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Neutrino Oscillations

Symmetry Magazine, 2/2013

With massive neutrinos, flavor
eigenstates of the weak interaction are

related to mass eigenstates of the
free-particle Hamiltonian as:
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Standard Model
Three-Neutrino Oscillations
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LSND
Liquid Scintillator Neutrino Detector

‣ LANL (LAMPF) Beam, 1993 - 1998 
‣ 𝜈�̅� from 𝜇+ DAR, L ∼ 30 m 
‣ 3.8𝜎 excess consistent with 𝜈e̅ appearance 

at small L/E ∼ 1 m/MeV 
‣ 𝚫m2 ∼ 1 eV2, sin22𝜽𝜇e ∼ 0.26%

See Phys. Rev. D 64, 112007 (2001)
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FIG. 24: The Lν/Eν distribution for events with Rγ > 10 and 20 < Ee < 60 MeV, where Lν is

the distance travelled by the neutrino in meters and Eν is the neutrino energy in MeV. The data

agree well with the expectation from neutrino background and neutrino oscillations at low ∆m2.
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Sterile Neutrinos
Additional non-interacting ‹ states,
detectable through their impact on

oscillation probabilities.
I PMNS matrix expands
I New ◊s, �m2s, ”s (if Ns > 1)
I Possible 3 + 1, 3 + N , 1 + 3 + 1, ...
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Extending the Three-Neutrino Paradigm

‣ Number of active neutrino flavors is fixed 
to three by Z width (LEP) 

‣ Additional non-interacting neutrino states, 
detectable through impact on oscillations 

‣ PMNS matrix expands to N×N 
‣ New mixing angles, mass splittings, and 

possibly CP-violating phases 
‣ 3+1, 3+N, 1+3+1, ...

Sterile Neutrinos
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<latexit sha1_base64="cW5FCqK7XoRrg1/hoR40lua+STg=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmML7VAyaaYNTTJDkhGG0oVf4Fa/wJW49Vf8AP/D9CFY0QMXDufcy733hAln2iD04eRWVtfWN/Kbha3tnd294v7BnY5TRahPYh6rdog15UxS3zDDaTtRFIuQ01Y4upr6rXuqNIvlrckSGgg8kCxiBBsr+V2Z9qq9Ygm5NVRBVQ8i16t7Z/WLOanUzmHZRTOUwALNXvGz249JKqg0hGOtO2WUmGCMlWGE00mhm2qaYDLCA9qxVGJBdTCeHTuBJ1bpwyhWtqSBM/XnxBgLrTMR2k6BzVD/9qbiX14nNVEtGDOZpIZKMl8UpRyaGE4/h32mKDE8swQTxeytkAyxwsTYfJa2RDSTIpnYXL6fh/8Tv+LWXXRTLTUuFwHlwRE4BqegDDzQANegCXxAAAOP4Ak8Ow/Oi/PqvM1bc85i5hAswXn/AjdXlyM=</latexit><latexit sha1_base64="cW5FCqK7XoRrg1/hoR40lua+STg=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmML7VAyaaYNTTJDkhGG0oVf4Fa/wJW49Vf8AP/D9CFY0QMXDufcy733hAln2iD04eRWVtfWN/Kbha3tnd294v7BnY5TRahPYh6rdog15UxS3zDDaTtRFIuQ01Y4upr6rXuqNIvlrckSGgg8kCxiBBsr+V2Z9qq9Ygm5NVRBVQ8i16t7Z/WLOanUzmHZRTOUwALNXvGz249JKqg0hGOtO2WUmGCMlWGE00mhm2qaYDLCA9qxVGJBdTCeHTuBJ1bpwyhWtqSBM/XnxBgLrTMR2k6BzVD/9qbiX14nNVEtGDOZpIZKMl8UpRyaGE4/h32mKDE8swQTxeytkAyxwsTYfJa2RDSTIpnYXL6fh/8Tv+LWXXRTLTUuFwHlwRE4BqegDDzQANegCXxAAAOP4Ak8Ow/Oi/PqvM1bc85i5hAswXn/AjdXlyM=</latexit><latexit sha1_base64="cW5FCqK7XoRrg1/hoR40lua+STg=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmML7VAyaaYNTTJDkhGG0oVf4Fa/wJW49Vf8AP/D9CFY0QMXDufcy733hAln2iD04eRWVtfWN/Kbha3tnd294v7BnY5TRahPYh6rdog15UxS3zDDaTtRFIuQ01Y4upr6rXuqNIvlrckSGgg8kCxiBBsr+V2Z9qq9Ygm5NVRBVQ8i16t7Z/WLOanUzmHZRTOUwALNXvGz249JKqg0hGOtO2WUmGCMlWGE00mhm2qaYDLCA9qxVGJBdTCeHTuBJ1bpwyhWtqSBM/XnxBgLrTMR2k6BzVD/9qbiX14nNVEtGDOZpIZKMl8UpRyaGE4/h32mKDE8swQTxeytkAyxwsTYfJa2RDSTIpnYXL6fh/8Tv+LWXXRTLTUuFwHlwRE4BqegDDzQANegCXxAAAOP4Ak8Ow/Oi/PqvM1bc85i5hAswXn/AjdXlyM=</latexit>

? ⌫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>

⌫1
<latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit><latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit><latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit>

⌫2
<latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit><latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit><latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit>

⌫3
<latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit><latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit><latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit>

⌫4
<latexit sha1_base64="cW5FCqK7XoRrg1/hoR40lua+STg=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmML7VAyaaYNTTJDkhGG0oVf4Fa/wJW49Vf8AP/D9CFY0QMXDufcy733hAln2iD04eRWVtfWN/Kbha3tnd294v7BnY5TRahPYh6rdog15UxS3zDDaTtRFIuQ01Y4upr6rXuqNIvlrckSGgg8kCxiBBsr+V2Z9qq9Ygm5NVRBVQ8i16t7Z/WLOanUzmHZRTOUwALNXvGz249JKqg0hGOtO2WUmGCMlWGE00mhm2qaYDLCA9qxVGJBdTCeHTuBJ1bpwyhWtqSBM/XnxBgLrTMR2k6BzVD/9qbiX14nNVEtGDOZpIZKMl8UpRyaGE4/h32mKDE8swQTxeytkAyxwsTYfJa2RDSTIpnYXL6fh/8Tv+LWXXRTLTUuFwHlwRE4BqegDDzQANegCXxAAAOP4Ak8Ow/Oi/PqvM1bc85i5hAswXn/AjdXlyM=</latexit><latexit sha1_base64="cW5FCqK7XoRrg1/hoR40lua+STg=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmML7VAyaaYNTTJDkhGG0oVf4Fa/wJW49Vf8AP/D9CFY0QMXDufcy733hAln2iD04eRWVtfWN/Kbha3tnd294v7BnY5TRahPYh6rdog15UxS3zDDaTtRFIuQ01Y4upr6rXuqNIvlrckSGgg8kCxiBBsr+V2Z9qq9Ygm5NVRBVQ8i16t7Z/WLOanUzmHZRTOUwALNXvGz249JKqg0hGOtO2WUmGCMlWGE00mhm2qaYDLCA9qxVGJBdTCeHTuBJ1bpwyhWtqSBM/XnxBgLrTMR2k6BzVD/9qbiX14nNVEtGDOZpIZKMl8UpRyaGE4/h32mKDE8swQTxeytkAyxwsTYfJa2RDSTIpnYXL6fh/8Tv+LWXXRTLTUuFwHlwRE4BqegDDzQANegCXxAAAOP4Ak8Ow/Oi/PqvM1bc85i5hAswXn/AjdXlyM=</latexit><latexit sha1_base64="cW5FCqK7XoRrg1/hoR40lua+STg=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmML7VAyaaYNTTJDkhGG0oVf4Fa/wJW49Vf8AP/D9CFY0QMXDufcy733hAln2iD04eRWVtfWN/Kbha3tnd294v7BnY5TRahPYh6rdog15UxS3zDDaTtRFIuQ01Y4upr6rXuqNIvlrckSGgg8kCxiBBsr+V2Z9qq9Ygm5NVRBVQ8i16t7Z/WLOanUzmHZRTOUwALNXvGz249JKqg0hGOtO2WUmGCMlWGE00mhm2qaYDLCA9qxVGJBdTCeHTuBJ1bpwyhWtqSBM/XnxBgLrTMR2k6BzVD/9qbiX14nNVEtGDOZpIZKMl8UpRyaGE4/h32mKDE8swQTxeytkAyxwsTYfJa2RDSTIpnYXL6fh/8Tv+LWXXRTLTUuFwHlwRE4BqegDDzQANegCXxAAAOP4Ak8Ow/Oi/PqvM1bc85i5hAswXn/AjdXlyM=</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><latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit>

⌫1
<latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit><latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit><latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit>

⌫2
<latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit><latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit><latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit>

⌫3
<latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit><latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit><latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit>

