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The Rutgers Shield

The Rutgers shield appears to the left. It may not 

be modified in any way.

The shield is available in different electronic formats 

appropriate for your use.

The shield may be used as a stand-alone design 

element; however, the Rutgers logotype, with or 

without a signature, must also be included on the 

piece. The Rutgers shield may not be used in place 

of the Rutgers logotype. It may also be used in 

combination with the Rutgers logotype, the state 

university signature, a chancellor-level signature,  

or a unit signature. (see page 2.9).

For size and clear space requirements refer to  

page 2.10.

Note: For print projects, when placed on a 

background, the white fill remains white. It may  

not be replaced by the background color.

To download the shield, go to identity.rutgers.edu/

download-zone. 

Need help?

Email identity@ucm.rutgers.edu.

RU_SHIELD_PMS186 RU_SHIELD_REVWHITE

The reverse shield is a custom graphic for use when 
a white shield is needed.

RU_SHIELD_PMS186_100K RU_SHIELD_100K
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<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>
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Why Neutrinos?

Neutrinos at Fermilab

Neutrino 
Detection⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>
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Neutrinos?

<10-8 GeV/c2

0

electron 
neutrino

⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

<10-4 GeV/c2

0

muon 
neutrino

⌫µ
<latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit>

<0.02 GeV/c2

0

tau 
neutrino

⌫⌧
<latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit><latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit><latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit>

Q
U

A
RK

S u 
up

0.003 GeV/c2

+2/3

d 
down

0.006 GeV/c2

-1/3

c 
charm
1.3 GeV/c2

+2/3

s 
strange
0.1 GeV/c2

-1/3

t 
top

175 GeV/c2

+2/3

b 
bottom
4.3 GeV/c2

-1/3

LE
PT

O
N

S

511 keV/c2

-1

electron
e�

<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

0.106 GeV/c2

-1

muon
µ�

<latexit sha1_base64="9zDVLCEV+CvlxwXni7s4XeSriDI=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4cUhrddpd0Y3LCo4ttGPJpJk2NMkMSUYopQu/wK1+gStx66/4Af6H6UOwogcuHM65l3vvCRPOtEHow8ksLa+srmXXcxubW9s7+d29Wx2nilCfxDxWzRBrypmkvmGG02aiKBYhp41wcDnxG/dUaRbLGzNMaCBwT7KIEWys5LdFenfSyReQW0ElVPYgcr2qd1o9n5FS5QwWXTRFAcxR7+Q/292YpIJKQzjWulVEiQlGWBlGOB3n2qmmCSYD3KMtSyUWVAej6bFjeGSVLoxiZUsaOFV/Toyw0HooQtspsOnr395E/MtrpSaqBCMmk9RQSWaLopRDE8PJ57DLFCWGDy3BRDF7KyR9rDAxNp+FLREdSpGMbS7fz8P/iV9yqy66LhdqF/OAsuAAHIJjUAQeqIErUAc+IICBR/AEnp0H58V5dd5mrRlnPrMPFuC8fwEpDZca</latexit><latexit sha1_base64="9zDVLCEV+CvlxwXni7s4XeSriDI=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4cUhrddpd0Y3LCo4ttGPJpJk2NMkMSUYopQu/wK1+gStx66/4Af6H6UOwogcuHM65l3vvCRPOtEHow8ksLa+srmXXcxubW9s7+d29Wx2nilCfxDxWzRBrypmkvmGG02aiKBYhp41wcDnxG/dUaRbLGzNMaCBwT7KIEWys5LdFenfSyReQW0ElVPYgcr2qd1o9n5FS5QwWXTRFAcxR7+Q/292YpIJKQzjWulVEiQlGWBlGOB3n2qmmCSYD3KMtSyUWVAej6bFjeGSVLoxiZUsaOFV/Toyw0HooQtspsOnr395E/MtrpSaqBCMmk9RQSWaLopRDE8PJ57DLFCWGDy3BRDF7KyR9rDAxNp+FLREdSpGMbS7fz8P/iV9yqy66LhdqF/OAsuAAHIJjUAQeqIErUAc+IICBR/AEnp0H58V5dd5mrRlnPrMPFuC8fwEpDZca</latexit><latexit sha1_base64="9zDVLCEV+CvlxwXni7s4XeSriDI=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4cUhrddpd0Y3LCo4ttGPJpJk2NMkMSUYopQu/wK1+gStx66/4Af6H6UOwogcuHM65l3vvCRPOtEHow8ksLa+srmXXcxubW9s7+d29Wx2nilCfxDxWzRBrypmkvmGG02aiKBYhp41wcDnxG/dUaRbLGzNMaCBwT7KIEWys5LdFenfSyReQW0ElVPYgcr2qd1o9n5FS5QwWXTRFAcxR7+Q/292YpIJKQzjWulVEiQlGWBlGOB3n2qmmCSYD3KMtSyUWVAej6bFjeGSVLoxiZUsaOFV/Toyw0HooQtspsOnr395E/MtrpSaqBCMmk9RQSWaLopRDE8PJ57DLFCWGDy3BRDF7KyR9rDAxNp+FLREdSpGMbS7fz8P/iV9yqy66LhdqF/OAsuAAHIJjUAQeqIErUAc+IICBR/AEnp0H58V5dd5mrRlnPrMPFuC8fwEpDZca</latexit>

1.78 GeV/c2

-1

tau
⌧�

<latexit sha1_base64="LkU82DZSzv0FohNkmBe6LcniZ7E=">AAAB/3icdVDLTgIxFO3gC/GFunTTSEzcOCmIDuyIblxi4gAJjKRTOlDpdCZtx2RC2PgFbvULXBm3foof4H9YHiZi9CQ3OTnn3tx7jx9zpjRCH1ZmaXlldS27ntvY3Nreye/uNVSUSEJdEvFItnysKGeCupppTluxpDj0OW36w8uJ37ynUrFI3Og0pl6I+4IFjGBtpEZH4+T2pJsvILuCSqjsQGQ7Vee0ej4jpcoZLNpoigKYo97Nf3Z6EUlCKjThWKl2EcXaG2GpGeF0nOskisaYDHGftg0VOKTKG02vHcMjo/RgEElTQsOp+nNihEOl0tA3nSHWA/Xbm4h/ee1EBxVvxEScaCrIbFGQcKgjOHkd9pikRPPUEEwkM7dCMsASE20CWtgS0FSE8djk8v08/J+4Jbtqo+tyoXYxDygLDsAhOAZF4IAauAJ14AIC7sAjeALP1oP1Yr1ab7PWjDWf2QcLsN6/APUDl4w=</latexit><latexit sha1_base64="LkU82DZSzv0FohNkmBe6LcniZ7E=">AAAB/3icdVDLTgIxFO3gC/GFunTTSEzcOCmIDuyIblxi4gAJjKRTOlDpdCZtx2RC2PgFbvULXBm3foof4H9YHiZi9CQ3OTnn3tx7jx9zpjRCH1ZmaXlldS27ntvY3Nreye/uNVSUSEJdEvFItnysKGeCupppTluxpDj0OW36w8uJ37ynUrFI3Og0pl6I+4IFjGBtpEZH4+T2pJsvILuCSqjsQGQ7Vee0ej4jpcoZLNpoigKYo97Nf3Z6EUlCKjThWKl2EcXaG2GpGeF0nOskisaYDHGftg0VOKTKG02vHcMjo/RgEElTQsOp+nNihEOl0tA3nSHWA/Xbm4h/ee1EBxVvxEScaCrIbFGQcKgjOHkd9pikRPPUEEwkM7dCMsASE20CWtgS0FSE8djk8v08/J+4Jbtqo+tyoXYxDygLDsAhOAZF4IAauAJ14AIC7sAjeALP1oP1Yr1ab7PWjDWf2QcLsN6/APUDl4w=</latexit><latexit sha1_base64="LkU82DZSzv0FohNkmBe6LcniZ7E=">AAAB/3icdVDLTgIxFO3gC/GFunTTSEzcOCmIDuyIblxi4gAJjKRTOlDpdCZtx2RC2PgFbvULXBm3foof4H9YHiZi9CQ3OTnn3tx7jx9zpjRCH1ZmaXlldS27ntvY3Nreye/uNVSUSEJdEvFItnysKGeCupppTluxpDj0OW36w8uJ37ynUrFI3Og0pl6I+4IFjGBtpEZH4+T2pJsvILuCSqjsQGQ7Vee0ej4jpcoZLNpoigKYo97Nf3Z6EUlCKjThWKl2EcXaG2GpGeF0nOskisaYDHGftg0VOKTKG02vHcMjo/RgEElTQsOp+nNihEOl0tA3nSHWA/Xbm4h/ee1EBxVvxEScaCrIbFGQcKgjOHkd9pikRPPUEEwkM7dCMsASE20CWtgS0FSE8djk8v08/J+4Jbtqo+tyoXYxDygLDsAhOAZF4IAauAJ14AIC7sAjeALP1oP1Yr1ab7PWjDWf2QcLsN6/APUDl4w=</latexit>

