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Outline
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• JUNO project 

• Neutrino mass ordering through Vacuum-Oscillation 

• MSW resonance with solar neutrinos 

• Conclusion
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JUNO project
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Zhu Hai

2.5 h drive
• Location: Kaiping, Jiangmen city, 

Guangdong province, China 
• Reactor Anti-ν: 36 GW

• Center detector:  

20kt LS + 78% PMT coverage 
• Multi-purpose detector, optimized 

for neutrino Mass Ordering

27 GW by 2020
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What and Why mass ordering?

 5

• v1, v2, v3 defined according to fraction in ve 

• v2 is heavier than v1 (sun+MSW) 

• we don’t know if v3 is  
heavier (Normal ordering, NO) or lighter (Inverted 
ordering, NO) than v2 

Data from http://pdglive.lbl.gov/Particle.action?node=S067&init=0 on Aug. 7, 2018

• Important step towards Generalized SM 
• Reduce uncertainty on δCP 

• Understand requirement for 0νββ experiment 
• Help to understand core-collapse supernovae

NMO
neutrino mass ordering

http://pdglive.lbl.gov/Particle.action?node=S067&init=0
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Medium-baseline reactor ν exp.
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3-ν Vacuum OSC. pattern
+: NO, -: IO
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vs L and E

(JUNO=JUNO-like… etc.)
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�2 = �2
stat. + �2

par. + �2
sys.

<latexit sha1_base64="DLzBUe2edccAsCj6Kppxe1vxSJc=">AAACLHicbZDLSsNAFIYnXmu9VV26GSyCIISkCLoRit24rGAv0MQwmU7aoZMLMydCCHkgN76KIC4s4tbncHpZ2NYfBn6+cw5nzu8ngiuwrLGxtr6xubVd2inv7u0fHFaOjtsqTiVlLRqLWHZ9opjgEWsBB8G6iWQk9AXr+KPGpN55ZlLxOHqELGFuSAYRDzgloJFXaTh0yJ9q+BbPjJc7MsQKCJgFvlyACZErTGXKLLxK1TKtqfCqseemiuZqepV3px/TNGQRUEGU6tlWAm5OJHAqWFF2UsUSQkdkwHraRiRkys2nxxb4XJM+DmKpXwR4Sv9O5CRUKgt93RkSGKrl2gT+V+ulENy4OY+SFFhEZ4uCVGCI8SQ53OeSURCZNoRKrv+K6ZBIQkHnW9Yh2Msnr5p2zbQt0364qtbv5nGU0Ck6QxfIRteoju5RE7UQRS/oDX2isfFqfBhfxvesdc2Yz5ygBRk/v714pho=</latexit><latexit sha1_base64="DLzBUe2edccAsCj6Kppxe1vxSJc=">AAACLHicbZDLSsNAFIYnXmu9VV26GSyCIISkCLoRit24rGAv0MQwmU7aoZMLMydCCHkgN76KIC4s4tbncHpZ2NYfBn6+cw5nzu8ngiuwrLGxtr6xubVd2inv7u0fHFaOjtsqTiVlLRqLWHZ9opjgEWsBB8G6iWQk9AXr+KPGpN55ZlLxOHqELGFuSAYRDzgloJFXaTh0yJ9q+BbPjJc7MsQKCJgFvlyACZErTGXKLLxK1TKtqfCqseemiuZqepV3px/TNGQRUEGU6tlWAm5OJHAqWFF2UsUSQkdkwHraRiRkys2nxxb4XJM+DmKpXwR4Sv9O5CRUKgt93RkSGKrl2gT+V+ulENy4OY+SFFhEZ4uCVGCI8SQ53OeSURCZNoRKrv+K6ZBIQkHnW9Yh2Msnr5p2zbQt0364qtbv5nGU0Ck6QxfIRteoju5RE7UQRS/oDX2isfFqfBhfxvesdc2Yz5ygBRk/v714pho=</latexit><latexit sha1_base64="DLzBUe2edccAsCj6Kppxe1vxSJc=">AAACLHicbZDLSsNAFIYnXmu9VV26GSyCIISkCLoRit24rGAv0MQwmU7aoZMLMydCCHkgN76KIC4s4tbncHpZ2NYfBn6+cw5nzu8ngiuwrLGxtr6xubVd2inv7u0fHFaOjtsqTiVlLRqLWHZ9opjgEWsBB8G6iWQk9AXr+KPGpN55ZlLxOHqELGFuSAYRDzgloJFXaTh0yJ9q+BbPjJc7MsQKCJgFvlyACZErTGXKLLxK1TKtqfCqseemiuZqepV3px/TNGQRUEGU6tlWAm5OJHAqWFF2UsUSQkdkwHraRiRkys2nxxb4XJM+DmKpXwR4Sv9O5CRUKgt93RkSGKrl2gT+V+ulENy4OY+SFFhEZ4uCVGCI8SQ53OeSURCZNoRKrv+K6ZBIQkHnW9Yh2Msnr5p2zbQt0364qtbv5nGU0Ck6QxfIRteoju5RE7UQRS/oDX2isfFqfBhfxvesdc2Yz5ygBRk/v714pho=</latexit><latexit sha1_base64="DLzBUe2edccAsCj6Kppxe1vxSJc=">AAACLHicbZDLSsNAFIYnXmu9VV26GSyCIISkCLoRit24rGAv0MQwmU7aoZMLMydCCHkgN76KIC4s4tbncHpZ2NYfBn6+cw5nzu8ngiuwrLGxtr6xubVd2inv7u0fHFaOjtsqTiVlLRqLWHZ9opjgEWsBB8G6iWQk9AXr+KPGpN55ZlLxOHqELGFuSAYRDzgloJFXaTh0yJ9q+BbPjJc7MsQKCJgFvlyACZErTGXKLLxK1TKtqfCqseemiuZqepV3px/TNGQRUEGU6tlWAm5OJHAqWFF2UsUSQkdkwHraRiRkys2nxxb4XJM+DmKpXwR4Sv9O5CRUKgt93RkSGKrl2gT+V+ulENy4OY+SFFhEZ4uCVGCI8SQ53OeSURCZNoRKrv+K6ZBIQkHnW9Yh2Msnr5p2zbQt0364qtbv5nGU0Ck6QxfIRteoju5RE7UQRS/oDX2isfFqfBhfxvesdc2Yz5ygBRk/v714pho=</latexit>