⌫4
<latexit sha1_base64="cW5FCqK7XoRrg1/hoR40lua+STg=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmML7VAyaaYNTTJDkhGG0oVf4Fa/wJW49Vf8AP/D9CFY0QMXDufcy733hAln2iD04eRWVtfWN/Kbha3tnd294v7BnY5TRahPYh6rdog15UxS3zDDaTtRFIuQ01Y4upr6rXuqNIvlrckSGgg8kCxiBBsr+V2Z9qq9Ygm5NVRBVQ8i16t7Z/WLOanUzmHZRTOUwALNXvGz249JKqg0hGOtO2WUmGCMlWGE00mhm2qaYDLCA9qxVGJBdTCeHTuBJ1bpwyhWtqSBM/XnxBgLrTMR2k6BzVD/9qbiX14nNVEtGDOZpIZKMl8UpRyaGE4/h32mKDE8swQTxeytkAyxwsTYfJa2RDSTIpnYXL6fh/8Tv+LWXXRTLTUuFwHlwRE4BqegDDzQANegCXxAAAOP4Ak8Ow/Oi/PqvM1bc85i5hAswXn/AjdXlyM=</latexit><latexit sha1_base64="cW5FCqK7XoRrg1/hoR40lua+STg=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmML7VAyaaYNTTJDkhGG0oVf4Fa/wJW49Vf8AP/D9CFY0QMXDufcy733hAln2iD04eRWVtfWN/Kbha3tnd294v7BnY5TRahPYh6rdog15UxS3zDDaTtRFIuQ01Y4upr6rXuqNIvlrckSGgg8kCxiBBsr+V2Z9qq9Ygm5NVRBVQ8i16t7Z/WLOanUzmHZRTOUwALNXvGz249JKqg0hGOtO2WUmGCMlWGE00mhm2qaYDLCA9qxVGJBdTCeHTuBJ1bpwyhWtqSBM/XnxBgLrTMR2k6BzVD/9qbiX14nNVEtGDOZpIZKMl8UpRyaGE4/h32mKDE8swQTxeytkAyxwsTYfJa2RDSTIpnYXL6fh/8Tv+LWXXRTLTUuFwHlwRE4BqegDDzQANegCXxAAAOP4Ak8Ow/Oi/PqvM1bc85i5hAswXn/AjdXlyM=</latexit><latexit sha1_base64="cW5FCqK7XoRrg1/hoR40lua+STg=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmML7VAyaaYNTTJDkhGG0oVf4Fa/wJW49Vf8AP/D9CFY0QMXDufcy733hAln2iD04eRWVtfWN/Kbha3tnd294v7BnY5TRahPYh6rdog15UxS3zDDaTtRFIuQ01Y4upr6rXuqNIvlrckSGgg8kCxiBBsr+V2Z9qq9Ygm5NVRBVQ8i16t7Z/WLOanUzmHZRTOUwALNXvGz249JKqg0hGOtO2WUmGCMlWGE00mhm2qaYDLCA9qxVGJBdTCeHTuBJ1bpwyhWtqSBM/XnxBgLrTMR2k6BzVD/9qbiX14nNVEtGDOZpIZKMl8UpRyaGE4/h32mKDE8swQTxeytkAyxwsTYfJa2RDSTIpnYXL6fh/8Tv+LWXXRTLTUuFwHlwRE4BqegDDzQANegCXxAAAOP4Ak8Ow/Oi/PqvM1bc85i5hAswXn/AjdXlyM=</latexit>

?
⌫1

<latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit><latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit><latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit>

⌫2
<latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit><latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit><latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit>

⌫3
<latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit><latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit><latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit>

⌫4
<latexit sha1_base64="cW5FCqK7XoRrg1/hoR40lua+STg=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmML7VAyaaYNTTJDkhGG0oVf4Fa/wJW49Vf8AP/D9CFY0QMXDufcy733hAln2iD04eRWVtfWN/Kbha3tnd294v7BnY5TRahPYh6rdog15UxS3zDDaTtRFIuQ01Y4upr6rXuqNIvlrckSGgg8kCxiBBsr+V2Z9qq9Ygm5NVRBVQ8i16t7Z/WLOanUzmHZRTOUwALNXvGz249JKqg0hGOtO2WUmGCMlWGE00mhm2qaYDLCA9qxVGJBdTCeHTuBJ1bpwyhWtqSBM/XnxBgLrTMR2k6BzVD/9qbiX14nNVEtGDOZpIZKMl8UpRyaGE4/h32mKDE8swQTxeytkAyxwsTYfJa2RDSTIpnYXL6fh/8Tv+LWXXRTLTUuFwHlwRE4BqegDDzQANegCXxAAAOP4Ak8Ow/Oi/PqvM1bc85i5hAswXn/AjdXlyM=</latexit><latexit sha1_base64="cW5FCqK7XoRrg1/hoR40lua+STg=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmML7VAyaaYNTTJDkhGG0oVf4Fa/wJW49Vf8AP/D9CFY0QMXDufcy733hAln2iD04eRWVtfWN/Kbha3tnd294v7BnY5TRahPYh6rdog15UxS3zDDaTtRFIuQ01Y4upr6rXuqNIvlrckSGgg8kCxiBBsr+V2Z9qq9Ygm5NVRBVQ8i16t7Z/WLOanUzmHZRTOUwALNXvGz249JKqg0hGOtO2WUmGCMlWGE00mhm2qaYDLCA9qxVGJBdTCeHTuBJ1bpwyhWtqSBM/XnxBgLrTMR2k6BzVD/9qbiX14nNVEtGDOZpIZKMl8UpRyaGE4/h32mKDE8swQTxeytkAyxwsTYfJa2RDSTIpnYXL6fh/8Tv+LWXXRTLTUuFwHlwRE4BqegDDzQANegCXxAAAOP4Ak8Ow/Oi/PqvM1bc85i5hAswXn/AjdXlyM=</latexit><latexit sha1_base64="cW5FCqK7XoRrg1/hoR40lua+STg=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmML7VAyaaYNTTJDkhGG0oVf4Fa/wJW49Vf8AP/D9CFY0QMXDufcy733hAln2iD04eRWVtfWN/Kbha3tnd294v7BnY5TRahPYh6rdog15UxS3zDDaTtRFIuQ01Y4upr6rXuqNIvlrckSGgg8kCxiBBsr+V2Z9qq9Ygm5NVRBVQ8i16t7Z/WLOanUzmHZRTOUwALNXvGz249JKqg0hGOtO2WUmGCMlWGE00mhm2qaYDLCA9qxVGJBdTCeHTuBJ1bpwyhWtqSBM/XnxBgLrTMR2k6BzVD/9qbiX14nNVEtGDOZpIZKMl8UpRyaGE4/h32mKDE8swQTxeytkAyxwsTYfJa2RDSTIpnYXL6fh/8Tv+LWXXRTLTUuFwHlwRE4BqegDDzQANegCXxAAAOP4Ak8Ow/Oi/PqvM1bc85i5hAswXn/AjdXlyM=</latexit>

⌫s
<latexit sha1_base64="mwxHma8pzJ7Nn9KD5iS5i1giT/Y=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmML7VAyaaYNTTJDkhGG0oVf4Fa/wJW49Vf8AP/D9CFY0QMXDufcy733hAln2iD04eRWVtfWN/Kbha3tnd294v7BnY5TRahPYh6rdog15UxS3zDDaTtRFIuQ01Y4upr6rXuqNIvlrckSGgg8kCxiBBsr+V2Z9nSvWEJuDVVQ1YPI9ereWf1iTiq1c1h20QwlsECzV/zs9mOSCioN4VjrThklJhhjZRjhdFLoppommIzwgHYslVhQHYxnx07giVX6MIqVLWngTP05McZC60yEtlNgM9S/van4l9dJTVQLxkwmqaGSzBdFKYcmhtPPYZ8pSgzPLMFEMXsrJEOsMDE2n6UtEc2kSCY2l+/n4f/Er7h1F91US43LRUB5cASOwSkoAw80wDVoAh8QwMAjeALPzoPz4rw6b/PWnLOYOQRLcN6/AJtBl2I=</latexit><latexit sha1_base64="mwxHma8pzJ7Nn9KD5iS5i1giT/Y=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmML7VAyaaYNTTJDkhGG0oVf4Fa/wJW49Vf8AP/D9CFY0QMXDufcy733hAln2iD04eRWVtfWN/Kbha3tnd294v7BnY5TRahPYh6rdog15UxS3zDDaTtRFIuQ01Y4upr6rXuqNIvlrckSGgg8kCxiBBsr+V2Z9nSvWEJuDVVQ1YPI9ereWf1iTiq1c1h20QwlsECzV/zs9mOSCioN4VjrThklJhhjZRjhdFLoppommIzwgHYslVhQHYxnx07giVX6MIqVLWngTP05McZC60yEtlNgM9S/van4l9dJTVQLxkwmqaGSzBdFKYcmhtPPYZ8pSgzPLMFEMXsrJEOsMDE2n6UtEc2kSCY2l+/n4f/Er7h1F91US43LRUB5cASOwSkoAw80wDVoAh8QwMAjeALPzoPz4rw6b/PWnLOYOQRLcN6/AJtBl2I=</latexit><latexit sha1_base64="mwxHma8pzJ7Nn9KD5iS5i1giT/Y=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmML7VAyaaYNTTJDkhGG0oVf4Fa/wJW49Vf8AP/D9CFY0QMXDufcy733hAln2iD04eRWVtfWN/Kbha3tnd294v7BnY5TRahPYh6rdog15UxS3zDDaTtRFIuQ01Y4upr6rXuqNIvlrckSGgg8kCxiBBsr+V2Z9nSvWEJuDVVQ1YPI9ereWf1iTiq1c1h20QwlsECzV/zs9mOSCioN4VjrThklJhhjZRjhdFLoppommIzwgHYslVhQHYxnx07giVX6MIqVLWngTP05McZC60yEtlNgM9S/van4l9dJTVQLxkwmqaGSzBdFKYcmhtPPYZ8pSgzPLMFEMXsrJEOsMDE2n6UtEc2kSCY2l+/n4f/Er7h1F91US43LRUB5cASOwSkoAw80wDVoAh8QwMAjeALPzoPz4rw6b/PWnLOYOQRLcN6/AJtBl2I=</latexit>

?
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MiniBooNE
The Low-Energy Excess

‣ Fermilab Booster Neutrino Beam, 2002 - ∞ 
‣ Oil Cherenkov detector 
‣ L/E ∼ LSND (1 m/MeV) 
‣ EM-like excess at low energies 
‣ Doubled statistics in Fall 2018 
‣ Consistent with LSND 
‣ See arxiv:1805.12028

