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In this talk

Some ideas in the search for new fundamental particles and forces in Nature


 A few headlines that you can expect to hear if we are successful



Astronomy  — Extremely Large Telescope

Astronomy — James Webb Telescope

Gravitational Waves — LIGO/VIRGO
Quantum Computing

ITER — Plasma Physics

Plethora of data and opportunities

Condensed Matter



Particle Physics

Using high energies to probe the building blocks of nature

E =
h c
λ

The energy of a photon is inversely proportional to its wavelength.


High energy processes in particle physics probe small “things”.
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The Standard Model

“Of course our model has too many arbitrary features 
for these predictions to be taken seriously […]” 

— S. Weinberg
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c
<latexit sha1_base64="+8ENzaWWmptAcjRxV/84j7soChE=">AAACAHicjVC7TgJBFL2LL8QXamkzEUysyIKFlkQbS4zySGBDZoe7MGF2djMza0I2NPa2+gt2xtY/8Q/8DGeBQowmnmSSk3Pua44fC66N6344uZXVtfWN/GZha3tnd6+4f9DSUaIYNlkkItXxqUbBJTYNNwI7sUIa+gLb/vgq89v3qDSP5J2ZxOiFdCh5wBk1Vrots3K/WKpW3BnI36QECzT6xc/eIGJJiNIwQbXuVt3YeClVhjOB00Iv0RhTNqZD7FoqaYjaS2enTsmJVQYkiJR90pCZ+r0jpaHWk9C3lSE1I/3Ty8TfvG5iggsv5TJODEo2XxQkgpiIZP8mA66QGTGxhDLF7a2EjaiizNh0CktrsuFKB3r6v2hatUr1rOLe1Er1y0VIeTiCYziFKpxDHa6hAU1gMIRHeIJn58F5cV6dt3lpzln0HMISnPcvGmCWqQ==</latexit>

t
<latexit sha1_base64="Gy7fz2fIoZH38fwrVGdQs+y+yAI=">AAACAHicjVC7TgJBFL2LL8QXamkzEUysyIKFlkQbS4zySGBDZodZmDA7u5m5a0I2NPa2+gt2xtY/8Q/8DGeBQowmnmSSk3Pua44fS2HQdT+c3Mrq2vpGfrOwtb2zu1fcP2iZKNGMN1kkI93xqeFSKN5EgZJ3Ys1p6Eve9sdXmd++59qISN3hJOZeSIdKBIJRtNJtGcv9YqlacWcgf5MSLNDoFz97g4glIVfIJDWmW3Vj9FKqUTDJp4VeYnhM2ZgOeddSRUNuvHR26pScWGVAgkjbp5DM1O8dKQ2NmYS+rQwpjsxPLxN/87oJBhdeKlScIFdsvihIJMGIZP8mA6E5QzmxhDIt7K2EjaimDG06haU12XBtAjP9XzStWqV6VnFvaqX65SKkPBzBMZxCFc6hDtfQgCYwGMIjPMGz8+C8OK/O27w05yx6DmEJzvsXNauWug==</latexit>

e
<latexit sha1_base64="05DExfCMKARPmxl0SZDsLmxYKSo=">AAACAHicjVC7TgJBFL2LL8QXamkzEUysyIKFlkQbS4zySGBDZoe7MGF2djMza0I2NPa2+gt2xtY/8Q/8DGeBQowmnmSSk3Pua44fC66N6344uZXVtfWN/GZha3tnd6+4f9DSUaIYNlkkItXxqUbBJTYNNwI7sUIa+gLb/vgq89v3qDSP5J2ZxOiFdCh5wBk1VrotY7lfLFUr7gzkb1KCBRr94mdvELEkRGmYoFp3q25svJQqw5nAaaGXaIwpG9Mhdi2VNETtpbNTp+TEKgMSRMo+achM/d6R0lDrSejbypCakf7pZeJvXjcxwYWXchknBiWbLwoSQUxEsn+TAVfIjJhYQpni9lbCRlRRZmw6haU12XClAz39XzStWqV6VnFvaqX65SKkPBzBMZxCFc6hDtfQgCYwGMIjPMGz8+C8OK/O27w05yx6DmEJzvsXHZaWqw==</latexit>

⌫e
<latexit sha1_base64="b9DzgUcgoE1qeMBLxAa6srkPfBY=">AAACBHicjVC7SgNBFL3rM8ZX1NJmMBGswm4stAzaWEYwD0iWMDu5mwyZnV1mZoWwpLW31V+wE1v/wz/wM5xNUhhR8MDA4Zz7mhMkgmvjuh/Oyura+sZmYau4vbO7t186OGzpOFUMmywWseoEVKPgEpuGG4GdRCGNAoHtYHyd++17VJrH8s5MEvQjOpQ85IwaK7UrPZn2sdIvlb2qOwP5m5RhgUa/9NkbxCyNUBomqNZdz02Mn1FlOBM4LfZSjQllYzrErqWSRqj9bHbulJxaZUDCWNknDZmp3zsyGmk9iQJbGVEz0j+9XPzN66YmvPQzLpPUoGTzRWEqiIlJ/ncy4AqZERNLKFPc3krYiCrKjE2ouLQmH650qKf/i6ZVq3rnVfe2Vq5fLUIqwDGcwBl4cAF1uIEGNIHBGB7hCZ6dB+fFeXXe5qUrzqLnCJbgvH8BTwSYcQ==</latexit>

⌫µ
<latexit sha1_base64="PAP0UuRnmCMghOttib4pFF2CETE=">AAACBnicjVC7SgNBFL0bXzG+opY2g4lgFXZjoWXQxjKCeUh2CbOT2WTIzOwyDyEs6e1t9RfsxNbf8A/8DHeTFEYUPDBwOOe+5oQJZ9q47odTWFldW98obpa2tnd298r7B20dW0Voi8Q8Vt0Qa8qZpC3DDKfdRFEsQk474fgq9zv3VGkWy1szSWgg8FCyiBFsMumu6kvb94Wt9ssVr+bOgP4mFVig2S9/+oOYWEGlIRxr3fPcxAQpVoYRTqcl32qaYDLGQ9rLqMSC6iCdHTxFJ5kyQFGssicNmqnfO1IstJ6IMKsU2Iz0Ty8Xf/N61kQXQcpkYg2VZL4oshyZGOW/RwOmKDF8khFMFMtuRWSEFSYmy6i0tCYfrnSkp/+Lpl2veWc196ZeaVwuQirCERzDKXhwDg24hia0gICAR3iCZ+fBeXFenbd5acFZ9BzCEpz3L/otmV4=</latexit>

⌫⌧
<latexit sha1_base64="k772YyYVHnZj40GiPCKnHeBloxU=">AAACB3icjVDLSgMxFM3UV62vqks3wVZwVWbqQpdFNy4r2Ad2hpJJM21oJjMkN0IZ+gHu3eovuBO3foZ/4GeYabuwouCBwOGc+8oJU8E1uO6HU1hZXVvfKG6WtrZ3dvfK+wdtnRhFWYsmIlHdkGgmuGQt4CBYN1WMxKFgnXB8lfude6Y0T+QtTFIWxGQoecQpASvdVX1p+j4QU+2XK17NnQH/TSpogWa//OkPEmpiJoEKonXPc1MIMqKAU8GmJd9olhI6JkPWs1SSmOkgm108xSdWGeAoUfZJwDP1e0dGYq0ncWgrYwIj/dPLxd+8noHoIsi4TA0wSeeLIiMwJDj/Ph5wxSiIiSWEKm5vxXREFKFgQyotrcmHKx3p6f+iaddr3lnNvalXGpeLkIroCB2jU+Shc9RA16iJWogiiR7RE3p2HpwX59V5m5cWnEXPIVqC8/4FyTiZ0A==</latexit>