I II III γ 
photon

0

0

g 
gluon

0

0

W± 
W boson
80.4 GeV/c2

±1

Z0 
Z boson
91.2 GeV/c2

0

H 
Higgs boson

125 GeV/c2

0

3

Standard Model Particles
• Weak interactions with other 

matter (atoms & nuclei) 
• Lots of neutrinos and targets 

(beams + large detectors) 
• Three flavors: electron (νe), 

muon (νμ), and tau (ντ), 
corresponding to charged leptons

ντ
νμ νeνμ

?
?

?
Baseline

• Oscillations changing flavors as 
neutrinos travel 
• Quantum mechanics at work 

over very long distances!



Neutrinos?
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ντ
νμ νeνμ

?
?

?
Baseline
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L/E

Pee
Pea

• A neutrino of energy E 
starts out as flavor a 

• Travels for a distance L 
• Detected as flavor a or b

Definitely 
flavor a

Maybe a, 
maybe b

P
(⌫

µ
!

⌫ ↵
)

<latexit sha1_base64="5GeXZeHCbbdNz8FkaQE8aimRvi0=">AAACAHicbZC7SgNBFIZn4y3G26qFhc1gEGITdlXQMmhjGcFcILsss5PZZMhclplZIYQ0voqNhSK2Poadb+Nks4Um/jDw8Z9zOHP+OGVUG8/7dkorq2vrG+XNytb2zu6eu3/Q1jJTmLSwZFJ1Y6QJo4K0DDWMdFNFEI8Z6cSj21m980iUplI8mHFKQo4GgiYUI2OtyD1q1gKRRQHPAiNzQiwdorPIrXp1LxdcBr+AKijUjNyvoC9xxokwmCGte76XmnCClKGYkWklyDRJER6hAelZFIgTHU7yA6bw1Dp9mEhlnzAwd39PTBDXesxj28mRGerF2sz8r9bLTHIdTqhIM0MEni9KMgaNhLM0YJ8qgg0bW0BYUftXiIdIIWxsZhUbgr948jK0z+v+Rd27v6w2boo4yuAYnIAa8MEVaIA70AQtgMEUPINX8OY8OS/Ou/Mxby05xcwh+CPn8wd0b5ZP</latexit>

L/E (km/MeV)
<latexit sha1_base64="s5NMy/M/DYFw2xHIw8r9jaXGNsk=">AAAB/nicbVDLSgMxFM3UV62vUXHlJliEumlnVNBlUQQXChXsA9qhZNJMG5pkhiQjlKHir7hxoYhbv8Odf2OmnYW2HggczrmXe3L8iFGlHefbyi0sLi2v5FcLa+sbm1v29k5DhbHEpI5DFsqWjxRhVJC6ppqRViQJ4j4jTX94mfrNByIVDcW9HkXE46gvaEAx0kbq2ns3lavHDkd6IHlSGvLKLWkcjbt20Sk7E8B54makCDLUuvZXpxfimBOhMUNKtV0n0l6CpKaYkXGhEysSITxEfdI2VCBOlJdM4o/hoVF6MAileULDifp7I0FcqRH3zWQaVM16qfif1451cO4lVESxJgJPDwUxgzqEaRewRyXBmo0MQVhSkxXiAZIIa9NYwZTgzn55njSOy+5J2bk7LVYvsjryYB8cgBJwwRmogmtQA3WAQQKewSt4s56sF+vd+piO5qxsZxf8gfX5Ay8+lPo=</latexit>

0

1

0 30155 10 20 25

α = e, μ, τ 
In our three-
neutrino 
universe...

• Oscillations are determined by  
• A few parameters we control: 

distance L, energy E 
• A few we try to measure: the 

amplitude and wavelength, 
which is related to differences 
between neutrino masses, Δm

amplitude 
(∼sin22θ)

wavelength 
∼1/Δm2

distance L



Are there new 
interactions we could 
discover via neutrinos?

NSI

What is the 
ordering of the 

neutrino masses?

What is the mass 
of the neutrino, and 
why is it so small?

Is the neutrino its 
own antiparticle?

⌫
?
= ⌫̄

<latexit sha1_base64="S1ransQgj8NE0PWlKAGRI9aWkGE=">AAACAnicdVDLSsNAFJ34rPUVdSVuBovgKiS1mHQhFt24rGAf0IQymU7aoZNJmJkIJRQ3/oobF4q49Svc+TdOH4KKHrhwOOde7r0nTBmVyrY/jIXFpeWV1cJacX1jc2vb3NltyiQTmDRwwhLRDpEkjHLSUFQx0k4FQXHISCscXk781i0Rkib8Ro1SEsSoz2lEMVJa6pr7Ps98qRAeCsLy83F+NvZDJLTaNUu25VQc23WgbXle1S17mrinrntiQ8eypyiBOepd893vJTiLCVeYISk7jp2qIEdCUczIuOhnkqR6EeqTjqYcxUQG+fSFMTzSSg9GidDFFZyq3ydyFEs5ikPdGSM1kL+9ifiX18lU5AU55WmmCMezRVHGoErgJA/Yo4JgxUaaICyovhXiARIIK51aUYfw9Sn8nzTLOiirel0p1S7mcRTAATgEx8ABLqiBK1AHDYDBHXgAT+DZuDcejRfjdda6YMxn9sAPGG+fjSeYNw==</latexit>

Beyond the Standard Model
Standard Model Physics

Oscillati
ons

Oscillations

55

Why Neutrinos?

Oscillations

Oscillations

Are there matter/antimatter 
differences in oscillations (CP 
violation), helping to explain 

our matter-filled universe?