MiniBooNE Detector

Neutrinos
E ∼ 1 GeV

Linear Accelerator

Booster

Target ⌫µ
<latexit sha1_base64="0YKr9DgndayM/aIFVhCIix0TCSE=">AAACAHicjVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQXcLsZDYZMjO7zENYlpz8Aq/6BZ7Eq3/iB/gfTh4HIwoWNBRV3XR3xRln2vj+h1daWl5ZXSuvVzY2t7Z3qrt7dzq1itCApDxVnRhrypmkgWGG006mKBYxp+14dDXx2/dUaZbKW5NnNBJ4IFnCCDZOaofS9kJhe9Vao+5Pgf4mNZij1at+hv2UWEGlIRxr3W34mYkKrAwjnI4rodU0w2SEB7TrqMSC6qiYnjtGR07poyRVrqRBU/X7RIGF1rmIXafAZqh/ehPxN69rTXIeFUxm1lBJZosSy5FJ0eR31GeKEsNzRzBRzN2KyBArTIxLaGFLQnMpsvH/cglO6hd1/+a01rycB1SGAziEY2jAGTThGloQAIERPMITPHsP3ov36r3NWkvefGYfFuC9fwGZCJfg</latexit><latexit sha1_base64="0YKr9DgndayM/aIFVhCIix0TCSE=">AAACAHicjVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQXcLsZDYZMjO7zENYlpz8Aq/6BZ7Eq3/iB/gfTh4HIwoWNBRV3XR3xRln2vj+h1daWl5ZXSuvVzY2t7Z3qrt7dzq1itCApDxVnRhrypmkgWGG006mKBYxp+14dDXx2/dUaZbKW5NnNBJ4IFnCCDZOaofS9kJhe9Vao+5Pgf4mNZij1at+hv2UWEGlIRxr3W34mYkKrAwjnI4rodU0w2SEB7TrqMSC6qiYnjtGR07poyRVrqRBU/X7RIGF1rmIXafAZqh/ehPxN69rTXIeFUxm1lBJZosSy5FJ0eR31GeKEsNzRzBRzN2KyBArTIxLaGFLQnMpsvH/cglO6hd1/+a01rycB1SGAziEY2jAGTThGloQAIERPMITPHsP3ov36r3NWkvefGYfFuC9fwGZCJfg</latexit><latexit sha1_base64="0YKr9DgndayM/aIFVhCIix0TCSE=">AAACAHicjVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQXcLsZDYZMjO7zENYlpz8Aq/6BZ7Eq3/iB/gfTh4HIwoWNBRV3XR3xRln2vj+h1daWl5ZXSuvVzY2t7Z3qrt7dzq1itCApDxVnRhrypmkgWGG006mKBYxp+14dDXx2/dUaZbKW5NnNBJ4IFnCCDZOaofS9kJhe9Vao+5Pgf4mNZij1at+hv2UWEGlIRxr3W34mYkKrAwjnI4rodU0w2SEB7TrqMSC6qiYnjtGR07poyRVrqRBU/X7RIGF1rmIXafAZqh/ehPxN69rTXIeFUxm1lBJZosSy5FJ0eR31GeKEsNzRzBRzN2KyBArTIxLaGFLQnMpsvH/cglO6hd1/+a01rycB1SGAziEY2jAGTThGloQAIERPMITPHsP3ov36r3NWkvefGYfFuC9fwGZCJfg</latexit>

µ�
<latexit sha1_base64="qDLcJbCOX5EOF62Gfj9EYxd5ISM=">AAAB/nicdVDLSgMxFM34rPVVdekmWAQ3Dpk+aGdXdOOygmMLbS2ZNNOGJpkhyQildOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OCura+sbm5mt7PbO7t5+7uDwVsepIjQgMY9VM8SaciZpYJjhtJkoikXIaSMcXk79xj1VmsXyxowS2hG4L1nECDZWCtoivTvv5vLI9X1UKhchcsuoUCn5lqBi0fOq0HPRDHmwQL2b+2z3YpIKKg3hWOuWhxLTGWNlGOF0km2nmiaYDHGftiyVWFDdGc+OncBTq/RgFCtb0sCZ+nNijIXWIxHaToHNQP/2puJfXis1UbUzZjJJDZVkvihKOTQxnH4Oe0xRYvjIEkwUs7dCMsAKE2PzWdoS0ZEUycTm8v08/J8EBdd30XUpX7tYBJQBx+AEnAEPVEANXIE6CAABDDyCJ/DsPDgvzqvzNm9dcRYzR2AJzvsXARCW/w==</latexit><latexit sha1_base64="qDLcJbCOX5EOF62Gfj9EYxd5ISM=">AAAB/nicdVDLSgMxFM34rPVVdekmWAQ3Dpk+aGdXdOOygmMLbS2ZNNOGJpkhyQildOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OCura+sbm5mt7PbO7t5+7uDwVsepIjQgMY9VM8SaciZpYJjhtJkoikXIaSMcXk79xj1VmsXyxowS2hG4L1nECDZWCtoivTvv5vLI9X1UKhchcsuoUCn5lqBi0fOq0HPRDHmwQL2b+2z3YpIKKg3hWOuWhxLTGWNlGOF0km2nmiaYDHGftiyVWFDdGc+OncBTq/RgFCtb0sCZ+nNijIXWIxHaToHNQP/2puJfXis1UbUzZjJJDZVkvihKOTQxnH4Oe0xRYvjIEkwUs7dCMsAKE2PzWdoS0ZEUycTm8v08/J8EBdd30XUpX7tYBJQBx+AEnAEPVEANXIE6CAABDDyCJ/DsPDgvzqvzNm9dcRYzR2AJzvsXARCW/w==</latexit><latexit sha1_base64="qDLcJbCOX5EOF62Gfj9EYxd5ISM=">AAAB/nicdVDLSgMxFM34rPVVdekmWAQ3Dpk+aGdXdOOygmMLbS2ZNNOGJpkhyQildOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OCura+sbm5mt7PbO7t5+7uDwVsepIjQgMY9VM8SaciZpYJjhtJkoikXIaSMcXk79xj1VmsXyxowS2hG4L1nECDZWCtoivTvv5vLI9X1UKhchcsuoUCn5lqBi0fOq0HPRDHmwQL2b+2z3YpIKKg3hWOuWhxLTGWNlGOF0km2nmiaYDHGftiyVWFDdGc+OncBTq/RgFCtb0sCZ+nNijIXWIxHaToHNQP/2puJfXis1UbUzZjJJDZVkvihKOTQxnH4Oe0xRYvjIEkwUs7dCMsAKE2PzWdoS0ZEUycTm8v08/J8EBdd30XUpX7tYBJQBx+AEnAEPVEANXIE6CAABDDyCJ/DsPDgvzqvzNm9dcRYzR2AJzvsXARCW/w==</latexit>

Proton Accelerator

µ±
<latexit sha1_base64="b0uyZsDGuC1ovSUAEeGHMOdPIII=">AAACAHicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcsKxhaaWCbTm3bozCTMTIRQuvIL3OoXuBK3/okf4H84bbOwrQcuHM65l3vviVLOtHHdb6e0srq2vlHerGxt7+zuVfcPHnSSKQo+TXii2hHRwJkE3zDDoZ0qICLi0IqGNxO/9QRKs0TemzyFUJC+ZDGjxFipFYjsMUhFt1pz6+4UeJl4BamhAs1u9SfoJTQTIA3lROuO56YmHBFlGOUwrgSZhpTQIelDx1JJBOhwND13jE+s0sNxomxJg6fq34kREVrnIrKdgpiBXvQm4n9eJzPxZThiMs0MSDpbFGccmwRPfsc9poAanltCqGL2VkwHRBFqbEJzW2LIpUjHNhdvMYVl4p/Vr+ru3XmtcV0EVEZH6BidIg9doAa6RU3kI4qG6AW9ojfn2Xl3PpzPWWvJKWYO0Rycr1+JTpfW</latexit><latexit sha1_base64="b0uyZsDGuC1ovSUAEeGHMOdPIII=">AAACAHicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcsKxhaaWCbTm3bozCTMTIRQuvIL3OoXuBK3/okf4H84bbOwrQcuHM65l3vviVLOtHHdb6e0srq2vlHerGxt7+zuVfcPHnSSKQo+TXii2hHRwJkE3zDDoZ0qICLi0IqGNxO/9QRKs0TemzyFUJC+ZDGjxFipFYjsMUhFt1pz6+4UeJl4BamhAs1u9SfoJTQTIA3lROuO56YmHBFlGOUwrgSZhpTQIelDx1JJBOhwND13jE+s0sNxomxJg6fq34kREVrnIrKdgpiBXvQm4n9eJzPxZThiMs0MSDpbFGccmwRPfsc9poAanltCqGL2VkwHRBFqbEJzW2LIpUjHNhdvMYVl4p/Vr+ru3XmtcV0EVEZH6BidIg9doAa6RU3kI4qG6AW9ojfn2Xl3PpzPWWvJKWYO0Rycr1+JTpfW</latexit><latexit sha1_base64="b0uyZsDGuC1ovSUAEeGHMOdPIII=">AAACAHicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcsKxhaaWCbTm3bozCTMTIRQuvIL3OoXuBK3/okf4H84bbOwrQcuHM65l3vviVLOtHHdb6e0srq2vlHerGxt7+zuVfcPHnSSKQo+TXii2hHRwJkE3zDDoZ0qICLi0IqGNxO/9QRKs0TemzyFUJC+ZDGjxFipFYjsMUhFt1pz6+4UeJl4BamhAs1u9SfoJTQTIA3lROuO56YmHBFlGOUwrgSZhpTQIelDx1JJBOhwND13jE+s0sNxomxJg6fq34kREVrnIrKdgpiBXvQm4n9eJzPxZThiMs0MSDpbFGccmwRPfsc9poAanltCqGL2VkwHRBFqbEJzW2LIpUjHNhdvMYVl4p/Vr+ru3XmtcV0EVEZH6BidIg9doAa6RU3kI4qG6AW9ojfn2Xl3PpzPWWvJKWYO0Rycr1+JTpfW</latexit>