b
<latexit sha1_base64="MDSSB9sZB81GWvH/av1xpzSkAmw=">AAACAHicjVC7TgJBFL2LL8QXamkzEUysyIKFlkQbS4zySGBDZoe7MGF2djMza0I2NPa2+gt2xtY/8Q/8DGeBQowmnmSSk3Pua44fC66N6344uZXVtfWN/GZha3tnd6+4f9DSUaIYNlkkItXxqUbBJTYNNwI7sUIa+gLb/vgq89v3qDSP5J2ZxOiFdCh5wBk1Vrot++V+sVStuDOQv0kJFmj0i5+9QcSSEKVhgmrdrbqx8VKqDGcCp4VeojGmbEyH2LVU0hC1l85OnZITqwxIECn7pCEz9XtHSkOtJ6FvK0NqRvqnl4m/ed3EBBdeymWcGJRsvihIBDERyf5NBlwhM2JiCWWK21sJG1FFmbHpFJbWZMOVDvT0f9G0apXqWcW9qZXql4uQ8nAEx3AKVTiHOlxDA5rAYAiP8ATPzoPz4rw6b/PSnLPoOYQlOO9fGMWWqA==</latexit>

s
<latexit sha1_base64="7mU6aqNk3KqP6PzaDoFQplXSI4Y=">AAACAHicjVC7TgJBFL2LL8QXamkzEUysyIKFlkQbS4zySGBDZoe7MGF2djMza0I2NPa2+gt2xtY/8Q/8DGeBQowmnmSSk3Pua44fC66N6344uZXVtfWN/GZha3tnd6+4f9DSUaIYNlkkItXxqUbBJTYNNwI7sUIa+gLb/vgq89v3qDSP5J2ZxOiFdCh5wBk1Vrot63K/WKpW3BnI36QECzT6xc/eIGJJiNIwQbXuVt3YeClVhjOB00Iv0RhTNqZD7FoqaYjaS2enTsmJVQYkiJR90pCZ+r0jpaHWk9C3lSE1I/3Ty8TfvG5iggsv5TJODEo2XxQkgpiIZP8mA66QGTGxhDLF7a2EjaiizNh0CktrsuFKB3r6v2hatUr1rOLe1Er1y0VIeTiCYziFKpxDHa6hAU1gMIRHeIJn58F5cV6dt3lpzln0HMISnPcvNBCWuQ==</latexit>

g
<latexit sha1_base64="zQVF5cT1nySg8FvkfqOZyHh/R1c=">AAACAHicjVC7TsMwFL0pr1JeBUYWixaJqUrKAGMFC2MR9CG1UeW4TmrVsSPbQaqiLuys8AtsiJU/4Q/4DJy2A0UgcSRLR+fcl0+QcKaN6344hZXVtfWN4mZpa3tnd6+8f9DWMlWEtojkUnUDrClngrYMM5x2E0VxHHDaCcZXud+5p0ozKe7MJKF+jCPBQkawsdJtNaoOyhWv5s6A/iYVWKA5KH/2h5KkMRWGcKx1z3MT42dYGUY4nZb6qaYJJmMc0Z6lAsdU+9ns1Ck6scoQhVLZJwyaqd87MhxrPYkDWxljM9I/vVz8zeulJrzwMyaS1FBB5ovClCMjUf5vNGSKEsMnlmCimL0VkRFWmBibTmlpTT5c6VBP/xdNu17zzmruTb3SuFyEVIQjOIZT8OAcGnANTWgBgQge4QmenQfnxXl13ualBWfRcwhLcN6/ACDMlq0=</latexit>

W
<latexit sha1_base64="BfFQI9Wcaxix+k7dT/MDluvahqU=">AAACAHicjVC7TgJBFL2LL8QXamkzEUysyIKFlkQbS4zySGBDZodZmDA7u5m5a0I2NPa2+gt2xtY/8Q/8DGeBQowmnmSSk3Pua44fS2HQdT+c3Mrq2vpGfrOwtb2zu1fcP2iZKNGMN1kkI93xqeFSKN5EgZJ3Ys1p6Eve9sdXmd++59qISN3hJOZeSIdKBIJRtNJtuV3uF0vVijsD+ZuUYIFGv/jZG0QsCblCJqkx3aobo5dSjYJJPi30EsNjysZ0yLuWKhpy46WzU6fkxCoDEkTaPoVkpn7vSGlozCT0bWVIcWR+epn4m9dNMLjwUqHiBLli80VBIglGJPs3GQjNGcqJJZRpYW8lbEQ1ZWjTKSytyYZrE5jp/6Jp1SrVs4p7UyvVLxch5eEIjuEUqnAOdbiGBjSBwRAe4QmenQfnxXl13ualOWfRcwhLcN6/AAcclp0=</latexit>

Z
<latexit sha1_base64="IunAomHG25RH5m9udzH6SqUHsaw=">AAACAHicjVC7TgJBFL3rE/GFWtpMBBMrsouFlkQbS4zyiLAhs8MsTJid3czcNSGExt5Wf8HO2Pon/oGf4SxQiNHEk0xycs59zQkSKQy67oeztLyyurae28hvbm3v7Bb29hsmTjXjdRbLWLcCargUitdRoOStRHMaBZI3g+Fl5jfvuTYiVrc4Srgf0b4SoWAUrXRTuit1C0Wv7E5B/iZFmKPWLXx2ejFLI66QSWpM23MT9MdUo2CST/Kd1PCEsiHt87alikbc+OPpqRNybJUeCWNtn0IyVb93jGlkzCgKbGVEcWB+epn4m9dOMTz3x0IlKXLFZovCVBKMSfZv0hOaM5QjSyjTwt5K2IBqytCmk19Ykw3XJjST/0XTqJS907J7XSlWL+Yh5eAQjuAEPDiDKlxBDerAoA+P8ATPzoPz4rw6b7PSJWfecwALcN6/AAvtlqA=</latexit>

�
<latexit sha1_base64="hL5V9nY+bRqh3PpPoHVa1tE0Gr4=">AAACBXicjVC7SgNBFL3rM8ZX1NJmMRGswm4stAzaWEYwD0iWcHcymwyZmV1mZoWwpLa31V+wE1u/wz/wM5xNUhhR8MDA4Zz7mhMmnGnjeR/Oyura+sZmYau4vbO7t186OGzpOFWENknMY9UJUVPOJG0aZjjtJIqiCDlth+Pr3G/fU6VZLO/MJKGBwKFkESNorNSp9IYoBFb6pbJf9WZw/yZlWKDRL332BjFJBZWGcNS663uJCTJUhhFOp8VeqmmCZIxD2rVUoqA6yGb3Tt1TqwzcKFb2SePO1O8dGQqtJyK0lQLNSP/0cvE3r5ua6DLImExSQyWZL4pS7prYzT/vDpiixPCJJUgUs7e6ZIQKibERFZfW5MOVjvT0f9G0alX/vOrd1sr1q0VIBTiGEzgDHy6gDjfQgCYQ4PAIT/DsPDgvzqvzNi9dcRY9R7AE5/0LCcCY1w==</latexit>

H
<latexit sha1_base64="fk6XUvxSWtIJL3YUaRUsNeJd2os=">AAACAHicjVC7TgJBFL3rE/GFWtpMBBMrsmChJdGGEqM8EtiQ2WEWJszObmbumpANjb2t/oKdsfVP/AM/w1mgEKOJJ5nk5Jz7muPHUhh03Q9nZXVtfWMzt5Xf3tnd2y8cHLZMlGjGmyySke741HApFG+iQMk7seY09CVv++PrzG/fc21EpO5wEnMvpEMlAsEoWum2VC/1C8VK2Z2B/E2KsECjX/jsDSKWhFwhk9SYbsWN0UupRsEkn+Z7ieExZWM65F1LFQ258dLZqVNyapUBCSJtn0IyU793pDQ0ZhL6tjKkODI/vUz8zesmGFx6qVBxglyx+aIgkQQjkv2bDITmDOXEEsq0sLcSNqKaMrTp5JfWZMO1Ccz0f9G0quXKedm9qRZrV4uQcnAMJ3AGFbiAGtShAU1gMIRHeIJn58F5cV6dt3npirPoOYIlOO9f7viWjg==</latexit>
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The Standard Model

“Of course our model has too many arbitrary features 
for these predictions to be taken seriously […]” 

— S. Weinberg

We know it cannot be the end of the story.


