5

-6° 
   Belle: γ = 73 ± 14°  
   BaBar: γ = 70 ± 18° 
    

      SM: γ = 66 ± 2°        
                       (UTfit) 



VtsV*tb                   
                 βs 
                    •  Out of reach of Belle. Golden mode at LHCb 

•  Bs mesons quickly oscillate (mix) Bs
0→ Bs

0→Bs
0
  

 

•  Different oscillations of Bs
0→ Bs

0  and  Bs
0→ Bs

0? 
•  Asymmetry of decay-time distributions for Bs

0 and Bs
0 

 
•  In Standard Model: -2βs = -37 ± 1 mrad  

βs angle from Bs
0→J/ψφ decays 
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Figure 2. Decay time distribution for the sum of the five decay modes for
candidates tagged as mixed (different flavour at decay and production; red,
continuous line) or unmixed (same flavour at decay and production; blue, dotted
line). The data and the fit projections are plotted in a signal window around the
reconstructed B0

s mass of 5.32–5.55 GeV/c
2.

8. Systematic uncertainties

With respect to the first measurement of 1ms at LHCb [13], all sources of systematic
uncertainties have been reevaluated.

The dominant source is related to the knowledge of the absolute value of the decay time.
This has two main contributions. First, the imperfect knowledge of the longitudinal (z) scale
of the detector contributes to the systematic uncertainty. It is obtained by comparing the track-
based alignment and survey data and evaluating the track distribution in the vertex detector.
This results in 0.02% uncertainty on the decay time scale and thus an absolute uncertainty of
±0.004 ps�1 on 1ms.

The second contribution to the uncertainty of the decay time scale comes from the
knowledge of the overall momentum scale. This has been evaluated by an independent study
using mass measurements of well-known resonances. Deviations from the reference values [27]
are measured to be within 0.15%. However, since both the measured invariant mass and
momentum enter the calculation of the decay time, this effect cancels to some extent. The
resulting systematic uncertainty on the decay time scale is evaluated from simulation to be
0.02%. This again translates to an absolute uncertainty of ±0.004 ps�1 on 1ms.

The next largest systematic uncertainty is due to a possible bias of the measured decay time
given by the track reconstruction and the selection procedure. This is estimated from simulated
data to be less than about 0.2 fs, and results in ±0.001 ps�1 systematic uncertainty on 1ms.

Various other sources contributing to the systematic uncertainty have been studied such
as the decay time acceptance, decay time resolution, variations of the value of 10s, different
signal models for the invariant mass and the decay time resolution, variations of the signal
fraction and the fraction of B0

s ! D⌥
s K± candidates. They are all found to be negligible. The

sources of systematic uncertainty on the measurement of 1ms are summarized in table 2.
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VtsV*tb                   
            βs 
                    •  New from LHCb with 2015-2016 data (2/fb) 

  
•  Dominant input from LHCb 
•  Consistent with Standard Model 

βs angle from Bs
0→J/ψφ decays 
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•  CP asymmetries in charm very small  
     in Standard Model: ≤10-3÷10-2 

 

•  CPV requires two amplitudes with different weak & strong phases 
     ! can occur in charm decays with Tree + Penguin amplitudes 

 

•  Penguin amplitude in charm is tiny [no top quark in the loop] 

•  CP Violation in charm not observed till recently 

CP Violation in charm decays 
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boson mass. A perturbative calculation of c ! u FCNC
processes yield a suppression factor (m2

b
�m2

d
)/m2

W
, whereas

FCNC in B and K decays are relatively strong due to the
factor (m2

t
� m2

u
)/m2

W
; thus the heavy top quark weak-

ened the GIM mechanism. However, due to the fact that in
D decays no particular suppression happens due to CKM
factors, there are in general large long distance contribu-
tions, making an analysis of the short-distance structure
di�cult. As an example, the short distance contribution
to D0

� D̄0 oscillation is very small, which is by far ex-
ceeded by long distance contributions, which are hard to
compute.

