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What is CP violation?
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• Combination of mirror-
reversal of the spatial 
arrangement (P) and 
replacement of particles 
with antiparticles (C) 

• Dynamics of quarks (and 
maybe also leptons) is not 
invariant invariant under 
CP transformation



From where does it come?

• 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="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
<latexit sha1_base64="UGCiI4z3F2hqQ/9qzDsD2vgvNWk=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFcDTNF0GXRjcsK9gHtUDKZTBuaSUKSEYeh/oobF4q49UPc+Tem7Sy09UDgcM653JsTSUa18f1vZ219Y3Nru7JT3d3bPzh0j447WmQKkzYWTKhehDRhlJO2oYaRnlQEpREj3WhyM/O7D0RpKvi9ySUJUzTiNKEYGSsN3dqA2XCMBkhKJR6h7zUaQ7fue/4ccJUEJamDEq2h+zWIBc5Swg1mSOt+4EsTFkgZihmZVgeZJhLhCRqRvqUcpUSHxfz4KTyzSgwToezjBs7V3xMFSrXO08gmU2TGetmbif95/cwkV2FBucwM4XixKMkYNALOmoAxVQQblluCsKL2VojHSCFsbF9VW0Kw/OVV0ml4ge8Fdxf15nVZRwWcgFNwDgJwCZrgFrRAG2CQg2fwCt6cJ+fFeXc+FtE1p5ypgT9wPn8AfkqT/g==</latexit><latexit sha1_base64="UGCiI4z3F2hqQ/9qzDsD2vgvNWk=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFcDTNF0GXRjcsK9gHtUDKZTBuaSUKSEYeh/oobF4q49UPc+Tem7Sy09UDgcM653JsTSUa18f1vZ219Y3Nru7JT3d3bPzh0j447WmQKkzYWTKhehDRhlJO2oYaRnlQEpREj3WhyM/O7D0RpKvi9ySUJUzTiNKEYGSsN3dqA2XCMBkhKJR6h7zUaQ7fue/4ccJUEJamDEq2h+zWIBc5Swg1mSOt+4EsTFkgZihmZVgeZJhLhCRqRvqUcpUSHxfz4KTyzSgwToezjBs7V3xMFSrXO08gmU2TGetmbif95/cwkV2FBucwM4XixKMkYNALOmoAxVQQblluCsKL2VojHSCFsbF9VW0Kw/OVV0ml4ge8Fdxf15nVZRwWcgFNwDgJwCZrgFrRAG2CQg2fwCt6cJ+fFeXc+FtE1p5ypgT9wPn8AfkqT/g==</latexit><latexit sha1_base64="UGCiI4z3F2hqQ/9qzDsD2vgvNWk=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFcDTNF0GXRjcsK9gHtUDKZTBuaSUKSEYeh/oobF4q49UPc+Tem7Sy09UDgcM653JsTSUa18f1vZ219Y3Nru7JT3d3bPzh0j447WmQKkzYWTKhehDRhlJO2oYaRnlQEpREj3WhyM/O7D0RpKvi9ySUJUzTiNKEYGSsN3dqA2XCMBkhKJR6h7zUaQ7fue/4ccJUEJamDEq2h+zWIBc5Swg1mSOt+4EsTFkgZihmZVgeZJhLhCRqRvqUcpUSHxfz4KTyzSgwToezjBs7V3xMFSrXO08gmU2TGetmbif95/cwkV2FBucwM4XixKMkYNALOmoAxVQQblluCsKL2VojHSCFsbF9VW0Kw/OVV0ml4ge8Fdxf15nVZRwWcgFNwDgJwCZrgFrRAG2CQg2fwCt6cJ+fFeXc+FtE1p5ypgT9wPn8AfkqT/g==</latexit><latexit sha1_base64="UGCiI4z3F2hqQ/9qzDsD2vgvNWk=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFcDTNF0GXRjcsK9gHtUDKZTBuaSUKSEYeh/oobF4q49UPc+Tem7Sy09UDgcM653JsTSUa18f1vZ219Y3Nru7JT3d3bPzh0j447WmQKkzYWTKhehDRhlJO2oYaRnlQEpREj3WhyM/O7D0RpKvi9ySUJUzTiNKEYGSsN3dqA2XCMBkhKJR6h7zUaQ7fue/4ccJUEJamDEq2h+zWIBc5Swg1mSOt+4EsTFkgZihmZVgeZJhLhCRqRvqUcpUSHxfz4KTyzSgwToezjBs7V3xMFSrXO08gmU2TGetmbif95/cwkV2FBucwM4XixKMkYNALOmoAxVQQblluCsKL2VojHSCFsbF9VW0Kw/OVV0ml4ge8Fdxf15nVZRwWcgFNwDgJwCZrgFrRAG2CQg2fwCt6cJ+fFeXc+FtE1p5ypgT9wPn8AfkqT/g==</latexit>