T = �2(✓̂NH)� �2(✓̂IH)
<latexit sha1_base64="ODP4DDCNW30yhhHVTBa71ZLncVs=">AAACJHicdVDJSgNBEO1xjXEb9eilMQjxYJgJgoIIQS/xIhGyQWYMPZ1OpknPQneNEIZ8jBd/xYsHFzx48VvsLAdN9EHB470qqup5seAKLOvTWFhcWl5Zzaxl1zc2t7bNnd26ihJJWY1GIpJNjygmeMhqwEGwZiwZCTzBGl7/auQ37plUPAqrMIiZG5BeyLucEtBS2zyvXjjU53fFvOMTcMBnQNqpIwN8Ux4e4WP8j3ut3baZswrWGHie2FOSQ1NU2uab04loErAQqCBKtWwrBjclEjgVbJh1EsViQvukx1qahiRgyk3HTw7xoVY6uBtJXSHgsfpzIiWBUoPA050BAV/NeiPxL6+VQPfMTXkYJ8BCOlnUTQSGCI8Swx0uGQUx0IRQyfWtmPpEEgo616wOwZ59eZ7UiwXbKti3J7nS5TSODNpHByiPbHSKSqiMKqiGKHpAT+gFvRqPxrPxbnxMWheM6cwe+gXj6xt/BKN6</latexit><latexit sha1_base64="ODP4DDCNW30yhhHVTBa71ZLncVs=">AAACJHicdVDJSgNBEO1xjXEb9eilMQjxYJgJgoIIQS/xIhGyQWYMPZ1OpknPQneNEIZ8jBd/xYsHFzx48VvsLAdN9EHB470qqup5seAKLOvTWFhcWl5Zzaxl1zc2t7bNnd26ihJJWY1GIpJNjygmeMhqwEGwZiwZCTzBGl7/auQ37plUPAqrMIiZG5BeyLucEtBS2zyvXjjU53fFvOMTcMBnQNqpIwN8Ux4e4WP8j3ut3baZswrWGHie2FOSQ1NU2uab04loErAQqCBKtWwrBjclEjgVbJh1EsViQvukx1qahiRgyk3HTw7xoVY6uBtJXSHgsfpzIiWBUoPA050BAV/NeiPxL6+VQPfMTXkYJ8BCOlnUTQSGCI8Swx0uGQUx0IRQyfWtmPpEEgo616wOwZ59eZ7UiwXbKti3J7nS5TSODNpHByiPbHSKSqiMKqiGKHpAT+gFvRqPxrPxbnxMWheM6cwe+gXj6xt/BKN6</latexit><latexit sha1_base64="ODP4DDCNW30yhhHVTBa71ZLncVs=">AAACJHicdVDJSgNBEO1xjXEb9eilMQjxYJgJgoIIQS/xIhGyQWYMPZ1OpknPQneNEIZ8jBd/xYsHFzx48VvsLAdN9EHB470qqup5seAKLOvTWFhcWl5Zzaxl1zc2t7bNnd26ihJJWY1GIpJNjygmeMhqwEGwZiwZCTzBGl7/auQ37plUPAqrMIiZG5BeyLucEtBS2zyvXjjU53fFvOMTcMBnQNqpIwN8Ux4e4WP8j3ut3baZswrWGHie2FOSQ1NU2uab04loErAQqCBKtWwrBjclEjgVbJh1EsViQvukx1qahiRgyk3HTw7xoVY6uBtJXSHgsfpzIiWBUoPA050BAV/NeiPxL6+VQPfMTXkYJ8BCOlnUTQSGCI8Swx0uGQUx0IRQyfWtmPpEEgo616wOwZ59eZ7UiwXbKti3J7nS5TSODNpHByiPbHSKSqiMKqiGKHpAT+gFvRqPxrPxbnxMWheM6cwe+gXj6xt/BKN6</latexit><latexit sha1_base64="ODP4DDCNW30yhhHVTBa71ZLncVs=">AAACJHicdVDJSgNBEO1xjXEb9eilMQjxYJgJgoIIQS/xIhGyQWYMPZ1OpknPQneNEIZ8jBd/xYsHFzx48VvsLAdN9EHB470qqup5seAKLOvTWFhcWl5Zzaxl1zc2t7bNnd26ihJJWY1GIpJNjygmeMhqwEGwZiwZCTzBGl7/auQ37plUPAqrMIiZG5BeyLucEtBS2zyvXjjU53fFvOMTcMBnQNqpIwN8Ux4e4WP8j3ut3baZswrWGHie2FOSQ1NU2uab04loErAQqCBKtWwrBjclEjgVbJh1EsViQvukx1qahiRgyk3HTw7xoVY6uBtJXSHgsfpzIiWBUoPA050BAV/NeiPxL6+VQPfMTXkYJ8BCOlnUTQSGCI8Swx0uGQUx0IRQyfWtmPpEEgo616wOwZ59eZ7UiwXbKti3J7nS5TSODNpHByiPbHSKSqiMKqiGKHpAT+gFvRqPxrPxbnxMWheM6cwe+gXj6xt/BKN6</latexit>