Consequently, long-distance dynamics, like final state
interactions (FSI), play an important role, since they are
in general much larger in charm meson decays than for
B(s) decays. In many cases they exceed the short-distance
contributions even by a few order of magnitudes. Com-
pared to B decays there is a smaller energy release in D(s)

decays, resulting in production of slower daughter parti-
cles, which thus are more likely to influence each other
before they leave interaction region. Any precision elec-
troweak predictions require then theoretical improvement
in calculating long-distance QCD e↵ects to remove sub-
stantial hadronic uncertainties. Strategies for NP searches
and interpretation of measurements highly depend on quan-
titative information on hadronic e↵ects. Such e↵ects are
nonperturbative and their theoretical calculations are still
challenging for any approach/method. As charm quark lies
inbetween the light flavours (mu,d,s  ⇤QCD) described
by chiral perturbation theory (ChPT) and heavy quarks
(mb � ⇤QCD) treated by heavy-quark e↵ective theory
(HQET), charm decays can bring new insight into nonper-
turbative QCD. Since heavy-quark mass expansion does
not work as well for charm decays, thus computation of
hadronic e↵ects is more di�cult than for corresponding
B decays. Despite of this, charm decays can still help to
establish theoretical tools and allow their calibration for
calculations inevitable for B(s) decays.

0.1.1.1 Quark diagrams for weak decays of charm mesons

Quark diagrams underlying hadronic, semileptonic and
leptonic decays of charm mesons are shown in Fig. 1.
Taking into account topology of these quark graphs, they
are either simple tree-level diagrams (Fig. 1(a-d,g,h)) or
penguin diagrams (Fig. 1(e,f)) representing higher-order,
loop-level processes.

Tree-level hadronic decays (Fig. 1(a-c)) and semilep-
tonic ones (Fig. 1(f)) proceed through c ! W+s cur-
rent and thus have amplitudes governed by the CKM
matrix element |Vcs| ' 0.97. These decays are Cabibbo-
favored (CF ) processes, while the corresponding Cabibbo-
suppressed (CS) decays proceed via c ! W+d and involve
|Vcd| ' 0.22. Unless W+ materializes into either l+⌫l lep-
tons (Fig. 1(g,h)) or ud̄ pair (Fig. 1(a,b,d)) inducing the
CKM factor of |Vud|, Cabibbo suppression may arise from
the light-quark us̄ vertex involving |Vus|. Thus the CF
modes at the tree level proceed through c ! sd̄u, singly
Cabibbo-suppressed (SCS) ones through either c ! dd̄u

Fig. 1. Quark diagrams for charm meson decays: hadronic
(a-f), semileptonic (g), leptonic (h). Diagrams underlying
hadronic decays: external W emission (a), internal W emis-
sion (b), W exchange (c), W annihilation (d), W -loop penguin
(e) and W -loop penguin annihilation (f).

or c ! ss̄u, while doubly Cabibbo-suppressed (DCS)
modes via c ! dd̄s.

Figures 1(a,b,e,g) represent spectator decays, in which
a light constituent antiquark does not participate in the
weak interaction, contrary to non-spectator decays shown
in Fig. 1(c,d,f,h).

Decays of ground charmed mesons to final states in-
volving leptons (Fig. 1(g,h)) are the simplest and the clean-
est channels and, as such, enable tests of the SM predic-
tions or the LQCD calculations in the charm sector.