Brief history of CP violation
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1956 1957 … 1963 1964 … 1973 … … 2001 … 2019

P violation in weak 
interactions postulated 

by Lee and Yang

P and C violation  
by Wu et al and 
Lederman et al

CP violation in strange 
mesons 

by Cronin, Fitch et al

Cabibbo 
mixing angle

Kobayashi and Maskawa 
propose third generation 
to explain CP violation

CP violation in 
charm mesons  

by LHCb

CP violation in beauty 
mesons 

by BaBar and Belle



Why shall we bother about charm?

Discovery tool, standard model 
effects are ~10–3 or smaller, potential 
room for new physics to show up 

Unique, gives sensitivity to new 
physics coupling to up-type quarks 
(complementary to K and B(s) decays) 

Challenging, need O(1-100M) yields 
and control over systematic 
uncertainties. Predictions are difficult, 
not a precision probe
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NP?

NP?

ΔC=1

ΔC=2
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Reach of direct 
searches
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The beauty of the LHC
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Vertex locator 
20 μm impact parameter 

resolution, corresponding to 
~0.1τ decay-time resolution for 

a two-body charm decay

Dipole + tracking stations 
Δp/p = 0.4-0.6% at 5-100 GeV/c, 
corresponding to ~8 MeV/c2 mass 

resolution for a two-body charm decay

Muon stations 
µ identification efficiency 

~97% for 1-3% π→μ mis-
id probability RICHes 

Excellent Kπ separation across 
a large range in momentum

RICHes 
K identification efficiency ~95% 
for ~5% π→K mis-id probability 



The trigger

• Real-time calibration of the 
detector allows offline-quality 
reconstruction 

• Trigger candidates are used 
directly in the analysis
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40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

12.5 kHz (0.6 GB/s) to storage

Partial event reconstruction, select 
displaced tracks/vertices and dimuons

Buffer events to disk, perform online 
detector calibration and alignment

Full offline-like event selection, mixture 
of inclusive and exclusive triggers

LHCb 2015 Trigger Diagram
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2019-042
LHCb-PAPER-2019-006

March 21, 2019

Observation of CP violation in
charm decays

LHCb collaboration†

Abstract

A search for charge-parity (CP ) violation in D0
! K�K+ and D0

! ⇡�⇡+ de-
cays is reported, using pp collision data corresponding to an integrated luminosity
of 6 fb�1 collected at a center-of-mass energy of 13TeV with the LHCb detec-
tor. The flavor of the charm meson is inferred from the charge of the pion in
D⇤(2010)+! D0⇡+ decays or from the charge of the muon in B! D0µ�⌫̄µX decays.
The di↵erence between the CP asymmetries in D0

! K�K+ and D0
! ⇡�⇡+ decays

is measured to be �ACP = [�18.2± 3.2 (stat.)± 0.9 (syst.)]⇥ 10�4 for ⇡-tagged
and �ACP = [�9± 8 (stat.)± 5 (syst.)]⇥ 10�4 for µ-tagged D0 mesons. Combining
these with previous LHCb results leads to

�ACP = (�15.4± 2.9)⇥ 10�4,

where the uncertainty includes both statistical and systematic contributions. The
measured value di↵ers from zero by more than five standard deviations. This is the
first observation of CP violation in the decay of charm hadrons.