Z +1

T (data)
f(T ; IH)dT

<latexit sha1_base64="N5pEzH9A8f4ZmK+RN2XDIWLBMNk=">AAACHnicbVDLSgMxFM34rPVVdekmWIQWocyIouCm6KbuKvQFbS2ZNNOGZjJDckcow3yJG3/FjQtFBFf6N6btLLT1QOBwzrnc3OOGgmuw7W9raXlldW09s5Hd3Nre2c3t7Td0ECnK6jQQgWq5RDPBJasDB8FaoWLEdwVruqObid98YErzQNZgHLKuTwaSe5wSMFIvd97hEnpxrRB3lI/7BEhSTO7jEyN7ME6wV6hdTa3bSlLEs1BS6+XydsmeAi8SJyV5lKLay312+gGNfCaBCqJ127FD6MZEAaeCJdlOpFlI6IgMWNtQSXymu/H0vAQfG6WPvUCZJwFP1d8TMfG1HvuuSfoEhnrem4j/ee0IvMtuzGUYAZN0tsiLBIYAT7rCfa4YBTE2hFDFzV8xHRJFKJhGs6YEZ/7kRdI4LTl2ybk7y5ev0zoy6BAdoQJy0AUqowqqojqi6BE9o1f0Zj1ZL9a79TGLLlnpzAH6A+vrBxNAock=</latexit><latexit sha1_base64="N5pEzH9A8f4ZmK+RN2XDIWLBMNk=">AAACHnicbVDLSgMxFM34rPVVdekmWIQWocyIouCm6KbuKvQFbS2ZNNOGZjJDckcow3yJG3/FjQtFBFf6N6btLLT1QOBwzrnc3OOGgmuw7W9raXlldW09s5Hd3Nre2c3t7Td0ECnK6jQQgWq5RDPBJasDB8FaoWLEdwVruqObid98YErzQNZgHLKuTwaSe5wSMFIvd97hEnpxrRB3lI/7BEhSTO7jEyN7ME6wV6hdTa3bSlLEs1BS6+XydsmeAi8SJyV5lKLay312+gGNfCaBCqJ127FD6MZEAaeCJdlOpFlI6IgMWNtQSXymu/H0vAQfG6WPvUCZJwFP1d8TMfG1HvuuSfoEhnrem4j/ee0IvMtuzGUYAZN0tsiLBIYAT7rCfa4YBTE2hFDFzV8xHRJFKJhGs6YEZ/7kRdI4LTl2ybk7y5ev0zoy6BAdoQJy0AUqowqqojqi6BE9o1f0Zj1ZL9a79TGLLlnpzAH6A+vrBxNAock=</latexit><latexit sha1_base64="N5pEzH9A8f4ZmK+RN2XDIWLBMNk=">AAACHnicbVDLSgMxFM34rPVVdekmWIQWocyIouCm6KbuKvQFbS2ZNNOGZjJDckcow3yJG3/FjQtFBFf6N6btLLT1QOBwzrnc3OOGgmuw7W9raXlldW09s5Hd3Nre2c3t7Td0ECnK6jQQgWq5RDPBJasDB8FaoWLEdwVruqObid98YErzQNZgHLKuTwaSe5wSMFIvd97hEnpxrRB3lI/7BEhSTO7jEyN7ME6wV6hdTa3bSlLEs1BS6+XydsmeAi8SJyV5lKLay312+gGNfCaBCqJ127FD6MZEAaeCJdlOpFlI6IgMWNtQSXymu/H0vAQfG6WPvUCZJwFP1d8TMfG1HvuuSfoEhnrem4j/ee0IvMtuzGUYAZN0tsiLBIYAT7rCfa4YBTE2hFDFzV8xHRJFKJhGs6YEZ/7kRdI4LTl2ybk7y5ev0zoy6BAdoQJy0AUqowqqojqi6BE9o1f0Zj1ZL9a79TGLLlnpzAH6A+vrBxNAock=</latexit><latexit sha1_base64="N5pEzH9A8f4ZmK+RN2XDIWLBMNk=">AAACHnicbVDLSgMxFM34rPVVdekmWIQWocyIouCm6KbuKvQFbS2ZNNOGZjJDckcow3yJG3/FjQtFBFf6N6btLLT1QOBwzrnc3OOGgmuw7W9raXlldW09s5Hd3Nre2c3t7Td0ECnK6jQQgWq5RDPBJasDB8FaoWLEdwVruqObid98YErzQNZgHLKuTwaSe5wSMFIvd97hEnpxrRB3lI/7BEhSTO7jEyN7ME6wV6hdTa3bSlLEs1BS6+XydsmeAi8SJyV5lKLay312+gGNfCaBCqJ127FD6MZEAaeCJdlOpFlI6IgMWNtQSXymu/H0vAQfG6WPvUCZJwFP1d8TMfG1HvuuSfoEhnrem4j/ee0IvMtuzGUYAZN0tsiLBIYAT7rCfa4YBTE2hFDFzV8xHRJFKJhGs6YEZ/7kRdI4LTl2ybk7y5ev0zoy6BAdoQJy0AUqowqqojqi6BE9o1f0Zj1ZL9a79TGLLlnpzAH6A+vrBxNAock=</latexit>

Cowan Eur. Phys. J. C (2011) 71: 1554

F. An et al., “Neutrino physics with JUNO,” 2016 pp. 35

• Without data -> report expected sensitivity 
• Median                sensitivity 
• Quick way: Asimov dataset

p–value [Tmed.(NH)]
<latexit sha1_base64="g380ddvX1ovCtjEa97w+1rtxdt0=">AAACG3icbZBNS8NAEIY3flu/qh69LBZBD5ZEBD2KXnqSCrYVmlA220m7uJuE3YlYQv6HF/+KFw+KeBI8+G/c1h609YWFh3dmmJ03TKUw6Lpfzszs3PzC4tJyaWV1bX2jvLnVNEmmOTR4IhN9EzIDUsTQQIESblINTIUSWuHtxbDeugNtRBJf4yCFQLFeLCLBGVqrUz5KfYR7zA8P75jMoPAlRNi+7uS+VlRBt1rsj/CyVhz4WvT6GHTKFbfqjkSnwRtDhYxV75Q//G7CMwUxcsmMaXtuikHONAouoSj5mYGU8VvWg7bFmCkwQT66raB71unSKNH2xUhH7u+JnCljBiq0nYph30zWhuZ/tXaG0WmQizjNEGL+syjKJMWEDoOiXaGBoxxYYFwL+1fK+0wzjjbOkg3Bmzx5GppHVc+telfHlbPzcRxLZIfskn3ikRNyRmqkThqEkwfyRF7Iq/PoPDtvzvtP64wzntkmf+R8fgM3AKF8</latexit><latexit sha1_base64="g380ddvX1ovCtjEa97w+1rtxdt0=">AAACG3icbZBNS8NAEIY3flu/qh69LBZBD5ZEBD2KXnqSCrYVmlA220m7uJuE3YlYQv6HF/+KFw+KeBI8+G/c1h609YWFh3dmmJ03TKUw6Lpfzszs3PzC4tJyaWV1bX2jvLnVNEmmOTR4IhN9EzIDUsTQQIESblINTIUSWuHtxbDeugNtRBJf4yCFQLFeLCLBGVqrUz5KfYR7zA8P75jMoPAlRNi+7uS+VlRBt1rsj/CyVhz4WvT6GHTKFbfqjkSnwRtDhYxV75Q//G7CMwUxcsmMaXtuikHONAouoSj5mYGU8VvWg7bFmCkwQT66raB71unSKNH2xUhH7u+JnCljBiq0nYph30zWhuZ/tXaG0WmQizjNEGL+syjKJMWEDoOiXaGBoxxYYFwL+1fK+0wzjjbOkg3Bmzx5GppHVc+telfHlbPzcRxLZIfskn3ikRNyRmqkThqEkwfyRF7Iq/PoPDtvzvtP64wzntkmf+R8fgM3AKF8</latexit><latexit sha1_base64="g380ddvX1ovCtjEa97w+1rtxdt0=">AAACG3icbZBNS8NAEIY3flu/qh69LBZBD5ZEBD2KXnqSCrYVmlA220m7uJuE3YlYQv6HF/+KFw+KeBI8+G/c1h609YWFh3dmmJ03TKUw6Lpfzszs3PzC4tJyaWV1bX2jvLnVNEmmOTR4IhN9EzIDUsTQQIESblINTIUSWuHtxbDeugNtRBJf4yCFQLFeLCLBGVqrUz5KfYR7zA8P75jMoPAlRNi+7uS+VlRBt1rsj/CyVhz4WvT6GHTKFbfqjkSnwRtDhYxV75Q//G7CMwUxcsmMaXtuikHONAouoSj5mYGU8VvWg7bFmCkwQT66raB71unSKNH2xUhH7u+JnCljBiq0nYph30zWhuZ/tXaG0WmQizjNEGL+syjKJMWEDoOiXaGBoxxYYFwL+1fK+0wzjjbOkg3Bmzx5GppHVc+telfHlbPzcRxLZIfskn3ikRNyRmqkThqEkwfyRF7Iq/PoPDtvzvtP64wzntkmf+R8fgM3AKF8</latexit><latexit sha1_base64="g380ddvX1ovCtjEa97w+1rtxdt0=">AAACG3icbZBNS8NAEIY3flu/qh69LBZBD5ZEBD2KXnqSCrYVmlA220m7uJuE3YlYQv6HF/+KFw+KeBI8+G/c1h609YWFh3dmmJ03TKUw6Lpfzszs3PzC4tJyaWV1bX2jvLnVNEmmOTR4IhN9EzIDUsTQQIESblINTIUSWuHtxbDeugNtRBJf4yCFQLFeLCLBGVqrUz5KfYR7zA8P75jMoPAlRNi+7uS+VlRBt1rsj/CyVhz4WvT6GHTKFbfqjkSnwRtDhYxV75Q//G7CMwUxcsmMaXtuikHONAouoSj5mYGU8VvWg7bFmCkwQT66raB71unSKNH2xUhH7u+JnCljBiq0nYph30zWhuZ/tXaG0WmQizjNEGL+syjKJMWEDoOiXaGBoxxYYFwL+1fK+0wzjjbOkg3Bmzx5GppHVc+telfHlbPzcRxLZIfskn3ikRNyRmqkThqEkwfyRF7Iq/PoPDtvzvtP64wzntkmf+R8fgM3AKF8</latexit>

