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https://marinamaral.com/portfolio/solvay-conference/

A conferência Solvay de 1927

LISHEP 23: O Modelo Padrão Alberto Reis  - CBPF
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O modelo a quarks
Início dos anos 1960: mais de cem partículas "elementares",

classificadas em mésons e bárions.
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e�
<latexit sha1_base64="ZF6+9agnAbf11IFIYnItNsR9Iqw=">AAAB6nicdZDLSgMxFIYz9VbHW9Wlm2AR3DhkKtV2IRbduKxoW6EdSybNtKGZzJBkhDL0Edy4UMSlvot7N+LbmF4EFf0h8PP955Bzjh9zpjRCH1ZmZnZufiG7aC8tr6yu5dY36ipKJKE1EvFIXvlYUc4ErWmmOb2KJcWhz2nD75+O8sYNlYpF4lIPYuqFuCtYwAjWBl3Q6712Lo+cInLLBy5EDhrLmEIRlUsIulOSP361j+Lnd7 vazr21OhFJQio04Vippoti7aVYakY4HdqtRNEYkz7u0qaxAodUeel41CHcMaQDg0iaJzQc0+8dKQ6VGoS+qQyx7qnf2Qj+lTUTHZS8lIk40VSQyUdBwqGO4Ghv2GGSEs0HxmAimZkVkh6WmGhzHdsc4WtT+L+pFxx33ymco3zlBEyUBVtgG+wCFxyCCjgDVVADBHTBLbgHDxa37qxH62lSmrGmPZvgh6yXT4p4kPc=</latexit>

p
<latexit sha1_base64="DXY+0QVRC3KnnSNHpX6SopFlZ9I=">AAAB6HicdVDJSgNBEK1xjXGLelSkMQieQk8kmtyCXjwmYBZIhtDT6Una9Cx09whhyNGTFw+KePUr8h3e/AZ/ws4iqOiDgsd7VVTVcyPBlcb43VpYXFpeWU2tpdc3Nre2Mzu7dRXGkrIaDUUomy5RTPCA1TTXgjUjyYjvCtZwB5cTv3HLpOJhcK2HEXN80gu4xynRRqpGnUwW5wrYLp3ZCOfwFIbkC7hUxMieK9nywbj6cXc4rnQyb+1uSGOfBZoKolTLxpF2EiI1p4KN0u1YsYjQAemxlqEB8ZlykumhI3RslC7yQmkq0Giqfp9IiK/U0HdNp090X/32JuJfXivWXtFJeBDFmgV0tsiLBdIhmnyNulwyqsXQEEIlN7ci2ieSUG2ySZsQvj5F/5N6Pmef5vJVk8YFzJCCfTiCE7DhHMpwBRWoAQUG9/AIT9aN9WA9Wy+z1gVrPrMHP2C9fgIK75DN</latexit>

n
<latexit sha1_base64="XCMXC7BD7ORBdDqlSYr6Qp1UIDQ=">AAAB6HicdZDLSgMxFIYz9VbHW9Wlm2ARXA2ZSrVdiEU3LluwF2iHkkkzbWwmMyQZoQx9AjcuFHGrD+Pejfg2phdBRX8I/Hz/OeSc48ecKY3Qh5VZWFxaXsmu2mvrG5tbue2dhooSSWidRDySLR8rypmgdc00p61YUhz6nDb94cUkb95QqVgkrvQopl6I+4IFjGBtUE10c3nkFJFbPnYhctBUxhSKqFxC0J2T/NmrfRq/vNvVbu6t04tIElKhCcdKtV0Uay/FUjPC6djuJIrGmAxxn7aNFTikykung47hgSE9GETSPKHhlH7vSHGo1Cj0TWWI9UD9zibwr6yd6KDkpUzEiaaCzD4KEg51BCdbwx6TlGg+MgYTycyskAywxESb29jmCF+bwv9No+C4R06hhvKVczBTFuyBfXAIXHACKuASVEEdEEDBLbgHD9a1dWc9Wk+z0ow179kFP2Q9fwJ6b5Bh</latexit>

e+
<latexit sha1_base64="m1YJUdvxX3gividw4bpr1cGgU6o=">AAAB63icdZDLSgMxFIYz9VbHW9Wlm2ARBGHIVKrtQiy6cVnBXqAdSyZN29BkZkgyQhn6Cm5cKOJOfBb3bsS3MdNWUNEfAj/ffw455/gRZ0oj9GFl5uYXFpeyy/bK6tr6Rm5zq67CWBJaIyEPZdPHinIW0JpmmtNmJCkWPqcNf3ie5o0bKhULgys9iqgncD9gPUawThG9PrA7uTxyisgtH7kQOWgiYwpFVC4h6M5I/vTVPome3+1qJ/fW7oYkFjTQhGOlWi6KtJdgqRnhdGy3Y0UjTIa4T1vGBlhQ5SWTWcdwz5Au7IXSvEDDCf3ekWCh1Ej4plJgPVC/sxT+lbVi3St5CQuiWNOATD/qxRzqEKaLwy6TlGg+MgYTycyskAywxESb86RH+NoU/m/qBcc9dAqXKF85A1NlwQ7YBfvABcegAi5AFdQAAQNwC+7BgyWsO+vRepqWZqxZzzb4IevlE7xukQk=</latexit>

µ±
<latexit sha1_base64="43WH5ODdCfOeExqh+IQm4gujRic=">AAAB8XicdVDLSgMxFM3UV62vqktFgkVwVTKVarsrunHZgn1gW0smTdvQJDMkGaEMXfoHblwo4tYf6He48xv8CTNtBRU9cOFwzr3ce48XcKYNQu9OYmFxaXkluZpaW9/Y3Epv79S0HypCq8Tnvmp4WFPOJK0aZjhtBIpi4XFa94YXsV+/pUozX16ZUUDbAvcl6zGCjZWuWyK8iVqBGKc66QzK5pFbPHUhyqIpLMnlUbGAoDtXMqX9SeXj7mBS7qTfWl2fhIJKQzjWuumiwLQjrAwjnI5TrVDTAJMh7tOmpRILqtvR9OIxPLJKF/Z8ZUsaOFW/T0RYaD0Snu0U2Az0by8W//KaoekV2hGTQWioJLNFvZBD48P4fdhlihLDR5Zgopi9FZIBVpgYG1Icwten8H9Sy2Xdk2yuYtM4BzMkwR44BMfABWegBC5BGVQBARLcg0fw5GjnwXl2XmatCWc+swt+wHn9BJI6lI4=</latexit>

⇡±
<latexit sha1_base64="ZmSPKV8aLK45UdvW3IGQHmJcoyw=">AAAB8XicdZDLSgMxFIYz9VbHW9Wlm2ARXJVMpdouxKIblxXsBdtaMmnahmYyIckIZehbuHGhiC59EPduxLcx01ZQ0R8CP99/Djnn+JIzbRD6cFJz8wuLS+lld2V1bX0js7lV02GkCK2SkIeq4WNNORO0apjhtCEVxYHPad0fniV5/YYqzUJxaUaStgPcF6zHCDYWXbUku45bMhi7nUwW5QrIKx16EOXQRNbkC6hURNCbkezJq3ssn9/dSifz1uqGJAqoMIRjrZsekqYdY2UY4XTstiJNJSZD3KdNawUOqG7Hk4nHcM+SLuyFyj5h4IR+74hxoPUo8G1lgM1A/84S+FfWjEyv2I6ZkJGhgkw/6kUcmhAm68MuU5QYPrIGE8XsrJAMsMLE2CMlR/jaFP5vavmcd5DLX6Bs+RRMlQY7YBfsAw8cgTI4BxVQBQQIcAvuwYOjnTvn0XmalqacWc82+CHn5RP24pQb</latexit>

K±
<latexit sha1_base64="SG0fvxQDCmWQRZFLqOTyndza7dw=">AAAB73icdZDLSgMxFIYzXut4q7p0EyyCqyFTqbYLsehGcFPBXqAdSyZN29BkZkwyQhn6Em5cKCK48kncuxHfxkxbQUV/CPx8/znknONHnCmN0Ic1Mzs3v7CYWbKXV1bX1rMbmzUVxpLQKgl5KBs+VpSzgFY105w2Ikmx8Dmt+4PTNK/fUKlYGFzqYUQ9gXsB6zKCtUGN86ukFYmR3c7mkFNAbunAhchBYxmTL6BSEUF3SnLHr/ZR9PxuV9rZt1YnJLGggSYcK9V0UaS9BEvNCKcjuxUrGmEywD3aNDbAgiovGc87gruGdGA3lOYFGo7p944EC6WGwjeVAuu++p2l8K+sGetu0UtYEMWaBmTyUTfmUIcwXR52mKRE86ExmEhmZoWkjyUm2pwoPcLXpvB/U8s77r6Tv0C58gmYKAO2wQ7YAy44BGVwBiqgCgjg4Bbcgwfr2rqzHq2nSemMNe3ZAj9kvXwCQreTHQ==</latexit>

⇡0
<latexit sha1_base64="SiDSIYZnYRlALoNaXp+mT8LE66Y=">AAAB7HicdZDLSgMxFIYzXut4q7p0EyyCqyFTqbYLsejGZQWnLbRjyaSZNjSTGZKMUIY+gxsXirgSfBX3bsS3Mb0IKvpD4Of7zyHnnCDhTGmEPqy5+YXFpeXcir26tr6xmd/arqs4lYR6JOaxbAZYUc4E9TTTnDYTSXEUcNoIBufjvHFDpWKxuNLDhPoR7gkWMoK1QV47Ydeoky8gp4TcypELkYMmMqZYQpUygu6MFE5f7ZPk+d2udfJv7W5M0ogKTThWquWiRPsZlpoRTkd2O1U0wWSAe7RlrMARVX42GXYE9w3pwjCW5gkNJ/R7R4YjpYZRYCojrPvqdzaGf2WtVIdlP2MiSTUVZPpRmHKoYzjeHHaZpETzoTGYSGZmhaSPJSba3Mc2R/jaFP5v6kXHPXSKl6hQPQNT5cAu2AMHwAXHoAouQA14gAAGbsE9eLCEdWc9Wk/T0jlr1rMDfsh6+QQW/JHe</latexit>

K0
<latexit sha1_base64="kZUBNOeZjrD1hLSAOgjnSclWnHc=">AAAB6nicdZDLSgMxFIYzXut4q7p0EyyCqyFTqbYLsehGcFPRXqAdSybNtKGZzJBkhDL0Edy4UMSlvot7N+LbmF4EFf0h8PP955Bzjh9zpjRCH9bM7Nz8wmJmyV5eWV1bz25s1lSUSEKrJOKRbPhYUc4ErWqmOW3EkuLQ57Tu909Hef2GSsUicaUHMfVC3BUsYARrgy7Pr1E7m0NOAbmlAxciB41lTL6ASkUE3SnJHb/aR/Hzu11pZ99anYgkIRWacKxU00Wx9lIsNSOcDu1WomiMSR93adNYgUOqvHQ86hDuGtKBQSTNExqO6feOFIdKDULfVIZY99TvbAT/ypqJDopeykScaCrI5KMg4VBHcLQ37DBJieYDYzCRzMwKSQ9LTLS5jm2O8LUp/N/U8o677+QvUK58AibKgG2wA/aACw5BGZyBCqgCArrgFtyDB4tbd9aj9TQpnbGmPVvgh6yXT2dokOA=</latexit>

⇤0
<latexit sha1_base64="88RJnO6j8yG+7cui1bbLfLrMCHw=">AAAB8HicdVDLSgMxFM34rOOr6tJNsAiuhkyl2i7EohsXLirYh7RjyWTSNjSZGZKMUIZ+hRsXiog7f8S9G/FvTB+Cih64cDjnXO7DjzlTGqEPa2Z2bn5hMbNkL6+srq1nNzZrKkokoVUS8Ug2fKwoZyGtaqY5bcSSYuFzWvf7pyO/fkOlYlF4qQcx9QTuhqzDCNZGumqdm2iAr1E7m0NOAbmlAxciB41hSL6ASkUE3amSO361j+Lnd7vSzr61gogkgoaacKxU00Wx9lIsNSOcDu1WomiMSR93adPQEAuqvHS88BDuGiWAnUiaCjUcq987UiyUGgjfJAXWPfXbG4l/ec1Ed4peysI40TQkk0GdhEMdwdH1MGCSEs0HhmAimdkVkh6WmGjzI9s84etS+D+p5R1338lfoFz5BEyQAdtgB+wBFxyCMjgDFVAFBAhwC+7BgyWtO+vReppEZ6xpzxb4AevlE9W1k24=</latexit>

�
<latexit sha1_base64="ur+LY5aD9VPAJpn2RkchRj9VET8=">AAAB7XicdZDLSgMxFIYz9VbHW9Wlm2ARXA2ZSrVdiEVduKxgL9AOJZNm2tjMZEgyQhn6Dm5cKOLGhY/i3o34NqYXQUV/CPx8/znknOPHnCmN0IeVmZtfWFzKLtsrq2vrG7nNrboSiSS0RgQXsuljRTmLaE0zzWkzlhSHPqcNf3A2zhs3VComois9jKkX4l7EAkawNqjePqdc404uj5wicsuHLkQOmsiYQhGVSwi6M5I/ebWP4+d3u9rJvbW7giQhjTThWKmWi2LtpVhqRjgd2e1E0RiTAe7RlrERDqny0sm0I7hnSBcGQpoXaTih3ztSHCo1DH1TGWLdV7+zMfwrayU6KHkpi+JE04hMPwoSDrWA49Vhl0lKNB8ag4lkZlZI+lhios2BbHOEr03h/6ZecNwDp3CJ8pVTMFUW7IBdsA9ccAQq4AJUQQ0QcA1uwT14sIR1Zz1aT9PSjDXr2QY/ZL18AgPqkms=</latexit>

⌃±
<latexit sha1_base64="lpRg1wvFf6LF01q5M79nMGYv/UU=">AAAB83icdVDLSgMxFM3UVx1fVZdugkVwVTKVarsQi25cVrQP6NSSSdM2NJkJSUYoQ3/DjQtF3fod7t2If2P6EFT0wIXDOfdy7z2B5EwbhD6c1Nz8wuJSetldWV1b38hsbtV0FCtCqyTikWoEWFPOQlo1zHDakIpiEXBaDwZnY79+Q5VmUXhlhpK2BO6FrMsINlby/UvWE/g68aUYtTNZlCsgr3ToQZRDE1iSL6BSEUFvpmRPXt1j+fTuVtqZN78TkVjQ0BCOtW56SJpWgpVhhNOR68eaSkwGuEebloZYUN1KJjeP4J5VOrAbKVuhgRP1+0SChdZDEdhOgU1f//bG4l9eMzbdYithoYwNDcl0UTfm0ERwHADsMEWJ4UNLMFHM3gpJHytMjI3JtSF8fQr/J7V8zjvI5S9QtnwKpkiDHbAL9oEHjkAZnIMKqAICJLgF9+DBiZ0759F5nramnNnMNvgB5+UT4ViVPQ==</latexit>

⌅±
<latexit sha1_base64="Qps7sHa3b8kB5hEjilChMH+JcRE=">AAAB8HicdZDLSgMxFIYz9VbHW9Wlm2ARXA2ZSrVdiEU3LivYi3TGkknTNjSZGZKMUIY+hRsXiog7X8S9G/FtTC+Civ4Q+Pn+c8g5J4g5UxqhDyszN7+wuJRdtldW19Y3cptbdRUlktAaiXgkmwFWlLOQ1jTTnDZjSbEIOG0Eg7Nx3rihUrEovNTDmPoC90LWZQRrg668JrtOvViM2rk8corILR+6EDloImMKRVQuIejOSP7k1T6On9/tajv35nUikggaasKxUi0XxdpPsdSMcDqyvUTRGJMB7tGWsSEWVPnpZOAR3DOkA7uRNC/UcEK/d6RYKDUUgakUWPfV72wM/8paie6W/JSFcaJpSKYfdRMOdQTH28MOk5RoPjQGE8nMrJD0scREmxvZ5ghfm8L/Tb3guAdO4QLlK6dgqizYAbtgH7jgCFTAOaiCGiBAgFtwDx4sad1Zj9bTtDRjzXq2wQ9ZL5+Z+pPv</latexit>

p̄
<latexit sha1_base64="IJFK1Ipzj19esACb43H3cNQcwIA=">AAAB7XicdVDLSgMxFM34rPVVdalIsAiuSqZSbXdFNy5bsA9oh5JJM21sJhmSjFCGLt27caGIW3+h3+HOb/AnTB+Cih64cDjnXu69x4840wahd2dhcWl5ZTW1ll7f2Nzazuzs1rWMFaE1IrlUTR9rypmgNcMMp81IURz6nDb8weXEb9xSpZkU12YYUS/EPcECRrCxUr3tYwWjTiaLcgXkls5ciHJoCkvyBVQqIujOlWz5YFz9uDscVzqZt3ZXkjikwhCOtW65KDJegpVhhNNRuh1rGmEywD3aslTgkGovmV47gsdW6cJAKlvCwKn6fSLBodbD0LedITZ9/dubiH95rdgERS9hIooNFWS2KIg5NBJOXoddpigxfGgJJorZWyHpY4WJsQGlbQhfn8L/ST2fc09z+apN4wLMkAL74AicABecgzK4AhVQAwTcgHvwCJ4c6Tw4z87LrHXBmc/sgR9wXj8BWWOSsA==</latexit>

n̄
<latexit sha1_base64="pRaQyagURRUf+XeCP4tx8TKaHw0=">AAAB7XicdZDLSgMxFIYzXut4q7p0EyyCqyFTqbYLsejGZQV7gXYomTRtYzPJkGSEMvQd3LhQxI0LH8W9G/FtTC+Civ4Q+Pn+c8g5J4w50wahD2dufmFxaTmz4q6urW9sZre2a1omitAqkVyqRog15UzQqmGG00asKI5CTuvh4Hyc12+o0kyKKzOMaRDhnmBdRrCxqNYKsYKinc0hr4D80pEPkYcmsiZfQKUigv6M5E5f3ZP4+d2ttLNvrY4kSUSFIRxr3fRRbIIUK8MIpyO3lWgaYzLAPdq0VuCI6iCdTDuC+5Z0YFcq+4SBE/q9I8WR1sMotJURNn39OxvDv7JmYrrFIGUiTgwVZPpRN+HQSDheHXaYosTwoTWYKGZnhaSPFSbGHsi1R/jaFP5vannPP/TylyhXPgNTZcAu2AMHwAfHoAwuQAVUAQHX4BbcgwdHOnfOo/M0LZ1zZj074Iecl0/I45JE</latexit>