SemileptonicD(s) ! Xl+⌫l decays (see Section 0.1.5),
comprise significant fractions of D(s) total widths; up to
about for 6% D0, 16% for D+ and 6% for D+

s
mesons.
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stantial hadronic uncertainties. Strategies for NP searches
and interpretation of measurements highly depend on quan-
titative information on hadronic e↵ects. Such e↵ects are
nonperturbative and their theoretical calculations are still
challenging for any approach/method. As charm quark lies
inbetween the light flavours (mu,d,s  ⇤QCD) described
by chiral perturbation theory (ChPT) and heavy quarks
(mb � ⇤QCD) treated by heavy-quark e↵ective theory
(HQET), charm decays can bring new insight into nonper-
turbative QCD. Since heavy-quark mass expansion does
not work as well for charm decays, thus computation of
hadronic e↵ects is more di�cult than for corresponding
B decays. Despite of this, charm decays can still help to
establish theoretical tools and allow their calibration for
calculations inevitable for B(s) decays.

0.1.1.1 Quark diagrams for weak decays of charm mesons

Quark diagrams underlying hadronic, semileptonic and
leptonic decays of charm mesons are shown in Fig. 1.
Taking into account topology of these quark graphs, they
are either simple tree-level diagrams (Fig. 1(a-d,g,h)) or
penguin diagrams (Fig. 1(e,f)) representing higher-order,
loop-level processes.

Tree-level hadronic decays (Fig. 1(a-c)) and semilep-
tonic ones (Fig. 1(f)) proceed through c ! W+s cur-
rent and thus have amplitudes governed by the CKM
matrix element |Vcs| ' 0.97. These decays are Cabibbo-
favored (CF ) processes, while the corresponding Cabibbo-
suppressed (CS) decays proceed via c ! W+d and involve
|Vcd| ' 0.22. Unless W+ materializes into either l+⌫l lep-
tons (Fig. 1(g,h)) or ud̄ pair (Fig. 1(a,b,d)) inducing the
CKM factor of |Vud|, Cabibbo suppression may arise from
the light-quark us̄ vertex involving |Vus|. Thus the CF
modes at the tree level proceed through c ! sd̄u, singly
Cabibbo-suppressed (SCS) ones through either c ! dd̄u

Fig. 1. Quark diagrams for charm meson decays: hadronic
(a-f), semileptonic (g), leptonic (h). Diagrams underlying
hadronic decays: external W emission (a), internal W emis-
sion (b), W exchange (c), W annihilation (d), W -loop penguin
(e) and W -loop penguin annihilation (f).

or c ! ss̄u, while doubly Cabibbo-suppressed (DCS)
modes via c ! dd̄s.

Figures 1(a,b,e,g) represent spectator decays, in which
a light constituent antiquark does not participate in the
weak interaction, contrary to non-spectator decays shown
in Fig. 1(c,d,f,h).

Decays of ground charmed mesons to final states in-
volving leptons (Fig. 1(g,h)) are the simplest and the clean-
est channels and, as such, enable tests of the SM predic-
tions or the LQCD calculations in the charm sector.

SemileptonicD(s) ! Xl+⌫l decays (see Section 0.1.5),
comprise significant fractions of D(s) total widths; up to
about for 6% D0, 16% for D+ and 6% for D+

s
mesons.

ACP =
�(D ! f)� �(D̄ ! f̄)
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                 ACP in two-body charm decays: all null so far 
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LHCb (Run1) Belle BaBar BESIII 
Mode ACP [%] 
D0→K+K-  +0.04 ± 0.12 ± 0.10 -0.32 ± 0.21 ± 0.09      +0.00 ± 0.34 ± 0.13 

D0→π+π-  +0.07 ± 0.14 ± 0.11 +0.55 ± 0.36 ± 0.09 -0.24 ± 0.52 ± 0.22 

D0→KsKs -2.9 ± 5.2 ± 2.2 +0.00 ± 1.53 ± 0.17 

D0→π0π0  -0.03 ± 0.64 ± 0.10 

D0→Ksη  +0.54 ± 0.51 ± 0.16 

D0→Ksη’  +0.98 ± 0.67 ± 0.14 

D+→π+π0  +2.31 ± 1.24 ± 0.23 

D+→KsK+ +0.03 ± 0.17 ± 0.14 +0.08 ± 0.28 ± 0.14 +0.46 ± 0.36 ± 0.25 -1.5 ± 2.8 ± 1.6 