Submitted to Phys. Rev. Lett.

c� 2019 CERN for the benefit of the LHCb collaboration. CC-BY-4.0 licence.

†Authors are listed at the end of this paper.
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What do we measure?
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ACP (D
0 ! h+h�) =

�(D0 ! h+h�)� �(D0 ! h+h�)

�(D0 ! h+h�) + �(D0 ! h+h�)
<latexit sha1_base64="vCDrpmXEQ5oIovw7DbI7MaMxDB8="></latexit>
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How do we tell if it’s a D0 or a D̄0?
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A(D0 ! h+h�) =
N(D0 ! h+h�)�N(D0 ! h+h�)
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<latexit sha1_base64="oeusRCjTxENaa5bLXHp71b7l+NU="></latexit>

D0

π+

D*+

cd
_ cu

_

ud
_

positive π ⇒ D0

D0

π–

D*–

cd
_ cu

_

ud
_

negative π ⇒ D0

_

_

How do we tell if it’s a D0 or a D̄0?

D0

µ–ν

B–

µ+ν
bu

_ cu
_

negative µ ⇒ D0

D0B+

bu
_ cu

_

positive µ ⇒ D0

_

_



Detection asymmetries

• Detector layout and/or differences in interaction cross 
section result in different reconstruction efficiencies for 
positively and negatively charged particles
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Introduction

• If we want to measure CP asymmetries in modes with an odd number 
of kaons*, then we need to measure the kaon detection asymmetry.

* Or modes with  a kinematically asymmetric K+K- pair (e.g. asl with Bs → Ds (→K*K)μνX) 

The updated RS/WS D0 → Kπ analysis will fit for RD+ and RD-, 
which requires external input for the K+π- detection asymmetry.

2Wednesday, February 13, 13

Chin. Phys. C 38 (2014) 090001

AD(f) =
"(f)� "(f̄)

"(f) + "(f̄)

http://pdg.lbl.gov/


Mag Up

Reversing the magnet polarity

Dipole 
magnet

Muon  
chambers

[LHCb-PUB-2014-006]
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AD(f) =
"(f)� "(f̄)

"(f) + "(f̄)

https://cds.cern.ch/record/1642153


Mag Up

Reversing the magnet polarity

Dipole 
magnet

Muon  
chambers

[LHCb-PUB-2014-006]
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Positively 
charged muon

AD(f) =
"(f)� "(f̄)

"(f) + "(f̄)

https://cds.cern.ch/record/1642153


Mag Up

Reversing the magnet polarity

Dipole 
magnet

Muon  
chambers

[LHCb-PUB-2014-006]
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Positively 
charged muon

Negatively 
charged muon

AD(f) =
"(f)� "(f̄)

"(f) + "(f̄)

https://cds.cern.ch/record/1642153


Mag Down

AD(f) =
"(f)� "(f̄)

"(f) + "(f̄)

Reversing the magnet polarity

Dipole 
magnet

Muon  
chambers
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Positively 
charged muon

Negatively 
charged muon

Reversed magnet polarity
[LHCb-PUB-2014-006]

https://cds.cern.ch/record/1642153


Mag Down

AD(f) =
"(f)� "(f̄)

"(f) + "(f̄)

Reversing the magnet polarity

Dipole 
magnet

Muon  
chambers
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Positively 
charged muon

Negatively 
charged muon

Reversed magnet polarity
[LHCb-PUB-2014-006]

• Effectiveness depends on high frequency (2 weeks) of polarity flips 

• Does not cancel asymmetries to 10–3 level, but crucial systematic 
check of results

Mika Vesterinen

Measuring the μπ asymmetry

• Combine muon identification and trigger asymmetry 
measured with J/Ψ →μ+μ- decays.

Only for illustrative purposes.  
Actually extract a single, kinematic 
weighted muon!
asymmetry.

± 0.5% polarity dependent 
asymmetries caused by 
chamber mis-alignment !
and inefficiencies.