⌫e
<latexit sha1_base64="/qw8qj38kIWBxieMAVNTffhP4wQ=">AAAB7HicdVDLSgNBEJz1GeMrKnjxMhgET8tsJJrcQrx4TMA8IFnC7KSTDJmdXWZmhRDyDV48KOLVm3/hF3jz4rc4eQgqWtBQVHXT3RXEgmtDyLuztLyyurae2khvbm3v7Gb29us6ShSDGotEpJoB1SC4hJrhRkAzVkDDQEAjGF5O/cYNKM0jeW1GMfgh7Uve44waK9XaMulAJ5Mlbp54xXMPE5fMYEkuT4oFgr2Fki0dVj/4S/m10sm8tbsRS0KQhgmqdcsjsfHHVBnOBEzS7URDTNmQ9qFlqaQhaH88O3aCT6zSxb1I2ZIGz9TvE2Maaj0KA9sZUjPQv72p+JfXSkyv4I+5jBMDks0X9RKBTYSnn+MuV8CMGFlCmeL2VswGVFFmbD5pG8LXp/h/Us+53pmbq9o0ymiOFDpCx+gUeegCldAVqqAaYoijW3SPHhzp3DmPztO8dclZzBygH3CePwH3IZJ+</latexit>

⌃0
<latexit sha1_base64="o3UMKlnr5zlRWFUuGLb7U2DNaeA=">AAAB73icdZDLSgMxFIYzXut4q7p0EyyCqyFTqbYLsejGZUV7gXYsmTTThiYzY5IRytCXcONCEcGVT+Lejfg2phdBRX8I/Hz/OeSc48ecKY3QhzUzOze/sJhZspdXVtfWsxubNRUlktAqiXgkGz5WlLOQVjXTnDZiSbHwOa37/dNRXr+hUrEovNSDmHoCd0MWMIK1QY3WBesKfIXa2RxyCsgtHbgQOWgsY/IFVCoi6E5J7vjVPoqf3+1KO/vW6kQkETTUhGOlmi6KtZdiqRnhdGi3EkVjTPq4S5vGhlhQ5aXjeYdw15AODCJpXqjhmH7vSLFQaiB8Uymw7qnf2Qj+lTUTHRS9lIVxomlIJh8FCYc6gqPlYYdJSjQfGIOJZGZWSHpYYqLNiWxzhK9N4f+mlnfcfSd/jnLlEzBRBmyDHbAHXHAIyuAMVEAVEMDBLbgHD9a1dWc9Wk+T0hlr2rMFfsh6+QQ02pMU</latexit>

⌅0
<latexit sha1_base64="KlXXMXJq4v5vJoF3GzrOMLWudxs=">AAAB7HicdZDLSgMxFIYzXut4q7p0EyyCqyFTqbYLsejGZQWnLbRjyaSZNjSTGZKMUIY+gxsXirgSfBX3bsS3Mb0IKvpD4Of7zyHnnCDhTGmEPqy5+YXFpeXcir26tr6xmd/arqs4lYR6JOaxbAZYUc4E9TTTnDYTSXEUcNoIBufjvHFDpWKxuNLDhPoR7gkWMoK1QV67ya5RJ19ATgm5lSMXIgdNZEyxhCplBN0ZKZy+2ifJ87td6+Tf2t2YpBEVmnCsVMtFifYzLDUjnI7sdqpogskA92jLWIEjqvxsMuwI7hvShWEszRMaTuj3jgxHSg2jwFRGWPfV72wM/8paqQ7LfsZEkmoqyPSjMOVQx3C8OewySYnmQ2MwkczMCkkfS0y0uY9tjvC1Kfzf1IuOe+gUL1GhegamyoFdsAcOgAuOQRVcgBrwAAEM3IJ78GAJ6856tJ6mpXPWrGcH/JD18gnyRZHG</latexit>

⇤
0

<latexit sha1_base64="+4uzrK8tbZ+6VJgsNJyhUbTeT0I=">AAAB/XicdVDLSgMxFM34rOOrPnZugkVwNWQq1XYhFt24cFHBPqAzlkwmbUMzD5KMUIfirwjiQhG3foJ7N+LfmD4EFT0QOJxzD/fmeDFnUiH0YUxNz8zOzWcWzMWl5ZXV7Np6TUaJILRKIh6Jhocl5SykVcUUp41YUBx4nNa93snQr19RIVkUXqh+TN0Ad0LWZgQrLbWym06k7WE6dc50zMeDS9TK5pBVQHZp34bIQiNoki+gUhFBe6Lkjl7Nw/ju3ay0sm+OH5EkoKEiHEvZtFGs3BQLxQinA9NJJI0x6eEObWoa4oBKNx1dP4A7WvFhOxL6hQqO1O+JFAdS9gNPTwZYdeVvbyj+5TUT1S66KQvjRNGQjBe1Ew5VBIdVQJ8JShTva4KJYPpWSLpYYKJ0YaYu4eun8H9Sy1v2npU/R7nyMRgjA7bANtgFNjgAZXAKKqAKCLgGt+ABPBo3xr3xZDyPR6eMSWYD/IDx8glM/JjF</latexit>

⇢
<latexit sha1_base64="UJ2M21zk34835f9UUxq21NhKGCI=">AAAB63icdVDLSgMxFM3UV62vqktFgkVwNWQq1XZXdOOyBfuAdiiZNNOGZiZDkhHK0KVbNy4Uces/9Dvc+Q3+hJm2gooeuHA4517uvceLOFMaoXcrs7S8srqWXc9tbG5t7+R395pKxJLQBhFcyLaHFeUspA3NNKftSFIceJy2vNFV6rduqVRMhDd6HFE3wIOQ+YxgnUpdORS9fAHZJeRUzh2IbDSDIcUSqpQRdBZKoXo4rX/cHU1rvfxbty9IHNBQE46V6jgo0m6CpWaE00muGysaYTLCA9oxNMQBVW4yu3UCT4zSh76QpkINZ+r3iQQHSo0Dz3QGWA/Vby8V//I6sfbLbsLCKNY0JPNFfsyhFjB9HPaZpETzsSGYSGZuhWSIJSbaxJMzIXx9Cv8nzaLtnNnFuknjEsyRBQfgGJwCB1yAKrgGNdAABAzBPXgET1ZgPVjP1su8NWMtZvbBD1ivn1BzkiA=</latexit>

!
<latexit sha1_base64="PEPyMSedk2V7mSmhcFlMoagQXYs=">AAAB7XicdZDLSgMxFIYzXut4q7p0EyyCqyFTqbYLsejGZQV7gXYomTRtYzPJkGSEMvQd3LhQxI0LH8W9G/FtTC+Civ4Q+Pn+c8g5J4w50wahD2dufmFxaTmz4q6urW9sZre2a1omitAqkVyqRog15UzQqmGG00asKI5CTuvh4Hyc12+o0kyKKzOMaRDhnmBdRrCxqNaSEe3hdjaHvALyS0c+RB6ayJp8AZWKCPozkjt9dU/i53e30s6+tTqSJBEVhnCsddNHsQlSrAwjnI7cVqJpjMkA92jTWoEjqoN0Mu0I7lvSgV2p7BMGTuj3jhRHWg+j0FZG2PT172wM/8qaiekWg5SJODFUkOlH3YRDI+F4ddhhihLDh9ZgopidFZI+VpgYeyDXHuFrU/i/qeU9/9DLX6Jc+QxMlQG7YA8cAB8cgzK4ABVQBQRcg1twDx4c6dw5j87TtHTOmfXsgB9yXj4BM4+Sig==</latexit>

⌘
<latexit sha1_base64="qgItp9CM24yKECskFKJYiWnpB34=">AAAB63icdVDLSgMxFM3UV62vqktFgkVwNWQq1XZXdOOyBfuAdiiZNNOGJjNDkhHK0KVbNy4Uces/9Dvc+Q3+hJm2gooeuHA4517uvceLOFMaoXcrs7S8srqWXc9tbG5t7+R395oqjCWhDRLyULY9rChnAW1opjltR5Ji4XHa8kZXqd+6pVKxMLjR44i6Ag8C5jOCdSp1qca9fAHZJeRUzh2IbDSDIcUSqpQRdBZKoXo4rX/cHU1rvfxbtx+SWNBAE46V6jgo0m6CpWaE00muGysaYTLCA9oxNMCCKjeZ3TqBJ0bpQz+UpgINZ+r3iQQLpcbCM50C66H67aXiX14n1n7ZTVgQxZoGZL7IjznUIUwfh30mKdF8bAgmkplbIRliiYk28eRMCF+fwv9Js2g7Z3axbtK4BHNkwQE4BqfAARegCq5BDTQAAUNwDx7BkyWsB+vZepm3ZqzFzD74Aev1EzmpkhE=</latexit>

K⇤
<latexit sha1_base64="C0QNe2AsWC/LYU7y62P41x+YbxE=">AAAB6nicdZDLSgMxFIYz9VbHW9Wlm2ARxMWQqVTbhVh0I7ipaC/QjiWTpm1oJjMkGaEMfQQ3LhRxqe/i3o34NqYXQUV/CPx8/znknONHnCmN0IeVmpmdm19IL9pLyyura5n1jaoKY0lohYQ8lHUfK8qZoBXNNKf1SFIc+JzW/P7pKK/dUKlYKK70IKJegLuCdRjB2qDL8+u9ViaLnDxyiwcuRA4ay5hcHhULCLpTkj1+tY+i53e73Mq8NdshiQMqNOFYqYaLIu0lWGpGOB3azVjRCJM+7tKGsQIHVHnJeNQh3DGkDTuhNE9oOKbfOxIcKDUIfFMZYN1Tv7MR/CtrxLpT8BImolhTQSYfdWIOdQhHe8M2k5RoPjAGE8nMrJD0sMREm+vY5ghfm8L/TTXnuPtO7gJlSydgojTYAttgF7jgEJTAGSiDCiCgC27BPXiwuHVnPVpPk9KUNe3ZBD9kvXwCXlCQ2g==</latexit>

�
<latexit sha1_base64="kTpv5LNgFqsoCPtw9bfzwcJXVFg=">AAAB63icdVDLSgMxFM3UV62vqktFgkVwNWQq1XZXdOOyBfuAdiiZNNOGJjNDkhHK0KVbNy4Uces/9Dvc+Q3+hJm2gooeuHA4517uvceLOFMaoXcrs7S8srqWXc9tbG5t7+R395oqjCWhDRLyULY9rChnAW1opjltR5Ji4XHa8kZXqd+6pVKxMLjR44i6Ag8C5jOCdSp1oyHr5QvILiGncu5AZKMZDCmWUKWMoLNQCtXDaf3j7mha6+Xfuv2QxIIGmnCsVMdBkXYTLDUjnE5y3VjRCJMRHtCOoQEWVLnJ7NYJPDFKH/qhNBVoOFO/TyRYKDUWnukUWA/Vby8V//I6sfbLbsKCKNY0IPNFfsyhDmH6OOwzSYnmY0MwkczcCskQS0y0iSdnQvj6FP5PmkXbObOLdZPGJZgjCw7AMTgFDrgAVXANaqABCBiCe/AInixhPVjP1su8NWMtZvbBD1ivn0RPkhg=</latexit>

⌫µ
<latexit sha1_base64="Pa//dcZPfspwEJyXw0YZ7Wc6zFk=">AAAB8HicdVDLSgMxFM34rK2Pqks3wSq4KplKtd0V3bisYB/SGUomTdvQJDMkmUIZ+hVuXCji1g/wB/wDd36Irk0fgooeuHA4517uvSeIONMGoTdnYXFpeWU1tZbOrG9sbmW3d+o6jBWhNRLyUDUDrClnktYMM5w2I0WxCDhtBIPzid8YUqVZKK/MKKK+wD3JuoxgY6VrT8btxBPxuJ3NoXwRueUTF6I8msKSQhGVSwi6cyVXOXh/fhlmPqrt7KvXCUksqDSEY61bLoqMn2BlGOF0nPZiTSNMBrhHW5ZKLKj2k+nBY3holQ7shsqWNHCqfp9IsNB6JALbKbDp69/eRPzLa8WmW/ITJqPYUElmi7oxhyaEk+9hhylKDB9Zgoli9lZI+lhhYmxGaRvC16fwf1Iv5N3jfOHSpnEGZkiBPbAPjoALTkEFXIAqqAECBLgBd+DeUc6t8+A8zloXnPnMLvgB5+kTOcyVHw==</latexit>

f
<latexit sha1_base64="dlY5sdDPveBaRVJE6zUSpfpRFwU=">AAAB6HicdVDJSgNBEO1xjXGLelSkMQieQk8kmtyCXjwmYBZIhtDTqUna9Cx09whhyNGTFw+KePUr8h3e/AZ/ws4iqOiDgsd7VVTVcyPBlSbk3VpYXFpeWU2tpdc3Nre2Mzu7dRXGkkGNhSKUTZcqEDyAmuZaQDOSQH1XQMMdXE78xi1IxcPgWg8jcHzaC7jHGdVGqnqdTJbkCsQundmY5MgUhuQLpFQk2J4r2fLBuPpxdziudDJv7W7IYh8CzQRVqmWTSDsJlZozAaN0O1YQUTagPWgZGlAflJNMDx3hY6N0sRdKU4HGU/X7REJ9pYa+azp9qvvqtzcR//JasfaKTsKDKNYQsNkiLxZYh3jyNe5yCUyLoSGUSW5uxaxPJWXaZJM2IXx9iv8n9XzOPs3lqyaNCzRDCu2jI3SCbHSOyugKVVANMQToHj2iJ+vGerCerZdZ64I1n9lDP2C9fgL7uJDD</latexit>

⌘0
<latexit sha1_base64="sGBlgA+2NbrPOq84vaEp+4AQ9g0=">AAAB7HicdVDLSgMxFM34rPVVdalIsIiuhkyl2u6Kbly24LSFdiiZNNOGZjJDkhHK0KVrNy4Uces39Dvc+Q3+hOlDUNEDFw7n3Mu99/gxZ0oj9G4tLC4tr6xm1rLrG5tb27md3bqKEkmoSyIeyaaPFeVMUFczzWkzlhSHPqcNf3A18Ru3VCoWiRs9jKkX4p5gASNYG8ltU41POrk8sovIKZ87ENloCkMKRVQuIejMlXzlYFz7uDscVzu5t3Y3IklIhSYcK9VyUKy9FEvNCKejbDtRNMZkgHu0ZajAIVVeOj12BI+N0oVBJE0JDafq94kUh0oNQ990hlj31W9vIv7ltRIdlLyUiTjRVJDZoiDhUEdw8jnsMkmJ5kNDMJHM3ApJH0tMtMkna0L4+hT+T+oF2zmzCzWTxiWYIQP2wRE4BQ64ABVwDarABQQwcA8ewZMlrAfr2XqZtS5Y85k98APW6yebRZJC</latexit>

⌦�
<latexit sha1_base64="sYLP5gD4+7C/kNhKcRlmoLkdEyI=">AAAB73icdZDLSgMxFIYz9VbHW9Wlm2AR3DhkKtV2IRbduLOCvUA7lkyatqGZzJhkhDL0Jdy4UERw5ZO4dyO+jelFUNEfAj/ffw455/gRZ0oj9GGlZmbn5hfSi/bS8srqWmZ9o6rCWBJaISEPZd3HinImaEUzzWk9khQHPqc1v386yms3VCoWiks9iKgX4K5gHUawNqjePA9oF1/ttTJZ5OSRWzxwIXLQWMbk8qhYQNCdkuzxq30UPb/b5VbmrdkOSRxQoQnHSjVcFGkvwVIzwunQbsaKRpj0cZc2jBU4oMpLxvMO4Y4hbdgJpXlCwzH93pHgQKlB4JvKAOue+p2N4F9ZI9adgpcwEcWaCjL5qBNzqEM4Wh62maRE84ExmEhmZoWkhyUm2pzINkf42hT+b6o5x913chcoWzoBE6XBFtgGu8AFh6AEzkAZVAABHNyCe/BgXVt31qP1NClNWdOeTfBD1ssnJBCTCQ==</latexit>

Um número tão grande de partículas sugeria 
a existência de estruturas mais fundamentais.

1964: Murray Gell-Mann e George Zweig propuseram um esquema para 
classificação dos hádrons baseado na ideia de quarks,  

estranhos férmions (partículas com spin semi inteiro) com carga fracionária. 