p
T (Asimov,NH)

<latexit sha1_base64="7ZdVhg6zpHF8nfY33cCUmwJ6670=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahgpREBF1W3XQlFfqCJpTJdNIOnUnizKRQQpZu/BU3LhRx6ye482+cpllo9cCFM+fcy9x7vIhRqSzryygsLa+srhXXSxubW9s75u5eW4axwKSFQxaKrockYTQgLUUVI91IEMQ9Rjre+GbmdyZESBoGTTWNiMvRMKA+xUhpqW8eOvJeqKRZSRzB4ZWkPJykp9njtp6epH2zbFWtDPAvsXNSBjkaffPTGYQ45iRQmCEpe7YVKTdBQlHMSFpyYkkihMdoSHqaBogT6SbZISk81soA+qHQFSiYqT8nEsSlnHJPd3KkRnLRm4n/eb1Y+ZduQoMoViTA84/8mEEVwlkqcEAFwYpNNUFYUL0rxCMkEFY6u5IOwV48+S9pn1Vtq2rfnZdr13kcRXAAjkAF2OAC1EAdNEALYPAAnsALeDUejWfjzXiftxaMfGYf/ILx8Q1KQJl7</latexit><latexit sha1_base64="7ZdVhg6zpHF8nfY33cCUmwJ6670=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahgpREBF1W3XQlFfqCJpTJdNIOnUnizKRQQpZu/BU3LhRx6ye482+cpllo9cCFM+fcy9x7vIhRqSzryygsLa+srhXXSxubW9s75u5eW4axwKSFQxaKrockYTQgLUUVI91IEMQ9Rjre+GbmdyZESBoGTTWNiMvRMKA+xUhpqW8eOvJeqKRZSRzB4ZWkPJykp9njtp6epH2zbFWtDPAvsXNSBjkaffPTGYQ45iRQmCEpe7YVKTdBQlHMSFpyYkkihMdoSHqaBogT6SbZISk81soA+qHQFSiYqT8nEsSlnHJPd3KkRnLRm4n/eb1Y+ZduQoMoViTA84/8mEEVwlkqcEAFwYpNNUFYUL0rxCMkEFY6u5IOwV48+S9pn1Vtq2rfnZdr13kcRXAAjkAF2OAC1EAdNEALYPAAnsALeDUejWfjzXiftxaMfGYf/ILx8Q1KQJl7</latexit><latexit sha1_base64="7ZdVhg6zpHF8nfY33cCUmwJ6670=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahgpREBF1W3XQlFfqCJpTJdNIOnUnizKRQQpZu/BU3LhRx6ye482+cpllo9cCFM+fcy9x7vIhRqSzryygsLa+srhXXSxubW9s75u5eW4axwKSFQxaKrockYTQgLUUVI91IEMQ9Rjre+GbmdyZESBoGTTWNiMvRMKA+xUhpqW8eOvJeqKRZSRzB4ZWkPJykp9njtp6epH2zbFWtDPAvsXNSBjkaffPTGYQ45iRQmCEpe7YVKTdBQlHMSFpyYkkihMdoSHqaBogT6SbZISk81soA+qHQFSiYqT8nEsSlnHJPd3KkRnLRm4n/eb1Y+ZduQoMoViTA84/8mEEVwlkqcEAFwYpNNUFYUL0rxCMkEFY6u5IOwV48+S9pn1Vtq2rfnZdr13kcRXAAjkAF2OAC1EAdNEALYPAAnsALeDUejWfjzXiftxaMfGYf/ILx8Q1KQJl7</latexit><latexit sha1_base64="7ZdVhg6zpHF8nfY33cCUmwJ6670=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahgpREBF1W3XQlFfqCJpTJdNIOnUnizKRQQpZu/BU3LhRx6ye482+cpllo9cCFM+fcy9x7vIhRqSzryygsLa+srhXXSxubW9s75u5eW4axwKSFQxaKrockYTQgLUUVI91IEMQ9Rjre+GbmdyZESBoGTTWNiMvRMKA+xUhpqW8eOvJeqKRZSRzB4ZWkPJykp9njtp6epH2zbFWtDPAvsXNSBjkaffPTGYQ45iRQmCEpe7YVKTdBQlHMSFpyYkkihMdoSHqaBogT6SbZISk81soA+qHQFSiYqT8nEsSlnHJPd3KkRnLRm4n/eb1Y+ZduQoMoViTA84/8mEEVwlkqcEAFwYpNNUFYUL0rxCMkEFY6u5IOwV48+S9pn1Vtq2rfnZdr13kcRXAAjkAF2OAC1EAdNEALYPAAnsALeDUejWfjzXiftxaMfGYf/ILx8Q1KQJl7</latexit>