55

https://cds.cern.ch/record/1642153


Production asymmetry

• In pp collision the charm is 
produced mostly through gluon 
fusion (which is charge symmetric) 

• The quarks may ‘‘recombine’’ with 
some of the proton valence 
quarks (beam-drag effect) creating 
an asymmetric production of 
charm mesons or baryons 

• The effect is enhanced in the 
forward region, where the charm 
pair is collinear with the protons’ 
direction
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• The difference between raw asymmetries of two 
kinematically-similar final states removes the biases due 
to asymmetric detection and production

Why do we measure ΔACP?

�16

Detection asymmetry of tagging 
particle (π+ or μ–) — D0 final 

state does not contribute being 
charge symmetric

Production asymmetry of 
parent hadron (D*+ or B̄)

A(h+h�) = ACP (h
+h�) +AD +AP

The CP asymmetry we 
want to measure

N(D0 ! h+h�)�N(D̄0 ! h+h�)

N(D0 ! h+h�) +N(D̄0 ! h+h�)

�ACP = ACP (K
+K�)�ACP (�

+��) = A(K+K�)�A(�+��)



VudV
⇤
cd + VusV

⇤
cs + VubV

⇤
cb = 0 =) ACP (K

+K�) = �ACP (⇡
+⇡�)

<latexit sha1_base64="aV18kfxcXyJ69yZq+UymL76f4j4="></latexit>

• In the standard model, CP violation in D0➝h+h– is generated by the 
interference between the tree and the penguin diagrams 
 
 
 
 
 
 
 

• In the limit of SU(3) symmetry (i.e., ignoring QCD effects), ACP(K+K–) and 
ACP(π+π–) have same magnitude and opposite signs 

• In addition to be robust against experimental biases, ΔACP provides 
enhanced sensitivity to CP violation

Why do we measure ΔACP?

�17



Signal (online) selection/reconstruction

• π tagged: well identified kaons/pions forming a displaced secondary vertex, 
paired with low-momentum pion to form a D*+ vertex that coincides with the PV 

• µ tagged: well identified and displaced muon paired with D0 candidate, 
requirement on corrected mass to (partly) compensate for undetected neutrino
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primary 
vertex

K+
<latexit sha1_base64="+I9N9tUB1RN9WnwEWp3FnUj+1ME=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIexGQY9BL4KXiOYByRpmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdb2dpeWV1bT23kd/c2t7ZLezt102UaMZrLJKRbgbUcCkUr6FAyZux5jQMJG8Ew+uJ33ji2ohIPeAo5n5I+0r0BKNopfvbx9NOoeiW3CnIIvEyUoQM1U7hq92NWBJyhUxSY1qeG6OfUo2CST7OtxPDY8qGtM9blioacuOn01PH5NgqXdKLtC2FZKr+nkhpaMwoDGxnSHFg5r2J+J/XSrB36adCxQlyxWaLeokkGJHJ36QrNGcoR5ZQpoW9lbAB1ZShTSdvQ/DmX14k9XLJOyuV786LlassjhwcwhGcgAcXUIEbqEINGPThGV7hzZHOi/PufMxal5xs5gD+wPn8Ab3EjXA=</latexit>
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• For specific regions of phase space, the 
soft pion of a given charge is kicked out of 
the detector acceptance by the magnetic 
field 
 
 
 
 
 
 
 
 
 
 

• O(1) detection asymmetries break the 
linear decomposition of the raw asymmetry

Fiducial requirements
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Kinematic weighting

• Detection and production asymmetries are expected to depend on kinematics 

• Cancellation of nuisance asymmetries may not be accurate if the kinematic 
distributions of the reconstructed D0➝K+K– and D0➝π+π– candidates differ 

• The observed differences are removed through a weighting procedure — the 
resulting net effect on ΔACP is below 10–4
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π tagged samples
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µ tagged samples

�22

Run 2 (6/fb)

9M 3M

Raw asymmetries measured with sub-0.1% statistical 
precision from simultaneous fit to D0 and D̄0 samples