�CP
<latexit sha1_base64="B2cL0zR49HlFI5WtR5fjvbFhaf8=">AAACDXicdVDLSgMxFM3UV32PdekmWARXw0xta92JblxWsLbQlpJJ72hokhmSjFiG/oNf4Fa/wJW49Rv8AP/DTK2gogcCh3Pu5Z6cMOFMG99/cwpz8wuLS8XlldW19Y1Nd6t0qeNUUWjRmMeqExINnEloGWY4dBIFRIQc2uHoNPfbN6A0i+WFGSfQF+RKsohRYqw0cEu9IXBDBj1BzLUS2WlzMnDLvhdUqo1KHftevRZUgyNL/KBx0KjhwPOnKKMZmgP3vTeMaSpAGsqJ1t3AT0w/I8owymGy0ks1JISOyBV0LZVEgO5n0+wTvGeVIY5iZZ80eKp+38iI0HosQjuZR9S/vVz8y+umJmr0MyaT1ICkn4eilGMT47wIPGQKqOFjSwhVzGbF9JooQo2t68eVCMZSJHkvX5/H/5NWxTvy/PNq+fhkVlAR7aBdtI8CdIiO0Rlqohai6Bbdowf06Nw5T86z8/I5WnBmO9voB5zXDzCYnR8=</latexit><latexit sha1_base64="B2cL0zR49HlFI5WtR5fjvbFhaf8=">AAACDXicdVDLSgMxFM3UV32PdekmWARXw0xta92JblxWsLbQlpJJ72hokhmSjFiG/oNf4Fa/wJW49Rv8AP/DTK2gogcCh3Pu5Z6cMOFMG99/cwpz8wuLS8XlldW19Y1Nd6t0qeNUUWjRmMeqExINnEloGWY4dBIFRIQc2uHoNPfbN6A0i+WFGSfQF+RKsohRYqw0cEu9IXBDBj1BzLUS2WlzMnDLvhdUqo1KHftevRZUgyNL/KBx0KjhwPOnKKMZmgP3vTeMaSpAGsqJ1t3AT0w/I8owymGy0ks1JISOyBV0LZVEgO5n0+wTvGeVIY5iZZ80eKp+38iI0HosQjuZR9S/vVz8y+umJmr0MyaT1ICkn4eilGMT47wIPGQKqOFjSwhVzGbF9JooQo2t68eVCMZSJHkvX5/H/5NWxTvy/PNq+fhkVlAR7aBdtI8CdIiO0Rlqohai6Bbdowf06Nw5T86z8/I5WnBmO9voB5zXDzCYnR8=</latexit><latexit sha1_base64="B2cL0zR49HlFI5WtR5fjvbFhaf8=">AAACDXicdVDLSgMxFM3UV32PdekmWARXw0xta92JblxWsLbQlpJJ72hokhmSjFiG/oNf4Fa/wJW49Rv8AP/DTK2gogcCh3Pu5Z6cMOFMG99/cwpz8wuLS8XlldW19Y1Nd6t0qeNUUWjRmMeqExINnEloGWY4dBIFRIQc2uHoNPfbN6A0i+WFGSfQF+RKsohRYqw0cEu9IXBDBj1BzLUS2WlzMnDLvhdUqo1KHftevRZUgyNL/KBx0KjhwPOnKKMZmgP3vTeMaSpAGsqJ1t3AT0w/I8owymGy0ks1JISOyBV0LZVEgO5n0+wTvGeVIY5iZZ80eKp+38iI0HosQjuZR9S/vVz8y+umJmr0MyaT1ICkn4eilGMT47wIPGQKqOFjSwhVzGbF9JooQo2t68eVCMZSJHkvX5/H/5NWxTvy/PNq+fhkVlAR7aBdtI8CdIiO0Rlqohai6Bbdowf06Nw5T86z8/I5WnBmO9voB5zXDzCYnR8=</latexit>

Are there additional 
sterile neutrinos 
beyond the known 

three types?

⌫s

<latexit sha1_base64="afBtZm3Liutf9vt9Lz5EwooJpns=">AAAB7HicdVDLSsNAFL2pr1pfVZduBovgKiTaV3ZFNy4r2Ae0oUymk3boZBJmJkIJ/QY3LhRx6we582+cPgQVPXDhcM693HtPkHCmtON8WLm19Y3Nrfx2YWd3b/+geHjUVnEqCW2RmMeyG2BFORO0pZnmtJtIiqOA004wuZ77nXsqFYvFnZ4m1I/wSLCQEayN1OqLdKAGxZJjO9Wqc+kix66UvZpbMcTzvHrNQ67tLFCCFZqD4nt/GJM0okITjpXquU6i/QxLzQins0I/VTTBZIJHtGeowBFVfrY4dobOjDJEYSxNCY0W6veJDEdKTaPAdEZYj9Vvby7+5fVSHdb9jIkk1VSQ5aIw5UjHaP45GjJJieZTQzCRzNyKyBhLTLTJp2BC+PoU/U/aF7Zbtr3bcqlxtYojDydwCufgQg0acANNaAEBBg/wBM+WsB6tF+t12ZqzVjPH8APW2yd6gI8r</latexit>



Are there new 
interactions we could 
discover via neutrinos?

NSI

What is the 
ordering of the 

neutrino masses?

What is the mass 
of the neutrino, and 
why is it so small?

Is the neutrino its 
own antiparticle?

⌫
?
= ⌫̄

<latexit sha1_base64="S1ransQgj8NE0PWlKAGRI9aWkGE=">AAACAnicdVDLSsNAFJ34rPUVdSVuBovgKiS1mHQhFt24rGAf0IQymU7aoZNJmJkIJRQ3/oobF4q49Svc+TdOH4KKHrhwOOde7r0nTBmVyrY/jIXFpeWV1cJacX1jc2vb3NltyiQTmDRwwhLRDpEkjHLSUFQx0k4FQXHISCscXk781i0Rkib8Ro1SEsSoz2lEMVJa6pr7Ps98qRAeCsLy83F+NvZDJLTaNUu25VQc23WgbXle1S17mrinrntiQ8eypyiBOepd893vJTiLCVeYISk7jp2qIEdCUczIuOhnkqR6EeqTjqYcxUQG+fSFMTzSSg9GidDFFZyq3ydyFEs5ikPdGSM1kL+9ifiX18lU5AU55WmmCMezRVHGoErgJA/Yo4JgxUaaICyovhXiARIIK51aUYfw9Sn8nzTLOiirel0p1S7mcRTAATgEx8ABLqiBK1AHDYDBHXgAT+DZuDcejRfjdda6YMxn9sAPGG+fjSeYNw==</latexit>

Beyond the Standard Model
Standard Model Physics

Oscillati
ons

Oscillations
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Why Neutrinos?

Oscillations

Oscillations

Are there matter/antimatter 
differences in oscillations (CP 
violation), helping to explain 

our matter-filled universe?

�CP
<latexit sha1_base64="B2cL0zR49HlFI5WtR5fjvbFhaf8=">AAACDXicdVDLSgMxFM3UV32PdekmWARXw0xta92JblxWsLbQlpJJ72hokhmSjFiG/oNf4Fa/wJW49Rv8AP/DTK2gogcCh3Pu5Z6cMOFMG99/cwpz8wuLS8XlldW19Y1Nd6t0qeNUUWjRmMeqExINnEloGWY4dBIFRIQc2uHoNPfbN6A0i+WFGSfQF+RKsohRYqw0cEu9IXBDBj1BzLUS2WlzMnDLvhdUqo1KHftevRZUgyNL/KBx0KjhwPOnKKMZmgP3vTeMaSpAGsqJ1t3AT0w/I8owymGy0ks1JISOyBV0LZVEgO5n0+wTvGeVIY5iZZ80eKp+38iI0HosQjuZR9S/vVz8y+umJmr0MyaT1ICkn4eilGMT47wIPGQKqOFjSwhVzGbF9JooQo2t68eVCMZSJHkvX5/H/5NWxTvy/PNq+fhkVlAR7aBdtI8CdIiO0Rlqohai6Bbdowf06Nw5T86z8/I5WnBmO9voB5zXDzCYnR8=</latexit><latexit sha1_base64="B2cL0zR49HlFI5WtR5fjvbFhaf8=">AAACDXicdVDLSgMxFM3UV32PdekmWARXw0xta92JblxWsLbQlpJJ72hokhmSjFiG/oNf4Fa/wJW49Rv8AP/DTK2gogcCh3Pu5Z6cMOFMG99/cwpz8wuLS8XlldW19Y1Nd6t0qeNUUWjRmMeqExINnEloGWY4dBIFRIQc2uHoNPfbN6A0i+WFGSfQF+RKsohRYqw0cEu9IXBDBj1BzLUS2WlzMnDLvhdUqo1KHftevRZUgyNL/KBx0KjhwPOnKKMZmgP3vTeMaSpAGsqJ1t3AT0w/I8owymGy0ks1JISOyBV0LZVEgO5n0+wTvGeVIY5iZZ80eKp+38iI0HosQjuZR9S/vVz8y+umJmr0MyaT1ICkn4eilGMT47wIPGQKqOFjSwhVzGbF9JooQo2t68eVCMZSJHkvX5/H/5NWxTvy/PNq+fhkVlAR7aBdtI8CdIiO0Rlqohai6Bbdowf06Nw5T86z8/I5WnBmO9voB5zXDzCYnR8=</latexit><latexit sha1_base64="B2cL0zR49HlFI5WtR5fjvbFhaf8=">AAACDXicdVDLSgMxFM3UV32PdekmWARXw0xta92JblxWsLbQlpJJ72hokhmSjFiG/oNf4Fa/wJW49Rv8AP/DTK2gogcCh3Pu5Z6cMOFMG99/cwpz8wuLS8XlldW19Y1Nd6t0qeNUUWjRmMeqExINnEloGWY4dBIFRIQc2uHoNPfbN6A0i+WFGSfQF+RKsohRYqw0cEu9IXBDBj1BzLUS2WlzMnDLvhdUqo1KHftevRZUgyNL/KBx0KjhwPOnKKMZmgP3vTeMaSpAGsqJ1t3AT0w/I8owymGy0ks1JISOyBV0LZVEgO5n0+wTvGeVIY5iZZ80eKp+38iI0HosQjuZR9S/vVz8y+umJmr0MyaT1ICkn4eilGMT47wIPGQKqOFjSwhVzGbF9JooQo2t68eVCMZSJHkvX5/H/5NWxTvy/PNq+fhkVlAR7aBdtI8CdIiO0Rlqohai6Bbdowf06Nw5T86z8/I5WnBmO9voB5zXDzCYnR8=</latexit>