(� = 0.5)
<latexit sha1_base64="fw8iw0lnL50R0w5X64PPjS9iMy4=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBDiZdkVRS9C0IvHCOYByRJmJ73JkNmHM7OBsOQ7vHhQxKsf482/cZLsQRMLGoqqbrq7/ERwpR3n21pZXVvf2CxsFbd3dvf2SweHDRWnkmGdxSKWLZ8qFDzCuuZaYCuRSENfYNMf3k395gil4nH0qMcJeiHtRzzgjGojeZWOj5qSG+LYl2fdUtmxnRnIMnFzUoYctW7pq9OLWRpipJmgSrVdJ9FeRqXmTOCk2EkVJpQNaR/bhkY0ROVls6Mn5NQoPRLE0lSkyUz9PZHRUKlx6JvOkOqBWvSm4n9eO9XBtZfxKEk1Rmy+KEgF0TGZJkB6XCLTYmwIZZKbWwkbUEmZNjkVTQju4svLpHFuu47tPlyUq7d5HAU4hhOogAtXUIV7qEEdGDzBM7zCmzWyXqx362PeumLlM0fwB9bnDxXokFU=</latexit><latexit sha1_base64="fw8iw0lnL50R0w5X64PPjS9iMy4=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBDiZdkVRS9C0IvHCOYByRJmJ73JkNmHM7OBsOQ7vHhQxKsf482/cZLsQRMLGoqqbrq7/ERwpR3n21pZXVvf2CxsFbd3dvf2SweHDRWnkmGdxSKWLZ8qFDzCuuZaYCuRSENfYNMf3k395gil4nH0qMcJeiHtRzzgjGojeZWOj5qSG+LYl2fdUtmxnRnIMnFzUoYctW7pq9OLWRpipJmgSrVdJ9FeRqXmTOCk2EkVJpQNaR/bhkY0ROVls6Mn5NQoPRLE0lSkyUz9PZHRUKlx6JvOkOqBWvSm4n9eO9XBtZfxKEk1Rmy+KEgF0TGZJkB6XCLTYmwIZZKbWwkbUEmZNjkVTQju4svLpHFuu47tPlyUq7d5HAU4hhOogAtXUIV7qEEdGDzBM7zCmzWyXqx362PeumLlM0fwB9bnDxXokFU=</latexit><latexit sha1_base64="fw8iw0lnL50R0w5X64PPjS9iMy4=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBDiZdkVRS9C0IvHCOYByRJmJ73JkNmHM7OBsOQ7vHhQxKsf482/cZLsQRMLGoqqbrq7/ERwpR3n21pZXVvf2CxsFbd3dvf2SweHDRWnkmGdxSKWLZ8qFDzCuuZaYCuRSENfYNMf3k395gil4nH0qMcJeiHtRzzgjGojeZWOj5qSG+LYl2fdUtmxnRnIMnFzUoYctW7pq9OLWRpipJmgSrVdJ9FeRqXmTOCk2EkVJpQNaR/bhkY0ROVls6Mn5NQoPRLE0lSkyUz9PZHRUKlx6JvOkOqBWvSm4n9eO9XBtZfxKEk1Rmy+KEgF0TGZJkB6XCLTYmwIZZKbWwkbUEmZNjkVTQju4svLpHFuu47tPlyUq7d5HAU4hhOogAtXUIV7qEEdGDzBM7zCmzWyXqx362PeumLlM0fwB9bnDxXokFU=</latexit><latexit sha1_base64="fw8iw0lnL50R0w5X64PPjS9iMy4=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBDiZdkVRS9C0IvHCOYByRJmJ73JkNmHM7OBsOQ7vHhQxKsf482/cZLsQRMLGoqqbrq7/ERwpR3n21pZXVvf2CxsFbd3dvf2SweHDRWnkmGdxSKWLZ8qFDzCuuZaYCuRSENfYNMf3k395gil4nH0qMcJeiHtRzzgjGojeZWOj5qSG+LYl2fdUtmxnRnIMnFzUoYctW7pq9OLWRpipJmgSrVdJ9FeRqXmTOCk2EkVJpQNaR/bhkY0ROVls6Mn5NQoPRLE0lSkyUz9PZHRUKlx6JvOkOqBWvSm4n9eO9XBtZfxKEk1Rmy+KEgF0TGZJkB6XCLTYmwIZZKbWwkbUEmZNjkVTQju4svLpHFuu47tPlyUq7d5HAU4hhOogAtXUIV7qEEdGDzBM7zCmzWyXqx362PeumLlM0fwB9bnDxXokFU=</latexit>

• Calculate T (data) 
• Calculate p-value 
• It is the confidence level to reject IH.
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Sensitivity and important factors
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• 20 kt x 6 years x 73% efficiency, 36 GWth

Important factors
• Energy resolution Yellow Book 
• Energy non-linearity Li Y.F. et al. PRD 88.013008 
• Reactor spectrum uncertainty Zhan L. ESCAPE 2018 
• Other factors

F. An et al., “Neutrino physics with JUNO,” 2016 pp. 35
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“Constant term” in Energy resolution

 9

• σ0: dark noise;  
• σ1: single p.e. charge resolution, light yield 
• σ2: history of dE/dx, quenching, residual non-uniformity

Var[Erec.] = �2
0 + �2

1 · µErec. + �2
2 · µ2

Erec.
<latexit sha1_base64="3A1fft4SUs8hr80Xw122tUId3d0="></latexit><latexit sha1_base64="3A1fft4SUs8hr80Xw122tUId3d0="></latexit><latexit sha1_base64="3A1fft4SUs8hr80Xw122tUId3d0="></latexit><latexit sha1_base64="3A1fft4SUs8hr80Xw122tUId3d0="></latexit>