Mésons e bárions são hádrons:  
partículas que sofrem interação forte

Alberto Reis  - CBPFLISHEP 23: O Modelo Padrão
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Mésons são estados ligados
de um quark e um antiquark, agrupados 

de acordo com alguns números quânticos:   
spin, paridade, conjugação de carga e 

número quântico de "sabor".

spin-0

spin-1

SU(3): mésons são combinações de 
três tipos de quarks e antiquarks:

decaem por interação    
fraca, vida média longa. ⇡±, K±, K0

<latexit sha1_base64="zfXarYpeGfLxFwrI/a0/L1E33E0=">AAACAnicdVDLSgMxFM34rPXRURciboJFcCElU6m2IFJwI7ipYB/QGUsmTdvQzIMkI5ShuPFX3LhQpFu/wp0f4LbfYPoQquiBC4dz7uXee9yQM6kQ+jDm5hcWl5YTK8nVtfWNlLm5VZFBJAgtk4AHouZiSTnzaVkxxWktFBR7LqdVt3sx8qt3VEgW+DeqF1LHw22ftRjBSksNc9cO2W1sh17/yIZXMww1zDTK5JBVOLEgyqAxNMnmUCGPoDVV0sWd4TB1NvgsNcx3uxmQyKO+IhxLWbdQqJwYC8UIp/2kHUkaYtLFbVrX1McelU48fqEPD7TShK1A6PIVHKuzEzH2pOx5ru70sOrI395I/MurR6qVd2Lmh5GiPpksakUcqgCO8oBNJihRvKcJJoLpWyHpYIGJ0qkldQjfn8L/SSWbsY4z2WudxjmYIAH2wD44BBY4BUVwCUqgDAi4B4/gGbwYD8aT8WoMJq1zxnRmG/yA8fYFnwmarA==</latexit>

⇡0, ⌘, ⌘0
<latexit sha1_base64="gXUZWthh+17xaWeLHn8/peWCtXk=">AAAB/XicdVDLSgMxFM3UV62Pjg9w4SZYRBdSMpVqCyIFNy4r2Ad0xpJJ0zY08yDJCHUo/oobF4q4ceF/uPMD3PYbTB+Cih643MM595Kb44acSYXQu5GYmZ2bX0guppaWV1bT5tp6VQaRILRCAh6Iuosl5cynFcUUp/VQUOy5nNbc3tnIr11TIVngX6p+SB0Pd3zWZgQrLTXNTTtkV+jAhjZVeNr2mmYGZfPIKh5ZEGXRGJrk8qhYQNCaKpnS1nCYPnn5KDfNN7sVkMijviIcS9mwUKicGAvFCKeDlB1JGmLSwx3a0NTHHpVOPL5+AHe10oLtQOjyFRyr3zdi7EnZ91w96WHVlb+9kfiX14hUu+DEzA8jRX0yeagdcagCOIoCtpigRPG+JpgIpm+FpIsFJkoHltIhfP0U/k+quax1mM1d6DROwQRJsA12wD6wwDEogXNQBhVAwA24Aw/g0bg17o0n43kymjCmOxvgB4zXTxcZmBk=</latexit>

decaem por interação 
EM, vida média curta. 

Ressonâncias: decaem por 
interação forte, vida média 

inobservável.

<latexit sha1_base64="J7u7XBr0l8Dr8+DSyUct5jk7Qi0=">AAACA3icdZDLSgMxFIYzXmu9dNSFoJtgEVxIyRRaWxApuHFZwV6gM5RMmrahmQtJRihDwY2v4saFom59CXc+gNs+g+m0ior+EPj4zzmcnN8NOZMKoTdjbn5hcWk5tZJeXVvfyJibW3UZRILQGgl4IJoulpQzn9YUU5w2Q0Gx53LacAdnk3rjigrJAv9SDUPqeLjnsy4jWGmrbe7aLhYwOoI2TKjzRbJtZlGugKxy0YIohxJpyBdQuYSgNXOylZ3xOHPy9F5tm692JyCRR31FOJayZaFQOTEWihFOR2k7kjTEZIB7tKXRxx6VTpzcMIIH2unAbiD08xVM3O8TMfakHHqu7vSw6svftYn5V60VqW7JiZkfRor6ZLqoG3GoAjgJBHaYoETxoQZMBNN/haSPBSZKx5bWIXxeCv+Hej5nFXP5C53GKZgqBfbAPjgEFjgGFXAOqqAGCLgGt+AePBg3xp3xaDxPW+eM2cw2+CHj5QNwzpnh</latexit>

ū, d̄, s̄
<latexit sha1_base64="aeNJ5Q1r2QpQy5AZtOTIxpED5tU=">AAAB83icdVDLSgMxFM34rPXRqgsXboJFcCFDptDagkjBjcsK9gGdoWQymTY08yDJCGXob7hxoYhbV/6JOz/Abb/BTFtBRQ/cy+Gce8nNcWPOpELo3VhaXlldW89t5De3tncKxd29towSQWiLRDwSXRdLyllIW4opTruxoDhwOe24o8vM79xSIVkU3qhxTJ0AD0LmM4KVlmyYnEIbelmT/WIJmRVk1asWRCaaQZNyBdVrCFoLpdQ4mE4L568fzX7xzfYikgQ0VIRjKXsWipWTYqEY4XSStxNJY0xGeEB7moY4oNJJZzdP4LFWPOhHQleo4Ez9vpHiQMpx4OrJAKuh/O1l4l9eL1F+zUlZGCeKhmT+kJ9wqCKYBQA9JihRfKwJJoLpWyEZYoGJ0jHldQhfP4X/k3bZtKpm+VqncQHmyIFDcAROgAXOQANcgSZoAQJicAcewKORGPfGk/E8H10yFjv74AeMl08cc5Qx</latexit>

u, d, s

Quarks têm spin 1/2 e cargas fracionárias:

Alberto Reis  - CBPFLISHEP 23: O Modelo Padrão

<latexit sha1_base64="rSADHZf/eLgTO8BVEzb5z1LwyFE="></latexit>

d, s ! � 1
3e

<latexit sha1_base64="dTpEubGWleeQ4AePX7k6rGIqYdA=">AAAB+3icdVDLSgNBEJz1bXytevQyKIIghNmExOQighePCuYBSQizk1kzZHZ2mekVw7K/4sWDIl717i940r9x8hBUtKChqOqmu8uPpTBAyIczMzs3v7C4tJxbWV1b33A3t+omSjTjNRbJSDd9argUitdAgOTNWHMa+pI3/MHpyG9cc21EpC5hGPNOSK+UCASjYKWuu5W0ITpsQ6ApSwtZWsx4190j+RLxqmUPkzwZw5JCiVQrBHtTZe9kvnjw8q5ez7vuW7sXsSTkCpikxrQ8EkMnpRoEkzzLtRPDY8oG9Iq3LFU05KaTjm/P8L5VejiItC0FeKx+n0hpaMww9G1nSKFvfnsj8S+vlUBQ6aRCxQlwxSaLgkRiiPAoCNwTmjOQQ0so08Leilmf2hjAxpWzIXx9iv8n9ULeK+dLFzaNYzTBEtpBu+gAeegInaAzdI5qiKEbdIvu0YOTOXfOo/M0aZ1xpjPb6Aec50/C4pfx</latexit>

u ! + 2
3e
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Bárions: 

estados ligados de três quarks.

Um problema: o bárion        , 
de spin 3/2 (u  u  u  ), violaria o 
princípio de exclusão de Pauli.

�++
<latexit sha1_base64="R8V3Fdoy+30Wof3UVR1LwirOeHY=">AAAB8nicdZBNS0JBFIbn2pfZl9WyzZAEgSBzDUsXoVCLlgapwdVk7jjq4NwPZs4N5OLPaNOiCLf9i/5BG+nfNH4EFfXCwMvznsOcc9xQCg2EfFiJpeWV1bXkempjc2t7J727V9dBpBivsUAG6talmkvh8xoIkPw2VJx6ruQNd3AxzRv3XGkR+DcwDHnLoz1fdAWjYJDTvOQS6F2czY7a6QzJFYhdOrUxyZGZjMkXSKlIsL0gmfLbJHUejifVdvq92QlY5HEfmKRaOzYJoRVTBYJJPko1I81Dyga0xx1jfepx3YpnI4/wkSEd3A2UeT7gGf3eEVNP66HnmkqPQl//zqbwr8yJoFtsxcIPI+A+m3/UjSSGAE/3xx2hOAM5NIYyJcysmPWpogzMlVLmCF+b4v9NPZ+zT3L5a5KplNFcSXSADtExstEZqqArVEU1xFCAHtATerbAerRerPG8NGEtevbRD1mvn2EYlQ8=</latexit>

M. Han e Y. Nambu postularam a 
existência de uma carga de "cor" 
como a fonte da força forte. Cada 

quark poderia ter três cores distintas.

Um triunfo: o bárion        foi 
previsto um ano antes            

de ser observado.

⌦�
<latexit sha1_base64="HHwAPUjBPM33pTJQfp361pA5eT4=">AAAB73icdZDLSgMxFIYzXut4q7p0EyyCG4dMpdoupAU37qxgL9COJZOmbWgyMyYZoQx9CTcuFBFc+Ry+gZvi25heBBX9IfDz/eeQc44fcaY0Qh/W3PzC4tJyasVeXVvf2ExvbVdVGEtCKyTkoaz7WFHOAlrRTHNajyTFwue05vfPxnntlkrFwuBKDyLqCdwNWIcRrA2qNy8E7eLrw1Y6g5wccgvHLkQOmsiYbA4V8gi6M5Ipvo3s0+hlVG6l35vtkMSCBppwrFTDRZH2Eiw1I5wO7WasaIRJH3dpw9gAC6q8ZDLvEO4b0oadUJoXaDih3zsSLJQaCN9UCqx76nc2hn9ljVh38l7CgijWNCDTjzoxhzqE4+Vhm0lKNB8Yg4lkZlZIelhios2JbHOEr03h/6aaddwjJ3uJMqUimCoFdsEeOAAuOAElcA7KoAII4OAOPIBH68a6t56s52npnDXr2QE/ZL1+AjDfk88=</latexit>

spin-1/2

spin-3/2
Alberto Reis  - CBPFLISHEP 23: O Modelo Padrão
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Em 1968, no SLAC (EUA), 
surgiram as primeiras evidências 
diretas da existência dos quarks.

Uma versão moderna do 
experimento de Rutherford: 

elétrons incidindo sobre 
prótons em vez de     em ouro.<latexit sha1_base64="lyh5l3/9qSAri1Hg6XIBOFA6VAk=">AAAB7XicdVDLSsNAFJ34rPVVdelmsAiuQlJBXWnBjcsK9gFtKDfTSTt2MhNmJkIJ/Qc3LhRx64f4B+78Gyepgs8Dl3s4517uI0w408bz3py5+YXFpeXSSnl1bX1js7K13dIyVYQ2ieRSdULQlDNBm4YZTjuJohCHnLbD8Xnut2+o0kyKKzNJaBDDULCIETBWavWAJyPoV6qeW/Ny4N/Ed4vsVc9eDgs0+pXX3kCSNKbCEA5ad30vMUEGyjDC6bTcSzVNgIxhSLuWCoipDrJi2ynet8oAR1LZEAYX6teODGKtJ3FoK2MwI/3Ty8W/vG5qopMgYyJJDRVkNihKOTYS56fjAVOUGD6xBIhidldMRqCAGPugsn3C56X4f9Kquf6RW7v0qvVTNEMJ7aI9dIB8dIzq6AI1UBMRdI1u0T16cKRz5zw6T7PSOeejZwd9g/P8DozOkVE=</latexit>↵

Alberto Reis  - CBPFLISHEP 23: O Modelo Padrão
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Elétrons com alta energia:      
pontas de prova com 

resolução para revelar a 
estrutura interna do próton.

quarks de  
valência

A estrutura interna do 
próton, como a de 
outros hádrons, é 

bastante complexa.

pares quark-antiquark do "mar"

Alberto Reis  - CBPFLISHEP 23: O Modelo Padrão
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quarks tipo "up"

quarks tipo "down"

léptons carregados

neutrinos

carga = +2/3 e

carga = -1/3 e

Alberto Reis  - CBPFLISHEP 23: O Modelo Padrão
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Linha do tempo:

Todas as partículas do 
MP foram encontradas.

Alberto Reis  - CBPFLISHEP 23: O Modelo Padrão
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No eletromagnetismo clássico, os campos elétricos e magnéticos 
podem ser definidos em termos do potencial escalar e vetor

<latexit sha1_base64="bh0uHC6M34osd1KLX+KicwfXPds="></latexit>

B = r⇥A, E = �r�� @A

@t

<latexit sha1_base64="7bEMkTOCp7JH/9p/V6AllePUfMg="></latexit>

A ! A+r⇤(x, t), � ! �� @⇤

@t

Os potenciais podem ser redefinidos sem alterar as eqs. de Maxwell
transformação de calibre:

No eletromagnetismo clássico, as eqs. de Maxwell descrevem  
cargas e campos em interação. A invariância por transformações 

de calibre é um "acidente" matemático

No Modelo Padrão (MP), exigir a invariância por transformações de calibre 
determina como partículas e campos interagem

Simetrias: o princípio organizador

LISHEP 23: O Modelo Padrão

Am Anfang war die Symmetrie (No começo era a simetria), W. Heisenberg
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<latexit sha1_base64="ahxAM+C292Hz+YmTIRTHUiDmJbE=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgxbArvi5C0IsHDxHykmQJs5PZZMjM7DIzK4QlX+HFgyJe/Rxv/o2TZA+aWNBQVHXT3RXEnGnjut9Obml5ZXUtv17Y2Nza3inu7jV0lChC6yTikWoFWFPOJK0bZjhtxYpiEXDaDIa3E7/5RJVmkayZUUx9gfuShYxgY6XHe3SNaugENbrFklt2p0CLxMtICTJUu8WvTi8iiaDSEI61bntubPwUK8MIp+NCJ9E0xmSI+7RtqcSCaj+dHjxGR1bpoTBStqRBU/X3RIqF1iMR2E6BzUDPexPxP6+dmPDKT5mME0MlmS0KE45MhCbfox5TlBg+sgQTxeytiAywwsTYjAo2BG/+5UXSOC17F+Xzh7NS5SaLIw8HcAjH4MElVOAOqlAHAgKe4RXeHOW8OO/Ox6w152Qz+/AHzucPOiWOvg==</latexit>

L = T � V

O MP é uma teoria quântica de campos que descreve a  
interação de partículas elementares e é baseada na Lagrangeana

<latexit sha1_base64="+IeCWefo9hgU0fnaoW7tecOl/RQ="></latexit>

dL

dx
� d

dt

✓
dL

dẋ

◆
= 0

Lagrangeana
eq. Euler-Lagrange

eq. de movimento 
da partícula

A Lagrangeana é função dos campos e suas derivadas
<latexit sha1_base64="M92ZSkY2gDUU3vDMBdt6EjYWr9M=">AAACGnicbVDLSsNAFJ3UV62vqEtBBovQQimJ4GMlBTcuuqhgH9CEMJlO26GTBzMTaQn5DlH8FTcuFHEnbvwbJ2kX2npg4HDOvcw9xw0ZFdIwvrXc0vLK6lp+vbCxubW9o+/utUQQcUyaOGAB77hIEEZ90pRUMtIJOUGey0jbHV2lfvuOcEED/1ZOQmJ7aODTPsVIKsnRzXpp7NAKtHqBjMeJQ8uWDKDlITnEiMX1pGSFQ1rJ7JQlZUcvGlUjA1wk5owUa4cPKR4bjv6ptnHkEV9ihoTomkYo7RhxSTEjScGKBAkRHqEB6SrqI48IO86iJfBYKT3YD7h6voSZ+nsjRp4QE89Vk+nNYt5Lxf+8biT7F3ZM/TCSxMfTj/oRgyp92hPsUU6wZBNFEOZU3QrxEHGEpWqzoEow5yMvktZJ1Tyrnt6oNi7BFHlwAI5ACZjgHNTANWiAJsDgHjyDV/CmPWkv2rv2MR3NabOdffAH2tcPLM+kuw==</latexit>

L(xi, ẋi) ! L(�, �̇)

Emmy Noether: simetrias contínuas estão associadas a leis de conservação

<latexit sha1_base64="BEdsAwRSoKquo15kw6xmxF8sMWs="></latexit>

@L
@�

� d

dt

✓
@L
@�̇

◆
= 0

     Simetrias: transformações matemáticas nos campos que 
deixam a Lagrangeana inalterada

LISHEP 23: O Modelo Padrão
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Simetria de calibre

 Schrödinger            MQ não relativística

Dirac            MQ relativística

Inadequada para 
criação/aniquilação 

de partículas

Teoria Quântica de Campos (TQC)

Se a transformação
<latexit sha1_base64="hezMO/qUaIiIdD3PNZ7JwiBF1n0=">AAACEXicbVDLSsNAFJ3UV62vqBvBhYNFrCAlEXzsLLhxWcE+oIllMp00QycPZiZiCf0FEdz7FW5cVMStO3d+gb/hJO1CWw8MHM65lzvnOBGjQhrGl5abmZ2bX8gvFpaWV1bX9PWNughjjkkNhyzkTQcJwmhAapJKRpoRJ8h3GGk4vYvUb9wSLmgYXMt+RGwfdQPqUoykktp6yYo8ul+6O5QH0JIhJDcJtRCLPJRpg9TOWFsvGmUjA5wm5pgUKztPw4et72a1rX9anRDHPgkkZkiIlmlE0k4QlxQzMihYsSARwj3UJS1FA+QTYSdZogHcU0oHuiFXL5AwU39vJMgXou87atJH0hOTXir+57Vi6Z7ZCQ2iWJIAjw65MYMqeloP7FBOsGR9RRDmVP0VYg9xhKUqsaBKMCcjT5P6Udk8KR9fqTbOwQh5sA12QQmY4BRUwCWoghrA4B48gyF41R61F+1Nex+N5rTxzib4A+3jB+PYn4A=</latexit>