Systematic uncertainties

�23

Source ⇡-tagged µ-tagged
Fit model 0.6 2
Mistag – 4
Weighting 0.2 1
Secondary decays 0.3 –
B fractions – 1
B reco. e�ciency – 2
Peaking background 0.5 –
Total 0.9 5

[10–4]



Fit model

• Mass model with O(10M) 
candidates is never perfect 

• Impact on asymmetries is generally 
marginal 

• However, mass shapes may also be 
charge asymmetric (momentum 
scale/resolution is slightly 
asymmetric) 

• Tested a variety of alternative 
models, bias on signal asymmetry 
estimated using pseudoexperments
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Peaking background

• Backgrounds due to D*+→ D0π+ decays, where the D0 is mis- or partially 
reconstructed would peak in m(D0π+) 

• Bias on signal asymmetry estimated by measuring backgrounds asymmetry 
and contamination in the D0-mass signal region
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Consistency checks

• Measured value of ΔACP studied as a function of several 
variables (e.g., magnet polarity, data-taking period, 
kinematics)  
 
 
 
 
 
 

• No evidence found for unexpected dependences
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Results
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         ΔACP [10–4]

–18.2 ±   3.2 (stat) ± 0.9 (syst) π tagged (Run 2)

–9    ±   8    (stat) ± 5    (syst) µ tagged (Run 2)

–10    ±   8    (stat) ± 3    (syst) π tagged (Run 1) 
[PRL 116 (2016) 191601]

–14    ± 16    (stat) ± 8    (syst) µ tagged (Run 1) 
[JHEP 07 (2014) 041]

–15.4  ±  2.9  (stat+syst) combined

5.3σ deviation from zero 
first observation of CP violation in charm

https://arxiv.org/abs/1602.03160
https://arxiv.org/abs/1405.2797


Interpretation

• The time-integrated asymmetry receives contribution 
from CP violation in the decay amplitudes (direct) and in 
D0-D̄0 mixing (indirect)  

• Indirect contribution is to a good approximation 
independent of the decay mode 

• Since Δ⟨t⟩~0.1𝜏, ΔACP is mostly a measurement of direct 
CP violation
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ACP (h
+h�) ⇡ adirCP (h

+h�) +
hti
⌧
aindCP

<latexit sha1_base64="kiLtJuQwjSDGq+Vgd3MuWLvVswM="></latexit>

�ACP ⇡ �adirCP +
�hti
⌧

aindCP
<latexit sha1_base64="WNf5B12J57kKhmJqmlMmjvhCA6Y="></latexit>



Experimental status of CP violation in D0➝h+h–
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CP violation in D0
æ h+h≠

[HFlav], updated by M. Gersabeck

Patrick Koppenburg Publishing LHCb papers 22/03/2019 — University of Manchester [26 / 64]�adirCP = (�16.4± 2.8)⇥ 10�4

aindCP = ( 2.8± 2.6)⇥ 10�4
<latexit sha1_base64="1U4oc4kkyANJkXBI3/OMIRyoips="></latexit>

1,3,5σ
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so what? shall I 
be excited?
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yes! it’s new 
physics!

it’s not, but 
we can learn a lot 

about QCD

[arXiv:1903.10490]

[arXiv:1903.10952]

(just two examples)
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https://arxiv.org/abs/1903.10490
https://arxiv.org/abs/1903.10952
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• Experimentally test relations between CP asymmetries of 
many flavor-SU(3) related decays to help constraining the 
QCD parameters 

• Huge program of measurements. Belle II role will be crucial

https://arxiv.org/abs/1903.10490
https://arxiv.org/abs/1903.10952


• Time-evolution described by Schrödinger’s equation 

• Eigenstates can have different masses and decay width 

• CPT symmetry implies |q|2+|p|2=1 

• If CP is conserved, q and p are real, and P1,2 are CP eigenstates

What about CP violation in mixing?
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Pre-Moriond status
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Mixing with D0→KSπ+π–