•  Cannot accommodate neutrino masses.


•Does not explain the existence of dark matter.


•Cannot explain the abundance of matter over 
antimatter in the Universe.



u
<latexit sha1_base64="j66TeeBICEKpPuYJa6c3G+s5oJY=">AAAB6nicjVA9SwNBEJ2LXzF+RS1tFhPBKtzFQsugjWVE8wHJEfY2e8mSvb1jd04IR36CjYUitv4iO/+Nm0sKFQUfDDzem2FmXpBIYdB1P5zCyura+kZxs7S1vbO7V94/aJs41Yy3WCxj3Q2o4VIo3kKBkncTzWkUSN4JJldzv3PPtRGxusNpwv2IjpQIBaNopdtqWh2UK17NzUH+JhVYojkov/eHMUsjrpBJakzPcxP0M6pRMMlnpX5qeELZhI54z1JFI278LD91Rk6sMiRhrG0pJLn6dSKjkTHTKLCdEcWx+enNxd+8XorhhZ8JlaTIFVssClNJMCbzv8lQaM5QTi2hTAt7K2FjqilDm07pfyG06zXvrObe1CuNy2UcRTiCYzgFD86hAdfQhBYwGMEDPMGzI51H58V5XbQWnOXMIXyD8/YJndKNWA==</latexit> d

<latexit sha1_base64="CmCIuEj4vlq1cy7vwDrKA/4jjaw=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBhPBU9iNBz0GvXiMaB6QLGF2tjcZMju7zMwKYcknePGgiFe/yJt/4+RxUFGwoKGo6qa7K0gF18Z1P5zCyura+kZxs7S1vbO7V94/aOskUwxbLBGJ6gZUo+ASW4Ybgd1UIY0DgZ1gfDXzO/eoNE/knZmk6Md0KHnEGTVWuq2G1UG54tXcOcjfpAJLNAfl936YsCxGaZigWvc8NzV+TpXhTOC01M80ppSN6RB7lkoao/bz+alTcmKVkESJsiUNmatfJ3Iaaz2JA9sZUzPSP72Z+JvXy0x04edcpplByRaLokwQk5DZ3yTkCpkRE0soU9zeStiIKsqMTaf0vxDa9Zp3VnNv6pXG5TKOIhzBMZyCB+fQgGtoQgsYDOEBnuDZEc6j8+K8LloLznLmEL7BefsEg/2NRw==</latexit>

⌧
<latexit sha1_base64="5iPdYF/eQGZaAN6r93rSn03gBFc=">AAACA3icjVC7TgJBFL2LL8QXamkzEUysyC4WWhJtLDGRRwIbMjvMwsjs7GbmrgkhlPa2+gt2xtYP8Q/8DGeBQowmnmSSk3Pua06QSGHQdT+c3Mrq2vpGfrOwtb2zu1fcP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkZXmd+659qIWN3iOOF+RAdKhIJRtFKz3EWalnvFkldxZyB/kxIsUO8VP7v9mKURV8gkNabjuQn6E6pRMMmnhW5qeELZiA54x1JFI278yezaKTmxSp+EsbZPIZmp3zsmNDJmHAW2MqI4ND+9TPzN66QYXvgToZIUuWLzRWEqCcYk+zrpC80ZyrEllGlhbyVsSDVlaAMqLK3JhmsTmun/omlWK95Zxb2plmqXi5DycATHcAoenEMNrqEODWBwB4/wBM/Og/PivDpv89Kcs+g5hCU471+S2JgK</latexit>

µ
<latexit sha1_base64="Xgg6YpzhCnYyKRnrocAexjDIthQ=">AAACAnicjVDLTgIxFL2DL8QX6tJNI5i4IjOw0CXRjUtMHCCBCemUDjS0nUnbMSETdu7d6i+4M279Ef/Az7ADLMRo4kmanJxzXz1hwpk2rvvhFNbWNza3itulnd29/YPy4VFbx6ki1Ccxj1U3xJpyJqlvmOG0myiKRchpJ5xc537nnirNYnlnpgkNBB5JFjGCjZX8al+k1UG54tXcOdDfpAJLtAblz/4wJqmg0hCOte55bmKCDCvDCKezUj/VNMFkgke0Z6nEguogmx87Q2dWGaIoVvZJg+bq944MC62nIrSVApux/unl4m9eLzXRZZAxmaSGSrJYFKUcmRjlP0dDpigxfGoJJorZWxEZY4WJsfmUVtbkw5WO9Ox/0bTrNa9Rc2/rlebVMqQinMApnIMHF9CEG2iBDwQYPMITPDsPzovz6rwtSgvOsucYVuC8fwHFc5eY</latexit>

c
<latexit sha1_base64="+8ENzaWWmptAcjRxV/84j7soChE=">AAACAHicjVC7TgJBFL2LL8QXamkzEUysyIKFlkQbS4zySGBDZoe7MGF2djMza0I2NPa2+gt2xtY/8Q/8DGeBQowmnmSSk3Pua44fC66N6344uZXVtfWN/GZha3tnd6+4f9DSUaIYNlkkItXxqUbBJTYNNwI7sUIa+gLb/vgq89v3qDSP5J2ZxOiFdCh5wBk1Vrots3K/WKpW3BnI36QECzT6xc/eIGJJiNIwQbXuVt3YeClVhjOB00Iv0RhTNqZD7FoqaYjaS2enTsmJVQYkiJR90pCZ+r0jpaHWk9C3lSE1I/3Ty8TfvG5iggsv5TJODEo2XxQkgpiIZP8mA66QGTGxhDLF7a2EjaiizNh0CktrsuFKB3r6v2hatUr1rOLe1Er1y0VIeTiCYziFKpxDHa6hAU1gMIRHeIJn58F5cV6dt3lpzln0HMISnPcvGmCWqQ==</latexit>

t
<latexit sha1_base64="Gy7fz2fIoZH38fwrVGdQs+y+yAI=">AAACAHicjVC7TgJBFL2LL8QXamkzEUysyIKFlkQbS4zySGBDZodZmDA7u5m5a0I2NPa2+gt2xtY/8Q/8DGeBQowmnmSSk3Pua44fS2HQdT+c3Mrq2vpGfrOwtb2zu1fcP2iZKNGMN1kkI93xqeFSKN5EgZJ3Ys1p6Eve9sdXmd++59qISN3hJOZeSIdKBIJRtNJtGcv9YqlacWcgf5MSLNDoFz97g4glIVfIJDWmW3Vj9FKqUTDJp4VeYnhM2ZgOeddSRUNuvHR26pScWGVAgkjbp5DM1O8dKQ2NmYS+rQwpjsxPLxN/87oJBhdeKlScIFdsvihIJMGIZP8mA6E5QzmxhDIt7K2EjaimDG06haU12XBtAjP9XzStWqV6VnFvaqX65SKkPBzBMZxCFc6hDtfQgCYwGMIjPMGz8+C8OK/O27w05yx6DmEJzvsXNauWug==</latexit>

e
<latexit sha1_base64="05DExfCMKARPmxl0SZDsLmxYKSo=">AAACAHicjVC7TgJBFL2LL8QXamkzEUysyIKFlkQbS4zySGBDZoe7MGF2djMza0I2NPa2+gt2xtY/8Q/8DGeBQowmnmSSk3Pua44fC66N6344uZXVtfWN/GZha3tnd6+4f9DSUaIYNlkkItXxqUbBJTYNNwI7sUIa+gLb/vgq89v3qDSP5J2ZxOiFdCh5wBk1VrotY7lfLFUr7gzkb1KCBRr94mdvELEkRGmYoFp3q25svJQqw5nAaaGXaIwpG9Mhdi2VNETtpbNTp+TEKgMSRMo+achM/d6R0lDrSejbypCakf7pZeJvXjcxwYWXchknBiWbLwoSQUxEsn+TAVfIjJhYQpni9lbCRlRRZmw6haU12XClAz39XzStWqV6VnFvaqX65SKkPBzBMZxCFc6hDtfQgCYwGMIjPMGz8+C8OK/O27w05yx6DmEJzvsXHZaWqw==</latexit>