e±/�
<latexit sha1_base64="xe71AvCuxgErvfTTIzZBfKZMDZ8=">AAACBXicbVDLSsNAFJ34rPVVdekmWARXNRVB3RXduKxgbKGJZTK9aYfOTIaZiRBC936BW/0CV+LW7/AD/A+nbRa29cCFwzn3ci4nkoxq43nfztLyyuraemmjvLm1vbNb2dt/0EmqCPgkYYlqR1gDowJ8Qw2DtlSAecSgFQ1vxn7rCZSmibg3mYSQ476gMSXYWCmAx0Dy06CPOcfdStWreRO4i6RekCoq0OxWfoJeQlIOwhCGte7UPWnCHCtDCYNROUg1SEyGuA8dSwXmoMN88vPIPbZKz40TZUcYd6L+vcgx1zrjkd3k2Az0vDcW//M6qYkvw5wKmRoQZBoUp8w1iTsuwO1RBcSwzBJMFLW/umSAFSbG1jSTEkMmuBzZXurzLSwS/6x2VfPuzquN66KgEjpER+gE1dEFaqBb1EQ+IkiiF/SK3pxn5935cD6nq0tOcXOAZuB8/QIH/Zm9</latexit><latexit sha1_base64="xe71AvCuxgErvfTTIzZBfKZMDZ8=">AAACBXicbVDLSsNAFJ34rPVVdekmWARXNRVB3RXduKxgbKGJZTK9aYfOTIaZiRBC936BW/0CV+LW7/AD/A+nbRa29cCFwzn3ci4nkoxq43nfztLyyuraemmjvLm1vbNb2dt/0EmqCPgkYYlqR1gDowJ8Qw2DtlSAecSgFQ1vxn7rCZSmibg3mYSQ476gMSXYWCmAx0Dy06CPOcfdStWreRO4i6RekCoq0OxWfoJeQlIOwhCGte7UPWnCHCtDCYNROUg1SEyGuA8dSwXmoMN88vPIPbZKz40TZUcYd6L+vcgx1zrjkd3k2Az0vDcW//M6qYkvw5wKmRoQZBoUp8w1iTsuwO1RBcSwzBJMFLW/umSAFSbG1jSTEkMmuBzZXurzLSwS/6x2VfPuzquN66KgEjpER+gE1dEFaqBb1EQ+IkiiF/SK3pxn5935cD6nq0tOcXOAZuB8/QIH/Zm9</latexit><latexit sha1_base64="xe71AvCuxgErvfTTIzZBfKZMDZ8=">AAACBXicbVDLSsNAFJ34rPVVdekmWARXNRVB3RXduKxgbKGJZTK9aYfOTIaZiRBC936BW/0CV+LW7/AD/A+nbRa29cCFwzn3ci4nkoxq43nfztLyyuraemmjvLm1vbNb2dt/0EmqCPgkYYlqR1gDowJ8Qw2DtlSAecSgFQ1vxn7rCZSmibg3mYSQ476gMSXYWCmAx0Dy06CPOcfdStWreRO4i6RekCoq0OxWfoJeQlIOwhCGte7UPWnCHCtDCYNROUg1SEyGuA8dSwXmoMN88vPIPbZKz40TZUcYd6L+vcgx1zrjkd3k2Az0vDcW//M6qYkvw5wKmRoQZBoUp8w1iTsuwO1RBcSwzBJMFLW/umSAFSbG1jSTEkMmuBzZXurzLSwS/6x2VfPuzquN66KgEjpER+gE1dEFaqBb1EQ+IkiiF/SK3pxn5935cD6nq0tOcXOAZuB8/QIH/Zm9</latexit>

⇡0
<latexit sha1_base64="OknIzAOrZnJPZpsRfLiS73mpgx8=">AAAB/nicbVDLSsNAFL2pr1pfVZdugkVwVRIR1F3RjcsKxhbaWCbTSTt0ZjLMTIQQuvAL3OoXuBK3/oof4H84bbOwrQcuHM65l3vviSSj2njet1NaWV1b3yhvVra2d3b3qvsHDzpJFSYBTlii2hHShFFBAkMNI22pCOIRI61odDPxW09EaZqIe5NJEnI0EDSmGBkrBV1JH71etebVvSncZeIXpAYFmr3qT7ef4JQTYTBDWnd8T5owR8pQzMi40k01kQiP0IB0LBWIEx3m02PH7olV+m6cKFvCuFP170SOuNYZj2wnR2aoF72J+J/XSU18GeZUyNQQgWeL4pS5JnEnn7t9qgg2LLMEYUXtrS4eIoWwsfnMbYlJJrgc21z8xRSWSXBWv6p7d+e1xnURUBmO4BhOwYcLaMAtNCEADBRe4BXenGfn3flwPmetJaeYOYQ5OF+/iDeWsA==</latexit><latexit sha1_base64="OknIzAOrZnJPZpsRfLiS73mpgx8=">AAAB/nicbVDLSsNAFL2pr1pfVZdugkVwVRIR1F3RjcsKxhbaWCbTSTt0ZjLMTIQQuvAL3OoXuBK3/oof4H84bbOwrQcuHM65l3vviSSj2njet1NaWV1b3yhvVra2d3b3qvsHDzpJFSYBTlii2hHShFFBAkMNI22pCOIRI61odDPxW09EaZqIe5NJEnI0EDSmGBkrBV1JH71etebVvSncZeIXpAYFmr3qT7ef4JQTYTBDWnd8T5owR8pQzMi40k01kQiP0IB0LBWIEx3m02PH7olV+m6cKFvCuFP170SOuNYZj2wnR2aoF72J+J/XSU18GeZUyNQQgWeL4pS5JnEnn7t9qgg2LLMEYUXtrS4eIoWwsfnMbYlJJrgc21z8xRSWSXBWv6p7d+e1xnURUBmO4BhOwYcLaMAtNCEADBRe4BXenGfn3flwPmetJaeYOYQ5OF+/iDeWsA==</latexit><latexit sha1_base64="OknIzAOrZnJPZpsRfLiS73mpgx8=">AAAB/nicbVDLSsNAFL2pr1pfVZdugkVwVRIR1F3RjcsKxhbaWCbTSTt0ZjLMTIQQuvAL3OoXuBK3/oof4H84bbOwrQcuHM65l3vviSSj2njet1NaWV1b3yhvVra2d3b3qvsHDzpJFSYBTlii2hHShFFBAkMNI22pCOIRI61odDPxW09EaZqIe5NJEnI0EDSmGBkrBV1JH71etebVvSncZeIXpAYFmr3qT7ef4JQTYTBDWnd8T5owR8pQzMi40k01kQiP0IB0LBWIEx3m02PH7olV+m6cKFvCuFP170SOuNYZj2wnR2aoF72J+J/XSU18GeZUyNQQgWeL4pS5JnEnn7t9qgg2LLMEYUXtrS4eIoWwsfnMbYlJJrgc21z8xRSWSXBWv6p7d+e1xnURUBmO4BhOwYcLaMAtNCEADBRe4BXenGfn3flwPmetJaeYOYQ5OF+/iDeWsA==</latexit>
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TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

⌫ < 1250 MeV neutrino energy range from all
of the backgrounds in the ⌫e and ⌫̄e appearance analysis. Also
shown are the constrained background and the expected num-
ber of events corresponding to the LSND best fit oscillation
probability of 0.26%. The table shows the diagonal-element
systematic uncertainties, which become substantially reduced
in the oscillation fits when correlations between energy bins
and between the electron and muon neutrino events are in-
cluded. The antineutrino numbers are from a previous analy-
sis [3].

Process Neutrino Mode Antineutrino Mode
⌫µ & ⌫̄µ CCQE 73.7 ± 19.3 12.9 ± 4.3

NC ⇡0 501.5 ± 65.4 112.3 ± 11.5
NC � ! N� 172.5 ±24.1 34.7 ± 5.4

External Events 75.2 ± 10.9 15.3 ± 2.8
Other ⌫µ & ⌫̄µ 89.6 ± 22.9 22.3 ± 3.5

⌫e & ⌫̄e from µ± Decay 425.3 ± 100.2 91.4 ± 27.6
⌫e & ⌫̄e from K± Decay 192.2 ± 41.9 51.2 ± 11.0
⌫e & ⌫̄e from K0

L Decay 54.5 ± 20.5 51.4 ± 18.0
Other ⌫e & ⌫̄e 6.0 ± 3.2 6.7 ± 6.0

Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd. 1577.8± 85.2 398.7± 28.6

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) ⌫µ ! ⌫e 463.1 100.0

energy range for the total 12.84⇥ 1020 POT data. Each
bin of reconstructed E

QE
⌫ 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 ⌫e CCQE event selection requirements
with 200 < E

QE
⌫ < 1250 MeV, compared to a back-

ground expectation of 1577.8 ± 39.7(stat.) ± 75.4(syst.)
events. The excess is then 381.2 ± 85.2 events or a
4.5� e↵ect. Note that the 162.0 event excess in the
first 6.46 ⇥ 1020 POT data is approximately 1� lower
than the average excess, while the 219.2 event excess in
the second 6.38 ⇥ 1020 POT data is approximately 1�
higher than the average excess. Combining the Mini-
BooNE neutrino and antineutrino data, there are a to-
tal of 2437 events in the 200 < E

QE
⌫ < 1250 MeV en-

ergy region, compared to a background expectation of
1976.5±44.5(stat.)±84.8(syst.) events. This corresponds
to a total ⌫e plus ⌫̄e CCQE excess of 460.5± 95.8 events
with respect to expectation or a 4.8� excess. The signif-
icance of the combined LSND (3.8�) [1] and MiniBooNE
(4.8�) excesses is 6.1�. Fig. 2 shows the total event ex-
cesses as a function of EQE

⌫ in both neutrino mode and
antineutrino mode. The dashed curves show the best fits
to standard two-neutrino oscillations.

Fig. 3 compares the L/EQE
⌫ distributions for the Mini-

BooNE data excesses in neutrino mode and antineutrino
mode to the L/E distribution from LSND [1]. The er-
ror bars show statistical uncertainties only. As shown
in the figure, there is agreement among all three data
sets. Fitting these data to standard two-neutrino oscil-
lations including statistical errors only, the best fit oc-
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FIG. 1: The MiniBooNE neutrino mode EQE
⌫ distributions,

corresponding to the total 12.84 ⇥ 1020 POT data, for ⌫e
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 standard two-
neutrino oscillations.
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FIG. 2: The MiniBooNE total event excesses as a function
of EQE

⌫ in both neutrino mode and antineutrino mode, cor-
responding to 12.84 ⇥ 1020 POT and 11.27 ⇥ 1020 POT, re-
spectively. (Error bars include both statistical and correlated
systematic uncertainties.) The dashed curves show the best
fits to the neutrino-mode and antineutrino-mode data assum-
ing standard two-neutrino oscillations.

curs at �m

2 = 0.040 eV2 and sin2 2✓ = 0.894 with
a �

2
/ndf = 35.2/28, corresponding to a probability of

16.4%. This best fit agrees with the MiniBooNE only
best fit described below. The MiniBooNE excess of
events in both oscillation probability and L/E spectrum
is, therefore, consistent with the LSND excess of events,
even though the two experiments have completely dif-
ferent neutrino energies, neutrino fluxes, reconstruction,
backgrounds, and systematic uncertainties.
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TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

⌫ < 1250 MeV neutrino energy range from all
of the backgrounds in the ⌫e and ⌫̄e appearance analysis. Also
shown are the constrained background and the expected num-
ber of events corresponding to the LSND best fit oscillation
probability of 0.26%. The table shows the diagonal-element
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in the oscillation fits when correlations between energy bins
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sis [3].
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⌫ 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 ⌫e CCQE event selection requirements
with 200 < E

QE
⌫ < 1250 MeV, compared to a back-

ground expectation of 1577.8 ± 39.7(stat.) ± 75.4(syst.)
events. The excess is then 381.2 ± 85.2 events or a
4.5� e↵ect. Note that the 162.0 event excess in the
first 6.46 ⇥ 1020 POT data is approximately 1� lower
than the average excess, while the 219.2 event excess in
the second 6.38 ⇥ 1020 POT data is approximately 1�
higher than the average excess. Combining the Mini-
BooNE neutrino and antineutrino data, there are a to-
tal of 2437 events in the 200 < E

QE
⌫ < 1250 MeV en-

ergy region, compared to a background expectation of
1976.5±44.5(stat.)±84.8(syst.) events. This corresponds
to a total ⌫e plus ⌫̄e CCQE excess of 460.5± 95.8 events
with respect to expectation or a 4.8� excess. The signif-
icance of the combined LSND (3.8�) [1] and MiniBooNE
(4.8�) excesses is 6.1�. Fig. 2 shows the total event ex-
cesses as a function of EQE

⌫ in both neutrino mode and
antineutrino mode. The dashed curves show the best fits
to standard two-neutrino oscillations.