�0

1.6
⇠ �1 ⇠ 1.6 · �2

<latexit sha1_base64="Z6uDUXYgI2+n+t+H3RFs5uGKOCQ=">AAACI3icbZBNS8NAEIY3ftb6FfXoZbEInkJSRMVT0YvHCvYDmhA2m027dDcbdjdCCf0vXvwrXjwoxYsH/4vbNoK2Diy888wMs/NGGaNKu+6ntbK6tr6xWdmqbu/s7u3bB4dtJXKJSQsLJmQ3QoowmpKWppqRbiYJ4hEjnWh4O613HolUVKQPepSRgKN+ShOKkTYotK/9OJEIF76ifY5Cd1x4zsUYmpTDknnzzHAfx0L/4Hpo11zHnQVcFl4paqCMZmhP/FjgnJNUY4aU6nlupoMCSU0xI+OqnyuSITxEfdIzMkWcqKCY3TiGp4bEMBHSvFTDGf09USCu1IhHppMjPVCLtSn8r9bLdXIVFDTNck1SPF+U5AxqAaeGwZhKgjUbGYGwpOavEA+Q8UwbW6vGBG/x5GXRrjue63j357XGTWlHBRyDE3AGPHAJGuAONEELYPAEXsAbeLeerVdrYn3MW1escuYI/Anr6xskwaNM</latexit><latexit sha1_base64="Z6uDUXYgI2+n+t+H3RFs5uGKOCQ=">AAACI3icbZBNS8NAEIY3ftb6FfXoZbEInkJSRMVT0YvHCvYDmhA2m027dDcbdjdCCf0vXvwrXjwoxYsH/4vbNoK2Diy888wMs/NGGaNKu+6ntbK6tr6xWdmqbu/s7u3bB4dtJXKJSQsLJmQ3QoowmpKWppqRbiYJ4hEjnWh4O613HolUVKQPepSRgKN+ShOKkTYotK/9OJEIF76ifY5Cd1x4zsUYmpTDknnzzHAfx0L/4Hpo11zHnQVcFl4paqCMZmhP/FjgnJNUY4aU6nlupoMCSU0xI+OqnyuSITxEfdIzMkWcqKCY3TiGp4bEMBHSvFTDGf09USCu1IhHppMjPVCLtSn8r9bLdXIVFDTNck1SPF+U5AxqAaeGwZhKgjUbGYGwpOavEA+Q8UwbW6vGBG/x5GXRrjue63j357XGTWlHBRyDE3AGPHAJGuAONEELYPAEXsAbeLeerVdrYn3MW1escuYI/Anr6xskwaNM</latexit><latexit sha1_base64="Z6uDUXYgI2+n+t+H3RFs5uGKOCQ=">AAACI3icbZBNS8NAEIY3ftb6FfXoZbEInkJSRMVT0YvHCvYDmhA2m027dDcbdjdCCf0vXvwrXjwoxYsH/4vbNoK2Diy888wMs/NGGaNKu+6ntbK6tr6xWdmqbu/s7u3bB4dtJXKJSQsLJmQ3QoowmpKWppqRbiYJ4hEjnWh4O613HolUVKQPepSRgKN+ShOKkTYotK/9OJEIF76ifY5Cd1x4zsUYmpTDknnzzHAfx0L/4Hpo11zHnQVcFl4paqCMZmhP/FjgnJNUY4aU6nlupoMCSU0xI+OqnyuSITxEfdIzMkWcqKCY3TiGp4bEMBHSvFTDGf09USCu1IhHppMjPVCLtSn8r9bLdXIVFDTNck1SPF+U5AxqAaeGwZhKgjUbGYGwpOavEA+Q8UwbW6vGBG/x5GXRrjue63j357XGTWlHBRyDE3AGPHAJGuAONEELYPAEXsAbeLeerVdrYn3MW1escuYI/Anr6xskwaNM</latexit><latexit sha1_base64="Z6uDUXYgI2+n+t+H3RFs5uGKOCQ=">AAACI3icbZBNS8NAEIY3ftb6FfXoZbEInkJSRMVT0YvHCvYDmhA2m027dDcbdjdCCf0vXvwrXjwoxYsH/4vbNoK2Diy888wMs/NGGaNKu+6ntbK6tr6xWdmqbu/s7u3bB4dtJXKJSQsLJmQ3QoowmpKWppqRbiYJ4hEjnWh4O613HolUVKQPepSRgKN+ShOKkTYotK/9OJEIF76ifY5Cd1x4zsUYmpTDknnzzHAfx0L/4Hpo11zHnQVcFl4paqCMZmhP/FjgnJNUY4aU6nlupoMCSU0xI+OqnyuSITxEfdIzMkWcqKCY3TiGp4bEMBHSvFTDGf09USCu1IhHppMjPVCLtSn8r9bLdXIVFDTNck1SPF+U5AxqAaeGwZhKgjUbGYGwpOavEA+Q8UwbW6vGBG/x5GXRrjue63j357XGTWlHBRyDE3AGPHAJGuAONEELYPAEXsAbeLeerVdrYn3MW1escuYI/Anr6xskwaNM</latexit>

• Importance to JUNO MO sensitivity:

�0

1.6
� �1 � 1.6�2 < 3%

<latexit sha1_base64="RbUyOtdLrvf1k/yD+YkC/Z2bn9w=">AAACJ3icbZDLSgMxFIYz9VbrbdSlm2ApuBomVdSFSNGNywr2Ap1hyKSZNjRzIckIZZi3ceOruBFURJe+iWk7grYeCPz5/nNIzu8nnEll259GaWl5ZXWtvF7Z2Nza3jF399oyTgWhLRLzWHR9LClnEW0ppjjtJoLi0Oe044+uJ37nngrJ4uhOjRPqhngQsYARrDTyzEunHwhMMkeyQYg9O8+QdZpDJ054KmFB0c9dewWqwwt47NQ8s2pb9rTgokCFqIKimp754vRjkoY0UoRjKXvITpSbYaEY4TSvOKmkCSYjPKA9LSMcUulm0z1zWNOkD4NY6BMpOKW/JzIcSjkOfd0ZYjWU894E/uf1UhWcuxmLklTRiMweClIOVQwnocE+E5QoPtYCE8H0XyEZYp2b0tFWdAhofuVF0a5byLbQ7Um1cVXEUQYH4BAcAQTOQAPcgCZoAQIewBN4BW/Go/FsvBsfs9aSUczsgz9lfH0DaZukUg==</latexit><latexit sha1_base64="RbUyOtdLrvf1k/yD+YkC/Z2bn9w=">AAACJ3icbZDLSgMxFIYz9VbrbdSlm2ApuBomVdSFSNGNywr2Ap1hyKSZNjRzIckIZZi3ceOruBFURJe+iWk7grYeCPz5/nNIzu8nnEll259GaWl5ZXWtvF7Z2Nza3jF399oyTgWhLRLzWHR9LClnEW0ppjjtJoLi0Oe044+uJ37nngrJ4uhOjRPqhngQsYARrDTyzEunHwhMMkeyQYg9O8+QdZpDJ054KmFB0c9dewWqwwt47NQ8s2pb9rTgokCFqIKimp754vRjkoY0UoRjKXvITpSbYaEY4TSvOKmkCSYjPKA9LSMcUulm0z1zWNOkD4NY6BMpOKW/JzIcSjkOfd0ZYjWU894E/uf1UhWcuxmLklTRiMweClIOVQwnocE+E5QoPtYCE8H0XyEZYp2b0tFWdAhofuVF0a5byLbQ7Um1cVXEUQYH4BAcAQTOQAPcgCZoAQIewBN4BW/Go/FsvBsfs9aSUczsgz9lfH0DaZukUg==</latexit><latexit sha1_base64="RbUyOtdLrvf1k/yD+YkC/Z2bn9w=">AAACJ3icbZDLSgMxFIYz9VbrbdSlm2ApuBomVdSFSNGNywr2Ap1hyKSZNjRzIckIZZi3ceOruBFURJe+iWk7grYeCPz5/nNIzu8nnEll259GaWl5ZXWtvF7Z2Nza3jF399oyTgWhLRLzWHR9LClnEW0ppjjtJoLi0Oe044+uJ37nngrJ4uhOjRPqhngQsYARrDTyzEunHwhMMkeyQYg9O8+QdZpDJ054KmFB0c9dewWqwwt47NQ8s2pb9rTgokCFqIKimp754vRjkoY0UoRjKXvITpSbYaEY4TSvOKmkCSYjPKA9LSMcUulm0z1zWNOkD4NY6BMpOKW/JzIcSjkOfd0ZYjWU894E/uf1UhWcuxmLklTRiMweClIOVQwnocE+E5QoPtYCE8H0XyEZYp2b0tFWdAhofuVF0a5byLbQ7Um1cVXEUQYH4BAcAQTOQAPcgCZoAQIewBN4BW/Go/FsvBsfs9aSUczsgz9lfH0DaZukUg==</latexit><latexit sha1_base64="RbUyOtdLrvf1k/yD+YkC/Z2bn9w=">AAACJ3icbZDLSgMxFIYz9VbrbdSlm2ApuBomVdSFSNGNywr2Ap1hyKSZNjRzIckIZZi3ceOruBFURJe+iWk7grYeCPz5/nNIzu8nnEll259GaWl5ZXWtvF7Z2Nza3jF399oyTgWhLRLzWHR9LClnEW0ppjjtJoLi0Oe044+uJ37nngrJ4uhOjRPqhngQsYARrDTyzEunHwhMMkeyQYg9O8+QdZpDJ054KmFB0c9dewWqwwt47NQ8s2pb9rTgokCFqIKimp754vRjkoY0UoRjKXvITpSbYaEY4TSvOKmkCSYjPKA9LSMcUulm0z1zWNOkD4NY6BMpOKW/JzIcSjkOfd0ZYjWU894E/uf1UhWcuxmLklTRiMweClIOVQwnocE+E5QoPtYCE8H0XyEZYp2b0tFWdAhofuVF0a5byLbQ7Um1cVXEUQYH4BAcAQTOQAPcgCZoAQIewBN4BW/Go/FsvBsfs9aSUczsgz9lfH0DaZukUg==</latexit>