⌫e
<latexit sha1_base64="b9DzgUcgoE1qeMBLxAa6srkPfBY=">AAACBHicjVC7SgNBFL3rM8ZX1NJmMBGswm4stAzaWEYwD0iWMDu5mwyZnV1mZoWwpLW31V+wE1v/wz/wM5xNUhhR8MDA4Zz7mhMkgmvjuh/Oyura+sZmYau4vbO7t186OGzpOFUMmywWseoEVKPgEpuGG4GdRCGNAoHtYHyd++17VJrH8s5MEvQjOpQ85IwaK7UrPZn2sdIvlb2qOwP5m5RhgUa/9NkbxCyNUBomqNZdz02Mn1FlOBM4LfZSjQllYzrErqWSRqj9bHbulJxaZUDCWNknDZmp3zsyGmk9iQJbGVEz0j+9XPzN66YmvPQzLpPUoGTzRWEqiIlJ/ncy4AqZERNLKFPc3krYiCrKjE2ouLQmH650qKf/i6ZVq3rnVfe2Vq5fLUIqwDGcwBl4cAF1uIEGNIHBGB7hCZ6dB+fFeXXe5qUrzqLnCJbgvH8BTwSYcQ==</latexit>

⌫µ
<latexit sha1_base64="PAP0UuRnmCMghOttib4pFF2CETE=">AAACBnicjVC7SgNBFL0bXzG+opY2g4lgFXZjoWXQxjKCeUh2CbOT2WTIzOwyDyEs6e1t9RfsxNbf8A/8DHeTFEYUPDBwOOe+5oQJZ9q47odTWFldW98obpa2tnd298r7B20dW0Voi8Q8Vt0Qa8qZpC3DDKfdRFEsQk474fgq9zv3VGkWy1szSWgg8FCyiBFsMumu6kvb94Wt9ssVr+bOgP4mFVig2S9/+oOYWEGlIRxr3fPcxAQpVoYRTqcl32qaYDLGQ9rLqMSC6iCdHTxFJ5kyQFGssicNmqnfO1IstJ6IMKsU2Iz0Ty8Xf/N61kQXQcpkYg2VZL4oshyZGOW/RwOmKDF8khFMFMtuRWSEFSYmy6i0tCYfrnSkp/+Lpl2veWc196ZeaVwuQirCERzDKXhwDg24hia0gICAR3iCZ+fBeXFenbd5acFZ9BzCEpz3L/otmV4=</latexit>

⌫⌧
<latexit sha1_base64="k772YyYVHnZj40GiPCKnHeBloxU=">AAACB3icjVDLSgMxFM3UV62vqks3wVZwVWbqQpdFNy4r2Ad2hpJJM21oJjMkN0IZ+gHu3eovuBO3foZ/4GeYabuwouCBwOGc+8oJU8E1uO6HU1hZXVvfKG6WtrZ3dvfK+wdtnRhFWYsmIlHdkGgmuGQt4CBYN1WMxKFgnXB8lfude6Y0T+QtTFIWxGQoecQpASvdVX1p+j4QU+2XK17NnQH/TSpogWa//OkPEmpiJoEKonXPc1MIMqKAU8GmJd9olhI6JkPWs1SSmOkgm108xSdWGeAoUfZJwDP1e0dGYq0ncWgrYwIj/dPLxd+8noHoIsi4TA0wSeeLIiMwJDj/Ph5wxSiIiSWEKm5vxXREFKFgQyotrcmHKx3p6f+iaddr3lnNvalXGpeLkIroCB2jU+Shc9RA16iJWogiiR7RE3p2HpwX59V5m5cWnEXPIVqC8/4FyTiZ0A==</latexit>

b
<latexit sha1_base64="MDSSB9sZB81GWvH/av1xpzSkAmw=">AAACAHicjVC7TgJBFL2LL8QXamkzEUysyIKFlkQbS4zySGBDZoe7MGF2djMza0I2NPa2+gt2xtY/8Q/8DGeBQowmnmSSk3Pua44fC66N6344uZXVtfWN/GZha3tnd6+4f9DSUaIYNlkkItXxqUbBJTYNNwI7sUIa+gLb/vgq89v3qDSP5J2ZxOiFdCh5wBk1Vrot++V+sVStuDOQv0kJFmj0i5+9QcSSEKVhgmrdrbqx8VKqDGcCp4VeojGmbEyH2LVU0hC1l85OnZITqwxIECn7pCEz9XtHSkOtJ6FvK0NqRvqnl4m/ed3EBBdeymWcGJRsvihIBDERyf5NBlwhM2JiCWWK21sJG1FFmbHpFJbWZMOVDvT0f9G0apXqWcW9qZXql4uQ8nAEx3AKVTiHOlxDA5rAYAiP8ATPzoPz4rw6b/PSnLPoOYQlOO9fGMWWqA==</latexit>

s
<latexit sha1_base64="7mU6aqNk3KqP6PzaDoFQplXSI4Y=">AAACAHicjVC7TgJBFL2LL8QXamkzEUysyIKFlkQbS4zySGBDZoe7MGF2djMza0I2NPa2+gt2xtY/8Q/8DGeBQowmnmSSk3Pua44fC66N6344uZXVtfWN/GZha3tnd6+4f9DSUaIYNlkkItXxqUbBJTYNNwI7sUIa+gLb/vgq89v3qDSP5J2ZxOiFdCh5wBk1Vrot63K/WKpW3BnI36QECzT6xc/eIGJJiNIwQbXuVt3YeClVhjOB00Iv0RhTNqZD7FoqaYjaS2enTsmJVQYkiJR90pCZ+r0jpaHWk9C3lSE1I/3Ty8TfvG5iggsv5TJODEo2XxQkgpiIZP8mA66QGTGxhDLF7a2EjaiizNh0CktrsuFKB3r6v2hatUr1rOLe1Er1y0VIeTiCYziFKpxDHa6hAU1gMIRHeIJn58F5cV6dt3lpzln0HMISnPcvNBCWuQ==</latexit>

g
<latexit sha1_base64="zQVF5cT1nySg8FvkfqOZyHh/R1c=">AAACAHicjVC7TsMwFL0pr1JeBUYWixaJqUrKAGMFC2MR9CG1UeW4TmrVsSPbQaqiLuys8AtsiJU/4Q/4DJy2A0UgcSRLR+fcl0+QcKaN6344hZXVtfWN4mZpa3tnd6+8f9DWMlWEtojkUnUDrClngrYMM5x2E0VxHHDaCcZXud+5p0ozKe7MJKF+jCPBQkawsdJtNaoOyhWv5s6A/iYVWKA5KH/2h5KkMRWGcKx1z3MT42dYGUY4nZb6qaYJJmMc0Z6lAsdU+9ns1Ck6scoQhVLZJwyaqd87MhxrPYkDWxljM9I/vVz8zeulJrzwMyaS1FBB5ovClCMjUf5vNGSKEsMnlmCimL0VkRFWmBibTmlpTT5c6VBP/xdNu17zzmruTb3SuFyEVIQjOIZT8OAcGnANTWgBgQge4QmenQfnxXl13ualBWfRcwhLcN6/ACDMlq0=</latexit>

W
<latexit sha1_base64="BfFQI9Wcaxix+k7dT/MDluvahqU=">AAACAHicjVC7TgJBFL2LL8QXamkzEUysyIKFlkQbS4zySGBDZodZmDA7u5m5a0I2NPa2+gt2xtY/8Q/8DGeBQowmnmSSk3Pua44fS2HQdT+c3Mrq2vpGfrOwtb2zu1fcP2iZKNGMN1kkI93xqeFSKN5EgZJ3Ys1p6Eve9sdXmd++59qISN3hJOZeSIdKBIJRtNJtuV3uF0vVijsD+ZuUYIFGv/jZG0QsCblCJqkx3aobo5dSjYJJPi30EsNjysZ0yLuWKhpy46WzU6fkxCoDEkTaPoVkpn7vSGlozCT0bWVIcWR+epn4m9dNMLjwUqHiBLli80VBIglGJPs3GQjNGcqJJZRpYW8lbEQ1ZWjTKSytyYZrE5jp/6Jp1SrVs4p7UyvVLxch5eEIjuEUqnAOdbiGBjSBwRAe4QmenQfnxXl13ualOWfRcwhLcN6/AAcclp0=</latexit>