�0(x, t) ! ei↵(x,t)�(x, t)

<latexit sha1_base64="VQbeI9Estj5ZtQaC6uu81YRcvZ0=">AAACJXicbVDLSgMxFM3UV62vUZduQou0RSkzgo+FQtGNCxcV7AM6Q8mkaRuaeZBkhGGYv/AL3PgrblxYROjKXzHTdlFbDwQO59xD7j1OwKiQhjHWMiura+sb2c3c1vbO7p6+f9AQfsgxqWOf+bzlIEEY9UhdUslIK+AEuQ4jTWd4l/rNZ8IF9b0nGQXEdlHfoz2KkVRSR7+2XCQHGLH4ISlZwYAWT62uL+OUJsUyvFn05+xyRy8YFWMCuEzMGSlU89bJy7ga1Tr6SKVx6BJPYoaEaJtGIO0YcUkxI0nOCgUJEB6iPmkr6iGXCDueXJnAY6V0Yc/n6nkSTtT5RIxcISLXUZPpzmLRS8X/vHYoe1d2TL0glMTD0496IYPSh2llsEs5wZJFiiDMqdoV4gHiCEtVbE6VYC6evEwaZxXzonL+qNq4BVNkwRHIgxIwwSWogntQA3WAwSt4B59gpL1pH9qX9j0dzWizzCH4A+3nF6nJqFs=</latexit>

L(�0, �̇0) = L(�, �̇)
deixa inalterada a Lagrangeana

<latexit sha1_base64="Sx0fmnEPz0TsxFRaIuUjtyMhVFY="></latexit>

LMP = LEM + Lweak + Lstrong + LHiggs

A Lagrangeana do Modelo Padrão  
é invariante por transformações de calibre

(1926)

(1927)

LISHEP 23: O Modelo Padrão



13 Alberto Reis  - CBPF

As três forças conhecidas —eletromagnética, fraca e forte — são 
descritas por teorias com invariância de calibre

As interações entre partículas elementares ocorrem via a troca de uma 
partícula intermediária: fótons, glúons e bósons vetoriais W e Z

<latexit sha1_base64="/wg0r0f5iq/59CIXUeYcnEUwA8w="></latexit>

LEM = Leletron + Lint + Lfoton

<latexit sha1_base64="hezMO/qUaIiIdD3PNZ7JwiBF1n0=">AAACEXicbVDLSsNAFJ3UV62vqBvBhYNFrCAlEXzsLLhxWcE+oIllMp00QycPZiZiCf0FEdz7FW5cVMStO3d+gb/hJO1CWw8MHM65lzvnOBGjQhrGl5abmZ2bX8gvFpaWV1bX9PWNughjjkkNhyzkTQcJwmhAapJKRpoRJ8h3GGk4vYvUb9wSLmgYXMt+RGwfdQPqUoykktp6yYo8ul+6O5QH0JIhJDcJtRCLPJRpg9TOWFsvGmUjA5wm5pgUKztPw4et72a1rX9anRDHPgkkZkiIlmlE0k4QlxQzMihYsSARwj3UJS1FA+QTYSdZogHcU0oHuiFXL5AwU39vJMgXou87atJH0hOTXir+57Vi6Z7ZCQ2iWJIAjw65MYMqeloP7FBOsGR9RRDmVP0VYg9xhKUqsaBKMCcjT5P6Udk8KR9fqTbOwQh5sA12QQmY4BRUwCWoghrA4B48gyF41R61F+1Nex+N5rTxzib4A+3jB+PYn4A=</latexit>

�0(x, t) ! ei↵(x,t)�(x, t)A transformação
<latexit sha1_base64="vnLZKYukckVeXTH+YljpEDOdbXI=">AAACAnicbVC7SgNBFJ31GRMfa6zEZjAKqcKu4KOSgI2FRQTzgGRZZic3yZDZ2WVmVghLtLH0B/wAGwtFbP0KO//GyaPQxAMXDufcy733BDFnSjvOt7WwuLS8sppZy+bWNza37O18TUWJpFClEY9kIyAKOBNQ1UxzaMQSSBhwqAf9i5FfvwWpWCRu9CAGLyRdwTqMEm0k395thUT3KOHp1dBPWzLEwEHLSAx9u+CUnDHwPHGnpFDOPz3eFQ9yFd/+arUjmoQgNOVEqabrxNpLidSMchhmW4mCmNA+6ULTUEFCUF46fmGID43Sxp1ImhIaj9XfEykJlRqEgekcHaxmvZH4n9dMdOfMS5mIEw2CThZ1Eo51hEd54DaTQDUfGEKoZOZWTHtEEqpNalkTgjv78jypHZXck9LxtUnjHE2QQXtoHxWRi05RGV2iCqoiiu7RM3pFb9aD9WK9Wx+T1gVrOrOD/sD6/AETyJoY</latexit>

Leletron

<latexit sha1_base64="lRZIE8TkRdp4YMhkHt2BFRUns5Q=">AAAB/nicbVDLSsNAFJ3UV219xIorN4NV6Kokgo+VFNy4cFHBPqAJYTKdtEMnkzAzEUqI+AH+gEs3LhRx63e482+ctF1o64GBwzn3cs8cP2ZUKsv6NgpLyyura8X1Unljc2vb3Km0ZZQITFo4YpHo+kgSRjlpKaoY6caCoNBnpOOPLnO/c0eEpBG/VeOYuCEacBpQjJSWPHPPCZEaYsTS68xLHRFCylXmmVWrbk0AF4k9I9VG5enxvnZYbnrml9OPcBISrjBDUvZsK1ZuioSimJGs5CSSxAiP0ID0NOUoJNJNJ/EzeKSVPgwioR9XcKL+3khRKOU49PVkHlbOe7n4n9dLVHDuppTHiSIcTw8FCYMqgnkXsE8FwYqNNUFYUJ0V4iESCCvdWEmXYM9/eZG0j+v2af3kRrdxAaYogn1wAGrABmegAa5AE7QABil4Bq/gzXgwXox342M6WjBmO7vgD4zPH881mEI=</latexit>

Lint

modifica

A eletrodinâmica quântica, a teoria mais precisa, é usada como modelo
<latexit sha1_base64="ZsqP1O25v7IiZv2CTJOXz0LcIf8=">AAACCnicbVDLSgMxFM3UV62vUZeCRItQN2VmpA8XSsGNywr2AZ2hZNJMG5p5kGSEMnTtxh/Qf3DjQhG3foE7/8ZM24W2HriXwzn3ktzjRowKaRjfWmZpeWV1Lbue29jc2t7Rd/eaIow5Jg0cspC3XSQIowFpSCoZaUecIN9lpOUOr1K/dUe4oGFwK0cRcXzUD6hHMZJK6upHNmLRAMELaBQNo2JD61y1s5Jlw1LZqhbKp109n1op4CIxZyRfO3xM8VTv6l92L8SxTwKJGRKiYxqRdBLEJcWMjHN2LEiE8BD1SUfRAPlEOMnklDE8UUoPeiFXFUg4UX9vJMgXYuS7atJHciDmvVT8z+vE0qs6CQ2iWJIATx/yYgZlCNNcYI9ygiUbKYIwp+qvEA8QR1iq9HIqBHP+5EXStIpmuVi6UWlcgimy4AAcgwIwQQXUwDWogwbA4B48g1fwpj1oL9q79jEdzWiznX3wB9rnDxm5mcw=</latexit>

↵ = 0.007 297 352 5628(6)

A Lagrangeana EM possui três termos:

Uma transformação simultânea no campo do fóton          
compensa a modificação, definindo forma de        

A invariância por transformação de calibre define a forma da interação EM      

<latexit sha1_base64="dkvJwdNR+tujRrFTUZJCR06UyK8=">AAACAHicbVDLSsNAFJ3UV219xLpw4SZYha5KIvhYScGNCxcV7AOaECbTSTt0ZhJmJkIJceHaH3DtxoUibv0Md/6Nk7YLbT1w4XDOvdx7TxBTIpVtfxuFpeWV1bXieqm8sbm1be5U2jJKBMItFNFIdAMoMSUctxRRFHdjgSELKO4Eo8vc79xhIUnEb9U4xh6DA05CgqDSkm/uuQyqIYI0vc781BXMCiMV8cw3q3bdnsBaJM6MVBuVp8f72mG56Ztfbj9CCcNcIQql7Dl2rLwUCkUQxVnJTSSOIRrBAe5pyiHD0ksnD2TWkVb6erPQxZU1UX9PpJBJOWaB7szPlfNeLv7n9RIVnnsp4XGiMEfTRWFCLRVZeRpWnwiMFB1rApEg+lYLDaGASOnMSjoEZ/7lRdI+rjun9ZMbncYFmKII9sEBqAEHnIEGuAJN0AIIZOAZvII348F4Md6Nj2lrwZjN7II/MD5/AHbMmTE=</latexit>

Lfoton

Partículas elementares (spin 1/2) interagem via troca de bósons (spin 1)

LISHEP 23: O Modelo Padrão
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Diagramas de Feynman
Os diagramas de Feynman representam processos fundamentais 

envolvendo partículas elementares (espalhamento ou decaimento). 

férmion

bóson intermediário

vértice

tempo

e+
<latexit sha1_base64="NocF3E47ZHHvYnrhej4JtJtCc6s=">AAAB6nicdZDLSgMxFIYz9VbHW9Wlm2ARBGHIVKrtQiy6cVnRtkI7lkyaaUMzmSHJCGXoI7hxoYhLfRf3bsS3Mb0IKvpD4Of7zyHnHD/mTGmEPqzMzOzc/EJ20V5aXlldy61v1FWUSEJrJOKRvPKxopwJWtNMc3oVS4pDn9OG3z8d5Y0bKhWLxKUexNQLcVewgBGsDbqg13vtXB45hSIqlxBEDhrLmCJyywcudKckf/xqH8XP73a1nXtrdSKShFRowrFSTRfF2kux1IxwOrRbiaIxJn3cpU1jBQ6p8tLxqEO4Y0gHBpE0T2g4pt87UhwqNQh9Uxli3VO/sxH8K2smOih5KRNxoqkgk4+ChEMdwdHesMMkJZoPjMFEMjMrJD0sMdHmOrY5wtem8H9TLzjuvlM4R/nKCZgoC7bANtgFLjgEFXAGqqAGCOiCW3APHixu3VmP1tOkNGNNezbBD1kvn4eUkPU=</latexit>

e�
<latexit sha1_base64="vBZN8vNh5+UCNIPZ3ymViwMsuUY=">AAAB6nicdZDLSgMxFIYz9VbHW9Wlm2AR3DhkKtV2IRbduKxoW6EdSybNtKGZzJBkhDL0Edy4UMSlvot7N+LbmF4EFf0h8PP955Bzjh9zpjRCH1ZmZnZufiG7aC8tr6yu5dY36ipKJKE1EvFIXvlYUc4ErWmmOb2KJcWhz2nD75+O8sYNlYpF4lIPYuqFuCtYwAjWBl3Q6712Lo+cQhGVSwgiB41lTBG55QMXulOSP361j+Lnd7vazr21OhFJQio04Vippoti7aVYakY4HdqtRNEYkz7u0qaxAodUeel41CHcMaQDg0iaJzQc0+8dKQ6VGoS+qQyx7qnf2Qj+lTUTHZS8lIk40VSQyUdBwqGO4Ghv2GGSEs0HxmAimZkVkh6WmGhzHdsc4WtT+L+pFxx33ymco3zlBEyUBVtgG+wCFxyCCjgDVVADBHTBLbgHDxa37qxH62lSmrGmPZvgh6yXT4qckPc=</latexit>

f
<latexit sha1_base64="QOX/S0DEGTN17s6EB9sEo2REUc0=">AAAB6HicdVDJSgNBEO1xjXGLelSkMQieQk8kmtyCXjwmYBZIhtDTqUna9Cx09whhyNGTFw+KePUr8h3e/AZ/ws4iqOiDgsd7VVTVcyPBlSbk3VpYXFpeWU2tpdc3Nre2Mzu7dRXGkkGNhSKUTZcqEDyAmuZaQDOSQH1XQMMdXE78xi1IxcPgWg8jcHzaC7jHGdVGqnqdTJbk8gVSKhJMcmQKQwrELp3Z2J4r2fLBuPpxdziudDJv7W7IYh8CzQRVqmWTSDsJlZozAaN0O1YQUTagPWgZGlAflJNMDx3hY6N0sRdKU4HGU/X7REJ9pYa+azp9qvvqtzcR//JasfaKTsKDKNYQsNkiLxZYh3jyNe5yCUyLoSGUSW5uxaxPJWXaZJM2IXx9iv8n9XzOPs3lqyaNCzRDCu2jI3SCbHSOyugKVVANMQToHj2iJ+vGerCerZdZ64I1n9lDP2C9fgL73JDD</latexit>

f̄
<latexit sha1_base64="nHHx8whbLOzkH9NA2WyPx33J4lo=">AAAB7XicdVDLSgMxFM34rPVVdalIsAiuSqZSbXdFNy5bsA9oh5JJM21sJhmSjFCGLt27caGIW3+h3+HOb/AnTB+Cip7V4Zx7ueceP+JMG4TenYXFpeWV1dRaen1jc2s7s7Nb1zJWhNaI5FI1fawpZ4LWDDOcNiNFcehz2vAHlxO/cUuVZlJcm2FEvRD3BAsYwcZK9baPFQw6mSzK5QuoVEQQ5dAUlhSQWzpzoTtXsuWDcfXj7nBc6WTe2l1J4pAKQzjWuuWiyHgJVoYRTkfpdqxphMkA92jLUoFDqr1kmnYEj63ShYG0h6UwcKp+30hwqPUw9O1kiE1f//Ym4l9eKzZB0UuYiGJDBZkdCmIOjYST12GXKUoMH1qCiWI2KyR9rDAxtqC0LeHrU/g/qedz7mkuX7VtXIAZUmAfHIET4IJzUAZXoAJqgIAbcA8ewZMjnQfn2XmZjS4485098APO6ydKX5Km</latexit>

e�
<latexit sha1_base64="vBZN8vNh5+UCNIPZ3ymViwMsuUY=">AAAB6nicdZDLSgMxFIYz9VbHW9Wlm2AR3DhkKtV2IRbduKxoW6EdSybNtKGZzJBkhDL0Edy4UMSlvot7N+LbmF4EFf0h8PP955Bzjh9zpjRCH1ZmZnZufiG7aC8tr6yu5dY36ipKJKE1EvFIXvlYUc4ErWmmOb2KJcWhz2nD75+O8sYNlYpF4lIPYuqFuCtYwAjWBl3Q6712Lo+cQhGVSwgiB41lTBG55QMXulOSP361j+Lnd7vazr21OhFJQio04Vippoti7aVYakY4HdqtRNEYkz7u0qaxAodUeel41CHcMaQDg0iaJzQc0+8dKQ6VGoS+qQyx7qnf2Qj+lTUTHZS8lIk40VSQyUdBwqGO4Ghv2GGSEs0HxmAimZkVkh6WmGhzHdsc4WtT+L+pFxx33ymco3zlBEyUBVtgG+wCFxyCCjgDVVADBHTBLbgHDxa37qxH62lSmrGmPZvgh6yXT4qckPc=</latexit>

e+
<latexit sha1_base64="NocF3E47ZHHvYnrhej4JtJtCc6s=">AAAB6nicdZDLSgMxFIYz9VbHW9Wlm2ARBGHIVKrtQiy6cVnRtkI7lkyaaUMzmSHJCGXoI7hxoYhLfRf3bsS3Mb0IKvpD4Of7zyHnHD/mTGmEPqzMzOzc/EJ20V5aXlldy61v1FWUSEJrJOKRvPKxopwJWtNMc3oVS4pDn9OG3z8d5Y0bKhWLxKUexNQLcVewgBGsDbqg13vtXB45hSIqlxBEDhrLmCJyywcudKckf/xqH8XP73a1nXtrdSKShFRowrFSTRfF2kux1IxwOrRbiaIxJn3cpU1jBQ6p8tLxqEO4Y0gHBpE0T2g4pt87UhwqNQh9Uxli3VO/sxH8K2smOih5KRNxoqkgk4+ChEMdwdHesMMkJZoPjMFEMjMrJD0sMdHmOrY5wtem8H9TLzjuvlM4R/nKCZgoC7bANtgFLjgEFXAGqqAGCOiCW3APHixu3VmP1tOkNGNNezbBD1kvn4eUkPU=</latexit>

f
<latexit sha1_base64="QOX/S0DEGTN17s6EB9sEo2REUc0=">AAAB6HicdVDJSgNBEO1xjXGLelSkMQieQk8kmtyCXjwmYBZIhtDTqUna9Cx09whhyNGTFw+KePUr8h3e/AZ/ws4iqOiDgsd7VVTVcyPBlSbk3VpYXFpeWU2tpdc3Nre2Mzu7dRXGkkGNhSKUTZcqEDyAmuZaQDOSQH1XQMMdXE78xi1IxcPgWg8jcHzaC7jHGdVGqnqdTJbk8gVSKhJMcmQKQwrELp3Z2J4r2fLBuPpxdziudDJv7W7IYh8CzQRVqmWTSDsJlZozAaN0O1YQUTagPWgZGlAflJNMDx3hY6N0sRdKU4HGU/X7REJ9pYa+azp9qvvqtzcR//JasfaKTsKDKNYQsNkiLxZYh3jyNe5yCUyLoSGUSW5uxaxPJWXaZJM2IXx9iv8n9XzOPs3lqyaNCzRDCu2jI3SCbHSOyugKVVANMQToHj2iJ+vGerCerZdZ64I1n9lDP2C9fgL73JDD</latexit>

f̄
<latexit sha1_base64="nHHx8whbLOzkH9NA2WyPx33J4lo=">AAAB7XicdVDLSgMxFM34rPVVdalIsAiuSqZSbXdFNy5bsA9oh5JJM21sJhmSjFCGLt27caGIW3+h3+HOb/AnTB+Cip7V4Zx7ueceP+JMG4TenYXFpeWV1dRaen1jc2s7s7Nb1zJWhNaI5FI1fawpZ4LWDDOcNiNFcehz2vAHlxO/cUuVZlJcm2FEvRD3BAsYwcZK9baPFQw6mSzK5QuoVEQQ5dAUlhSQWzpzoTtXsuWDcfXj7nBc6WTe2l1J4pAKQzjWuuWiyHgJVoYRTkfpdqxphMkA92jLUoFDqr1kmnYEj63ShYG0h6UwcKp+30hwqPUw9O1kiE1f//Ym4l9eKzZB0UuYiGJDBZkdCmIOjYST12GXKUoMH1qCiWI2KyR9rDAxtqC0LeHrU/g/qedz7mkuX7VtXIAZUmAfHIET4IJzUAZXoAJqgIAbcA8ewZMjnQfn2XmZjS4485098APO6ydKX5Km</latexit>

A colisão se  
transforma em  

decaimento f = fermion
<latexit sha1_base64="cWmjXd+ITvIUIh7dRmhpAON+VWQ=">AAAB9HicdVDLSgMxFM34rPVVdalIsAiuhkyl2i6EohuXLdgHtEPJpJk2NJkZk0yhDF36DW5cKOLWdb/Dnd/gT5g+BBU9cOHknHvJvceLOFMaoXdrYXFpeWU1tZZe39jc2s7s7NZUGEtCqyTkoWx4WFHOAlrVTHPaiCTFwuO07vWvJn59QKViYXCjhxF1Be4GzGcEayO5/kVLCuhTKcyrnckiO5dHxQKCyEZTGJJHTvHMgc5cyZYOxpWPu8NxuZ15a3VCEgsaaMKxUk0HRdpNsNSMcDpKt2JFI0z6uEubhgZYUOUm06VH8NgoHeiH0lSg4VT9PpFgodRQeKZTYN1Tv72J+JfXjLVfcBMWRLGmAZl95Mcc6hBOEoAdJinRfGgIJpKZXSHpYYmJNjmlTQhfl8L/SS1nO6d2rmLSuAQzpMA+OAInwAHnoASuQRlUAQG34B48gidrYD1Yz9bLrHXBms/sgR+wXj8Bsa2Vww==</latexit>

anti-férmion

Definem regras para calcular amplitudes de espalhamento e decaimento.