Fig. 3 compares the L/EQE
⌫ distributions for the Mini-

BooNE data excesses in neutrino mode and antineutrino
mode to the L/E distribution from LSND [1]. The er-
ror bars show statistical uncertainties only. As shown
in the figure, there is agreement among all three data
sets. Fitting these data to standard two-neutrino oscil-
lations including statistical errors only, the best fit oc-
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FIG. 1: The MiniBooNE neutrino mode EQE
⌫ distributions,

corresponding to the total 12.84 ⇥ 1020 POT data, for ⌫e
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 standard two-
neutrino oscillations.

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
 (GeV)QE

νE

0.2−

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

Ex
ce

ss
 E

ve
nt

s/
M

eV

 POT2010×: 12.84eν

 POT2010×: 11.27eν

3.0

FIG. 2: The MiniBooNE total event excesses as a function
of EQE

⌫ in both neutrino mode and antineutrino mode, cor-
responding to 12.84 ⇥ 1020 POT and 11.27 ⇥ 1020 POT, re-
spectively. (Error bars include both statistical and correlated
systematic uncertainties.) The dashed curves show the best
fits to the neutrino-mode and antineutrino-mode data assum-
ing standard two-neutrino oscillations.

curs at �m

2 = 0.040 eV2 and sin2 2✓ = 0.894 with
a �

2
/ndf = 35.2/28, corresponding to a probability of

16.4%. This best fit agrees with the MiniBooNE only
best fit described below. The MiniBooNE excess of
events in both oscillation probability and L/E spectrum
is, therefore, consistent with the LSND excess of events,
even though the two experiments have completely dif-
ferent neutrino energies, neutrino fluxes, reconstruction,
backgrounds, and systematic uncertainties.
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MiniBooNE
The Low-Energy Excess

‣ Fermilab Booster Neutrino Beam, 2002 - ∞ 
‣ Oil Cherenkov detector 
‣ L/E ∼ LSND (1 m/MeV) 
‣ EM-like excess at low energies 
‣ Doubled statistics in Fall 2018 
‣ Consistent with LSND 
‣ See arxiv:1805.12028
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FIG. 3: A comparison between the L/EQE
⌫ distributions for

the MiniBooNE data excesses in neutrino mode (12.84⇥ 1020

POT) and antineutrino mode (11.27⇥1020 POT) to the L/E
distribution from LSND [1]. The error bars show statistical
uncertainties only. The solid curve shows the best fit to the
LSND and MiniBooNE data assuming standard two-neutrino
oscillations. The excess of MiniBooNE electron-neutrino can-
didate events is consistent with the LSND excess.

A standard two-neutrino model is assumed for the
MiniBooNE oscillation fits. Note, however, that there
are tensions with fits presented here between appearance
and disappearance experiments [10, 12], and other mod-
els [15–19] may provide better fits to the data. The os-
cillation parameters are extracted from a combined fit of
the observed E

QE
⌫ event distributions for muon-like and

electron-like events using the full covariance matrix de-
scribed previously. The fit assumes the same oscillation
probability for both the right-sign ⌫e and wrong-sign ⌫̄e,
and no significant ⌫µ, ⌫̄µ, ⌫e, or ⌫̄e disappearance. Using
a likelihood-ratio technique [3], the confidence level val-
ues for the fitting statistic, ��

2 = �

2(point)� �

2(best),
as a function of oscillation parameters, �m

2 and sin2 2✓,
is determined from frequentist, fake data studies. With
this technique, the best neutrino oscillation fit in neu-
trino mode for 200 < E

QE
⌫ < 1250 MeV occurs at (�m

2,
sin2 2✓) = (0.037 eV2, 0.958), as shown in Fig. 4. The
�

2
/ndf is 10.0/6.6 with a probability of 15.4%. The

background-only fit has a �2-probability of 0.02% relative
to the best oscillation fit and a �

2
/ndf = 26.7/8.8 with a

probability of 0.14%. Fig. 4 shows the MiniBooNE closed
confidence level (CL) contours for ⌫e appearance oscilla-
tions in neutrino mode in the 200 < E

QE
⌫ < 1250 MeV

energy range.
Nuclear e↵ects associated with neutrino interactions

on carbon can a↵ect the reconstruction of the neutrino
energy, EQE

⌫ , and the determination of the neutrino os-
cillation parameters [33]. These e↵ects were studied pre-
viously [3] and were found to not a↵ect substantially the
oscillation fit. In addition, they do not a↵ect the gamma
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FIG. 4: MiniBooNE allowed regions in neutrino mode (12.84⇥
1020 POT) for events with 200 < EQE

⌫ < 1250 MeV within
a two-neutrino oscillation model. The shaded areas show the
90% and 99% C.L. LSND ⌫̄µ ! ⌫̄e allowed regions. The black
circle shows the MiniBooNE best fit point. Also shown are
90% C.L. limits from the KARMEN [34] and OPERA [35]
experiments.

background, which is determined from direct measure-
ments of NC ⇡

0 and dirt backgrounds.
Fig. 5 shows the MiniBooNE allowed regions in both

neutrino mode and antineutrino mode [3] for events with
200 < E

QE
⌫ < 1250 MeV within a two-neutrino oscilla-

tion model. For this oscillation fit the entire data set
is used and includes the 12.84 ⇥ 1020 POT in neutrino
mode and the 11.27⇥1020 POT in antineutrino mode. As
shown in the figure, the MiniBooNE favored allowed re-
gion overlaps with the LSND allowed region. Also shown
are 90% C.L. limits from the KARMEN [34] and OPERA
[35] experiments. The best combined neutrino oscillation
fit occurs at (�m

2, sin2 2✓) = (0.041 eV2, 0.958). The
�

2
/ndf for the best-fit point is 19.5/15.4 with a prob-

ability of 20.1%, and the background-only fit has a �

2-
probability of 5⇥ 10�7 relative to the best oscillation fit
and a �

2
/ndf = 49.3/17.5 with a probability of 0.007%.

Fitting both LSND and MiniBooNE data, the best fit
remains at (�m

2, sin2 2✓) = (0.041 eV2, 0.958) with a
�

2
/ndf = 22.4/23.4, corresponding to a probability of

52.0%.
In summary, the MiniBooNE experiment observes a

total ⌫e CCQE event excess in both neutrino and an-
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The Reactor Anomaly
‣ New flux calculations create/reveal a deficit in reactor neutrino measurements 
‣ Uncertainties remain large, plus unaccounted-for structure in energy

Distance from Reactor0 m 500 m 1.5 km
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Gallium
GALLEX/GNO and SAGE

‣ Radiochemical solar neutrino detectors 
‣ 𝜈e + 71Ga → 71Ge + e— 

‣ Efficiency measurements with MCi 51Cr 𝜈e source 

‣ Both observe a deficit: short-baseline 𝜈e oscillations 
with L/E ∼ 1 m/MeV?

http://cerncourier.com/cws/article/cern/68795

SAGE 
Baksan, Russia

GALLEX/GNO 
Gran Sasso, Italy

⌫e
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FIG. 3: Results of all neutrino source experiments with Ga. Gallex
results are from the recent pulse shape analysis of Kaether [9]; SAGE
results are from Refs. [11] and [4]. Hashed region is the weighted
average of the four experiments.

IV. SOURCE EXPERIMENTS

The experimental procedures of the SAGE and Gallex ex-
periments, including the chemical extraction, counting, and
analysis techniques, have been checked by exposing the gal-
lium target to reactor-produced neutrino sources whose ac-
tivity was close to 1 MCi. SAGE has irradiated about 25%
of their target with a 51Cr source [11] and an 37Ar source
[4, 12, 13] and Gallex has twice used 51Cr sources to irradiate
their entire target [14]. The results, expressed as the ratio R of
the measured 71Ge production rate to that expected due to the
source strength, are shown in Fig. 3. The weighted average
value of the ratio for the four experiments is R = 0.87 ± 0.05,
more than two standard deviations less than unity. Although
the distribution of results is somewhat unusual, with none of
the central values from the four measurements lying within
the 1� band around the weighted average, the quality of fit
to the average value is quite high (�2/DOF = 1.9/3, GOF =
59%).

We can suggest several possibilities for the unexpectedly
low result in the source experiments:

1. We do not correctly know the various e�ciency factors
that enter into the calculation of the production rate,
namely the extraction e�ciency and the counting e�-
ciency. Both SAGE and Gallex have, however, made
many ancillary experiments [3, 14] that have estab-
lished with high probability that these e�ciencies and
their accompanying systematic uncertainties are well
determined. These tests have also proven that there are
no substantial errors in the methods used to select 71Ge
events or in the methods of analysis. Further, the 71As
experiment of Gallex [15] has ruled out any “hot-atom”
chemical e↵ects that might make the 71Ge atoms pro-
duced by neutrino capture di�cult to extract. We thus
very strongly doubt that the low average result of the
source experiments is due to incorrect knowledge of ef-
ficiencies, errors in event selection, improper function-
ing of the counting systems, or errors in analysis.

2. A statistical fluctuation. A �2 test of the compatabil-
ity of the four source experiments to R = 1.0 gives
�2/DOF = 7.7/3, whose probability is 5.3%. The prob-
ability is small, but still quite possible.

3. Electron neutrinos disappear due to a real physical ef-
fect of unknown origin. Some possibilities that have
been suggested are a transition to sterile neutrinos [16]
or quantum decoherence in neutrino oscillations [17].