Z
<latexit sha1_base64="IunAomHG25RH5m9udzH6SqUHsaw=">AAACAHicjVC7TgJBFL3rE/GFWtpMBBMrsouFlkQbS4zyiLAhs8MsTJid3czcNSGExt5Wf8HO2Pon/oGf4SxQiNHEk0xycs59zQkSKQy67oeztLyyurae28hvbm3v7Bb29hsmTjXjdRbLWLcCargUitdRoOStRHMaBZI3g+Fl5jfvuTYiVrc4Srgf0b4SoWAUrXRTuit1C0Wv7E5B/iZFmKPWLXx2ejFLI66QSWpM23MT9MdUo2CST/Kd1PCEsiHt87alikbc+OPpqRNybJUeCWNtn0IyVb93jGlkzCgKbGVEcWB+epn4m9dOMTz3x0IlKXLFZovCVBKMSfZv0hOaM5QjSyjTwt5K2IBqytCmk19Ykw3XJjST/0XTqJS907J7XSlWL+Yh5eAQjuAEPDiDKlxBDerAoA+P8ATPzoPz4rw6b7PSJWfecwALcN6/AAvtlqA=</latexit>

�
<latexit sha1_base64="hL5V9nY+bRqh3PpPoHVa1tE0Gr4=">AAACBXicjVC7SgNBFL3rM8ZX1NJmMRGswm4stAzaWEYwD0iWcHcymwyZmV1mZoWwpLa31V+wE1u/wz/wM5xNUhhR8MDA4Zz7mhMmnGnjeR/Oyura+sZmYau4vbO7t186OGzpOFWENknMY9UJUVPOJG0aZjjtJIqiCDlth+Pr3G/fU6VZLO/MJKGBwKFkESNorNSp9IYoBFb6pbJf9WZw/yZlWKDRL332BjFJBZWGcNS663uJCTJUhhFOp8VeqmmCZIxD2rVUoqA6yGb3Tt1TqwzcKFb2SePO1O8dGQqtJyK0lQLNSP/0cvE3r5ua6DLImExSQyWZL4pS7prYzT/vDpiixPCJJUgUs7e6ZIQKibERFZfW5MOVjvT0f9G0alX/vOrd1sr1q0VIBTiGEzgDHy6gDjfQgCYQ4PAIT/DsPDgvzqvzNi9dcRY9R7AE5/0LCcCY1w==</latexit>

H
<latexit sha1_base64="fk6XUvxSWtIJL3YUaRUsNeJd2os=">AAACAHicjVC7TgJBFL3rE/GFWtpMBBMrsmChJdGGEqM8EtiQ2WEWJszObmbumpANjb2t/oKdsfVP/AM/w1mgEKOJJ5nk5Jz7muPHUhh03Q9nZXVtfWMzt5Xf3tnd2y8cHLZMlGjGmyySke741HApFG+iQMk7seY09CVv++PrzG/fc21EpO5wEnMvpEMlAsEoWum2VC/1C8VK2Z2B/E2KsECjX/jsDSKWhFwhk9SYbsWN0UupRsEkn+Z7ieExZWM65F1LFQ258dLZqVNyapUBCSJtn0IyU793pDQ0ZhL6tjKkODI/vUz8zesmGFx6qVBxglyx+aIgkQQjkv2bDITmDOXEEsq0sLcSNqKaMrTp5JfWZMO1Ccz0f9G0quXKedm9qRZrV4uQcnAMJ3AGFbiAGtShAU1gMIRHeIJn58F5cV6dt3npirPoOYIlOO9f7viWjg==</latexit>
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The Standard Model

“Of course our model has too many arbitrary features 
for these predictions to be taken seriously […]” 

— S. Weinberg

“Quantum field theory can arguably be regarded as the 

pinnacle of human thought.”


— A. Zee
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u
<latexit sha1_base64="j66TeeBICEKpPuYJa6c3G+s5oJY=">AAAB6nicjVA9SwNBEJ2LXzF+RS1tFhPBKtzFQsugjWVE8wHJEfY2e8mSvb1jd04IR36CjYUitv4iO/+Nm0sKFQUfDDzem2FmXpBIYdB1P5zCyura+kZxs7S1vbO7V94/aJs41Yy3WCxj3Q2o4VIo3kKBkncTzWkUSN4JJldzv3PPtRGxusNpwv2IjpQIBaNopdtqWh2UK17NzUH+JhVYojkov/eHMUsjrpBJakzPcxP0M6pRMMlnpX5qeELZhI54z1JFI278LD91Rk6sMiRhrG0pJLn6dSKjkTHTKLCdEcWx+enNxd+8XorhhZ8JlaTIFVssClNJMCbzv8lQaM5QTi2hTAt7K2FjqilDm07pfyG06zXvrObe1CuNy2UcRTiCYzgFD86hAdfQhBYwGMEDPMGzI51H58V5XbQWnOXMIXyD8/YJndKNWA==</latexit> d

<latexit sha1_base64="CmCIuEj4vlq1cy7vwDrKA/4jjaw=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBhPBU9iNBz0GvXiMaB6QLGF2tjcZMju7zMwKYcknePGgiFe/yJt/4+RxUFGwoKGo6qa7K0gF18Z1P5zCyura+kZxs7S1vbO7V94/aOskUwxbLBGJ6gZUo+ASW4Ybgd1UIY0DgZ1gfDXzO/eoNE/knZmk6Md0KHnEGTVWuq2G1UG54tXcOcjfpAJLNAfl936YsCxGaZigWvc8NzV+TpXhTOC01M80ppSN6RB7lkoao/bz+alTcmKVkESJsiUNmatfJ3Iaaz2JA9sZUzPSP72Z+JvXy0x04edcpplByRaLokwQk5DZ3yTkCpkRE0soU9zeStiIKsqMTaf0vxDa9Zp3VnNv6pXG5TKOIhzBMZyCB+fQgGtoQgsYDOEBnuDZEc6j8+K8LloLznLmEL7BefsEg/2NRw==</latexit>

⌧
<latexit sha1_base64="5iPdYF/eQGZaAN6r93rSn03gBFc=">AAACA3icjVC7TgJBFL2LL8QXamkzEUysyC4WWhJtLDGRRwIbMjvMwsjs7GbmrgkhlPa2+gt2xtYP8Q/8DGeBQowmnmSSk3Pua06QSGHQdT+c3Mrq2vpGfrOwtb2zu1fcP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkZXmd+659qIWN3iOOF+RAdKhIJRtFKz3EWalnvFkldxZyB/kxIsUO8VP7v9mKURV8gkNabjuQn6E6pRMMmnhW5qeELZiA54x1JFI278yezaKTmxSp+EsbZPIZmp3zsmNDJmHAW2MqI4ND+9TPzN66QYXvgToZIUuWLzRWEqCcYk+zrpC80ZyrEllGlhbyVsSDVlaAMqLK3JhmsTmun/omlWK95Zxb2plmqXi5DycATHcAoenEMNrqEODWBwB4/wBM/Og/PivDpv89Kcs+g5hCU471+S2JgK</latexit>