Alberto Reis  - CBPF

(spin 1/2)

(spin 1)

LISHEP 23: O Modelo Padrão
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As interações fundamentais

Alberto Reis  - CBPFLISHEP 23: O Modelo Padrão
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Em 1930, Wolfgang Pauli propôs a existência dos neutrinos

n ! p+ e� + ⌫
<latexit sha1_base64="3LEhwgMk591SjRJEET+D4N6SwCo=">AAACAnicbVBLSwMxGMzWV62vVU/iJVgEoVh2q6DHohePFewDumvJptk2NJssSVYoS/HiX/HiQRGv/gpv/huz7R60dSAwzDdfkpkgZlRpx/m2CkvLK6trxfXSxubW9o69u9dSIpGYNLFgQnYCpAijnDQ11Yx0YklQFDDSDkbX2bz9QKSigt/pcUz8CA04DSlG2kg9+4B7WsC4Qu5PK54wzuyi1OPJpGeXnaozBVwkbk7KIEejZ395fYGTiHCNGVKq6zqx9lMkNcWMTEpeokiM8AgNSNdQjiKi/HQaYQKPjdKHoZDmcA2n6u+NFEVKjaPAOCOkh2p+lon/zbqJDi/9lPI40YTj2UNhwqBJnfUB+1QSrNnYEIQlNX+FeIgkwtq0VjIluPORF0mrVnXPqrXb83L9Kq+jCA7BETgBLrgAdXADGqAJMHgEz+AVvFlP1ov1bn3MrAUr39kHf2B9/gDrIpcj</latexit>

6C
14 ! 7N

14 + e� + ⌫e
<latexit sha1_base64="rL7SZzmT4lXTfnkxl4so6dxAz1A="></latexit>

O decaimento beta:

O processo "microscópico" no interior do núcleo:

Mas os neutrinos só foram observados 20 anos depois.

energia do elétron [MeV]

esperado
observado

Interações fundamentais - teoria eletrofraca

Alberto Reis  - CBPFLISHEP 23: O Modelo Padrão
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As diferentes escalas envolvidas no decaimento beta

<latexit sha1_base64="wZ4faZDI95BttGJXHH1obfuhS0A=">AAAB6HicbZDLSgNBEEVrfMb4irp00xgEV2FGRV1pwI3LBMwDkiH09NQkbXoedPcIYcgXuHGhiFt/xT9w59/YmWShiRcaDvdW0VXlJYIrbdvf1tLyyuraemGjuLm1vbNb2ttvqjiVDBssFrFse1Sh4BE2NNcC24lEGnoCW97wdpK3HlEqHkf3epSgG9J+xAPOqDZW3e+VynbFzkUWwZlB+ebzLFetV/rq+jFLQ4w0E1SpjmMn2s2o1JwJHBe7qcKEsiHtY8dgRENUbpYPOibHxvFJEEvzIk1y93dHRkOlRqFnKkOqB2o+m5j/ZZ1UB1duxqMk1Rix6UdBKoiOyWRr4nOJTIuRAcokN7MSNqCSMm1uUzRHcOZXXoTmacW5qJzX7XL1GqYqwCEcwQk4cAlVuIMaNIABwhO8wKv1YD1bb9b7tHTJmvUcwB9ZHz/BHI8d</latexit>

d

<latexit sha1_base64="blolHt2NNv4ba1aIjX8Y//ZwRD0=">AAAB6HicbZDLSgMxFIbPeK31VnXpJlgEV2VGRV1pwY3LFuwF2qFk0jNtbCYzJBmhlD6BGxeKuPVVfAN3vo3ptAtt/SHw8f/nkHNOkAiujet+O0vLK6tr67mN/ObW9s5uYW+/ruNUMayxWMSqGVCNgkusGW4ENhOFNAoENoLB7SRvPKLSPJb3ZpigH9Ge5CFn1FirmnYKRbfkZiKL4M2gePN5lqnSKXy1uzFLI5SGCap1y3MT44+oMpwJHOfbqcaEsgHtYcuipBFqf5QNOibH1umSMFb2SUMy93fHiEZaD6PAVkbU9PV8NjH/y1qpCa/8EZdJalCy6UdhKoiJyWRr0uUKmRFDC5QpbmclrE8VZcbeJm+P4M2vvAj105J3UTqvusXyNUyVg0M4ghPw4BLKcAcVqAEDhCd4gVfnwXl23pz3aemSM+s5gD9yPn4A2uCPLg==</latexit>u

<latexit sha1_base64="sM+GtAIdXwRI1uXvYA70ai931IA=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuLHMqKgrLbhxWdFeoB1LJs20oZlkSDJCGfoIblwo4tY38Q3c+Tam0y609YfAx/+fQ845QcyZNq777eQWFpeWV/KrhbX1jc2t4vZOXctEEVojkkvVDLCmnAlaM8xw2owVxVHAaSMYXI/zxiNVmklxb4Yx9SPcEyxkBBtr3TUejjrFklt2M6F58KZQuvo8yVTtFL/aXUmSiApDONa65bmx8VOsDCOcjgrtRNMYkwHu0ZZFgSOq/TQbdYQOrNNFoVT2CYMy93dHiiOth1FgKyNs+no2G5v/Za3EhBd+ykScGCrI5KMw4chINN4bdZmixPChBUwUs7Mi0scKE2OvU7BH8GZXnof6cdk7K5/euqXKJUyUhz3Yh0Pw4BwqcANVqAGBHjzBC7w63Hl23pz3SWnOmfbswh85Hz/K+Y+v</latexit>

W�

<latexit sha1_base64="tt3XbS/Tb5iyiBVAlhU8J1WDA5A=">AAAB6nicbZDLSsNAFIZP6q3WW9Wlm2AR3FgSFXWlBTcuK9oLtLFMpift0MkkzEyEEvoIblwo4tY38Q3c+TZO0y609YeBj/8/hznn+DFnSjvOt5VbWFxaXsmvFtbWNza3its7dRUlkmKNRjySTZ8o5ExgTTPNsRlLJKHPseEPrsd54xGlYpG418MYvZD0BAsYJdpYd/hw1CmWnLKTyZ4Hdwqlq8+TTNVO8avdjWgSotCUE6VarhNrLyVSM8pxVGgnCmNCB6SHLYOChKi8NBt1ZB8Yp2sHkTRPaDtzf3ekJFRqGPqmMiS6r2azsflf1kp0cOGlTMSJRkEnHwUJt3Vkj/e2u0wi1XxogFDJzKw27RNJqDbXKZgjuLMrz0P9uOyelU9vnVLlEibKwx7swyG4cA4VuIEq1IBCD57gBV4tbj1bb9b7pDRnTXt24Y+sjx/gTY+9</latexit>

e�

<latexit sha1_base64="9TNaAUZAJfwQ5yWOWBOB03ePbVo=">AAAB8HicbVDLSgNBEOyNr5j4iPHoZTAKOYVdEfUkAS8eI5iHZJcwO5kkQ2Zml5lZISzxC7x5UVDEq5/jzb9x8jhoYkFDUdVNd1cYc6aN6347mZXVtfWN7GYuv7W9s1vYKzZ0lChC6yTikWqFWFPOJK0bZjhtxYpiEXLaDIdXE795T5Vmkbw1o5gGAvcl6zGCjZXu/BArXyYd2imU3Io7BVom3pyUqsWXx4fyUb7WKXz53YgkgkpDONa67bmxCVKsDCOcjnN+ommMyRD3adtSiQXVQTo9eIyOrdJFvUjZkgZN1d8TKRZaj0RoOwU2A73oTcT/vHZiehdBymScGCrJbFEv4chEaPI96jJFieEjSzBRzN6KyAArTIzNKGdD8BZfXiaNk4p3Vjm9sWlcwgxZOIBDKIMH51CFa6hBHQgIeIJXeHOU8+y8Ox+z1owzn9mHP3A+fwDrlpK1</latexit>

⌫̄e

Alberto Reis  - CBPF

n ! p+ e� + ⌫
<latexit sha1_base64="3LEhwgMk591SjRJEET+D4N6SwCo=">AAACAnicbVBLSwMxGMzWV62vVU/iJVgEoVh2q6DHohePFewDumvJptk2NJssSVYoS/HiX/HiQRGv/gpv/huz7R60dSAwzDdfkpkgZlRpx/m2CkvLK6trxfXSxubW9o69u9dSIpGYNLFgQnYCpAijnDQ11Yx0YklQFDDSDkbX2bz9QKSigt/pcUz8CA04DSlG2kg9+4B7WsC4Qu5PK54wzuyi1OPJpGeXnaozBVwkbk7KIEejZ395fYGTiHCNGVKq6zqx9lMkNcWMTEpeokiM8AgNSNdQjiKi/HQaYQKPjdKHoZDmcA2n6u+NFEVKjaPAOCOkh2p+lon/zbqJDi/9lPI40YTj2UNhwqBJnfUB+1QSrNnYEIQlNX+FeIgkwtq0VjIluPORF0mrVnXPqrXb83L9Kq+jCA7BETgBLrgAdXADGqAJMHgEz+AVvFlP1ov1bn3MrAUr39kHf2B9/gDrIpcj</latexit>

6C
14 ! 7N

14 + e� + ⌫e
<latexit sha1_base64="rL7SZzmT4lXTfnkxl4so6dxAz1A="></latexit>

LISHEP 23: O Modelo Padrão



18

�, Z0
<latexit sha1_base64="easHY7Hr9GfxWjqe9FijGgE83zI=">AAAB83icdVDLSgMxFL3js9ZXrUs3wSK4kCEzWrW7ihuXClbFzlgyaVpDk5khyQilFPQn3LhQxG1/xp3foB9h2iKo6IHLPZxzL7k5USq4Nhi/OROTU9Mzs7m5/PzC4tJyYaV4ppNMUVajiUjURUQ0EzxmNcONYBepYkRGgp1HncOhf37DlOZJfGq6KQslace8xSkxVgqCNpGSbAXo8go3CiXsYn+/vOMj7PplXPEqlpSxV9ndQZ6LRyhV1z6Kg7vB+3Gj8Bo0E5pJFhsqiNZ1D6cm7BFlOBWsnw8yzVJCO6TN6pbGRDId9kY399GGVZqolShbsUEj9ftGj0ituzKyk5KYa/3bG4p/efXMtPbDHo/TzLCYjh9qZQKZBA0DQE2uGDWiawmhittbEb0milBjY8rbEL5+iv4nZ77rbbv+iU3j4BZGyMEarMMmeLAHVTiCY6gBhRTu4RGenMx5cJ6dl/HohDPusAo/4Aw+AetTlcc=</latexit>

Z0
<latexit sha1_base64="bzSo+1cz9WL+cLOguFce21t151M=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPQ8+YaHIy4sVjRLNgEkNPpydp0rPQ3SOEEPAHvHhQxKvf4gd482/sTBBU9EFRj/eqqMWLBVca4w9rbn5hcWk5s5JdXVvf2MxtbddVlEjKajQSkWx6RDHBQ1bTXAvWjCUjgSdYwxueTf3GLZOKR+GVHsWsE5B+yH1OiTbS5fUN7uby2MZuqVhwEbbdIi47ZUOK2CkfFZBj4xT5kzc/RbWbe2/3IpoELNRUEKVaDo51Z0yk5lSwSbadKBYTOiR91jI0JAFTnXG66gTtG6WH/EiaCDVK1e8dYxIoNQo8UxkQPVC/van4l9dKtF/qjHkYJ5qFdDbITwTSEZrejXpcMqrFyBBCJTe7IjogklBtvpM1T/i6FP1P6q7tHNruBc5XTu8gRQZ2YQ8OwIFjqMA5VKEGFPpwD4/wZAnrwXq2Xmalc9Ysww78gPX6CQAikbA=</latexit>

�
<latexit sha1_base64="JxMVFr1hh1TQ8z0vGzYPtl285Ns=">AAAB7XicdVDLSgMxFL3js9ZXrUs3wSK4GjKjVburuHFZwdZCO0gmTWs0mRmSjFCGgv6BGxeKuHXVn3HnN+hHmLYIKnrgcg/n3JB7T5gIrg3Gb87U9Mzs3HxuIb+4tLyyWlgrNnScKsrqNBaxaoZEM8EjVjfcCNZMFCMyFOwsvDoa+WfXTGkeR6emn7BAkl7Eu5wSY6VGu0ekJOeFEnaxf1De9RF2/TKueBVLytir7O0iz8VjlKobH8Xh7fC9dl54bXdimkoWGSqI1i0PJybIiDKcCjbIt1PNEkKvSI+1LI2IZDrIxtsO0JZVOqgbK1uRQWP1+4uMSK37MrSTkpgL/dsbiX95rdR0D4KMR0lqWEQnH3VTgUyMRqejDleMGtG3hFDF7a6IXhBFqLEB5W0IX5ei/0nDd70d1z+xaRzewBg52IBN2AYP9qEKx1CDOlC4hDt4gEcndu6dJ+d5MjrlTDqsww84L5+dPJP7</latexit>

f
<latexit sha1_base64="uB9QiWWkfSIg6TVZnQuTQQgdZW8=">AAAB6HicdVA9SwNBEJ3z2/gVtbRZDILVsXcmajrFxlLBqBCPsLeZ09W9D3b3hHAIWttYKGJr75+x8zfoj3BzQVDRB8M83ptlZ16YSaENpW/O0PDI6Nj4xGRlanpmdq46v3Co01xxbPFUpuo4ZBqlSLBlhJF4nClkcSjxKLzY6ftHl6i0SJMD08swiNlpIiLBmbHSftSp1qhL/c1G3SfU9Ru06TUtaVCvuV4nnktL1LaWPhZebl7e9zrV15NuyvMYE8Ml07rt0cwEBVNGcIlXlZNcY8b4BTvFtqUJi1EHRbnoFVmxSpdEqbKVGFKq318ULNa6F4d2MmbmTP/2+uJfXjs30WZQiCTLDSZ88FGUS2JS0r+adIVCbmTPEsaVsLsSfsYU48ZmU7EhfF1K/ieHvuutuf6+TWP7GkpMwBIswyp4sAFbsAt70AIOCLdwDw/OuXPnPDpPg9EhZ9BhEX7Aef4E4UKR0A==</latexit>

f̄
<latexit sha1_base64="Zi9X6mdfqaB3pWRRDamJCaQjWs4=">AAAB7XicdVA9SwNBEJ2LXzF+RS1tFoNgdeydiZouYmOpYKKQhLC32UvW7N0eu3tCOAT9BzYWitha+Wfs/A36I9wkCCr6mnm8N8PMvCARXBuM35zc1PTM7Fx+vrCwuLS8Ulxda2iZKsrqVAqpzgOimeAxqxtuBDtPFCNRINhZMDgc+WeXTGku41MzTFg7Ir2Yh5wSY6VGKyAKhZ1iCbvY36+UfYRdv4KrXtWSCvaqu2XkuXiMUm3jY+3l5uX9uFN8bXUlTSMWGyqI1k0PJ6adEWU4Feyq0Eo1SwgdkB5rWhqTiOl2Nr72Cm1ZpYtCaRfL2KCx+n0iI5HWwyiwnRExff3bG4l/ec3UhPvtjMdJalhMJ4vCVCAj0eh11OWKUSOGlhCquL0V0T5RhBobUMGG8PUp+p80fNfbcf0Tm8bBNYyRhw3YhG3wYA9qcATHUAcKF3AL9/DgSOfOeXSeJq05Z1JhHX7Aef4EL8WTsw==</latexit>