4. The production rate from the source is not as great as
has been assumed. It is our opinion that this is the
most likely cause of the apparently low result in the
source experiments. As suggested by Haxton [18] it
is quite possible that the cross sections for neutrino
capture to the two lowest excited states in 71Ge, both
of which can be reached using either 51Cr or 37Ar
sources, have been overestimated. 95% of the capture
rate with these sources arises from the 71Ga to 71Ge
ground-state transition with 5% due to transitions to
the two excited states. If the contribution of the ex-
cited states to the predicted rate were to be zero then
R = p(measured)/p(predicted) = 0.92± 0.06 and the fit
to the expected value of 1.0 becomes quite reasonable
(�2/DOF = 4.58/3, GOF = 21%).

A concern in this context is the implication of the appar-
ently low result of the source experiments on the solar neu-
trino result given in Eq. (2). It is di�cult to address this con-
cern because we do not understand why the source experi-
ments give a lower result than expected. If we suppose that the
cause is item 1 in the list above, then the rate in Eq. (2) should
be divided by the factor 0.87, i.e., we should add 15% to the
systematic uncertainty. But, as stated above, we consider that
explanation for the apparent discrepancy in the source exper-
iments to be very unlikely. However, if we suppose that the
cause of the low result in the source experiments is any of
the other items in the list above, then the source experiments
have no bearing on the solar neutrino result and the rate in
Eq. (2) should not be changed. Because we do not know why
the source experiments appear to be low, we can only caution
the reader to accept the result in Eq. (2) on a provisional ba-
sis, subject to the caveats that not all e↵ects in the emission of
neutrinos from the Sun and the capture of neutrinos by 71Ga
may be fully understood.

Based on the information given in the definitive article of
Bahcall [19] on the neutrino capture cross section of 71Ga, we
have approximately calculated the cross section if we assume
zero strength for capture to the first two excited states of 71Ge.
These results are given in Appendix C and will be used as a
working hypothesis in what follows.

V. INTERPRETATION OF RESULTS

In contrast to all other present or past solar neutrino exper-
iments, the radiochemical Ga experiment, because of its low
threshold of 233 keV, is sensitive to all components of the

Expected

Phys. Rev. D 64, 112007 (2001)

Observed
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Neutrino-4
New Action at High 𝚫m2

‣ Reactor antineutrino detector 
‣ Movable, 6-12 m from the compact 

core of the SM-3 research reactor 
‣ New results from September 2018 
‣ Excludes reactor, Ga at >3𝜎 CL 

‣ Oscillation at 7 eV2, also >3𝜎 CL

2 
 

neutrino oscillations at short distances [4, 5]. However, 
SM-3 reactor, as well as other research reactors, is 
located on the Earth surface, hence, cosmic background 
is the major difficulty in considered experiment.  

Detector scheme with active and passive shielding is 
shown at fig. 1. The liquid scintillator detector has 
volume of 1.8 m3 (5x10 sections 0.225x0.225x0.85м3, 
filled to the height of 70 cm). Scintillator with 
gadolinium concentration 0.1% was using to detect 
inverse beta decay (IBD) events  ν̅e + p → e+ + n. The 
method of antineutrino registration is to select 
correlated pare of signals: prompt positron signal and 
delayed signal of neutron captured by gadolinium. 

The neutrino detector active shielding consists of 
external and internal parts in respect to passive 
shielding. The internal active shielding is located on the 
top of the detector and under it. The detector has a 
sectional structure. It consists of 50 sections – ten rows 
with 5 sections in each. The first and last detector rows 
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The main problem of the experiment on the Earth's 
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Registration of the first (start or prompt) signals from 
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difference between these prompt signals is in 
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opposite directions with energy 511 keV each, produced 
in annihilation of a positron from IBD process. The 
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distances (37 4)%r  and (63 7)%r . This ratio allows 
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more detailed analysis of that ratio cannot be performed 
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that the measurements of fast neutrons and gamma 
fluxes in dependence on distance and reactor power 
were made before installing the detector into passive 
shielding [6, 7]. Absence of noticeable dependence of 
the background on both distance and reactor power was 
observed. As a result, we consider that difference in 
reactor ON/OFF signals appears mostly due to 
antineutrino flux from operating reactor. That 
hypothesis is confirmed by the given above ratio of 
single and multi-section prompt signals typical 
especially for neutrino events. 

 
Fig. 1. General scheme of an experimental setup. 1 – detector of reactor antineutrino, 2 – internal active shielding, 3 – external 

active shielding (umbrella), 4 – steel and lead passive shielding, 5 – borated polyethylene passive shielding, 6 – moveable 
platform, 7 – feed screw, 8 – step motor, 9 –shielding against fast neutrons from iron shot. 

Measurements with the detector have started in June 
2016. Measurements with the reactor ON were carried 
out for 480 days, and with the reactor OFF- for 278 
days. In total, the reactor was switched on and off 58 
times. Results of measurements of the difference in 

counting rate of neutrino-like events for the detector are 
shown in fig. 2, as dependence of antineutrino flux on 
the distance to the reactor core. 

Fit of an experimental dependence with the law A/L2 
yields satisfactory result. Goodness of that fit is 81%. 
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                    Fig.8. The most important part of effect of antineutrino oscillation in sterile neutrino in experiment Neutrino-4. 

To carry out analysis of possible systematic effects 
one should turn off antineutrino flux (reactor) and 
perform the same analysis of obtained data, which 
consist of signals of fast neutron from cosmic rays. The 
result of that analysis is shown in fig.9 and it indicates 
the absence of oscillations in analyzed area. Correlated 
background (fast neutrons from cosmic rays) slightly 
decreases at farther distances from reactor due to 
inequality of concrete elements of the building and it 
results in green zone at oscillation parameters, ∆m14

2 , 
sin2 2θ14  plane, which has absolutely no connection 
with oscillation effect. Thus no instrumental systematic 
errors were observed. 

The result of presented analysis can be summarized 
in several conclusions. Area of reactor and gallium 
anomaly for ∆m14

2 < 4𝑒V2  and 2
14sin 2θ 0.1!  is 

excluded at C.L. more than 99.7% (>3σ). 
However, oscillation effect is observed in area 

∆m14
2  ≈ 7.2eV2, sin2 2𝜃14 ≈ 0.4  with 99.7% C.L (3σ) 

and it is located in upper area of reactor and gallium 
anomaly. In general, it seems that the effect predicted in 
gallium and reactor experiments is confirmed but at 

sufficiently large value of 2
14m' . However, confidence 

level is not sufficient. Therefore increasing of 
experimental accuracy is essential as well as additional 
analysis of possible systematic errors of the experiment. 

Obtained results should be compared with 
other results of experiments at research reactors and 
nuclear power plants. Fig.10 illustrates sensitivity of 
other experiments NEOS [12], DANSS [16], 
STEREO [17] and PROSPECT [18] together with 
Neutrino-4. 

     

       

 

Fig.9 Analysis of data obtained with turned off reactor 
carried out to test on possible systematic effects:   
a-data analysis using coherent summation method 
b- analysis of the results on oscillation parameters plane. 

Experiments at nuclear power plants DANSS and 
NEOS have a quite high sensitivity due to antineutrino 
flux, which is an order of magnitude higher than at the 
research reactors. They also have much less cosmic rays 
background, since they are located under reactor, which 
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errors in calibration of energy scale or Monte-Carlo 
calculations of prompt signal spectrum in low energy 
region. There is a problem of precise registration of 
annihilation gamma energy (511 keV) in adjacent 
sections. Thus, energy point 1.5 MeV is the most 
problematic one.  

 
Fig. 5. a) The ratio of an experimental spectrum of prompt 

signals to the spectrum, expected from MC calculations for 3 
ranges (~2m) with centers 7.3m, 9.3m and 11.1m  
b) polynomial fit of results averaged by distance (red curve) 

Therefore, the method of the analysis of 
experimental data should not rely on precise knowledge 
of spectrum. One can carry out model independent 
analysis using equation (2), where numerator is the rate 
of antineutrino events with correction to geometric 
factor 1/L2 and denominator is its value averaged over 
all distances: 
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Equation (2) is model independent because left part 
includes only experimental data k 1,2, K=  for all 
distances in range 6.5-11.7m; i = 1,2,….10 
corresponding to 500keV energy intervals in range 
1.5MeV to 6.5MeV. The right part is the same ratio 
obtained within oscillation hypothesis. In right part of 
the equation energy spectrum is completely canceled 
out. Left part is normalized to spectrum averaged over 

all distances, hence oscillation effect is considerably 
averaged out in denominator if oscillations are frequent 
enough in considered distances range. It should be 
emphasized, that spectrum shape does not influence the 
expression, because it appears in equation (2) in 
numerator and denominator. The results of the analysis 

of optimal parameters 2
14m , 2

14sin 2θ using 2  
method are shown in fig.6.a. 

 
Fig. 6. а – Restrictions on parameters of oscillation into 

sterile state with 99.73% CL (pink), area of acceptable with 
99.73% C.L. values of the parameters (yellow) ,area of 
acceptable with 95.45% C.L. values of the parameters (green), 
area of acceptable with 68.30% C.L. values of the parameters 
(blue).  b – Area around central values in linear scale and 
significantly magnified, c – even further magnified central 
part. 
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Tension in Measurements

‣ Meanwhile, no evidence in disappearance (and other appearance) searches:
Meanwhile...
The Standard Model Fights Back

‹e Appearance
I KARMEN (Karlsruhe, ‹̄e) æ limit
I ICARUS (CNGS) æ limit
I NOMAD (CERN SPS) æ limit

‹e Disappearance
I KARMEN + LSND ‹e ≠C æ limit

‹µ Disappearance
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I MINOS (FNAL NuMI) æ limit
I CCFR (FNAL, 1985), CDHS (CERN, 1984) æ limit
I IceCube (latest 2016) æ limit
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FIG. 8: (Left) The main published experimental results sensitive to �µ � �e at large �m2 [26–
29, 35–38] including the present ICARUS limit [39] from the run in Gran Sasso. Global analysis of
short-baseline neutrino results from Giunti et al. [40] (center) and Kopp et al. [41] (right). The blue
closed contour on the left and the red solid area on the right are the allowed parameter regions for
(�)
�µ � (�)

�e appearance data and both indicate preferred �m2
41 values in the �[0.2–2] eV2 range.

backgrounds. The backgrounds from radioactive contaminants or induced by the reactor core
and by cosmic rays can partially be suppressed through passive shielding while the remaining
contribution can be measured in-situ at the analysis stage. The Nucifer experiment [50] at
the Osiris nuclear reactor in Saclay could provide first new constraints by 2015. The Stereo
experiment [51] will be constructed next to the ILL reactor in Grenoble, France. The DANSS
[52] and Neutrino4 [53] experiments are under construction in Russia and should provide first
data in 2015. Finally, comprehensive projects for searching for sterile neutrinos at reactors in
China [54] and the US [55] are currently under study. All these experiments are designed to test
the space of oscillation parameters deduced from the interpretation of the reactor anti-neutrino
deficits.