µ
<latexit sha1_base64="Xgg6YpzhCnYyKRnrocAexjDIthQ=">AAACAnicjVDLTgIxFL2DL8QX6tJNI5i4IjOw0CXRjUtMHCCBCemUDjS0nUnbMSETdu7d6i+4M279Ef/Az7ADLMRo4kmanJxzXz1hwpk2rvvhFNbWNza3itulnd29/YPy4VFbx6ki1Ccxj1U3xJpyJqlvmOG0myiKRchpJ5xc537nnirNYnlnpgkNBB5JFjGCjZX8al+k1UG54tXcOdDfpAJLtAblz/4wJqmg0hCOte55bmKCDCvDCKezUj/VNMFkgke0Z6nEguogmx87Q2dWGaIoVvZJg+bq944MC62nIrSVApux/unl4m9eLzXRZZAxmaSGSrJYFKUcmRjlP0dDpigxfGoJJorZWxEZY4WJsfmUVtbkw5WO9Ox/0bTrNa9Rc2/rlebVMqQinMApnIMHF9CEG2iBDwQYPMITPDsPzovz6rwtSgvOsucYVuC8fwHFc5eY</latexit>

c
<latexit sha1_base64="+8ENzaWWmptAcjRxV/84j7soChE=">AAACAHicjVC7TgJBFL2LL8QXamkzEUysyIKFlkQbS4zySGBDZoe7MGF2djMza0I2NPa2+gt2xtY/8Q/8DGeBQowmnmSSk3Pua44fC66N6344uZXVtfWN/GZha3tnd6+4f9DSUaIYNlkkItXxqUbBJTYNNwI7sUIa+gLb/vgq89v3qDSP5J2ZxOiFdCh5wBk1Vrots3K/WKpW3BnI36QECzT6xc/eIGJJiNIwQbXuVt3YeClVhjOB00Iv0RhTNqZD7FoqaYjaS2enTsmJVQYkiJR90pCZ+r0jpaHWk9C3lSE1I/3Ty8TfvG5iggsv5TJODEo2XxQkgpiIZP8mA66QGTGxhDLF7a2EjaiizNh0CktrsuFKB3r6v2hatUr1rOLe1Er1y0VIeTiCYziFKpxDHa6hAU1gMIRHeIJn58F5cV6dt3lpzln0HMISnPcvGmCWqQ==</latexit>

t
<latexit sha1_base64="Gy7fz2fIoZH38fwrVGdQs+y+yAI=">AAACAHicjVC7TgJBFL2LL8QXamkzEUysyIKFlkQbS4zySGBDZodZmDA7u5m5a0I2NPa2+gt2xtY/8Q/8DGeBQowmnmSSk3Pua44fS2HQdT+c3Mrq2vpGfrOwtb2zu1fcP2iZKNGMN1kkI93xqeFSKN5EgZJ3Ys1p6Eve9sdXmd++59qISN3hJOZeSIdKBIJRtNJtGcv9YqlacWcgf5MSLNDoFz97g4glIVfIJDWmW3Vj9FKqUTDJp4VeYnhM2ZgOeddSRUNuvHR26pScWGVAgkjbp5DM1O8dKQ2NmYS+rQwpjsxPLxN/87oJBhdeKlScIFdsvihIJMGIZP8mA6E5QzmxhDIt7K2EjaimDG06haU12XBtAjP9XzStWqV6VnFvaqX65SKkPBzBMZxCFc6hDtfQgCYwGMIjPMGz8+C8OK/O27w05yx6DmEJzvsXNauWug==</latexit>

e
<latexit sha1_base64="05DExfCMKARPmxl0SZDsLmxYKSo=">AAACAHicjVC7TgJBFL2LL8QXamkzEUysyIKFlkQbS4zySGBDZoe7MGF2djMza0I2NPa2+gt2xtY/8Q/8DGeBQowmnmSSk3Pua44fC66N6344uZXVtfWN/GZha3tnd6+4f9DSUaIYNlkkItXxqUbBJTYNNwI7sUIa+gLb/vgq89v3qDSP5J2ZxOiFdCh5wBk1VrotY7lfLFUr7gzkb1KCBRr94mdvELEkRGmYoFp3q25svJQqw5nAaaGXaIwpG9Mhdi2VNETtpbNTp+TEKgMSRMo+achM/d6R0lDrSejbypCakf7pZeJvXjcxwYWXchknBiWbLwoSQUxEsn+TAVfIjJhYQpni9lbCRlRRZmw6haU12XClAz39XzStWqV6VnFvaqX65SKkPBzBMZxCFc6hDtfQgCYwGMIjPMGz8+C8OK/O27w05yx6DmEJzvsXHZaWqw==</latexit>

⌫e
<latexit sha1_base64="b9DzgUcgoE1qeMBLxAa6srkPfBY=">AAACBHicjVC7SgNBFL3rM8ZX1NJmMBGswm4stAzaWEYwD0iWMDu5mwyZnV1mZoWwpLW31V+wE1v/wz/wM5xNUhhR8MDA4Zz7mhMkgmvjuh/Oyura+sZmYau4vbO7t186OGzpOFUMmywWseoEVKPgEpuGG4GdRCGNAoHtYHyd++17VJrH8s5MEvQjOpQ85IwaK7UrPZn2sdIvlb2qOwP5m5RhgUa/9NkbxCyNUBomqNZdz02Mn1FlOBM4LfZSjQllYzrErqWSRqj9bHbulJxaZUDCWNknDZmp3zsyGmk9iQJbGVEz0j+9XPzN66YmvPQzLpPUoGTzRWEqiIlJ/ncy4AqZERNLKFPc3krYiCrKjE2ouLQmH650qKf/i6ZVq3rnVfe2Vq5fLUIqwDGcwBl4cAF1uIEGNIHBGB7hCZ6dB+fFeXXe5qUrzqLnCJbgvH8BTwSYcQ==</latexit>

⌫µ
<latexit sha1_base64="PAP0UuRnmCMghOttib4pFF2CETE=">AAACBnicjVC7SgNBFL0bXzG+opY2g4lgFXZjoWXQxjKCeUh2CbOT2WTIzOwyDyEs6e1t9RfsxNbf8A/8DHeTFEYUPDBwOOe+5oQJZ9q47odTWFldW98obpa2tnd298r7B20dW0Voi8Q8Vt0Qa8qZpC3DDKfdRFEsQk474fgq9zv3VGkWy1szSWgg8FCyiBFsMumu6kvb94Wt9ssVr+bOgP4mFVig2S9/+oOYWEGlIRxr3fPcxAQpVoYRTqcl32qaYDLGQ9rLqMSC6iCdHTxFJ5kyQFGssicNmqnfO1IstJ6IMKsU2Iz0Ty8Xf/N61kQXQcpkYg2VZL4oshyZGOW/RwOmKDF8khFMFMtuRWSEFSYmy6i0tCYfrnSkp/+Lpl2veWc196ZeaVwuQirCERzDKXhwDg24hia0gICAR3iCZ+fBeXFenbd5acFZ9BzCEpz3L/otmV4=</latexit>

⌫⌧
<latexit sha1_base64="k772YyYVHnZj40GiPCKnHeBloxU=">AAACB3icjVDLSgMxFM3UV62vqks3wVZwVWbqQpdFNy4r2Ad2hpJJM21oJjMkN0IZ+gHu3eovuBO3foZ/4GeYabuwouCBwOGc+8oJU8E1uO6HU1hZXVvfKG6WtrZ3dvfK+wdtnRhFWYsmIlHdkGgmuGQt4CBYN1WMxKFgnXB8lfude6Y0T+QtTFIWxGQoecQpASvdVX1p+j4QU+2XK17NnQH/TSpogWa//OkPEmpiJoEKonXPc1MIMqKAU8GmJd9olhI6JkPWs1SSmOkgm108xSdWGeAoUfZJwDP1e0dGYq0ncWgrYwIj/dPLxd+8noHoIsi4TA0wSeeLIiMwJDj/Ph5wxSiIiSWEKm5vxXREFKFgQyotrcmHKx3p6f+iaddr3lnNvalXGpeLkIroCB2jU+Shc9RA16iJWogiiR7RE3p2HpwX59V5m5cWnEXPIVqC8/4FyTiZ0A==</latexit>