D+→φπ+ -0.04 ± 0.14 ± 0.14 +0.51 ± 0.28 ± 0.05 

D+→ηπ+  +1.74 ± 1.13 ± 0.19 

D+→η’π+  -0.61 ± 0.72 ± 0.55 ± 0.12 -0.12 ± 1.12 ± 0.17 

Ds
+→Ksπ+ +0.38 ± 0.46 ± 0.17 +5.45 ± 2.50 ± 0.33 +0.3 ± 2.0 ± 0.3 

Ds
+→η’π+  -0.82 ± 0.36 ± 0.24 ± 0.27 

Most precise
 

Very important 

https://hflav-eos.web.cern.ch/hflav-eos/charm/ 



•  Simple & sensitive:  
     nuisance production & detection asymmetries cancel out  

 
•  Data 6/fb Run2 (2015-2018) 
 

   prompt charm D*+→D0π+ 

                                           D*-→D0π- 
 

      
 
 

•  LHCb Run1+Run2    ΔACP=(-15.4 ± 2.9)×10-4       5.3σ away from zero! 

•  Agrees with SM prediction: 10-4 ÷10-3 
•    

 
 

Search via ΔACP=ACP(D0→K+K-) - ACP(D0→π+π-) 
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PRL122 211803 (2019) 
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Figure 1: Mass distributions of selected (top) ⇡-tagged and (bottom) µ-tagged candidates for
(left) K�K+ and (right) ⇡�⇡+ final states of the D0-meson decays, with fit projections overlaid.

knowledge of the signal and background mass models. It is evaluated by generating
pseudoexperiments according to the baseline fit model, then fitting alternative models to
those data. A value of 0.6⇥ 10�4 is assigned as a systematic uncertainty, corresponding to
the largest variation observed using the alternative functions. A similar study is performed
with the µ-tagged sample and a value of 2⇥ 10�4 is found.

In the case of µ-tagged decays, the main systematic uncertainty is due to the possibility
that the D0 flavor is not tagged correctly by the muon charge because of misreconstruction.
The probability of wrongly assigning the D0 flavor (mistag) is studied with a large sample
of µ-tagged D0

! K�⇡+ decays by comparing the charges of kaon and muon candidates.
The associated systematic uncertainty is estimated to be 4⇥10�4, also taking into account
the fact that wrongly tagged decays include a fraction of doubly Cabibbo-suppressed
D0

! K+⇡� and mixed D0
! D0

! K+⇡� decays, calculated to be (0.390± 0.006)% for
both the K+⇡� and K�⇡+ final states using input from Ref. [48].
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Table 1:
State Signif J

PC M [MeV] � [MeV]
X(4140) 8.4� 1++ 4160± 4+5

�3 83± 21+21
�14

X(4274) 5.8� 1++ 4273± 8+17
�4 56± 11+8

�11

X(4500) 6.1� 0++ 4506± 11+12
�15 92± 21+21

�20

X(4700) 5.6� 0++ 4704± 10+14
�24 120± 31+42

�33

M = 4380± 8± 29 MeV (3)

� = 205± 18± 86 MeV (4)

M = 4450± 2± 2 MeV (5)

� = 39± 5± 19 MeV (6)
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1st observation of CPV in charm! 

_ 



Summary 

•  CP Violation in the Standard Model:  
     from single phase in the CKM matrix 
•  SM tests: investigate entire CKM structure 

•  B decays: precision of the Unitarity Triangle  
•  Bs sector: LHCb opened era of precision 
•  D decays: CPV finally observed!  
     Last missing bit in the SM quark sector 
 
•  Experiment still consistent with the SM 
•  We are entering higher precision era: 
     BelleII (2019-) and LHCb Upgrade (2021-) 
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