• Multiple interfering amplitudes 
enhance the sensitivity to mixing  
 

• New LHCb analysis with Run 1 
data [arXiv:1903.03074]
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Bin-flip method

• Bin the Dalitz-plot to avoid amplitude model 

• Ratio of events in bin –b to events in bin b to 
suppress effects due to non-uniform 
efficiency variations 
 

• Constrain hadronic parameters (cb, sb) using 
measurements with quantum-correlated 
D0D̄0 pairs, i.e. at CLEO 

• Model-independent and completely data 
driven 

• Comes with the price of degraded sensitivity 
to mixing effects from CP-even/odd 
amplitudes (i.e., to y)
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Table 2: Point estimates and 95.5% confidence-level (CL) intervals for the derived parameters.
The uncertainties include statistical and systematic contributions.

Parameter Value 95.5% CL interval

x [10�2] 0.27 +0.17
� 0.15 [�0.05, 0.60]

y [10�2] 0.74±0.37 [ 0.00, 1.50]
|q/p| 1.05 +0.22

� 0.17 [ 0.55, 2.15]
� �0.09 +0.11

� 0.16 [�0.73, 0.29]

sample (see Supplemental material), and on various partitions of the data, supports the
robustness of the analysis, including the correction of the (m(⇡+⇡�), t) correlations.

In summary, we report a measurement of the normalized mass di↵erence
between neutral charm-meson eigenstates using the recently proposed bin-flip
method. Allowing for CP violation in charm mixing, or in the interference
between mixing and decay, we measure the CP -averaged normalized mass dif-
ference xCP = [2.7± 1.6 (stat)± 0.4 (syst)]⇥ 10�3, and the CP -violating parameter
�x = [�0.53± 0.70 (stat)± 0.22 (syst)]⇥ 10�3. In addition, we report the CP -averaged
normalized width di↵erence yCP = [7.4± 3.6 (stat)± 1.1 (syst)]⇥ 10�3, along with the
corresponding CP -violating parameter �y = [0.6± 1.6 (stat)± 0.3 (syst)]⇥ 10�3. We use
the results to form a likelihood function of x, y, |q/p|, and � and derive confidence intervals
(Table 2) using a likelihood-ratio ordering that assumes the observed correlations to be
independent of the true parameter values [22]. The resulting determination of the mass
di↵erence is the most precise from a single experiment, as are the determinations of the
CP -violation parameters. While our result is consistent with x = 0 within two standard
deviations, combined with the current global knowledge it yields x = (3.9 +1.1

� 1.2)⇥ 10�3 [5],
strongly contributing to the emerging evidence for a nonzero (positive) mass di↵erence
between the neutral charm-meson eigenstates. The global constraints on CP violation in
the D0-D0 system are also greatly improved, with precisions on |q/p| and � more than
doubled compared to previous averages [5].
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world’s most precise measurements of x, |q/p| and 𝜙

D0 + D̄0 

to measure mixing
D0 – D̄0 

to search for CP violation
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Measurement of yCP

• Effective lifetime of decays to CP-
even final state (relative to CP-
mixed) 
 

• Equal to y in case of CP symmetry 

• Use µ-tagged decays to reduce 
biases on D0 decay time 

• Result with Run 1 data is as 
precise as the world average
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[PRL 122 (2019) 011802]

Run 1 
(3/fb)

yCP = (5.7± 1.3± 0.9)⇥ 10�3
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first evidence for nonzero (positive) value of x

|q/p| = 0.969+0.050
� 0.045

� = (�3.9+4.5
� 4.6)

�
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x = (3.9 +1.1
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y = (6.51+0.63
� 0.69)⇥ 10�3
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Summary

• Observed (direct) CP violation in charm decays 
 

• Measured asymmetry seems consistent with standard model, 
although predictions suffer from large uncertainties due to 
strong-interaction effects 

• Additional searches for CP violation in different decay modes 
can help to clarify the picture 

• First evidence for nonzero difference between neutral charm-
meson eigenstate. Yet no signs for mixing-induced CP violation
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ΔACP = (–15.4 ± 2.9) × 10–4
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