b
<latexit sha1_base64="MDSSB9sZB81GWvH/av1xpzSkAmw=">AAACAHicjVC7TgJBFL2LL8QXamkzEUysyIKFlkQbS4zySGBDZoe7MGF2djMza0I2NPa2+gt2xtY/8Q/8DGeBQowmnmSSk3Pua44fC66N6344uZXVtfWN/GZha3tnd6+4f9DSUaIYNlkkItXxqUbBJTYNNwI7sUIa+gLb/vgq89v3qDSP5J2ZxOiFdCh5wBk1Vrot++V+sVStuDOQv0kJFmj0i5+9QcSSEKVhgmrdrbqx8VKqDGcCp4VeojGmbEyH2LVU0hC1l85OnZITqwxIECn7pCEz9XtHSkOtJ6FvK0NqRvqnl4m/ed3EBBdeymWcGJRsvihIBDERyf5NBlwhM2JiCWWK21sJG1FFmbHpFJbWZMOVDvT0f9G0apXqWcW9qZXql4uQ8nAEx3AKVTiHOlxDA5rAYAiP8ATPzoPz4rw6b/PSnLPoOYQlOO9fGMWWqA==</latexit>

s
<latexit sha1_base64="7mU6aqNk3KqP6PzaDoFQplXSI4Y=">AAACAHicjVC7TgJBFL2LL8QXamkzEUysyIKFlkQbS4zySGBDZoe7MGF2djMza0I2NPa2+gt2xtY/8Q/8DGeBQowmnmSSk3Pua44fC66N6344uZXVtfWN/GZha3tnd6+4f9DSUaIYNlkkItXxqUbBJTYNNwI7sUIa+gLb/vgq89v3qDSP5J2ZxOiFdCh5wBk1Vrot63K/WKpW3BnI36QECzT6xc/eIGJJiNIwQbXuVt3YeClVhjOB00Iv0RhTNqZD7FoqaYjaS2enTsmJVQYkiJR90pCZ+r0jpaHWk9C3lSE1I/3Ty8TfvG5iggsv5TJODEo2XxQkgpiIZP8mA66QGTGxhDLF7a2EjaiizNh0CktrsuFKB3r6v2hatUr1rOLe1Er1y0VIeTiCYziFKpxDHa6hAU1gMIRHeIJn58F5cV6dt3lpzln0HMISnPcvNBCWuQ==</latexit>

g
<latexit sha1_base64="zQVF5cT1nySg8FvkfqOZyHh/R1c=">AAACAHicjVC7TsMwFL0pr1JeBUYWixaJqUrKAGMFC2MR9CG1UeW4TmrVsSPbQaqiLuys8AtsiJU/4Q/4DJy2A0UgcSRLR+fcl0+QcKaN6344hZXVtfWN4mZpa3tnd6+8f9DWMlWEtojkUnUDrClngrYMM5x2E0VxHHDaCcZXud+5p0ozKe7MJKF+jCPBQkawsdJtNaoOyhWv5s6A/iYVWKA5KH/2h5KkMRWGcKx1z3MT42dYGUY4nZb6qaYJJmMc0Z6lAsdU+9ns1Ck6scoQhVLZJwyaqd87MhxrPYkDWxljM9I/vVz8zeulJrzwMyaS1FBB5ovClCMjUf5vNGSKEsMnlmCimL0VkRFWmBibTmlpTT5c6VBP/xdNu17zzmruTb3SuFyEVIQjOIZT8OAcGnANTWgBgQge4QmenQfnxXl13ualBWfRcwhLcN6/ACDMlq0=</latexit>

W
<latexit sha1_base64="BfFQI9Wcaxix+k7dT/MDluvahqU=">AAACAHicjVC7TgJBFL2LL8QXamkzEUysyIKFlkQbS4zySGBDZodZmDA7u5m5a0I2NPa2+gt2xtY/8Q/8DGeBQowmnmSSk3Pua44fS2HQdT+c3Mrq2vpGfrOwtb2zu1fcP2iZKNGMN1kkI93xqeFSKN5EgZJ3Ys1p6Eve9sdXmd++59qISN3hJOZeSIdKBIJRtNJtuV3uF0vVijsD+ZuUYIFGv/jZG0QsCblCJqkx3aobo5dSjYJJPi30EsNjysZ0yLuWKhpy46WzU6fkxCoDEkTaPoVkpn7vSGlozCT0bWVIcWR+epn4m9dNMLjwUqHiBLli80VBIglGJPs3GQjNGcqJJZRpYW8lbEQ1ZWjTKSytyYZrE5jp/6Jp1SrVs4p7UyvVLxch5eEIjuEUqnAOdbiGBjSBwRAe4QmenQfnxXl13ualOWfRcwhLcN6/AAcclp0=</latexit>

Z
<latexit sha1_base64="IunAomHG25RH5m9udzH6SqUHsaw=">AAACAHicjVC7TgJBFL3rE/GFWtpMBBMrsouFlkQbS4zyiLAhs8MsTJid3czcNSGExt5Wf8HO2Pon/oGf4SxQiNHEk0xycs59zQkSKQy67oeztLyyurae28hvbm3v7Bb29hsmTjXjdRbLWLcCargUitdRoOStRHMaBZI3g+Fl5jfvuTYiVrc4Srgf0b4SoWAUrXRTuit1C0Wv7E5B/iZFmKPWLXx2ejFLI66QSWpM23MT9MdUo2CST/Kd1PCEsiHt87alikbc+OPpqRNybJUeCWNtn0IyVb93jGlkzCgKbGVEcWB+epn4m9dOMTz3x0IlKXLFZovCVBKMSfZv0hOaM5QjSyjTwt5K2IBqytCmk19Ykw3XJjST/0XTqJS907J7XSlWL+Yh5eAQjuAEPDiDKlxBDerAoA+P8ATPzoPz4rw6b7PSJWfecwALcN6/AAvtlqA=</latexit>

�
<latexit sha1_base64="hL5V9nY+bRqh3PpPoHVa1tE0Gr4=">AAACBXicjVC7SgNBFL3rM8ZX1NJmMRGswm4stAzaWEYwD0iWcHcymwyZmV1mZoWwpLa31V+wE1u/wz/wM5xNUhhR8MDA4Zz7mhMmnGnjeR/Oyura+sZmYau4vbO7t186OGzpOFWENknMY9UJUVPOJG0aZjjtJIqiCDlth+Pr3G/fU6VZLO/MJKGBwKFkESNorNSp9IYoBFb6pbJf9WZw/yZlWKDRL332BjFJBZWGcNS663uJCTJUhhFOp8VeqmmCZIxD2rVUoqA6yGb3Tt1TqwzcKFb2SePO1O8dGQqtJyK0lQLNSP/0cvE3r5ua6DLImExSQyWZL4pS7prYzT/vDpiixPCJJUgUs7e6ZIQKibERFZfW5MOVjvT0f9G0alX/vOrd1sr1q0VIBTiGEzgDHy6gDjfQgCYQ4PAIT/DsPDgvzqvzNi9dcRY9R7AE5/0LCcCY1w==</latexit>

H
<latexit sha1_base64="fk6XUvxSWtIJL3YUaRUsNeJd2os=">AAACAHicjVC7TgJBFL3rE/GFWtpMBBMrsmChJdGGEqM8EtiQ2WEWJszObmbumpANjb2t/oKdsfVP/AM/w1mgEKOJJ5nk5Jz7muPHUhh03Q9nZXVtfWMzt5Xf3tnd2y8cHLZMlGjGmyySke741HApFG+iQMk7seY09CVv++PrzG/fc21EpO5wEnMvpEMlAsEoWum2VC/1C8VK2Z2B/E2KsECjX/jsDSKWhFwhk9SYbsWN0UupRsEkn+Z7ieExZWM65F1LFQ258dLZqVNyapUBCSJtn0IyU793pDQ0ZhL6tjKkODI/vUz8zesmGFx6qVBxglyx+aIgkQQjkv2bDITmDOXEEsq0sLcSNqKaMrTp5JfWZMO1Ccz0f9G0quXKedm9qRZrV4uQcnAMJ3AGFbiAGtShAU1gMIRHeIJn58F5cV6dt3npirPoOYIlOO9f7viWjg==</latexit>

quark
s

neu
tri

nos

leptons

 charged

vector bosons

Higgs boson

The Standard Model

“[…] yet field theory is in my opinion still incomplete […]” 

— A. Zee
“Of course our model has too many arbitrary features 
for these predictions to be taken seriously […]” 

— S. Weinberg

“Quantum field theory can arguably be regarded as the 

pinnacle of human thought.”