F. An et al., “Neutrino physics with JUNO,” 2016 pp. 35

Requirement on energy resolution:



Probing Neutrino Mass Ordering and Solar neutrinos with JUNO detector, Xuefeng Ding                                                                          Nufact 2018 @ Blacksburg, VA, U.S. 12–18 August 2018

Systematics from Energy NL
Pee = a+ b · sin2

�
2⇡ · (!0 ± !(E)) · E�1

rec.

�

Erec. =
!0 + !(E)

!0 � !(E)
Ereal

<latexit sha1_base64="QL8/K19XPsQmAba0CQ5f1go3o7g="></latexit><latexit sha1_base64="QL8/K19XPsQmAba0CQ5f1go3o7g="></latexit><latexit sha1_base64="QL8/K19XPsQmAba0CQ5f1go3o7g="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="UKuYAB4EWzFm5uJKZFiy70mSSa0="></latexit><latexit sha1_base64="UKuYAB4EWzFm5uJKZFiy70mSSa0="></latexit><latexit sha1_base64="LUUybB05fODl5BeIzm0mm178Uhc="></latexit><latexit sha1_base64="QL8/K19XPsQmAba0CQ5f1go3o7g="></latexit><latexit sha1_base64="QL8/K19XPsQmAba0CQ5f1go3o7g="></latexit><latexit sha1_base64="QL8/K19XPsQmAba0CQ5f1go3o7g="></latexit><latexit sha1_base64="QL8/K19XPsQmAba0CQ5f1go3o7g="></latexit><latexit sha1_base64="QL8/K19XPsQmAba0CQ5f1go3o7g="></latexit><latexit sha1_base64="QL8/K19XPsQmAba0CQ5f1go3o7g="></latexit>

• Special residual NL can invert Pee  

• Improved by introducing NL free par
• accurate NL. DayaBay can do 0.5%

Qian X. et al. PRD.87.033005

Li Y.F. et al. PRD 88.013008

w/o NL free par w/ NL free par

Normal orderingNormal ordering

Li Y.F. et al. PRD 88.013008

Yu, Zeyuan. (2018, June). Calibration and Energy Scale in Daya Bay. Zenodo. http://doi.org/10.5281/zenodo.1314378
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Reactor v spectrum uncertainty

 11JUNO detectors

• Currently the predicted antineutrino 
spectrum have discrepancy (at 10% 
level) with respect to the observed 
antineutrino spectrum, also has 
unknown uncertainty

• Known fine structure does not hurt 
JUNO: Xin Qian took 6 spectra with fine 
local structure from Dan’s ab initio 
calculation (PRL 114, 012502 (2015)), 
and fluctuate the spectra in JUNO 
sensitivity calculation => no major effect 

• Unknown fine structure (infinite 
uncertainty) has larger impact (Huber) 

• Near detector proposed to constrain
Huber

By An F.P. Zhan, Liang. (2018, June). Proposal of a Near 
Detector for JUNO Experiment. ESCAPE 2018

hep-ex/1710.07378 Forero et al.
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Reactor v spectrum uncertainty

 12JUNO detectors

hep-ex/1808.03276hep-ex/1808.03276

“Fine structure from 

JEFF&ENDF vs Huber: 

Magnitude too small to be 

important” (Danielson et al.)

• LANL’s respond to “Unknown fine structure (infinite uncertainty) has larger impact (Huber)”
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Reactor v spectrum uncertainty

 13JUNO detectors

• LANL’s respond to “Unknown fine structure (infinite uncertainty) has larger impact (Huber)”

hep-ex/1808.03276hep-ex/1808.03276

6 yrs statistics + 3.5% E res.
infinite statistics  

0% E res.

“Fine structure from 

JEFF&ENDF vs Huber: 

Magnitude too small to be 

important” (Danielson et al.)
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Other factors

Signal-Background composition Constraint from acc.

F. An et al., “Neutrino physics with JUNO,” 2016 pp. 39
Li Y.F. et al. PRD 88.013008

F. An et al., “Neutrino physics with JUNO,” 2016 pp. 35
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Multivariate fit

• E-r, or E-r-θ fit: high dimensional multivariate fit 
• Benefit: can improve Δχ2 and thus sensitivity 

• Remove non-uniformity: reduce constant term (σ2) 

• utilize high local resolution. 

E-r fit: Improvement vs Nr-shells E non-uniformity over r-θ
By Chen Y.P.

 15

Cheng Yaping. (2018). GNA fitter and Detector response impact on 
MH sensitivity study. Zenodo. http://doi.org/10.5281/zenodo.1289188

Preliminary
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GPU accelerated fit

p.e.
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1200  tons×main from 43829.1 days 
/NDF 425.7 / 369 p-value 0.0222χ

 0.0035 cpd/ktons±Reactor = 0.9999 

git@gitHub.com:GooStats/GooStats

Ding, Xuefeng. (2018, May 19). GooStats, a multivariate spectrum fitting analysis package for particle physics accelerated by graphic processing units (Version v1.2.0). Zenodo. http://doi.org/10.5281/zenodo.1217007

 16

Code output example
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What and Why solar neutrino?