W±
<latexit sha1_base64="EqDMFeObwHxJFmRqz/P3a78CyHI=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPQ8+YaHIy4sVjBLNAEkNPpydp0rPQ3SOEIeAvePGgiFe/xA/w5t/YmSCo6IOiHu9VUYsXC640xh/WwuLS8spqbi2/vrG5tV3Y2W2qKJGUNWgkItn2iGKCh6yhuRasHUtGAk+wlje+mPmtWyYVj8JrPYlZLyDDkPucEm2kVusm7cbBtF8oYhu7lXLJRdh2y7jqVA0pY6d6UkKOjTMUz978DPV+4b07iGgSsFBTQZTqODjWvZRIzalg03w3USwmdEyGrGNoSAKmemm27hQdGmWA/EiaCDXK1O8dKQmUmgSeqQyIHqnf3kz8y+sk2q/0Uh7GiWYhnQ/yE4F0hGa3owGXjGoxMYRQyc2uiI6IJFSbD+XNE74uRf+Tpms7x7Z7hYu18zvIkIN9OIAjcOAUanAJdWgAhTHcwyM8WbH1YD1bL/PSBWueYQ9+wHr9BKAOk9Y=</latexit>

W⌥
<latexit sha1_base64="Pos62S7G2Fwik5B0ZRetLfNYtrQ=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPQ8+YaHIy4sVjBLNAEkNPpydp0rPQ3SOEIeAvePGgiFe/xA/w5t/YmSCo6IOiHu9VUYsXC640xh/WwuLS8spqbi2/vrG5tV3Y2W2qKJGUNWgkItn2iGKCh6yhuRasHUtGAk+wlje+mPmtWyYVj8JrPYlZLyDDkPucEm2kVusm7QbxtF8oYhu7lXLJRdh2y7jqVA0pY6d6UkKOjTMUz978DPV+4b07iGgSsFBTQZTqODjWvZRIzalg03w3USwmdEyGrGNoSAKmemm27hQdGmWA/EiaCDXK1O8dKQmUmgSeqQyIHqnf3kz8y+sk2q/0Uh7GiWYhnQ/yE4F0hGa3owGXjGoxMYRQyc2uiI6IJFSbD+XNE74uRf+Tpms7x7Z7hYu18zvIkIN9OIAjcOAUanAJdWgAhTHcwyM8WbH1YD1bL/PSBWueYQ9+wHr9BKALk9Y=</latexit>

f+
<latexit sha1_base64="XvuAp/0WhagoDmoef3f5X8KHYbE=">AAAB6nicdVDLSgMxFL1T3/VV69JNUARBGDJjq+2u4salorVCO0omzbShmQdJRihDQT/AjQtF3Lr1Z9z5DfoRpi2Cih643MM5N+Te4yeCK43xm5WbmJyanpmdy88vLC4tF1aKZypOJWV1GotYnvtEMcEjVtdcC3aeSEZCX7CG3zsY+o0rJhWPo1PdT5gXkk7EA06JNtJJcLF9WdjANnYr5ZKLsO2WcdWpGlLGTnW3hBwbj7BRW/sovty8vB9dFl5b7ZimIYs0FUSppoMT7WVEak4FG+RbqWIJoT3SYU1DIxIy5WWjVQdo0yhtFMTSVKTRSP3+IiOhUv3QN5Mh0V312xuKf3nNVAcVL+NRkmoW0fFHQSqQjtHwbtTmklEt+oYQKrnZFdEukYRqk07ehPB1KfqfnLm2s2O7xyaN/WsYYRbWYB22wIE9qMEhHEEdKHTgFu7hwRLWnfVoPY1Hc9a4wyr8gPX8Cfvpkm0=</latexit>

f 0�
<latexit sha1_base64="E6WdSGJE/j9mbdxZeOR7UgoICJI=">AAAB63icdVDLSgMxFL3js9ZXrUs3wSK6cciMrdqd4sZlBdsKbZVMmrGhmQdJRiiDoD/gxoUibl32Z9z5DfoRZloEFT1wuYdzbsi9x4sFVxrjN2ticmp6ZjY3l59fWFxaLqwUGypKJGV1GolInnlEMcFDVtdcC3YWS0YCT7Cm1z/K/OYVk4pH4akexKwTkMuQ+5wSnUn+5vn2RaGEbezuV8ouwrZbwVWnakgFO9XdMnJsPELpYO2jOLwdvtcuCq/tbkSTgIWaCqJUy8Gx7qREak4Fu863E8ViQvvkkrUMDUnAVCcd7XqNNozSRX4kTYUajdTvL1ISKDUIPDMZEN1Tv71M/MtrJdrf76Q8jBPNQjr+yE8E0hHKDkddLhnVYmAIoZKbXRHtEUmoNvHkTQhfl6L/ScO1nR3bPTFpHN7ACDlYg3XYAgf24ACOoQZ1oNCDO3iARyuw7q0n63k8OmGNO6zCD1gvn1+4kqA=</latexit>

"D" antiquark

"U" quark

antilepton

neutrino do lepton

W±
<latexit sha1_base64="EqDMFeObwHxJFmRqz/P3a78CyHI=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPQ8+YaHIy4sVjBLNAEkNPpydp0rPQ3SOEIeAvePGgiFe/xA/w5t/YmSCo6IOiHu9VUYsXC640xh/WwuLS8spqbi2/vrG5tV3Y2W2qKJGUNWgkItn2iGKCh6yhuRasHUtGAk+wlje+mPmtWyYVj8JrPYlZLyDDkPucEm2kVusm7cbBtF8oYhu7lXLJRdh2y7jqVA0pY6d6UkKOjTMUz978DPV+4b07iGgSsFBTQZTqODjWvZRIzalg03w3USwmdEyGrGNoSAKmemm27hQdGmWA/EiaCDXK1O8dKQmUmgSeqQyIHqnf3kz8y+sk2q/0Uh7GiWYhnQ/yE4F0hGa3owGXjGoxMYRQyc2uiI6IJFSbD+XNE74uRf+Tpms7x7Z7hYu18zvIkIN9OIAjcOAUanAJdWgAhTHcwyM8WbH1YD1bL/PSBWueYQ9+wHr9BKAOk9Y=</latexit>

W⌥
<latexit sha1_base64="Pos62S7G2Fwik5B0ZRetLfNYtrQ=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPQ8+YaHIy4sVjBLNAEkNPpydp0rPQ3SOEIeAvePGgiFe/xA/w5t/YmSCo6IOiHu9VUYsXC640xh/WwuLS8spqbi2/vrG5tV3Y2W2qKJGUNWgkItn2iGKCh6yhuRasHUtGAk+wlje+mPmtWyYVj8JrPYlZLyDDkPucEm2kVusm7QbxtF8oYhu7lXLJRdh2y7jqVA0pY6d6UkKOjTMUz978DPV+4b07iGgSsFBTQZTqODjWvZRIzalg03w3USwmdEyGrGNoSAKmemm27hQdGmWA/EiaCDXK1O8dKQmUmgSeqQyIHqnf3kz8y+sk2q/0Uh7GiWYhnQ/yE4F0hGa3owGXjGoxMYRQyc2uiI6IJFSbD+XNE74uRf+Tpms7x7Z7hYu18zvIkIN9OIAjcOAUanAJdWgAhTHcwyM8WbH1YD1bL/PSBWueYQ9+wHr9BKALk9Y=</latexit>

�, Z0, W±
<latexit sha1_base64="WJLgjXk4H2Llx68hCkOjRkJ9RX8="></latexit>

�, Z0, W⌥
<latexit sha1_base64="x69DNcRooBYCui+w7Szlcen5vVE="></latexit>

(d, s, b)

(u, c, t)

Z0 ! µ+µ�
<latexit sha1_base64="WZubJoiLofIZheggmK8jWrwByGo=">AAAB+nicdVDLSgMxFM34rPXRqS5cuAkWQRCHmbG0XYgU3LisYB/YaUsmTdvQzIMko5Sxn+LGhSIu9Uvc+QFu+w1mWgUVPZBwOOde7r3HDRkV0jTftLn5hcWl5dRKenVtfSOjZzdrIog4JlUcsIA3XCQIoz6pSioZaYScIM9lpO4OTxO/fkW4oIF/IUchaXmo79MexUgqqaNnL9umIwPoeFH7IPkOO3rONIolu2AXoWmYdiFvWwmxSpadh5ZhTpErb08mmePn90pHf3W6AY484kvMkBBNywxlK0ZcUszIOO1EgoQID1GfNBX1kUdEK56uPoZ7SunCXsDV8yWcqt87YuQJMfJcVekhORC/vUT8y2tGsldqxdQPI0l8PBvUixhUtyY5wC7lBEs2UgRhTtWuEA8QR1iqtNIqhK9L4f+kZhvWkWGfqzROwAwpsAN2wT6wQBGUwRmogCrA4BrcgnvwoN1od9qj9jQrndM+e7bAD2gvH9j+l30=</latexit>

� ! uū
<latexit sha1_base64="G3owutjTml3g/Qjx0b7R/zTgW5U=">AAAB+nicdVBNS8NAEN34WetXqgcPXhaL4CkkUdoeRAQvHhWsLTShTLabdnE3CbsbpdT+FC8eFPGov8SbP8Crv8Ftq6CiDwYe780wMy/KOFPadV+tqemZ2bn5wkJxcWl5ZdUurZ2rNJeE1knKU9mMQFHOElrXTHPazCQFEXHaiC6ORn7jkkrF0uRM9zMaCugmLGYEtJHadinoghAQ6BTnQQQS52277DrVml/xq9h1XL+y53sj4tU8fw97jjtG+XDj/X11/+ntpG2/BJ2U5IImmnBQquW5mQ4HIDUjnA6LQa5oBuQCurRlaAKCqnAwPn2It43SwXEqTSUaj9XvEwMQSvVFZDoF6J767Y3Ev7xWruNaOGBJlmuakMmiOOfYPDrKAXeYpETzviFAJDO3YtIDCUSbtIomhK9P8f/k3He8Xcc/NWkcoAkKaBNtoR3koSo6RMfoBNURQVfoBt2he+vaurUerMdJ65T1ObOOfsB6/gCjdZf/</latexit>

W+ ! e+⌫e
<latexit sha1_base64="si8A9t1L+v/Rpwm5Q3KoGxeEnuw=">AAAB+HicdVBdSwJBFJ3t07TS7LGXIQuEYNndRH0KoZceDfID1GR2vOrg7OwyMxuY2C/oD0QvPRTRaz+lt/5NoxZU1IFhDufcy733+BFnSjvOu7W0vLK6tp7YSKY2t7bTmZ1sXYWxpFCjIQ9l0ycKOBNQ00xzaEYSSOBzaPij05nfuAKpWCgu9DiCTkAGgvUZJdpI3Uy6cXnU1iEG84m4C91MzrFLZa/olbBjO16x4Lkz4pZdr4Bd25kjV8ne3d7kD1LVbuat3QtpHIDQlBOlWq4T6c6ESM0oh2myHSuICB2RAbQMFSQA1ZnMF5/iQ6P0cD+U5gmN5+r3jgkJlBoHvqkMiB6q395M/Mtrxbpf7kyYiGINgi4G9WOOzaWzFHCPSaCajw0hVDKzK6ZDIgnVJqukCeHrUvw/qXu2e2x75yaNE7RAAu2hfZRHLiqhCjpDVVRDFMXoHj2iJ+vaerCerZdF6ZL12bOLfsB6/QAgppT4</latexit>

W+ ! cd̄
<latexit sha1_base64="wxJzqCkgQIRBs96bRd8L0DBFR6Q=">AAAB9XicdVDLSsNAFJ34rPVVdelmsAiCEJK0tF1pwY3LCvYBTVomk0k7dDIJMxOlhP6HGxeKuPUj/AN3/o3TVEFFD1w4nHMv997jJ4xKZVnvxtLyyuraemGjuLm1vbNb2tvvyDgVmLRxzGLR85EkjHLSVlQx0ksEQZHPSNefXMz97g0Rksb8Wk0T4kVoxGlIMVJaGnQHp66KIXZ9JGAwLJUts95wak4dWqbl1KqOPSd2w3aq0DatHOXz10qO1rD05gYxTiPCFWZIyr5tJcrLkFAUMzIruqkkCcITNCJ9TTmKiPSy/OoZPNZKAMNY6OIK5ur3iQxFUk4jX3dGSI3lb28u/uX1UxU2vIzyJFWE48WiMGVQPzqPAAZUEKzYVBOEBdW3QjxGAmGlgyrqEL4+hf+TjmPaFdO5ssrNM7BAARyCI3ACbFAHTXAJWqANMBDgDjyAR+PWuDeejOdF65LxOXMAfsB4+QCoN5Qs</latexit>

acoplamentos 
possíveis 

entre bósons 
intermediários

Alberto Reis  - CBPF

(QED)

<latexit sha1_base64="4PT4wmTTngvnkmc8vbpzXvlu9U8=">AAAB6nicdVDLSgMxFM3UV62vqks3wSIIwpDp1LYrLbhxWdG2QjuWTJppQzOZIckIZegnuHGhiFv/xD9w59+YThVU9MCFwzn3cs+9fsyZ0gi9W7mFxaXllfxqYW19Y3OruL3TVlEiCW2RiEfy2seKciZoSzPN6XUsKQ59Tjv++Gzmd26pVCwSV3oSUy/EQ8ECRrA20mXn5qhfLCEbuU7NdSCyy2XHrdYNqVRQtXYMHRtlKJ2+uhma/eJbbxCRJKRCE46V6joo1l6KpWaE02mhlygaYzLGQ9o1VOCQKi/Nok7hgVEGMIikKaFhpn6fSHGo1CT0TWeI9Uj99mbiX1430UHdS5mIE00FmS8KEg51BGd3wwGTlGg+MQQTyUxWSEZYYqLNdwrmCV+Xwv9Ju2w7VbtygUqNEzBHHuyBfXAIHFADDXAOmqAFCBiCO/AAHi1u3VtP1vO8NWd9zuyCH7BePgAipY/s</latexit>

W+
<latexit sha1_base64="4PT4wmTTngvnkmc8vbpzXvlu9U8=">AAAB6nicdVDLSgMxFM3UV62vqks3wSIIwpDp1LYrLbhxWdG2QjuWTJppQzOZIckIZegnuHGhiFv/xD9w59+YThVU9MCFwzn3cs+9fsyZ0gi9W7mFxaXllfxqYW19Y3OruL3TVlEiCW2RiEfy2seKciZoSzPN6XUsKQ59Tjv++Gzmd26pVCwSV3oSUy/EQ8ECRrA20mXn5qhfLCEbuU7NdSCyy2XHrdYNqVRQtXYMHRtlKJ2+uhma/eJbbxCRJKRCE46V6joo1l6KpWaE02mhlygaYzLGQ9o1VOCQKi/Nok7hgVEGMIikKaFhpn6fSHGo1CT0TWeI9Uj99mbiX1430UHdS5mIE00FmS8KEg51BGd3wwGTlGg+MQQTyUxWSEZYYqLNdwrmCV+Xwv9Ju2w7VbtygUqNEzBHHuyBfXAIHFADDXAOmqAFCBiCO/AAHi1u3VtP1vO8NWd9zuyCH7BePgAipY/s</latexit>