— A. Zee

Quantum

 Fields



The Large Hadron Collider 

ATLAS

CMS

27 km of circumference


Protons accelerated to 13 TeV 
The largest single-particle energy ever created in the laboratory. 


Four collision points, each with a detector used by thousands of collaborators:


ATLAS (> 5500 members)

CMS     (> 5000 members)

LHCb   (> 1400 members)

ALICE   (> 1000 members)

p+

p+
p+



The most important development in the last decade

On July 4th, we will celebrate the 10th 
anniversary of the announcement of the 
discovery of the Higgs boson.


The last piece of the Standard Model.


Since then, we have been checking that it 
indeed looks like the Higgs.


And, so far, it does. 

H
μ+

μ+

μ−μ−



But did we find anything else?



Where else can we look?

We may have missed something on the way to the Higgs.



Fundamental forces in nature

Particles interact by exchanging force mediators. 


For massive mediators, 

the interaction strength is proportional to


g
M W boson in neutron decay.

time



 (Higgs boson)

h

1

10−2

10−4

10−6

 and  bosons

W

Z

 
Interaction 

strength with
matter

g

10−8

10 −1

110 −3

10 −2

10 −9

1010 −4

10 −5

10 −6

10 −7

10 −8 Particle mass
(Units of proton mass)

M



 (Higgs boson)

h

1

10−2

10−4

10−6

Standard Model ”backyard”

Particle mass
(Units of proton mass)

M

 and  bosons

W

Z
10−8

μe τ Z
W H

ν νν

10 −1

110 −3

10 −2

10 −9

1010 −4

10 −5

10 −6

10 −7

10 −8

 
Interaction 

strength with
matter

g



 (Higgs boson)

h

1

10−2

10−4

10−6

Standard Model ”backyard”

 and  bosons

W

Z

ENERGY FRONTIER
                (LHC)

10−8

10 −1

110 −3

10 −2

10 −9

1010 −4

10 −5

10 −6

10 −7

10 −8

 
Interaction 

strength with
matter

g

Particle mass
(Units of proton mass)

M



 (Higgs boson)

h

1

10−2

10−4

10−6

INTENSITY FRONTIER

Standard Model ”backyard”

 and  bosons

W

Z

ENERGY FRONTIER
                (LHC)

10−8

10 −1

110 −3

10 −2

10 −9

1010 −4

10 −5

10 −6

10 −7

10 −8

g2/M2

 
Interaction 

strength with
matter

g

Particle mass
(Units of proton mass)

M



We can only see its 
Indirect effects.

 (Higgs boson)
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Can be produced in our experiments.
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So what are we hoping to find in the

next 10 to 20 years?


Some biased and optimistic ideas.



A Word of Caution



A Word of Caution

Life is hard.




A Word of Caution

Life is hard.


"Extraordinary claims require extraordinary evidence”


— Carl Sagan

Any new discovery would have profound consequences 

for our understanding of the Universe.


It is a good idea to apply the “ECREE” standard.



To be or not to be:

neutrinos had the answer all along
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To be or not to be:

neutrinos had the answer all along

e− e+

ν ν

Around 2030 — 2035



The Matter-Antimatter Asymmetry

This symmetry is called Charge-Parity symmetry, or CP for short, 

and it should be broken in Nature. 

e− e+
CPMatter Antimatter
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This symmetry is called Charge-Parity symmetry, or CP for short, 

and it should be broken in Nature. 

e− e+
CPMatter Antimatter



The Matter-Antimatter Asymmetry

This difference can lead to a preferential treatment of the matter in the early Universe

CP

νe → νμ νe → νμ≠

Antineutrinos and neutrinos can mix among themselves differently.



DUNE
• Deep Underground Neutrino Experiment

Sanford Underground

Research Facility,


South Dakota

Fermi National

Laboratory,


Illinois
νe → νμ



Hyper-Kamiokande

• Water tank of 75 m diameter, 
60 m tall.


• 295 km between Tokay and the 
Kamioka mine.


• 250 kilotonnes of water.





New evidence for the grand unification of all 
forces: physicists see a proton decay

p+e+ π0

γ

γ



New evidence for the grand unification of all 
forces: physicists see a proton decay

p+e+ π0

γ

γ

Later than 2030. But possibly never.



Proton decay

p+e+ π0

γ

γ

Heavier particles usually decay to less massive particles 

via one of the four fundamental forces of nature.


The proton is not even a fundamental particle, so why should it 

remain stable?  

Symmetry: Conservation of Baryon Number

B = 1 B = 0B = 0

More than  protons1035



Lifetime (years)

Proton decay



The new force carriers can violate 
Baryon number conservation.  

Fundamental forces could unify into a 
single force at very high energies.

Proton decay



This new particle could make up 

 85% of the matter in our Universe.

χ



This new particle could make up 

 85% of the matter in our Universe.

χ

Likely to be found at some point, but we cannot rule out that it is truly invisible.

68%
5%

27%

Dark energy

Dark matter

Normal matter



Dark (Inert) matter Ordinary matter

Dark Matter detection

We are (very noisy) guests


in a quiet dark matter halo


ESO/L Calçada. — artistic impression

Bullet cluster



Dark Matter detection
Symmetry Magazine

We have good reason to believe that it is made up of a new 

”inert” type of particle. We just don’t know what it is.



Dark Matter detection

χ

χ

Nucleus or electron

Forbes 2019Dark Matter particle

Very quiet detectors deep underground

waiting for dark matter particles to create

some kind of signal inside their volume.  



Physicists find a fifth force in Nature

in the mysterious wiggle of the muon.
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Physicists find a fifth force in Nature

in the mysterious wiggle of the muon.

μ

If we have done our calculations right, probably by the end of this decade.



The muon anomalous magnetic moment
Muons are a heavier version of the electron.

S

B
μ+e+

ν

ν



The muon anomalous magnetic moment
Muons are a heavier version of the electron.

μμ = g
q

2m
S

Just like any charged particle, they have (quantum) spin, and react 
to a magnetic field according to their magnetic dipole moment.

S

B
μ+e+

ν

ν

 is very close to 2 for leptons,

except for very small quantum effects.

g



Quantum Electrodynamics

Electromagnetism (10th order)

μμ

γ
W

Quantum Chromodynamics

(Strong force)

Electroweak force

μμ

γ

Z ν



The muon anomalous magnetic moment

Phys. Rept. 887 (2020) 1-166

aEXP
μ = 116592061(41) × 10−11

The disagreement happens at the 11th digit after the decimal point.

Are we missing a new quantum correction from new forces?



A fifth muonic force

We hope to observe it directly at LHC, DUNE, or HK.


This would mean that muons are fundamentally 

different from electrons.

Δaμ =
g′￼

2

16π
m2

μ

M2
Z′￼

μμ

γ

Z′￼

MZ′￼

g′￼

< 100 mp



Death of a nearby star makes neutrino 
detectors light up around the world



Death of a nearby star makes neutrino 
detectors light up around the world

Any day now.



Supernova neutrinos

• A nearby supernova explosion would emit 
a tremendous amount of neutrinos. 


• Large-scale detectors would observe 
hundreds or thousands of these neutrinos, 
and tell us about the physics of stellar 
collapse as well as about fundamental 
properties of neutrinos, like their mass 
differences and potentially their decay.

ν

ν

ν
ν ν

See George Fuller’s talk.



Summary
1) To or not to be: neutrinos tell us the answer 


CP violation — matter-antimatter asymmetry


2) New evidence for the grand unification of all forces: physicists see a proton decay.


The unification of all forces in Nature?


3) This new particle could make up 85% of the matter in our Universe.


Origin of dark matter.


4) Physicists find a fifth force in Nature in the mysterious wiggle of the muon.


Muons are different, for some reason.


5) Death of a nearby star makes neutrino detectors light up around the world.


As exciting as it gets for neutrino astronomy.



What are your own bets and hopes for the near future? 

Thank you