New projects aiming to search for evidence of oscillations using neutrinos from intense
radioactive sources have also been proposed. The SOX experiment [56] will perform such a
measurement with a 10 MCi 51Cr source deployed at 8.25 m from the center of the Borexino
detector in 2017. At Baksan a 3 MCi 51Cr source could be placed at the center of a target,
containing 50 tons of liquid metallic gallium divided into two areas, an inner 8 ton zone and an
outer 42 ton zone. The ratio of the two measured capture rates to its expectation could signify
an oscillation. This is a well-proven technique free of backgrounds, developed for the SAGE
solar neutrino experiment. The CeLAND and CeSOX projects plan to use 100 kCi of 144Ce in
KamLAND [57, 58] and Borexino [56, 57] to produce an intense anti-neutrino flux which can be
detected through the inverse beta decay process. The goal is to deploy the 144Ce radioisotope
about 10 m away from the detector center and to search for an oscillating pattern in both event
spatial and energy distributions that would determine neutrino mass di�erences and mixing
angles unambiguously. The CeSOX experiment could take data as early as the end of 2015 at
LNGS with Borexino.

A new neutrino, �4, heavier than the three active neutrinos should be detected in the
KATRIN experiment [59]. The detector aims as measuring precisely the high energy tail of the
tritium �-decay spectrum by combining an intense molecular tritium source with an integrating
high-resolution spectrometer reaching a 200 meV sensitivity on the e�ective electron neutrino
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�m2
21 = 7.54 � 10�5 eV2, based on a three-flavor global

fit [33]. A global fit to solar and reactor data [23] limits
sin2 �14 < 0.041 (90% C.L.). This analysis has very min-
imal sensitivity to sin2 �14, hence it is set to zero. The
analysis is also approximately independent of �13, �14 and
�24, hence all three phases are set to zero.

The fit proceeds by dividing the
�
sin2 �24, �m2

41

�
pa-

rameter space into fine bins ranging from 10�3 to 1 in
sin2 �24 and 10�4 eV2 to 103 eV2 in �m2

41. At each point
in the parameter space, the function given in Eq. 3 is
minimized with respect to the three remaining oscilla-
tion parameters �23, �34 and �m2

31, and the penalty
terms. The di�erence in �2 at each point, compared to
the global minimum, is shown in Fig. 3 as a 90% C.L.
contour interpreted using the Feldman-Cousins proce-
dure [34]. The best-fit �2 using the 3+1 model di�ers
from the three-flavor model by ��2 = 0.21, and the cor-
responding predicted neutrino energy spectra are shown
by the blue curves in Fig. 1. Figure 3 also shows the
1� and 2� sensitivity bands obtained using a large num-
ber of pseudo-experiments, generated by fluctuating the
three-flavor simulation according to the systematic and
statistical uncertainty covariance matrix. The measured
contour lies well within the 2� sensitivity band. Fitted
values of �34 are found to be small across the phase-space
and show little correlation with �24.

No evidence of mixing between active and sterile neu-
trinos is observed, and a stringent limit on �24 is set for
all values of �m2

41 above 10�2 eV2. The low sensitivity
in the region �m2

41 < 10�2 eV2 arises from degeneracies
with the atmospheric mass-splitting �m2

31. The upper is-
land occurs at �m2

41 = 2�m2
31, and the dip below occurs

at �m2
41 = �m2

31. The MINOS/MINOS+ result is com-
pared to results from other experiments in Fig. 4, showing
it to be the leading limit over the majority of the range of
�m2

41. At fixed values of �m2
41 the data provide limits

on the mixing angles �24 and �34. At �m2
41 = 0.5 eV2,

we find sin2 �24 < [0.0050 (90% C.L.), 0.0069 (95% C.L.)]
and sin2 �34 < [0.16 (90% C.L.), 0.21 (95% C.L.)].

In conclusion, the joint analysis of data from the MI-
NOS and MINOS+ experiments sets leading and strin-
gent limits on mixing with sterile neutrinos in the 3+1
model for values of �m2

41 > 10�2 eV2 through the study
of �µ disappearance. The final year of MINOS+ data,
corresponding to 40% of the total MINOS+ exposure,
combined with ongoing analysis improvements, will in-
crease even further the sensitivity of future analyses.

This document was prepared by the MINOS/MINOS+
Collaboration using the resources of the Fermi National
Accelerator Laboratory (Fermilab), a U.S. Department of
Energy, O�ce of Science, HEP User Facility. Fermilab is
managed by Fermi Research Alliance, LLC (FRA), acting
under Contract No. DE-AC02-07CH11359. This work
was supported by the U.S. DOE; the United Kingdom
STFC; the U.S. NSF; the State and University of Min-
nesota; and Brazil’s FAPESP, CNPq and CAPES. We
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Figure 3. The MINOS and MINOS+ 90% exclusion limit in�
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from the data (black curve) compared to the

expected sensitivity (red line, 1� green band and 2� yellow
band). For �m2

41 > 103 eV2 the limits continue vertically
upwards.
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Figure 4. The MINOS and MINOS+ 90% exclusion limit
compared to the previous MINOS result [17] and results from
other experiments [20, 35–38]. The Gariazzo et al. region is
the result of a global fit to neutrino oscillation data [39].
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FIG. 8: (Left) The main published experimental results sensitive to �µ � �e at large �m2 [26–
29, 35–38] including the present ICARUS limit [39] from the run in Gran Sasso. Global analysis of
short-baseline neutrino results from Giunti et al. [40] (center) and Kopp et al. [41] (right). The blue
closed contour on the left and the red solid area on the right are the allowed parameter regions for
(�)
�µ � (�)

�e appearance data and both indicate preferred �m2
41 values in the �[0.2–2] eV2 range.

backgrounds. The backgrounds from radioactive contaminants or induced by the reactor core
and by cosmic rays can partially be suppressed through passive shielding while the remaining
contribution can be measured in-situ at the analysis stage. The Nucifer experiment [50] at
the Osiris nuclear reactor in Saclay could provide first new constraints by 2015. The Stereo
experiment [51] will be constructed next to the ILL reactor in Grenoble, France. The DANSS
[52] and Neutrino4 [53] experiments are under construction in Russia and should provide first
data in 2015. Finally, comprehensive projects for searching for sterile neutrinos at reactors in
China [54] and the US [55] are currently under study. All these experiments are designed to test
the space of oscillation parameters deduced from the interpretation of the reactor anti-neutrino
deficits.

New projects aiming to search for evidence of oscillations using neutrinos from intense
radioactive sources have also been proposed. The SOX experiment [56] will perform such a
measurement with a 10 MCi 51Cr source deployed at 8.25 m from the center of the Borexino
detector in 2017. At Baksan a 3 MCi 51Cr source could be placed at the center of a target,
containing 50 tons of liquid metallic gallium divided into two areas, an inner 8 ton zone and an
outer 42 ton zone. The ratio of the two measured capture rates to its expectation could signify
an oscillation. This is a well-proven technique free of backgrounds, developed for the SAGE
solar neutrino experiment. The CeLAND and CeSOX projects plan to use 100 kCi of 144Ce in
KamLAND [57, 58] and Borexino [56, 57] to produce an intense anti-neutrino flux which can be
detected through the inverse beta decay process. The goal is to deploy the 144Ce radioisotope
about 10 m away from the detector center and to search for an oscillating pattern in both event
spatial and energy distributions that would determine neutrino mass di�erences and mixing
angles unambiguously. The CeSOX experiment could take data as early as the end of 2015 at
LNGS with Borexino.

A new neutrino, �4, heavier than the three active neutrinos should be detected in the
KATRIN experiment [59]. The detector aims as measuring precisely the high energy tail of the
tritium �-decay spectrum by combining an intense molecular tritium source with an integrating
high-resolution spectrometer reaching a 200 meV sensitivity on the e�ective electron neutrino
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FIG. 5: MiniBooNE allowed regions for a combined neutrino
mode (12.84 ⇥ 1020 POT) and antineutrino mode (11.27 ⇥
1020 POT) data sets for events with 200 < EQE

⌫ < 1250
MeV within a two-neutrino oscillation model. The shaded
areas show the 90% and 99% C.L. LSND ⌫̄µ ! ⌫̄e allowed
regions. The black circle shows the MiniBooNE best fit point.
Also shown are 90% C.L. limits from the KARMEN [34] and
OPERA [35] experiments.

tineutrino running modes of 460.5 ± 95.8 events (4.8�)
in the energy range 200 < E

QE
⌫ < 1250 MeV. The Mini-

BooNE L/E distribution, shown in Fig. 3, and the al-
lowed region from a standard two-neutrino oscillation fit
to the data, shown in Fig. 5, are consistent with the L/E
distribution and allowed region reported by the LSND
experiment [1]. The significance of the combined LSND
and MiniBooNE excesses is 6.1�. All of the major back-
grounds are constrained by in-situ event measurements,
so non-oscillation explanations would need to invoke new
anomalous background processes. Although the data are
fit with a standard oscillation model, other models may
provide better fits to the data. The MiniBooNE event ex-
cess will be further studied by the Fermilab short-baseline
neutrino (SBN) program [36].
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So What?
Case 0: Moral Imperative 
‣ Hints of BSM physics in several experiments, 

significant tension in data

Case 1: Long-Baseline Neutrino Physics 
‣ New Physics: Modified survival probabilities, 

maybe more CP phases 
‣ Systematic: e.g. Low-E background production 

modeling is poor

Case 2: Neutrinoless Double-Beta Decay, e.g. 
‣ Searches for lepton number violation to determine 

Dirac/Majorana nature of the neutrino 
‣ Sensitive to 𝛤 0𝜈 ∝ |ΣiUei2mi|2
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Fig. 22. Top: Effective mass against the smallest mass for the 1+3 scheme, with ∆m2
41 = 1.78

eV2, |Ue4|2 = 0.023 (dark) and the 2σ range ∆m2
41 = (1.61 − 2.01) eV2, |Ue4|2 = 0.006 − 0.040

(light). Bottom: same as above for 2+3 scheme, with ∆m2
41 = 0.47 eV2, ∆m2

51 = 0.87 eV2,
|Ue4|2 = 0.016, |Ue5|2 = 0.019 (dark) and ∆m2

41 = (0.42− 0.52) eV2, ∆m2
51 = (0.77− 0.97) eV2,

|Ue4|2 = 0.004−0.029, |Ue5|2 = 0.005−0.033 (light). The black solid and dashed lines correspond
to the standard 3 neutrino best-fit and 2σ cases.