Are there additional 
sterile neutrinos 
beyond the known 

three types?

⌫s

<latexit sha1_base64="afBtZm3Liutf9vt9Lz5EwooJpns=">AAAB7HicdVDLSsNAFL2pr1pfVZduBovgKiTaV3ZFNy4r2Ae0oUymk3boZBJmJkIJ/QY3LhRx6we582+cPgQVPXDhcM693HtPkHCmtON8WLm19Y3Nrfx2YWd3b/+geHjUVnEqCW2RmMeyG2BFORO0pZnmtJtIiqOA004wuZ77nXsqFYvFnZ4m1I/wSLCQEayN1OqLdKAGxZJjO9Wqc+kix66UvZpbMcTzvHrNQ67tLFCCFZqD4nt/GJM0okITjpXquU6i/QxLzQins0I/VTTBZIJHtGeowBFVfrY4dobOjDJEYSxNCY0W6veJDEdKTaPAdEZYj9Vvby7+5fVSHdb9jIkk1VSQ5aIw5UjHaP45GjJJieZTQzCRzNyKyBhLTLTJp2BC+PoU/U/aF7Zbtr3bcqlxtYojDydwCufgQg0acANNaAEBBg/wBM+WsB6tF+t12ZqzVjPH8APW2yd6gI8r</latexit>



⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

Neutrino Production
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Linear Accelerator 
(0.4 GeV)

Booster 
(8 GeV)

Booster 
Neutrino 
Beam

Main Injector 
(120 GeV)

NuMI 
Beam

PIP-II 
Superconducting 

Linac 
(0.8 GeV)LBNF 

Beam

protons



Decay Pipe

Proton 
Beam

Target

Magnetic Focusing

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

Neutrino Production
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Linear Accelerator 
(0.4 GeV)

Booster 
(8 GeV)

Booster 
Neutrino 
Beam

Main Injector 
(120 GeV)

NuMI 
Beam

PIP-II 
Superconducting 

Linac 
(0.8 GeV)LBNF 

Beam

Neutrinos

Booster Horn

NuMI horn 
(one of two)

More details: See Jeffrey Eldred's "Introduction to Fermilab's accelerators and beams (present and future)" in Session 3



⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

⌫

<latexit sha1_base64="5DtCUkd1w4cOVj/0dchPWpEbMK4=">AAAB6nicbZDLSgMxFIbPeK31VnUpSLAIrspMKXW6suDGZYv2Au1QMmnahmYyQ5IRytClSzcuFHHrQ/Q53LnxBXwJ01ZErT8EPv7/HHLO8SPOlLbtN2tpeWV1bT21kd7c2t7Zzezt11UYS0JrJOShbPpYUc4ErWmmOW1GkuLA57ThDy+meeOGSsVCca1HEfUC3BesxwjWxrpqi7iTydq5kus4xTyaQrHgusjJ2TN9Q/b8fVL9uD2aVDqZ13Y3JHFAhSYcK9Vy7Eh7CZaaEU7H6XasaITJEPdpy6DAAVVeMht1jE6M00W9UJonNJq5PzsSHCg1CnxTGWA9UH+zqflf1op1z/USJqJYU0HmH/VijnSIpnujLpOUaD4ygIlkZlZEBlhios110uYICysvQj2fcwq5UtXOlpswVwoO4RhOwYEzKMMlVKAGBPpwBw/waHHr3nqynuelS9ZXzwH8kvXyCcPRkqg=</latexit>

9

Neutrino Detection

p
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Neutrinos are invisible ...

... and detected via the products 
of interactions with other matter 

(nuclei, electrons, etc.)
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Flavor-changing oscillations

Near Far 
Detector

Baseline: ∼100 meters is "short" and ∼1000 kilometers is "long" relatively speaking.
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Neutrino Detection

Proton 
Beam

Neutrino 
Beam

Detector

30 cm Run 3493 Event 27435, October 23rd, 2015 NuMI DATA: RUN 10811, EVENT 2549. APRIL 9, 2017.
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Muon track

Electron
 shower

Electron neutrinos (νe) produce an electron or νeMuon neutrinos (νμ) produce a muon or νμ



Neutrino Program at Fermilab

MINERvA 
Precision neutrino interactions 

MINOS+ 
Pioneering long-baseline oscillations 

NOvA 
Off-axis long-baseline νe appearance 

SBN Program 
Short-baseline oscillations and new physics 

DUNE 
Precision long-baseline, CP violation
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Booster 
Neutrino 
Beam

NuMI 
Beam

LBNF 
Beam



MINERvA (2010–2019)

• Precision measurements of neutrino interactions 
with a variety of nuclear targets (carbon, lead, 
iron, water, helium) 

• Insight into the structure of nuclei and forces 
• Understanding neutrino interactions is crucial 

for interpreting data in neutrino oscillation and 
new physics searches

• Several different target materials 
• Tracking with scintillator strips 
• Underground at Fermilab
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NuMI

Images: MINERvA
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Deepika Jena | New Results from MINERvA @ Neutrino 2020

GENIE describes the tail reasonably 
well due to large contribution from 
2p2h tuned to MINERvA inclusive 

measurements

Phys. Rev. C 99, 055504
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distort QE peak.

Deepika Jena | New Results from MINERvA @ Neutrino 2020

GENIE describes the tail reasonably 
well due to large contribution from 
2p2h tuned to MINERvA inclusive 

measurements

Phys. Rev. C 99, 055504

Example: How are the emitted protons affected by 
interactions inside the nucleus (final state interactions)? 
Models are then be tuned to better match the data.