 17

• Solar neutrino is produced in the 
core region of the sun. => study 
the core of the sun 

• Solar neutrino propagate through 
ultra-high-density region and 
become flavor-stable => study 
MSW resonance (up turn, sin2θ12)

Solar vs global MSW-LMA survival prob.

Maltoni & Smirnov,Eur.Phys.J.2016

Two solar metallicity models

N. Vinyoles et al. The Astrph. Journ. 
835 1 (2017) Improoved model

the Sun
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JUNO solar v signal summary

• Signal: ES on electron 
• Background: 

• Depend on energy range 
• 2 group: pp + 7Be + pep + CNO; 8B

Electron energy (MeV)
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

So
la

r n
eu

tri
no

 e
ve

nt
 ra

te
 (c

ou
nt

 p
er

 d
ay

/k
to

n/
0.

01
M

eV
)

1−10

510 pp
B8

hep
Be7

pep
O15

F17

N13

pp-7Be-pep-CNO
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what is rate? is there upturn?
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pp-7Be-pep-CNO LS bkg.

• LS 238U chain, 232Th chain 10-16 g/g, 210Pb 5x10-24 g/g 

• Requirement for νMO (with IBD signiture) are weaker: 
238U, 232Th 10-15g/g 

• nobel gas: 85Kr 500 cpd/kt, 39Ar ~ O(1) cpd/kt 

• 14C 10-17 g/g 1.65 kBq/kt 

• Reactor ES. RES ~ 0.01 RIBD = 0.04 cpd/kt, negligible
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pp-7Be-pep-CNO bkg. summary

• 1.5 ms => to remove neutron, τ = 220 ns (>99.99%) 

• remove μ (3 Hz), n (1.8 Hz)

• TFC: μ + n, n2μ<3m && d2n<2m && t2d<111.2s, ~4% VT loss 

• removed cosmogenic 10C and 6He

• FV cut r<14 m (3.7 m buffer) (eff 49.5%) 

• external γ from 232Th chain in Acrylic etc. 73 Hz Latt~0.167 m 

• Overall eff. 47.5%

• assume 5.2 years of data taking
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pp-7Be-pep-CNO precision
• 10-16 g/g 238U/232Th, 5x10-24 g/g 210Pb, 10-17 g/g 14C 
• stat. precision: 0.4% v(7Be), 5% v(pep), 7% v(CNO)
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 0.31 cpd/100 tons±(CNO) = 4.36 ν

 0.15 cpd/100 tons±(pep) = 2.85 ν
 45.2 cpd/100 tons±(pp) = 149.5 ν

See also F. An et al., “Neutrino 
physics with JUNO,” 2016 pp. 90

Preliminary

Shape systematics 
is important and 
will be studied next.
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pp-7Be-pep-CNO precision

• Need to discriminate pile-up events 
• 99% removal eff. for pile-up: stat. 4% v(pp)

pile-up x 1%normal
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Preliminary Preliminary
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Removal of 14C-14C pile-up

• From hit arrival time: two 14C in the same DAQ window 
(1250 ns), two cluster of events, see Ding Neutrino 2018 

• From hit spatial distribution (original vertex): two 14C come 
at the same time, but far from each other

DING, Xuefeng. (2018). Clusterization algorithm for sub-MeV events reconstruction in JUNO. Neutrino 2018, Zenodo. http://doi.org/10.5281/zenodo.1300976

By PHILIPP KAMPMANN By PHILIPP KAMPMANN By PHILIPP KAMPMANN 

Preliminary Preliminary

Preliminary
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What and Why solar 8B?

 24

• Produced during 8B β+-decays 
• Study the MSW in transition zone

Mariam Tórtola, Neutrino 2018

• ~2σ discrepancy on Δm212 
• NSI and new physics can 

reconcile it 
• Need Pee in transition zone

Various MSW-LMA survival prob.

Maltoni & Smirnov,Eur.Phys.J.2016
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v(8B) Signal and backgrounds

 25

Electron energy (MeV)
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• Elastic scattering on e- 

• Need detection low threshold 
• ~6000 ev. in [2,2.5] MeV in 6 yr.

• External γs (FV cut) 
• Cosmogenic 

• Bulk 238U/232Th

backgrounds 

main challenge
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v(8B) Cosmogenic

 26

scale KL 
(cpd/kt)

Fluka 
(cpd/kt)

life time

11C 1860 810 29.4 min
10C 35 24.1 27.8 s
11Be 2 1.2 19.9 s

• 3.6 s x 3 m μ-track cylinder cut: 30% loss 
• 112 s x 2 m neutron sphere cut: 4% loss 

• 10C removal efficiency better than 98% (Fluka) 
• 11Be can also be suppressed. see KL & BX KamLAND PRC 81,2,025807, 2010

Borexino, 1709.00756

F. An et al., “Neutrino physics with JUNO,” 2016 pp. 93 table 15, pp.175 table A9

F. An et al., “Neutrino physics with JUNO,” 2016 pp. 93



Probing Neutrino Mass Ordering and Solar neutrinos with JUNO detector, Xuefeng Ding                                                                          Nufact 2018 @ Blacksburg, VA, U.S. 12–18 August 2018

v(8B): Bulk 238U/232Th

 27

• Baseline 10-15 g/g (MH req.) 10-16 g/g (solar req.) 
• Events with α decay can be vetoed 
• Residual events can be subtracted with rate 

constrained to that measured through Bi-Po tagging
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• JUNO’s median sensitivity on determining Neutrino Mass Ordering 

is ~3.4σ with 6 years of data
• 3% energy resolution (                             ) is required. 
• Degeneration from residual NL removed by using free NL par. 
• Using multivariate fit can improve sensitivity 

• Expected precision on solar neutrinos assuming 10-16 g/g 238U etc. 

LS purity is at percent level. Shape systematics not included yet. 
• The S/B for solar 8B neutrino for JUNO depends on the efficiency 

of removal of 10C with μ-n tagging algorithms 
• From Fluka it can reach 98%. Then S/B ~ 1:1
• 6 yr 6000 ν ev. in [2,2.5] MeV: touch transition zone
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Conclusions

 28
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Backup

 29

 

http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html
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Smeared spectrum

 30
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• Example spectrum smeared with

http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html
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pp-7Be-pep-CNO external γ bkg.

[1] X. Li, “Simulation of natural radioactivity backgrounds in the JUNO central detector *,” vol. 026001.

1/20 every 0.5m, R0 = 74 Hz -> 1cpd/kt

JUNO: ~16 t SS, PMT: 177 t BX  1.9 cpd/kt 
JUNO 190 cpd/kt -> 0.1 cpd/kt8B: 4.5 cpd/kt

pep(28 cpd/kt)