W+

LISHEP 23: O Modelo Padrão

Os diferentes acoplamentos possíveis
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Interações fundamentais - cromodinâmica quântica (QCD)

g
<latexit sha1_base64="anHJCfHrnju+D0PsLrvEfoL+HFc=">AAAB6HicdVBNS0JBFL3Pvsy+zJZuhiRo9Zj30tKd0aalQn6AicwbR52c98HMvEBEqHWbFkW0be+faddvqB/RqAQVdeByD+fcYe49XiS40hi/WYml5ZXVteR6amNza3snvZupqzCWlNVoKELZ9IhiggesprkWrBlJRnxPsIY3PJv5jWsmFQ+DCz2KWNsn/YD3OCXaSNV+J53DNnaLhbyLsO0WcMkpGVLATuk4jxwbz5ErZz8y09vpe6WTfr3shjT2WaCpIEq1HBzp9phIzalgk9RlrFhE6JD0WcvQgPhMtcfzRSfowChd1AulqUCjufr9xZj4So18z0z6RA/Ub28m/uW1Yt0rtsc8iGLNArr4qBcLpEM0uxp1uWRUi5EhhEpudkV0QCSh2mSTMiF8XYr+J3XXdo5st2rSOL2BOZKQhX04BAdOoAznUIEaUGBwBw/waF1Z99aT9bwYTViLDnvwA9bLJ+LGkdE=</latexit>

g
<latexit sha1_base64="anHJCfHrnju+D0PsLrvEfoL+HFc=">AAAB6HicdVBNS0JBFL3Pvsy+zJZuhiRo9Zj30tKd0aalQn6AicwbR52c98HMvEBEqHWbFkW0be+faddvqB/RqAQVdeByD+fcYe49XiS40hi/WYml5ZXVteR6amNza3snvZupqzCWlNVoKELZ9IhiggesprkWrBlJRnxPsIY3PJv5jWsmFQ+DCz2KWNsn/YD3OCXaSNV+J53DNnaLhbyLsO0WcMkpGVLATuk4jxwbz5ErZz8y09vpe6WTfr3shjT2WaCpIEq1HBzp9phIzalgk9RlrFhE6JD0WcvQgPhMtcfzRSfowChd1AulqUCjufr9xZj4So18z0z6RA/Ub28m/uW1Yt0rtsc8iGLNArr4qBcLpEM0uxp1uWRUi5EhhEpudkV0QCSh2mSTMiF8XYr+J3XXdo5st2rSOL2BOZKQhX04BAdOoAznUIEaUGBwBw/waF1Z99aT9bwYTViLDnvwA9bLJ+LGkdE=</latexit>

g
<latexit sha1_base64="anHJCfHrnju+D0PsLrvEfoL+HFc=">AAAB6HicdVBNS0JBFL3Pvsy+zJZuhiRo9Zj30tKd0aalQn6AicwbR52c98HMvEBEqHWbFkW0be+faddvqB/RqAQVdeByD+fcYe49XiS40hi/WYml5ZXVteR6amNza3snvZupqzCWlNVoKELZ9IhiggesprkWrBlJRnxPsIY3PJv5jWsmFQ+DCz2KWNsn/YD3OCXaSNV+J53DNnaLhbyLsO0WcMkpGVLATuk4jxwbz5ErZz8y09vpe6WTfr3shjT2WaCpIEq1HBzp9phIzalgk9RlrFhE6JD0WcvQgPhMtcfzRSfowChd1AulqUCjufr9xZj4So18z0z6RA/Ub28m/uW1Yt0rtsc8iGLNArr4qBcLpEM0uxp1uWRUi5EhhEpudkV0QCSh2mSTMiF8XYr+J3XXdo5st2rSOL2BOZKQhX04BAdOoAznUIEaUGBwBw/waF1Z99aT9bwYTViLDnvwA9bLJ+LGkdE=</latexit>

g
<latexit sha1_base64="anHJCfHrnju+D0PsLrvEfoL+HFc=">AAAB6HicdVBNS0JBFL3Pvsy+zJZuhiRo9Zj30tKd0aalQn6AicwbR52c98HMvEBEqHWbFkW0be+faddvqB/RqAQVdeByD+fcYe49XiS40hi/WYml5ZXVteR6amNza3snvZupqzCWlNVoKELZ9IhiggesprkWrBlJRnxPsIY3PJv5jWsmFQ+DCz2KWNsn/YD3OCXaSNV+J53DNnaLhbyLsO0WcMkpGVLATuk4jxwbz5ErZz8y09vpe6WTfr3shjT2WaCpIEq1HBzp9phIzalgk9RlrFhE6JD0WcvQgPhMtcfzRSfowChd1AulqUCjufr9xZj4So18z0z6RA/Ub28m/uW1Yt0rtsc8iGLNArr4qBcLpEM0uxp1uWRUi5EhhEpudkV0QCSh2mSTMiF8XYr+J3XXdo5st2rSOL2BOZKQhX04BAdOoAznUIEaUGBwBw/waF1Z99aT9bwYTViLDnvwA9bLJ+LGkdE=</latexit>

g
<latexit sha1_base64="anHJCfHrnju+D0PsLrvEfoL+HFc=">AAAB6HicdVBNS0JBFL3Pvsy+zJZuhiRo9Zj30tKd0aalQn6AicwbR52c98HMvEBEqHWbFkW0be+faddvqB/RqAQVdeByD+fcYe49XiS40hi/WYml5ZXVteR6amNza3snvZupqzCWlNVoKELZ9IhiggesprkWrBlJRnxPsIY3PJv5jWsmFQ+DCz2KWNsn/YD3OCXaSNV+J53DNnaLhbyLsO0WcMkpGVLATuk4jxwbz5ErZz8y09vpe6WTfr3shjT2WaCpIEq1HBzp9phIzalgk9RlrFhE6JD0WcvQgPhMtcfzRSfowChd1AulqUCjufr9xZj4So18z0z6RA/Ub28m/uW1Yt0rtsc8iGLNArr4qBcLpEM0uxp1uWRUi5EhhEpudkV0QCSh2mSTMiF8XYr+J3XXdo5st2rSOL2BOZKQhX04BAdOoAznUIEaUGBwBw/waF1Z99aT9bwYTViLDnvwA9bLJ+LGkdE=</latexit>

q
<latexit sha1_base64="GNeP5dnsAbsCfXo3iYncC6NIMlU=">AAAB6HicdVDLSgMxFL3js9ZXrUs3QRFcDZmx1XZXceOyBatCO5RMmqmxmYdJRihDQdduXCji1r0/485v0I8wbRFU9MDlHs65IfcePxFcaYzfrKnpmdm5+dxCfnFpeWW1sFY8UXEqKWvSWMTyzCeKCR6xpuZasLNEMhL6gp36/cORf3rFpOJxdKwHCfNC0ot4wCnRRmpcdgpb2MZupVxyEbbdMq46VUPK2KnulZBj4zG2ahsfxZebl/d6p/Da7sY0DVmkqSBKtRycaC8jUnMq2DDfThVLCO2THmsZGpGQKS8bLzpE20bpoiCWpiKNxur3FxkJlRqEvpkMiT5Xv72R+JfXSnVQ8TIeJalmEZ18FKQC6RiNrkZdLhnVYmAIoZKbXRE9J5JQbbLJmxC+LkX/kxPXdnZtt2HSOLiGMXKwAZuwAw7sQw2OoA5NoMDgFu7hwbqw7qxH62kyOmVNOqzDD1jPn/Hukds=</latexit>

q̄
<latexit sha1_base64="vqt5cW22+4psDX0HXwKzoD6pdCM=">AAAB7XicdVBNS0JBFL3Pvsy+zJZuhiRo9Zj30tKd0aalQX6AiswbR52a99HMvEBEqH/QpkURbVv5Z9r1G+pHNCpBRR243MM5d5h7jxcJrjTGb1ZiYXFpeSW5mlpb39jcSm9naiqMJWVVGopQNjyimOABq2quBWtEkhHfE6zuXZ5M/fo1k4qHwbkeRqztk37Ae5wSbaRayyMSXXXSOWxjt1jIuwjbbgGXnJIhBeyUDvPIsfEMuXL2IzO5nbxXOunXVjeksc8CTQVRqungSLdHRGpOBRunWrFiEaGXpM+ahgbEZ6o9mm07RntG6aJeKE0FGs3U7y9GxFdq6Htm0id6oH57U/EvrxnrXrE94kEUaxbQ+Ue9WCAdounpqMslo1oMDSFUcrMrogMiCdUmoJQJ4etS9D+pubZzYLtnJo3jG5ghCVnYhX1w4AjKcAoVqAKFC7iDB3i0QuveerKe56MJa95hB37AevkEQHGTvg==</latexit>

g
<latexit sha1_base64="anHJCfHrnju+D0PsLrvEfoL+HFc=">AAAB6HicdVBNS0JBFL3Pvsy+zJZuhiRo9Zj30tKd0aalQn6AicwbR52c98HMvEBEqHWbFkW0be+faddvqB/RqAQVdeByD+fcYe49XiS40hi/WYml5ZXVteR6amNza3snvZupqzCWlNVoKELZ9IhiggesprkWrBlJRnxPsIY3PJv5jWsmFQ+DCz2KWNsn/YD3OCXaSNV+J53DNnaLhbyLsO0WcMkpGVLATuk4jxwbz5ErZz8y09vpe6WTfr3shjT2WaCpIEq1HBzp9phIzalgk9RlrFhE6JD0WcvQgPhMtcfzRSfowChd1AulqUCjufr9xZj4So18z0z6RA/Ub28m/uW1Yt0rtsc8iGLNArr4qBcLpEM0uxp1uWRUi5EhhEpudkV0QCSh2mSTMiF8XYr+J3XXdo5st2rSOL2BOZKQhX04BAdOoAznUIEaUGBwBw/waF1Z99aT9bwYTViLDnvwA9bLJ+LGkdE=</latexit>

g
<latexit sha1_base64="anHJCfHrnju+D0PsLrvEfoL+HFc=">AAAB6HicdVBNS0JBFL3Pvsy+zJZuhiRo9Zj30tKd0aalQn6AicwbR52c98HMvEBEqHWbFkW0be+faddvqB/RqAQVdeByD+fcYe49XiS40hi/WYml5ZXVteR6amNza3snvZupqzCWlNVoKELZ9IhiggesprkWrBlJRnxPsIY3PJv5jWsmFQ+DCz2KWNsn/YD3OCXaSNV+J53DNnaLhbyLsO0WcMkpGVLATuk4jxwbz5ErZz8y09vpe6WTfr3shjT2WaCpIEq1HBzp9phIzalgk9RlrFhE6JD0WcvQgPhMtcfzRSfowChd1AulqUCjufr9xZj4So18z0z6RA/Ub28m/uW1Yt0rtsc8iGLNArr4qBcLpEM0uxp1uWRUi5EhhEpudkV0QCSh2mSTMiF8XYr+J3XXdo5st2rSOL2BOZKQhX04BAdOoAznUIEaUGBwBw/waF1Z99aT9bwYTViLDnvwA9bLJ+LGkdE=</latexit>

g
<latexit sha1_base64="anHJCfHrnju+D0PsLrvEfoL+HFc=">AAAB6HicdVBNS0JBFL3Pvsy+zJZuhiRo9Zj30tKd0aalQn6AicwbR52c98HMvEBEqHWbFkW0be+faddvqB/RqAQVdeByD+fcYe49XiS40hi/WYml5ZXVteR6amNza3snvZupqzCWlNVoKELZ9IhiggesprkWrBlJRnxPsIY3PJv5jWsmFQ+DCz2KWNsn/YD3OCXaSNV+J53DNnaLhbyLsO0WcMkpGVLATuk4jxwbz5ErZz8y09vpe6WTfr3shjT2WaCpIEq1HBzp9phIzalgk9RlrFhE6JD0WcvQgPhMtcfzRSfowChd1AulqUCjufr9xZj4So18z0z6RA/Ub28m/uW1Yt0rtsc8iGLNArr4qBcLpEM0uxp1uWRUi5EhhEpudkV0QCSh2mSTMiF8XYr+J3XXdo5st2rSOL2BOZKQhX04BAdOoAznUIEaUGBwBw/waF1Z99aT9bwYTViLDnvwA9bLJ+LGkdE=</latexit>

A QCD é bem diferente da QED:

gluons interagem entre si, podendo formar 
estados ligados sem quarks (glueballs), 

partículas "invertebradas";

liberdade assintótica: acoplamento diminui 
a pequenas distâncias entre os quarks;

confinamento: acoplamento aumenta se a 
distância entre os quarks cresce. distância entre  

dois quarks
Alberto Reis  - CBPFLISHEP 23: O Modelo Padrão
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Glúons possuem uma "cor" e uma "anticor":

R
<latexit sha1_base64="3F/QWg7EDlC+yDVIfeMkWxxhjf8=">AAAB6HicdVDLSsNAFJ34rPVVdelmsAiuwiS1pN1owY3LVuwD2lAm00k7dvJgZiKU0C9w40IRt/6Kf+DOv3GSKqjogQuHc+7lnnu9mDOpEHo3lpZXVtfWCxvFza3tnd3S3n5HRokgtE0iHomehyXlLKRtxRSnvVhQHHicdr3pReZ3b6mQLAqv1SymboDHIfMZwUpLrathqYzMGnKqFQciE9mndr2aEatuORa0TJSjfP5aydEclt4Go4gkAQ0V4VjKvoVi5aZYKEY4nRcHiaQxJlM8pn1NQxxQ6aZ50Dk81soI+pHQFSqYq98nUhxIOQs83RlgNZG/vUz8y+snyq+5KQvjRNGQLBb5CYcqgtnVcMQEJYrPNMFEMJ0VkgkWmCj9m6J+wtel8H/SsU2rYtotVG6cgQUK4BAcgRNgAQc0wCVogjYggII78AAejRvj3ngynhetS8bnzAH4AePlAwtJj00=</latexit>

B
<latexit sha1_base64="W7Um2OHnwo4FwGCJtunX/TkSUhY=">AAAB6HicdZDJSgNBEIZr4hbjFvXopTEInsJMAi4XDXrxmIBZIBlCT6cmadOz0N0jhJAn8OJBEa++im/gzbexM4kQRX9o+Pn+KrqqvFhwpW3708osLa+srmXXcxubW9s7+d29hooSybDOIhHJlkcVCh5iXXMtsBVLpIEnsOkNr6d58x6l4lF4q0cxugHth9znjGqDalfdfMEu2qnIgjk/sR3HIc6cFC7fy6mq3fxHpxexJMBQM0GVajt2rN0xlZozgZNcJ1EYUzakfWwbG9IAlTtOB52QI0N6xI+keaEmKV3sGNNAqVHgmcqA6oH6nU3hX1k70f6ZO+ZhnGgM2ewjPxFER2S6NelxiUyLkTGUSW5mJWxAJWXa3CZnjvC9KfnfNEpFp1ws1exC5QJmysIBHMIxOHAKFbiBKtSBAcIDPMGzdWc9Wi/W66w0Y8179uGHrLcvpXqPCA==</latexit>

B
<latexit sha1_base64="aGvWRNpRiYB42ImgN15QfZvO0v4=">AAAB83icdVDLSsNAFL2pr1pfVZduBovgqiQt+Nho0Y3LCvYBTSiT6aQdOsmEmYlQQn/DjQtF3PoV/oE7/8ZJWqGKHhg4nHMP987xY86Utu1Pq7C0vLK6VlwvbWxube+Ud/faSiSS0BYRXMiujxXlLKItzTSn3VhSHPqcdvzxdeZ37qlUTER3ehJTL8TDiAWMYG0k1xXGzLLp1bRfrthVOwdaIOcntuM4yJkrlcv3eo5mv/zhDgRJQhppwrFSPceOtZdiqRnhdFpyE0VjTMZ4SHuGRjikykvzm6foyCgDFAhpXqRRri4mUhwqNQl9MxliPVK/vUz8y+slOjjzUhbFiaYRmS0KEo60QFkBaMAkJZpPDMFEMnMrIiMsMdGmppIp4fun6H/SrlWderV2a1caFzBDEQ7gEI7BgVNowA00oQUEYniAJ3i2EuvRerFeZ6MFa57Zhx+w3r4AfoWULg==</latexit>

R
<latexit sha1_base64="3F/QWg7EDlC+yDVIfeMkWxxhjf8=">AAAB6HicdVDLSsNAFJ34rPVVdelmsAiuwiS1pN1owY3LVuwD2lAm00k7dvJgZiKU0C9w40IRt/6Kf+DOv3GSKqjogQuHc+7lnnu9mDOpEHo3lpZXVtfWCxvFza3tnd3S3n5HRokgtE0iHomehyXlLKRtxRSnvVhQHHicdr3pReZ3b6mQLAqv1SymboDHIfMZwUpLrathqYzMGnKqFQciE9mndr2aEatuORa0TJSjfP5aydEclt4Go4gkAQ0V4VjKvoVi5aZYKEY4nRcHiaQxJlM8pn1NQxxQ6aZ50Dk81soI+pHQFSqYq98nUhxIOQs83RlgNZG/vUz8y+snyq+5KQvjRNGQLBb5CYcqgtnVcMQEJYrPNMFEMJ0VkgkWmCj9m6J+wtel8H/SsU2rYtotVG6cgQUK4BAcgRNgAQc0wCVogjYggII78AAejRvj3ngynhetS8bnzAH4AePlAwtJj00=</latexit>

a carga de cor é conservada em cada vértice.

Com três tipos de carga de cor 
(RBG), há oito glúons.

Cada quark ou antiquark pode 
ter três estados de cor.

Hádrons são "brancos" (estados 
sem carga de cor).

Apenas partículas sem cor são 
observados na natureza.

Alberto Reis  - CBPFLISHEP 23: O Modelo Padrão
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Quarks não podem ser 
observados isoladamente. Ao se 
afastarem, forma-se um "tubo de 

cor" entre eles. Quando a 
distância aumenta, a densidade 
de energia é imensa. O "tubo de 

cor" se rompe, originando um 
novo par quark-antiquark.

 "Tubos de cor" se formam  
entre os novos pares quark-antiquark, 

até que não haja energia suficiente 
para novas quebras. Formam-se então 
"jatos" de hádrons que são observados 

no laboratório.

Alberto Reis  - CBPFLISHEP 23: O Modelo Padrão
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 simetria de calibre implica bósons intermediários com massa nula, mas

Quebra espontânea de simetria: o 
estado fundamental do campo não 
possui as mesmas simetrias da 
Lagrangiana.