Phys. Rev. Lett. 121, 022504 (2018) 

Much more in S. Gardiner's Cross Sections talk, Session 16
A neutrino interaction in MINERvA



MINOS/MINOS+ (2005–2016)

735 km

Far Detector 
5.4 kilotons, 2350' deep

Near Detector 
980 tons at FNAL

Magnetized Steel Trackers
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NuMI

Images: Fermilab, MINOS/MINOS+

T. Carroll, UW-Madison Neutrino 2020 July 2, 2020

6 7 8 9 10 11 12
Reconstructed Energy [GeV]

0

20

40

60

Fa
r D

et
ec

to
r E

ve
nt

s FD Data
 Fit Predictionµν+eνTotal 

NC  CCµν
 CCeνBeam  CCτν

 CC Appearanceeν

MINOS+ PRELIMINARY
 Selectioneν Mode - ν POT 20 10×9.65 

Conclusion

!25

Ev
en

ts
 / 

G
eV

0

200

400

600

800

1000

1200

1400

1600 MINOS, MINOS+ data
Prediction, no oscillations
MINOS, MINOS+ combined fit

 

 

 MINOSµν POT 2010×10.71 
 MINOSµν POT 2010×3.36 
 MINOS+µν POT 2010×9.69 

Far Detector

 Energy (GeV)µνReconstructed 

Ra
tio

 to
 N

o 
os

cil
la

tio
ns

0
0.2
0.4
0.6
0.8

1
1.2

0 5 10 15 20 30 50

23θ2sin
0.3 0.4 0.5 0.6 0.7

)2
eV

-3
 (1

0
2 32

mΔ
 

2.0

2.5

3.0

MINOS, MINOS+
combined analysis 90% C.L. Best fit

IceCube (2018)Super-K (2018)

NOvA (2019) T2K (2020)

)2
eV

-3
 (1

0
2 32

mΔ

5−10 4−10 3−10 2−10 1−10 1
2|4µU|2|e4U = 4|eµθ22sin

4−10

3−10

2−10

1−10

1

10

210

310

)2
 (e

V
412

mΔ

99% C.L. Allowed
LSND
MiniBooNE (2018)
Dentler et al. (2018)
Gariazzo et al. (2019)

) ExcludedsCL99% C.L. (

MINOS, MINOS+, Daya Bay and Bugey-3

High stats long-baseline νµ disappearance: 
     tight constraints on 3 ν paradigm

Normal hierarchy, non-maximal mixing 
!  

!
Δm2

32 = 2.40+0.08
−0.09 × 10−3 eV2

sin2 θ23 = 0.43 (0.39 ↔ 0.63) 68 % C . L .

Exclude large parameter space of “3+1” ν models 
from MINOS/MINOS+ 

 νe appearance + νµ disappearance search

High stats long-baseline νμ disappearance: 
     tight constraints on “3+1” ν  paradigm 

and in combination with Daya Bay and Bugey-3

)24θ(2sin
4−10 3−10 2−10 1−10 1

)2
 (e

V
412

mΔ

4−10

3−10

2−10

1−10

1

10

210

310
 POT MINOS2010×10.56
 POT MINOS+2010×5.80

 modeµν

data 90% C.L.
MINOS & MINOS+

MINOS 90% C.L.
IceCube 90% C.L.
Super-K 90% C.L.
CDHS 90% C.L.
CCFR 90% C.L.
SciBooNE + MiniBooNE 90% C.L.
Gariazzo et al. (2016) 90% C.L.

arXiv:2006.15208
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MINOS/MINOS+ (2005–2016)

• Long-baseline neutrino oscillations 
• Beam and atmospheric neutrinos 
• Final oscillation results presented July 2020

735 km

Magnetized Steel Trackers

Far Detector 
5.4 kilotons, 2350' deep

Near Detector 
980 tons at FNAL
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• Search for sterile neutrinos 
• A possible new, additional neutrino type

NuMI

T. Carroll, UW-Madison Neutrino 2020 July 2, 2020
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No evidence for sterile neutrinos → strong constraints on these models

Images: Fermilab, MINOS/MINOS+

Much more in G. Petrillo's Sterile Neutrinos talk, Session 16



• Long-baseline neutrino oscillations 
• Beam and atmospheric neutrino analysis 
• Neutrino interactions with matter 
• Ordering of neutrino masses, matter-

antimatter asymmetry (CP violation) 
• Sterile neutrinos and other new physics

T. Carroll, UW-Madison Neutrino 2020 July 2, 2020
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NOvA measurements of the parameters controlling oscillations

Measurement of the parameters
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Δm232 (3%)	and	sin2θ23 (6%).
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Normal	hierarchy
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sin2θ23 =	0.57+0.04-0.03

Prefer	non-maximal	mixing	by	1.1σ.
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NuMI

Comparison to T2K

• Clear	tension	with	T2K’s	preferred	region.
• Quantifying	consistency	requires	a	joint	iit	of	the	data	from	
the	two	experiments,	which	is	already	in	the	works.
– Semi-annual	workshops,	regular	joint	group	meetings,	and	a	
signed	joint	agreement.
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Insights into a matter/antimatter asymmetryT. Carroll, UW-Madison Neutrino 2020 July 2, 2020

MINOS MINOS+
This talk

Low Energy neutrinos
Low Energy antineutrinos
Higher Energies
Medium Energy neutrinos

Low Energy neutrinos
Low Energy antineutrinos
Higher Energies
Medium Energy neutrinos

Total NuMI protons-on-target (POT)

To
ta

l 
p
ro

to
n
s 

(x
1

0
2
0
)

P
ro

to
n
s 

p
e
r 

w
e
e
k 

(x
1

0
1
8
)

Date

25

20

15

10

5

2

4

6

8

10

12

14

16

18

20

0
2005/04/27 2006/09/20 2008/02/12 2009/07/06 2010/11/28 2012/04/21 2013/09/13 2015/02/05 2016/06/29

0

10.56x1020 POT 3.36x1020 POT 9.69x1020 POT

MINOS and MINOS+ Exposures

!5

11 years of accelerator neutrino data
23.61 x 1020 protons on target

13 years of atmospheric neutrino data
60.75 kt-yr exposure

MINOS 
(2005-2012)

MINOS+ 
(2013-2016)

10.56 × 1020 POT 3.36 × 1020 POT 9.69 × 1020 POT

} High Statistics 
Dataset 

0 2 4 6 8 10 12 14 16 18 20
Neutrino Energy (GeV)

0

20

40

60

80

100

120

140

160

180

200

220

 C
C 

Ev
en

ts
 / 

kt
on

 / 
G

eV
µν 

 BeamνSimulated 
MINOS+
MINOS
NOvA

 POT2010×For 6

NOvA

810 km 
(off-axis)

Far Detector 
14 kilotons, surface

Liquid Scintillator Trackers

Near Detector 
300 tons at FNAL

Much more in S. Calvez's NOvA talk, next (Session 15)

• Long-baseline neutrino oscillations 
• Beam and atmospheric neutrino analysis 
• Neutrino interactions with matter 
• Ordering of neutrino masses, matter-

antimatter asymmetry (CP violation) 
• Sterile neutrinos and other new physics
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ArgoNeuT (2009–2010) NuMI

LArTPC: Liquid Argon 
Time Projection Chamber

ArgoNeuT

3D particle tracking with 
millimeter-scale resolution

40 cm

ArgoNeuT 
250 kg LAr

MINOS near detector 
980 ton steel tracker

NuMI neutrino beam

• Neutrino interactions with argon 
• Physics Beyond the Standard Model 
• Pioneering measurements of low-energy 

interactions in liquid argon detectors

considers the complete topology of the reconstructed
object, rather than relying solely on vertex dE=dx.
One difficulty in this analysis is the small size of the

ArgoNeuT detector. We find that a significant background
comes from EM-like activity in the detector produced by
interactions originating outside of the detector active
volume. This is a complication unique to ArgoNeuT, where
it is impossible to move sufficiently far from the edge of the
detector to reject a significant fraction of these outside
backgrounds while simultaneously maintaining satisfactory
signal statistics. Additionally, we find that the external
background is underestimated in the ArgoNeuT simulation,
which only generates neutrino interactions that occur with
and inside the cryostat. While the simulation reproduces the
energy and topological characteristics of external EM-like
backgrounds in the detector, it misrepresents the total
quantity of these backgrounds. To correct for this deficit
and constrain the external background contribution in the
strict νe=ν̄e selection region, the external background is
scaled as a function of BDT score based on a data-
simulation comparison sideband with score <0. To deter-
mine the scale factor, a line was fit to the ratio of data to
simulation after subtracting out internal background con-
tributions (νμ CC and ν NC) in the background-only
sideband. The scale factor is ∼3.5 at BDT score ¼ −1
and ∼1.0 at BDT score ¼ 1. The data-driven function is
motivated by the fact that external backgrounds tend to look
topologically distinct from signal, a characteristic which is
quantitatively described by decreasing BDT score, a proxy
for event topology. The scaling was validated with a hand
scan of events in data at low- and mid-range BDT scores in
the background-only sideband.
To reduce the impact of the uncertainty associated with

the background scaling on the final selection, we have
limited our signal definition to events with BDT score
>0.9, a bin with low external and total background that
yields the most significant signal selection. A conservative
100% uncertainty on the quantity of external background is
included in the systematic error, which encompasses the
range of multiple scaling methods that were considered.
Other systematic uncertainties considered include those
associated with the neutrino interaction model, found by
varying a set of relevant parameters in GENIE independently
according to Ref. [12], in addition to uncertainties in the
integrated flux, collected protons on target, and number of
target argon nuclei. Given the low statistics of our meas-
urement, statistical uncertainties dominate the results
reported here.
The reconstructed vertex dE=dx distribution for data

after the final selection is shown in Fig. 3. One of the
candidate electron neutrino interactions, among the 13
selected, is shown in Fig. 4. All 13 selected interactions
are presented in the Supplemental Material [16]. The
topology of selected events is consistent with expectation
and the strict cut on BDT score means the selection is more

efficient for quasielastic events than deep inelastic scatter-
ing (DIS) events. We expect 3.6 quasielastic events, 3.4
resonant events, and 4.1 DIS events in the final sample, and
note that many of the interactions selected have simple
topologies. This is unsurprising given the stringent cut on

FIG. 3. Reconstructed vertex dE=dx for data and simulation
after selection. The inset shows the vertex dE=dx distribution for
electrons reconstructed from a sample of simulated νe=ν̄e events
broken up by interaction mechanism, demonstrating that the
vertex dE=dx tail is mainly from deep inelastic scattering.

FIG. 4. A candidate electron neutrino interaction. The scale
shown applies to both images. The color is proportional to the
charge collected.

R. ACCIARRI et al. PHYS. REV. D 102, 011101 (2020)

011101-4

First measurement 
of the νe + argon 
scattering cross 
section 
Phys. Rev. D 102, 
011101 (2020)

large, depending on the relative location of the points, when
extrapolated to the location of the target, 1033 m upstream.
Sinceweuse theposition of the intersection of the lines on the
plane to identify signal events coming from the target, we
want events with good directional resolution and thus place a
cut of > 10 cm on the separation between clusters. For two
clusters in the center of the detector and separated by 10 cm,
the uncertainty at the target plane is about 40m in the vertical
and 2m in the horizontal direction.By applying the 10 cmcut
on the separation between the two clusters we are ensuring
that the uncertainties at the target plane are always smaller
than these. Events where the two clusters are separated by
less than 0.4 cm in the beam (z) direction are also ignored to
remove lines with undefined slope.
The locations and the uncertainties of the points of

intersection of the lines with the plane at the target’s edge
are shown in Fig. 3, where the target is located at the center.
The number of expected background events is estimated

using a Monte Carlo simulation, assuming that the lines are
isotropic and taking the distribution of cluster separation
from data, as shown in Fig. 2 (bottom). We estimate the
probability that two clusters will align with the target within
the uncertainties. With the detector performance parameters
reported above, and taking into account the electron detec-
tion efficiency reported in Ref. [18], the spatial separation of
clusters and the resulting uncertainties, we expect 1.46
background events which point back to the target.
We found one possible mCP signal candidate event in the

ArgoNeuT data, shown as a blue square in Fig. 3. The

position of the line in this event overlaps with the location
of the target within the horizontal and vertical uncertainties.
The event, shown in Fig. 4, has been visually scanned, and
it shows no anomalies. It has two clusters spaced 11.8 cm
apart with an energy of 0.72 (2.82) MeV in the more
upstream (downstream) cluster. The observed candidate
signal event is compatible with the expected background.
Before using this observation to set a limit, we consider

the systematic uncertainty related to ArgoNeuT’s exact
orientation with respect to the target. Using the spread in
direction of through-going muons [23], we find that the
direction of the target location is uncertain by !1.0°
horizontally and !0.59° vertically. In the plane of
Fig. 3, this corresponds to !18 m in x and !10.6 m in
y. When the target location is moved within this uncertainty
window, up to five two-cluster events can be found in the
ArgoNeuT high-beam data. We set limits using both one
and five observed events and treat the difference as a
systematic uncertainty. As an additional test, we have
checked that the number of signal events in the plane of
Fig. 3 is consistent with a Poisson distribution as the target
location is allowed to vary across a large window (well
beyond the systematic uncertainty). We have also consid-
ered the effect of the mCPs traversing the dirt en route from
the target to the detector, following Ref. [11]. We find that
the amount of energy loss is negligible in the region of
interest. The angular deflection of a mCP from elastic

10− 8− 6− 4− 2− 0 2 4 6 8 10
X (m)

100−

80−

60−

40−

20−

0

20

40

60

80

100

Y
 (

m
)

FIG. 3. Locations and uncertainties of the points of intersec-
tions (shown as gray circles) of lines defined by two clusters with
a plane perpendicular to the beam at the downstream target’s
edge. The target, denoted by the red cross, is located at (0,0). The
candidate signal event, denoted with a blue square, is consistent
with originating from the target within its uncertainties. Only
points at a distance < 10 (100) m from the target in the horizontal
(vertical) direction are shown.
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FIG. 4. The candidate signal event. Top: Enlarged image from
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event. Color in the image indicates the amount of charge
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Bottom: 3D reconstruction of the event with the reconstructed
line superimposed.

PHYSICAL REVIEW LETTERS 124, 131801 (2020)
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Search for 
fractionally-

charged particles 
Phys. Rev. Lett 124, 
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BNB
Short-Baseline Neutrino Program

mode and antineutrino mode [26]. See Supplemental
Material [27] for more information on backgrounds. The
upper limit of 1250 MeV corresponded to a small value of
L=E and was chosen by the collaboration before unblind-
ing the data in 2007. The lower limit of 200 MeV is chosen
because we constrain the νe events with the CCQE νμ
events and our CCQE νμ event sample only goes down to
200 MeV, as we require a visible Cherenkov ring from the
muon. The estimated sizes of the intrinsic νe and gamma
backgrounds are based on MiniBooNE event measure-
ments and uncertainties from these constraints are included
in the analysis. The intrinsic νe=ν̄e background from muon
decay is directly related to the large sample of observed
νμ=ν̄μ events, as these events constrain the muons that
decay in the 50 m decay region. This constraint uses a joint
fit of the observed νμ=ν̄μ and νe=ν̄e events, assuming that
there are no substantial νμ=ν̄μ disappearance oscillations.
The other intrinsic νe background component, from kaon
decay, is constrained by fits to kaon production data and
SciBooNEmeasurements [28]. The intrinsic νe background
from pion decay (1.2 × 10−4 branching ratio) and hyperon
decay are very small. Other backgrounds from misidenti-
fied νμ or ν̄μ [29,30] events are also constrained by the
observed CCQE sample.
The gamma background from neutral-current (NC) π0

production and Δ → Nγ radiative decay [31,32] are con-
strained by the associated large two-gamma sample (mainly
from Δ production) observed in the MiniBooNE data,
where π0 measurements [33] are used to constrain the π0

background. The π0 background measured in the first and
second neutrino data sets were found to be consistent,
resulting in a lower statistical background uncertainty for
the combined data. Other neutrino-induced single gamma
production processes are included in the theoretical pre-
dictions, which agree well with the MiniBooNE estimates
[31,34]. Single-gamma backgrounds from external neu-
trino interactions (“dirt” backgrounds) are estimated using
topological and spatial cuts to isolate the events whose
vertices are near the edge of the detector and point towards
the detector center [35]. With the larger data set, the
background from external neutrino interactions is now
better determined to be approximately 7% larger, but with
smaller uncertainty than in the previous publication [3].
A new technique to measure or constrain the gamma and
dirt backgrounds based on event timing relative to the beam
is in development.
Systematic uncertainties are determined by considering

the predicted effects on the νμ, ν̄μ, νe, and ν̄e CCQE rates
from variations of uncertainty parameters. The parameters
include uncertainties in the neutrino and antineutrino flux
estimates, uncertainties in neutrino cross sections, most of
which are determined by in situ cross-section measure-
ments at MiniBooNE [29,33], uncertainties from nuclear
effects, and uncertainties in detector modeling and
reconstruction. A covariance matrix in bins of EQE