O mecanismo de Higgs é uma ideia engenhosa e complexa.  
Está baseado na quebra espontânea de simetria

Todo o Universo está preenchido por um campo especial, o campo de Higgs
No Universo primordial, nenhuma 
partícula tinha massa e não havia 
diferença entre as interações EM e fraca

Ao expandir, o Universo esfria, há uma 
transição de fase, e nesse processo os 
bósons W e Z adquirem massa

LISHEP 23: O Modelo Padrão

O mecanismo de Higgs

<latexit sha1_base64="R/Y/Io74/sFi6a5jkT5HgT2g04M=">AAACBHicbVDLSgMxFM34rPU16rIgwSLUTZkR1K6k4EKXFewDOmPJpJk2NMkMSUYoQxdu/Af9ATcuFHHrR7jzb8y0XWjrgQuHc+7l3nuCmFGlHefbWlhcWl5Zza3l1zc2t7btnd2GihKJSR1HLJKtACnCqCB1TTUjrVgSxANGmsHgIvObd0QqGokbPYyJz1FP0JBipI3UsQu81LxNvZiPjqCnKIcVx4Oe5PCSNDp20Sk7Y8B54k5Jsbr/mOGp1rG/vG6EE06Exgwp1XadWPspkppiRkZ5L1EkRniAeqRtqECcKD8dPzGCh0bpwjCSpoSGY/X3RIq4UkMemE6OdF/Nepn4n9dOdFjxUyriRBOBJ4vChEEdwSwR2KWSYM2GhiAsqbkV4j6SCGuTW96E4M6+PE8ax2X3tHxybdI4BxPkQAEcgBJwwRmogitQA3WAwT14Bq/gzXqwXqx362PSumBNZ/bAH1ifP4bZmno=</latexit>

m(W±) ⇠ 80 GeV
<latexit sha1_base64="yKXFaqcyhH6D3BWpV62YJAlCqFE=">AAACAnicbVDLSgMxFM3UV62vUVciSLAIdVNmBF8bKbjQZQX7wM5YMmnahiaZIckIZShu/Andu3GhiFu/wp1/Y6btQlsPXDiccy/33hNEjCrtON9WZmZ2bn4hu5hbWl5ZXbPXN6oqjCUmFRyyUNYDpAijglQ01YzUI0kQDxipBb3z1K/dEaloKK51PyI+Rx1B2xQjbaSmvcULN7eJM9iHnqIcnroe9CSHF6TatPNO0RkCThN3TPKlnccUT+Wm/eW1QhxzIjRmSKmG60TaT5DUFDMyyHmxIhHCPdQhDUMF4kT5yfCFAdwzSgu2Q2lKaDhUf08kiCvV54Hp5Eh31aSXiv95jVi3T/yEiijWRODRonbMoA5hmgdsUUmwZn1DEJbU3ApxF0mEtUktZ0JwJ1+eJtWDontUPLwyaZyBEbJgG+yCAnDBMSiBS1AGFYDBPXgGr+DNerBerHfrY9SascYzm+APrM8fmjuZYg==</latexit>

m(Z0) ⇠ 91 GeV



Abaixo da temperatura de Curie, 
todos os spins se alinharão em uma 
única direção. Não há como prever 

qual será essa direção.

Transição de fase: spins desalinhados          alinhados

Acima da temperatura de Curie, os 
spins estão desalinhados, formando 

um sistema completamente 
desordenado, com simetria esférica.

O ferromagnetismo é um exemplo de quebra espontânea de simetria

A energia do estado fundamental (vácuo) é não nula. Mas há infinitos 
estados, que diferem entre si pela orientação dos spins.
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O mecanismo de Higgs

Em uma sala, cientistas (o campo de Higgs) 
esperam um convidado muito especial.

Atravessa a sala sempre cercado por 
colegas, o que gera uma inércia.

CERN

Alberto Reis  - CBPF

Ele aparece, causando alvoroço.

uma partícula adquire 

massa ao interagir 


com o campo de Higgs.
LISHEP 23: O Modelo Padrão
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A introdução do campo de Higgs implica a existência  
de uma partícula associada, o bóson de Higgs.

Na Teoria Quântica de Campos as partículas 
 correspondem a excitações do campo a ela associado.

Um rumor se espalha pela sala, causando excitação  
nos presentes, que se aglutinam em grupos.

o bóson de Higgs

Copyright CERN
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<latexit sha1_base64="RsUlw7KtsKSxCYz2jm+avyf+IIM="></latexit>

H ! ZZ⇤ ! `+`�`+`�
<latexit sha1_base64="y/7eBoBQLVFYkTK0JluhkvODQ4s="></latexit>

H ! ��
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H ! ��
<latexit sha1_base64="uz5Uh4AGAgVs7h+RbWexXvExsf4=">AAAB+nicdVDLSgMxFM3UV62Ptrpw4SZYBFdDplJtQaTgpssK9gHtUDJp2oYmM0OSUUrtp7hxoYhL/RJ3foDbfoNpp4KKHkg4nHMv997jhZwpjdC7lVhaXlldS66nNja3ttOZ7E5dBZEktEYCHsimhxXlzKc1zTSnzVBSLDxOG97wYuY3rqlULPCv9CikrsB9n/UYwdpInUy20tYBbPexEDj+O5kcsgvIKZ04ENloDkPyBVQqIugslFx5bzpNn718VDuZt3Y3IJGgviYcK9VyUKjdMZaaEU4nqXakaIjJEPdpy1AfC6rc8Xz1CTw0Shf2Ammer+Fc/d4xxkKpkfBMpcB6oH57M/EvrxXpXtEdMz+MNPVJPKgXcWiuneUAu0xSovnIEEwkM7tCMsASE23SSpkQvi6F/5N63naO7fylSeMcxEiCfXAAjoADTkEZVEAV1AABN+AOPIBH69a6t56s57g0YS16dsEPWK+fmX2X+g==</latexit>

H ! ZZ
⇤ ! e

+
e
�
e
+
e
�

<latexit sha1_base64="XbagYsjqquGizMWZnaF4PK8gHyE=">AAACA3icdVDLSkMxFMytr1pfVXe6CRZBFEtuS7XdaMFNlxVsLX2Sm562obkPklyhlIIbf8WNC0XcuvIP3Pk3pg9BRQcShplzSGacQHClCfmwInPzC4tL0eXYyura+kZ8c6us/FAyKDFf+LLiUAWCe1DSXAuoBBKo6wi4dvoXY//6BqTivnelBwE0XNr1eIczqo3Uiu8U6trH1WrzEI8JNI+geTy9W/EESWaInTuxMUmSCQxJZUguS7A9UxLnb+kJiq34e73ts9AFTzNBlarZJNCNIZWaMwGjWD1UEFDWp12oGepRF1RjOMkwwvtGaeOOL83xNJ6o3zeG1FVq4Dpm0qW6p357Y/EvrxbqTrYx5F4QavDY9KFOKLBJOy4Et7kEpsXAEMokN3/FrEclZdrUFjMlfCXF/5NyKmmnk6lLksifoSmiaBftoQNko1OURwVURCXE0C26R4/oybqzHqxn62U6GrFmO9voB6zXTzYkmCs=</latexit>

CMS ATLAS
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A soma das 
massas dos quarks 
corresponde a ~1% 

da massa do 
próton

A massa do próton e 
dos outros hádrons é 

gerada dinamicamente: 
interações entre quarks, 

antiquarks e glúons

Elétrons transferem 
muita energia: 

quarks de valência

Quando a energia 
transferida diminui:  

 pares quark-antiquark 

Energia transferida 
muito pequena:  
 glúons, glúons, 

glúons…

Alberto Reis  - CBPFLISHEP 23: O Modelo Padrão
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Fr
an

ça

Suíça
Vista aérea do CERN
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feixes

Sabemos que o Modelo Padrão é incompleto

CBPF

Alberto Reis  - CBPF

Os experimentos do CERN buscam 
descobrir física nova usando 
estratégias complementares

LISHEP 23: O Modelo Padrão
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O detector ATLAS

LISHEP 23: O Modelo Padrão
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O experimento LHCb, o 
menor dos experimentos 
do CERN, dedicado ao 

estudo da violação de CP: 
"apenas" 1000 autores.
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Em 1929, Edwin Hubble 
fez uma descoberta 

espetacular:

As galáxias se afastam umas das outras, 
com velocidade que é proporcional à 

distância entre elas
O Universo está em expansão!

?
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Em 1964, Penzias e Wilson fizeram 
outra descoberta espetacular: 
A radiação cósmica de fundo

mapa da RCF 
satélite WMAP

Modelo Padrão da Cosmologia (             ):
<latexit sha1_base64="Utp+35y2cHyYCoybnyL/o33lir8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqswoqCst1IULhQr2AZ2xZDKZNjSTGZKMUkr/w40LRdz6Ef6BO//GdNqFth4IHM45l3tz/IQzpW3728otLC4tr+RXC2vrG5tbxe2dhopTSWidxDyWLR8rypmgdc00p61EUhz5nDb9fnXsNx+oVCwWd3qQUC/CXcFCRrA20r17baIBdmWEqpc3nWLJLtsZ0DxxpqR08XmcodYpfrlBTNKICk04Vqrt2In2hlhqRjgdFdxU0QSTPu7StqECR1R5w+zqETowSoDCWJonNMrU3xNDHCk1iHyTjLDuqVlvLP7ntVMdnnlDJpJUU0Emi8KUIx2jcQUoYJISzQeGYCKZuRWRHpaYaFNUwZTgzH55njSOys5J+fjWLlXOYYI87ME+HIIDp1CBK6hBHQhIeIIXeLUerWfrzXqfRHPWdGYX/sD6+AFwQ5QG</latexit>

⇤CDM

O Universo evoluiu de um estado 
primordial ultra quente e denso,  

há 13.8 bilhões de anos
Os fótons puderam se 

propagar livremente 340 mil 
anos após o "Big Bang"

A radiação mais antiga que chega aos 
telescópios  (o maior redshift possível)

O espectro de frequência da RCF:  
corpo negro a uma temperatura de 2.73 K.  
O Universo primordial era um sistema em 

equilíbrio termodinâmico

LISHEP 23: O Modelo Padrão
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matéria e antimatéria  
são criadas e destruídas aos pares

Se no Universo primordial houvesse exatamente  
a mesma quantidade de matéria e antimatéria, hoje só haveria luz.

Nossa existência significa que no início dos tempos 
havia um excesso de matéria sobre antimatéria

A	pergunta	óbvia,	ainda	sem	resposta:		
como	surgiu	o	excesso	de	matéria	sobre	antimatéria?

<latexit sha1_base64="cJojZ8hvXCxAC46nokVdF1bcqps=">AAAB73icdZDLSsNAFIYn9VbrrerSzWARXIUkDW1dqAURXFawF2hjmUwn7dCZJM5MhBL6Em5cKOLW5/AN3Pk2TloFFf1h4Of7z2HOOX7MqFSW9W7kFhaXllfyq4W19Y3NreL2TktGicCkiSMWiY6PJGE0JE1FFSOdWBDEfUba/vgsy9u3REgahVdqEhOPo2FIA4qR0qhzDo8hx9dOv1iyzKNaxXEr0DItq2o7dmacqlt2oa1JptLpa3mmRr/41htEOOEkVJghKbu2FSsvRUJRzMi00EskiREeoyHpahsiTqSXzuadwgNNBjCIhH6hgjP6vSNFXMoJ93UlR2okf2cZ/CvrJiqoeSkN40SREM8/ChIGVQSz5eGACoIVm2iDsKB6VohHSCCs9IkK+ghfm8L/Tcsx7YrpXlql+gmYKw/2wD44BDaogjq4AA3QBBgwcAcewKNxY9wbT8bzvDRnfPbsgh8yXj4AzoSRYw==</latexit>

E = mc2

Matéria e antimatéria devem interagir de forma ligeiramente diferente!

LISHEP 23: O Modelo Padrão
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Paridade:

pseudo (ou axial) vetor

vetor polar 

Quiralidade: propriedade que distingue um objeto de sua imagem refletida.

Conjugação de carga: operação que  
reverte o sinal de todas as cargas de uma partícula

Cpartícula antipartícula
<latexit sha1_base64="VP316ZexG157nmWy2GCUlcD2KPs="></latexit>

e� ! e+, ⌫ ! ⌫̄, s ! s̄, c ! c̄, b ! b̄

LISHEP 23: O Modelo Padrão
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No Modelo Padrão, os neutrinos são partículas de massa nula.

spinspin
momentum momentum

neutrinos: "mão esquerda" antineutrinos: "mão direita"

No MP, apenas neutrinos de mão esquerda e  
antineutrinos de mão direita participam das interações fracas.

A paridade não é uma simetria das interações fracas!

A  operação paridade inverte o sentido dos momenta, mas não do spin.
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⇡+ ! µ+⌫µ
<latexit sha1_base64="mE7CiAU+0CKeI8xOnj7K7Xx7WA8="></latexit>

Violação de C:

�(⇡+ ! µ+⌫µL) = �(⇡� ! µ�⌫µR)
<latexit sha1_base64="x+WmCDK1Paa0xcBd962rfGCZE3E="></latexit>

�(⇡� ! µ�⌫µL) = �(⇡+ ! µ+⌫µR) = 0
<latexit sha1_base64="iw2895DL2M9rdoc5hM4afOsPS9Y="></latexit>

C e P são violadas, mas neste decaimento a combinação CP é conservada.

Alberto Reis  - CBPF

Em outros decaimentos, a simetria CP é violada.  
As interações fracas tratam matéria e antimatéria de forma ligeiramente diferente

LISHEP 23: O Modelo Padrão
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A violação de CP no MP

estados com 
massa bem 

definida

estados com 
sabor bem 
definido

matriz CKM (complexa)

CP

violação de CP

<latexit sha1_base64="H4IdjYQ4Q5uEHo30UhQn1KQVR3Q="></latexit>

VCKM �! V ⇤
CKM 6= VCKM

LISHEP 23: O Modelo Padrão

4 parâmetros independentes: 3 ângulos (rotação)  e 1 fase  

t

bs

c

d

uAs massas dos quarks são muito díspares

Quando interagem, têm sabor bem definido

Mas se propagam com massa bem definida
As duas bases se relacionam pela matriz 
Cabibbo-Kobayashi-Maskawa

<latexit sha1_base64="Ns7CJNPpVGi9/ed/myQcs0QqTqA=">AAACH3icbVC7SgNBFJ2NrxhfUQsLm8EgWoVdwWgVAjYWFhHMA7JLmJ3MJkNmZ9aZWSUs+RMbf8XGIiJil84vsPEHnDyKmHhg4Mw593LvPX7EqNK2PbRSS8srq2vp9czG5tb2TnZ3r6pELDGpYMGErPtIEUY5qWiqGalHkqDQZ6Tmd69Gfu2BSEUFv9O9iHghanMaUIy0kZrZghsi3cGIJTd9lwnelrTd0UhK8QhnrBOXk/uZfzObs/P2GHCROFOSKx18f/0MirVyM/vptgSOQ8I1ZkiphmNH2kuQ1BQz0s+4sSIRwl3UJg1DOQqJ8pLxfX14bJQWDIQ0j2s4Vmc7EhQq1Qt9UzlaUc17I/E/rxHr4NJLKI9iTTieDApiBrWAo7Bgi0qCNesZgrCkZleIO0girE2kGROCM3/yIqme5Z1C/vzWpFEEE6TBITgCp8ABF6AErkEZVAAGT+AFDMCb9Wy9Wu/Wx6Q0ZU179sEfWMNfd+Go6w==</latexit>

L �! L0 6= LCP



Todas as evidências experimentais indicam que o  
Universo visível é composto apenas por matéria bariônica.

Como surgiu a prevalência da matéria sobre a antimatéria?

Andrey Sakharov, em 
1967, propôs três 

condições necessárias:

1) violação do número bariônico; 
2) violação de C e CP; 
3) processos que violam o número bariônico

40

Novos mecanismos de violação de CP devem existir,  
envolvendo novas partículas e revelando simetrias mais fundamentais.

No MP, só há violação de CP nos quarks. Mas é insuficiente, por ordens de 
grandeza, para reproduzir a assimetria observada no Universo.

devem ocorrer fora do equilíbrio térmico.

nucleosíntese primordial:
para cada 109 antibárions,     
109 +1 bárions, resultando em    
109 fótons e 1 bárion
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Outros enigmas nos desafiam: 
o lado escuro do Universo

Em 1846, o planeta Netuno foi 
descoberto graças ao efeito 

da sua gravidade sobre a 
órbita de Urano.

Vera Rubin, astrônoma 
e ardorosa defensora 

da participação 
feminina na Ciência.

Em 1970, Vera Rubin descobriu 
que no Universo há muito mais 
matéria do que supúnhamos.

A matéria escura: invisível aos telescópios pois não interage com a luz, 
ou de qualquer outra forma conhecida. Detectada apenas pela gravidade
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42

A luminosidade diminui com o 
quadrado da distância. Se a 
distância da fonte dobra, seu 
brilho se reduz à quarta parte. 

Conhecendo o brilho intrínseco 
de uma fonte, podemos inferir 
a sua distância medindo sua 

luminosidade aparente

Energia escura

Há diferentes técnicas para medir distâncias dos objetos celestes. 
O uso de "velas padrão" é uma delas. 

As estrelas cefeidas são 
"velas padrão": estrelas 
gigantes amarelas que 

pulsam, e cujo  brilho varia 
regularmente com o tempo. 

tempo (dias)

m
ag

ni
tu

de
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Redshift (Hubble, 1929): de galáxias se afastam 
umas das outras com velocidade proporcional à 

distância entre elas, v = H d.

posição das linhas espectrais 
vistas em laboratório

posição das linhas espectrais 
na luz de uma galáxia

Supernovas tipo 1a também 
são "velas padrão": brilho 

intrínseco conhecido.

Supernova tipo Ia

redshift:

NASA

Supernovas tipo 1a: explosão de uma 
anã branca em sistemas binários.
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A análise do redshift de galáxias distantes, em 1998, 
 demonstrou que o Universo se expande aceleradamente.

Supernovae 1a são muito brilhantes: podem ser 
observadas mesmo estando muito distantes 

A causa dessa expansão acelerada seria  a energia escura, 
uma forma hipotética de energia,  sobre a qual quase nada sabemos.
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 Mas 95% do conteúdo do Universo ainda é desconhecido!

Nos últimos 120 anos aprendemos mais sobre a 
Natureza que em todos os milênios anteriores.

"A Natureza ama esconder-se."  (Heráclito, 480 a.C.)
Nós, humanos, amamos decifrá-la.
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https://www2.cbpf.br/pt-br/livros/
particulas-para-todos

Disponível gratuitamente (PDF) em
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https://www.amazon.com.br/
Part%C3%ADculas-para-todos-Alberto-
Corr%C3%AAa-ebook/dp/B09FRHBD2S

ou, no formato kindle, em
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