ν is

constructed by considering the variation from each source
of systematic uncertainty on the νe and ν̄e CCQE signal and
background, and the νμ and ν̄μ CCQE prediction as a
function of EQE

ν . This matrix includes correlations between
any of the νe and ν̄e CCQE signal and background and νμ
and ν̄μ CCQE samples, and is used in the χ2 calculation of
the oscillation fits.
Table I also shows the expected number of events

corresponding to the LSND best fit oscillation probability
of 0.26%, assuming oscillations at large Δm2. LSND and
MiniBooNE have the same average value of L=E, but
MiniBooNE has a larger range of L=E. Therefore, the
appearance probabilities for LSND andMiniBooNE should
not be exactly the same at lower L=E values.
Figure 1 shows theEQE

ν distribution for νe CCQE data and
background in neutrino mode for the total 12.84 × 1020 POT
data. Each bin of reconstructed EQE

ν corresponds to a
distribution of “true” generated neutrino energies, which
can overlap adjacent bins. In neutrino mode, a total of 1959
data events pass the νe CCQE event selection requirements
with 200 < EQE

ν < 1250 MeV, compared to a background
expectation of 1577.8! 39.7ðstatÞ ! 75.4ðsystÞ events. The
excess is then 381.2! 85.2 events or a 4.5σ effect. Note that
the 162.0 event excess in the first 6.46 × 1020 POT data is
approximately 1σ lower than the average excess, while the
219.2 event excess in the second 6.38 × 1020 POT data is
approximately 1σ higher than the average excess. Figure 2
shows the excess events in neutrino mode from the first
6.46 × 1020 POT data and the second 6.38 × 1020 POT data
(top plot). Combining the MiniBooNE neutrino and anti-
neutrino data, there are a total of 2437 events in the 200 <
EQE
ν < 1250 MeVenergy region, compared to a background
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FIG. 1. The MiniBooNE neutrino mode EQE
ν distributions,

corresponding to the total 12.84 × 1020 POT data, for νe CCQE
data (points with statistical errors) and background (histogram
with systematic errors). The dashed curve shows the best fit to the
neutrino-mode data assuming two-neutrino oscillations. The last
bin is for the energy interval from 1500–3000 MeV.

PHYSICAL REVIEW LETTERS 121, 221801 (2018)

221801-3

MiniBooNE, PRL 121, 221801 (2018)

MiniBooNE's excess of 
νe-like events

MiniBooNE operated in the 
Fermilab Booster Neutrino 
Beam from 2002 – 2019 

Updated background 
analysis presented at 

Neutrino 2020

interpreted as being due to n̄m ! n̄e oscillations, then the most
favored oscillation region is a band in Dm2 stretching from !0:2 to
!2 eV2. The MiniBooNE experiment was designed to search for
nm ! ne and n̄m ! n̄e oscillations with approximately the same
L=E ’ 1 value as LSND, where L is the neutrino travel distance
from the source to the detector in meters and E is the neutrino
energy in MeV. Whereas the LSND neutrino beam travelled a
distance of 30 m with a typical energy of 30 MeV, the MiniBooNE
neutrino beam travelled 500 m and had a typical energy of
500 MeV. With neutrino energies an order of magnitude higher,
the MiniBooNE backgrounds and systematic errors are completely
different from those of LSND. MiniBooNE, therefore, constitutes an
independent check of the LSND evidence for neutrino oscillations
at the !1 eV2 mass scale.

1.2. Physics driven parameters

In order to search effectively for nm ! ne and n̄m ! n̄e

oscillations, the MiniBooNE detector needed to satisfy certain
requirements. First, the detector required a target mass of !1 kton
in order to generate !1000 neutrino oscillation events for 1021

protons on target. Second, the detector needed to provide
excellent discrimination between nm and ne induced events. The
scale is set by the LSND neutrino oscillation probability of
!0:26%. (The intrinsic ne background in MiniBooNE is !0:5%.)
Third, the detector had to have a completely active volume with
no dead regions. This was necessary in order to contain neutral-
current p0 ! gg events, which would constitute a large back-
ground if one of the g’s escaped detection. Fourth, the detector
needed to have a 4p veto to reject cosmic ray events, neutrino
interactions that occur outside the detector, and neutrino events
with tracks that escape the fiducial volume. Liquid Cherenkov
detectors have no dead regions, have an easily configured veto
region, and, thanks to modern computers, have excellent particle
identification. A liquid Cherenkov detector is an economical
choice that meets all of these requirements.

1.3. Overall design considerations and constraints

Mineral oil was chosen instead of water as the liquid for the
MiniBooNE detector for several reasons. First, mineral oil has an
index of refraction n ¼ 1:47, which is considerably higher than the
n ¼ 1:33 index of refraction for water. This higher index of
refraction, together with a lower density than water
(0:85 gm=cm3 instead of 1:00 gm=cm3), means that electrons

produce considerably more Cherenkov light in mineral oil than
in water. Furthermore, the lower velocity of light in mineral
oil improves the event position reconstruction. Second, mineral
oil allows the detection of lower-energy muons, pions, and
protons than in water due to the lower Cherenkov threshold
and the presence of scintillation light in pure mineral oil. This
is used for background rejection and for measuring back-
grounds down to lower energies. Third, mineral oil has less
multiple scattering than water and a smaller m# capture rate,
8% compared to 20% in water. The smaller m# capture rate
increases the efficiency of the identification of charged-current
reactions using the Michel electron tag from muon decay. Mineral
oil has the additional advantage that one can safely immerse
electronic components in it. The downside of mineral oil is that it
requires a much more complicated optical model to describe the
generation and transmission of light through the medium (see
Section 3.2).

As the photomultiplier tube (PMT) coverage for a liquid
Cherenkov detector is proportional to the detector surface area,
a spherical tank was chosen to maximize the ratio of volume to
surface area. Furthermore, a spherical geometry has no inside
edges which is beneficial for the event reconstruction. The
detector (see Fig. 1) is a spherical tank of diameter 12.2 m
(40 ft), which is filled with 818 ton of mineral oil. An opaque
barrier divides the volume into an inside main detector region and
an outside veto region and supports the PMTs viewing the main
detector region.

In order to reduce the detector cost, the collaboration chose to
reuse the LSND phototubes ð!1220Þ and electronics (!1600
channels). An additional 330 phototubes were purchased in order
to obtain a total phototube channel count of 1520 after rejection
of the poorest tubes. The allocation of PMTs in the main tank and
veto and the thickness of the veto region were determined by
physics considerations and were arrived at using Monte Carlo
simulations of signal and background events. The Monte Carlo
studies used a full GEANT simulation, including tracking of
individual Cherenkov and scintillation photons, with wave-
length-dependent absorption, reflection, and detection efficien-
cies. Analysis of events in the main tank indicated that at least 10%
photocathode coverage (defined by treating the photocathodes as
flat disks with diameter equal to the PMT diameter) was needed to
provide the required particle identification quality. When tuned to
the secondary requirement that veto and main tank channels not
be mixed in the same electronics crate, a final number of 1280
tank PMTs resulted. Calculated with the final radial position, this
allocation has a photocathode coverage of 11.3%.
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Fig. 1. The MiniBooNE detector enclosure (left) and a cut-away drawing (right) of the detector showing the distribution of PMTs in the signal and veto regions.
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• Goal to definitively address outstanding 
experimental hints of sterile neutrinos 
• Additional, non-interacting neutrino types 
• Hints from multiple different experiments 

• Additional physics beyond the Standard Model 

• Precise neutrino-argon interaction measurements

Much more in G. Petrillo's Sterile Neutrinos talk, Session 16

• Three Liquid Argon TPC detectors 

• Short-baseline oscillations (∼600 meters) 
• νμ → νe appearance & νμ → νμ disappearance



Short-Baseline Neutrino Program
Beam Target

Image: 
Fermilab VMS
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Search for short-baseline neutrino oscillations 
νμ → νe appearance   and   νμ → νμ disappearance
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Short-Baseline Near Detector 
SBND MicroBooNE

Short-Baseline Far Detector 
ICARUS-T600

Image: 
Fermilab
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Short-Baseline Near Detector 
SBND MicroBooNE

Short-Baseline Far Detector 
ICARUS-T600
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• Construction in 2020 
• 112 tons liquid argon 
• SBN near detector



Short-Baseline Neutrino Program
Beam Target

Image: 
Fermilab
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Short-Baseline Near Detector 
SBND MicroBooNE

Short-Baseline Far Detector 
ICARUS-T600

BNB DATA : RUN 5370 EVENT 7227. MARCH 10, 2016.

• Running since 2015 
• 89 tons liquid argon 
• MiniBooNE excess  
• Neutrino interactions

MicroBooNE



Short-Baseline Neutrino Program
Beam Target

Image: 
Fermilab
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Short-Baseline Near Detector 
SBND MicroBooNE

Short-Baseline Far Detector 
ICARUS-T600

ICARUS@FNAL 
• Commissioning 2020 
• 600 tons liquid argon 
• SBN far detector

Photo: Fermilab

Installed at Fermilab, April 2020
Photo: CERN, icarustrip.fnal.gov

Italy (LNGS) → CERN → Fermilab



Short-Baseline Neutrino Program

24

ANNIE: The Accelerator Neutrino Neutron Interaction Experiment
• Cherenkov detector with Gd-loaded water 
• Neutrino interactions with water 
• Neutron production in neutrino interactions 
• Demonstrate new technologies

More details: 
S. Gardiner's Cross Sections talk, Session 16 
E. Tiras's ANNIE poster

Beam Target
Short-Baseline Near Detector 

SBND MicroBooNE
Short-Baseline Far Detector 

ICARUS-T600

Image: 
Fermilab



Short-Baseline Neutrino Program
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The SBN Program... 
• Near/far oscillations with LArTPCs 
• Details of neutrino-argon interactions 
• Analysis tools development

Together with... 
• MINERvA: Multi-GeV neutrino interactions 
• MINOS+ & NOvA: Long-baseline oscillation 

measurements in νμ → νμ and νμ → νe

Enable the next frontier 
in neutrino physics:

Beam Target
Short-Baseline Near Detector 

SBND MicroBooNE
Short-Baseline Far Detector 

ICARUS-T600

Image: 
Fermilab



Neutrino Program at Fermilab

MINERvA 
Precision neutrino interactions 

MINOS+ 
Pioneering long-baseline oscillations 

NOvA 
Off-axis long-baseline νe appearance 

SBN Program 
Short-baseline oscillations and new physics 

DUNE 
Precision long-baseline, CP violation
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NuMI 
Beam

LBNF 
Beam

Booster 
Neutrino 
Beam



• CP violation and the matter-antimatter puzzle 
• Searches for proton decay, related to unified 

theory of fundamental forces 
• Detection of supernova neutrinos 
• Beyond the Standard Model physics 

• Dark matter, new interactions, and more

LBNF
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Do neutrinos and antineutrinos 
oscillate differently?

Can this help explain why our 
universe filled with matter 
instead of... no stuff at all?

Neutrino Oscillations

Antineutrino 
Oscillations

Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–11

resolved [14]; hence DUNE, with a baseline of ≥1300 km, will be able to unambiguously determine
the neutrino mass hierarchy and measure the value of ”CP [15].

The electron neutrino appearance probability, P (‹µ æ ‹e), is shown in Figure 3.1 at a baseline of
1300 km as a function of neutrino energy for several values of ”CP. As this figure illustrates, the
value of ”CP a�ects both the amplitude and frequency of the oscillation. The di�erence in proba-
bility amplitude for di�erent values of ”CP is larger at higher oscillation nodes, which correspond to
energies less than 1.5 GeV. Therefore, a broadband experiment, capable of measuring not only the
rate of ‹e appearance but of mapping out the spectrum of observed oscillations down to energies of
at least 500 MeV, is desirable [16]. Since there are terms proportional to sin ”CP in Equation 3.6,
changes to the value of ”CP induce opposite changes to ‹e and ‹̄e appearance probabilities, so a
beam that is capable of operating in neutrino mode (forward horn current) and antineutrino mode
(reverse horn current) is also a critical component of the experiment.
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Figure 3.1: The appearance probability at a baseline of 1300 km, as a function of neutrino energy, for
”CP = ≠fi/2 (blue), 0 (red), and fi/2 (green), for neutrinos (left) and antineutrinos (right), for normal
hierarchy. The black line indicates the oscillation probability if ◊13 were equal to zero.

The experimental sensitivities presented here are estimated using GLoBES[17, 18]. GLoBES takes
neutrino beam fluxes, cross sections, and detector-response parameterization as inputs. This doc-
ument presents a range of possible physics sensitivities depending on the design of the neutrino
beam, including the proton beam energy and power used. The beam power as a function of proton
beam energy from the PIP-II upgrades and the number of protons-on-target per year assumed in
the sensitivities are shown in Table 3.1. These numbers assume a combined uptime and e�ciency
of the FNAL accelerator complex and the LBNF beamline of 56%.

A conservative estimate of sensitivity is calculated using neutrino fluxes produced from a detailed
GEANT4 beamline simulation that is based on the reference design of the beamline as presented in
Volume 3: The Long-Baseline Neutrino Facility for DUNE. Neutrino fluxes from a simulation based
on an optimized beam design are used to show the goal sensitivity. There is a range of design options
that produce sensitivities in between the sensitivity of the reference beam design and the optimized

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report
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beam, including the proton beam energy and power used. The beam power as a function of proton
beam energy from the PIP-II upgrades and the number of protons-on-target per year assumed in
the sensitivities are shown in Table 3.1. These numbers assume a combined uptime and e�ciency
of the FNAL accelerator complex and the LBNF beamline of 56%.

A conservative estimate of sensitivity is calculated using neutrino fluxes produced from a detailed
GEANT4 beamline simulation that is based on the reference design of the beamline as presented in
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Images: DUNE, Fermilab

Unification 
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Supernovae & 
Black Holes

Origins of 
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LBNF

Far Detector 
4850' underground 

68,000 tons detector mass

28Images: DUNE, Fermilab

4×17 kton modules 
← Liquid Argon TPC

Near Detector 
On site at Fermilab 
Powerful pre-oscillation constraints

Multiple complementary 
detector technologies

More details in T. Yang's DUNE talk, Session 16

NOvA Far Detector 
14 kilotons

ICARUS 
760 tons

(for scale)
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Neutrinos and their 
oscillations provide a 

window into the Standard 
Model and beyond 

BNB 
NuMI 
LBNF

Fermilab's neutrino beams 
provide a world-class 
platform for studying 

neutrino interactions & 
oscillations

Fermilab's diverse 
experimental neutrino 

program continues to be 
at the forefront of the our 
most compelling physics 

questions

Thank you! 
and enjoy the User's Meeting Neutrino Sessions!