A small splitting of the degeneracy can be described with the mass matrix

mi

(

ϵ 1
1 0

)

→ U =

√

1

2

(

1 + ϵ
4 −1 + ϵ

4

1− ϵ
4 1 + ϵ

4

)

and m±
i = mi

(

±1 +
ϵ

2

)

, (64)

with the indicated new eigenstates and mixing matrix. These Pseudo-Dirac neu-
trinos lead to a contribution to the effective mass of about ϵmi =

1
2 δm

2/mi, with
δm2 = (m+

i )
2−(m−

i )
2. Regarding limits on such splitting, roughly speaking, values

larger than δm2 ≃ 10−11 eV2 for m1 and m2 are forbidden by solar neutrino data,
and δm2 >∼ 10−3 eV2 for m3 by atmospheric data182. If all three states are Pseudo-

Int. J. Mod. Phys E20, 1833-1930 (2011)
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The Short-Baseline Neutrino Program

Neutrinos

Linear Accelerator

Booster

Target

The Booster 
Neutrino Beam

A Definitive Test of Short-Baseline Oscillations

Middle Near

SBND

MicroBooNE

MiniBooNE

Far

ICARUS

‣ Three liquid argon TPCs in the Fermilab Booster Neutrino Beam 
‣ Same argon target, functionally similar detectors 
‣ Definitive test of LSND oscillations using three baselines 
‣ Simultaneous 𝜈𝜇 disappearance and 𝜈e appearance searches

!17



!18

Liquid Argon

Liquid Argon TPCs



!18

Brr! 
87K

Liquid Argon

Liquid Argon TPCs



!18

Brr! 
87K

Liquid Argon

µ
<latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit><latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit><latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit>

Liquid Argon TPCs



!18

Brr! 
87K

Liquid Argon

µ
<latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit><latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit><latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit>

Ar2*

electrons

Liquid Argon TPCs



!18

Brr! 
87K

Liquid Argon

µ
<latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit><latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit><latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit>

Ar2*

electrons

Liquid Argon TPCs



!18

Brr! 
87K

Liquid Argon

µ
<latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit><latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit><latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit>

Ar2*

electrons

Liquid Argon TPCs



!18

Brr! 
87K

Liquid Argon

µ
<latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit><latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit><latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit>

Ar2*

electrons

Liquid Argon TPCs



!18

Brr! 
87K

Liquid Argon

µ
<latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit><latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit><latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit>

Ar2*

electrons

100 kV

Liquid Argon TPCs



!18

Brr! 
87K

Liquid Argon

µ
<latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit><latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit><latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit>

Ar2*

electrons

100 kV

Liquid Argon TPCs



!18

Brr! 
87K

Liquid Argon

µ
<latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit><latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit><latexit sha1_base64="Ij20RT0embcKWQiNg1YbjU8xdg0=">AAAB/HicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3RjcuKxhbaUCbTm3bozCTMTIQQil/gVr/Albj1X/wA/8Npm4VtPXDhcM693HtPmHCmjet+O6WV1bX1jfJmZWt7Z3evun/wqONUUfBpzGPVDokGziT4hhkO7UQBESGHVji6mfitJ1CaxfLBZAkEggwkixglxkr3XZH2qjW37k6Bl4lXkBoq0OxVf7r9mKYCpKGcaN3x3MQEOVGGUQ7jSjfVkBA6IgPoWCqJAB3k01PH+MQqfRzFypY0eKr+nciJ0DoToe0UxAz1ojcR//M6qYkug5zJJDUg6WxRlHJsYjz5G/eZAmp4ZgmhitlbMR0SRaix6cxtiSCTIhnbXLzFFJaJf1a/qrt357XGdRFQGR2hY3SKPHSBGugWNZGPKBqgF/SK3pxn5935cD5nrSWnmDlEc3C+fgFoeZYX</latexit>

Ar2*

electrons

100 kV

wires

Liquid Argon TPCs



W
ire

 2
50

W
ire

 3
50

W
ire

 1
00

W
ire

 2
00

W
ire

 5
00

tim
e

!19

Liquid Argon TPCs



Top-down 
view

W
ire

 2
50

W
ire

 3
50

W
ire

 1
00

W
ire

 2
00

W
ire

 5
00

tim
e

!19

Liquid Argon TPCs



Top-down 
view

!20

tim
e

wire

⌫µ
<latexit sha1_base64="0YKr9DgndayM/aIFVhCIix0TCSE=">AAACAHicjVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQXcLsZDYZMjO7zENYlpz8Aq/6BZ7Eq3/iB/gfTh4HIwoWNBRV3XR3xRln2vj+h1daWl5ZXSuvVzY2t7Z3qrt7dzq1itCApDxVnRhrypmkgWGG006mKBYxp+14dDXx2/dUaZbKW5NnNBJ4IFnCCDZOaofS9kJhe9Vao+5Pgf4mNZij1at+hv2UWEGlIRxr3W34mYkKrAwjnI4rodU0w2SEB7TrqMSC6qiYnjtGR07poyRVrqRBU/X7RIGF1rmIXafAZqh/ehPxN69rTXIeFUxm1lBJZosSy5FJ0eR31GeKEsNzRzBRzN2KyBArTIxLaGFLQnMpsvH/cglO6hd1/+a01rycB1SGAziEY2jAGTThGloQAIERPMITPHsP3ov36r3NWkvefGYfFuC9fwGZCJfg</latexit><latexit sha1_base64="0YKr9DgndayM/aIFVhCIix0TCSE=">AAACAHicjVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQXcLsZDYZMjO7zENYlpz8Aq/6BZ7Eq3/iB/gfTh4HIwoWNBRV3XR3xRln2vj+h1daWl5ZXSuvVzY2t7Z3qrt7dzq1itCApDxVnRhrypmkgWGG006mKBYxp+14dDXx2/dUaZbKW5NnNBJ4IFnCCDZOaofS9kJhe9Vao+5Pgf4mNZij1at+hv2UWEGlIRxr3W34mYkKrAwjnI4rodU0w2SEB7TrqMSC6qiYnjtGR07poyRVrqRBU/X7RIGF1rmIXafAZqh/ehPxN69rTXIeFUxm1lBJZosSy5FJ0eR31GeKEsNzRzBRzN2KyBArTIxLaGFLQnMpsvH/cglO6hd1/+a01rycB1SGAziEY2jAGTThGloQAIERPMITPHsP3ov36r3NWkvefGYfFuC9fwGZCJfg</latexit><latexit sha1_base64="0YKr9DgndayM/aIFVhCIix0TCSE=">AAACAHicjVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQXcLsZDYZMjO7zENYlpz8Aq/6BZ7Eq3/iB/gfTh4HIwoWNBRV3XR3xRln2vj+h1daWl5ZXSuvVzY2t7Z3qrt7dzq1itCApDxVnRhrypmkgWGG006mKBYxp+14dDXx2/dUaZbKW5NnNBJ4IFnCCDZOaofS9kJhe9Vao+5Pgf4mNZij1at+hv2UWEGlIRxr3W34mYkKrAwjnI4rodU0w2SEB7TrqMSC6qiYnjtGR07poyRVrqRBU/X7RIGF1rmIXafAZqh/ehPxN69rTXIeFUxm1lBJZosSy5FJ0eR31GeKEsNzRzBRzN2KyBArTIxLaGFLQnMpsvH/cglO6hd1/+a01rycB1SGAziEY2jAGTThGloQAIERPMITPHsP3ov36r3NWkvefGYfFuC9fwGZCJfg</latexit>

LArTPCs provide a detailed 
view of each neutrino interaction

Liquid Argon TPCs



0 100 200 300 400 500 600 700
L (m)

0.0

0.1

P
(⌫

µ
!

⌫ e
)

sin2 2✓ = 0.1

The Short-Baseline Neutrino Program

MiniBooNE

Neutrinos

Target

protons

SBN Physics Program I-42

FIG. 21: Electron neutrino charged-current candidate distributions in LAr1-ND (top),
MicroBooNE (middle), and ICARUS-T600 (bottom) shown as a function of reconstructed neutrino
energy. All backgrounds are shown. In the left column, only muon proximity and dE/dx cuts have
been used to reject cosmogenic background sources. In the right column, a combination of the inter-
nal light collection systems and external cosmic tagger systems at each detector are assumed to con-
servatively identify 95% of the triggers with a cosmic muon in the beam spill time and those events
are rejected. Oscillation signal events for the best-fit oscillation parameters from Kopp et al. [41] are
indicated by the white histogram on top in each distribution.

counts listed for Dirt and Cosmogenic events are larger than those given in Sections II F and
IIG. This is a result of energy smearing e↵ects which are properly simulated in the final sen-
sitivity analysis (15%/

p
E), but not in the earlier stages of simulations where true energies

were used to display the predictions. The predicted background energy spectra are provided
well below the 200 MeV cuto↵ value used in the analysis such that events can be properly
smeared in both directions. Because both backgrounds are steeply falling functions of photon
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A Three-Detector Experiment
Leveraging Correlations to Minimize Systematics

‣ Fermilab Booster Neutrino Beam 
‣ 8 GeV protons on a Be target 
‣ Primarily 𝜈𝜇 beam, with 0.5% 𝜈e 
‣ MiniBooNE-based flux uncertainties 
‣ Conductor: horn current, skin depth 
‣ 𝜋, K production 

‣ 𝜋, nucleon interactions 
‣ Highly correlated across detectors 
‣ Near detector provides a strong constraint

Flux Modeling & Uncertainties

The Booster Neutrino Beam
horn. The largest field values of 1.5 Tesla are obtained
where the inner conductor is narrowest (2.2 cm radius).
The effects of time-varying fields within the cavity of the
horn are found to be negligible. The expected field prop-
erties of the horn have been verified by measuring the
current induced in a wire coil inserted into the portals of
the horn. Figure 5 shows the measured R dependence of the
azimuthal magnetic field compared with the expected 1=R
dependence. The ‘‘skin effect’’, in which the time-varying
currents traveling on the surface of the conductor penetrate
into the conductor, results in electromagnetic fields within
the conductor itself.

During operation, the horn is cooled by a closed water
system which sprays water onto the inner conductor via
portholes in the outer cylinder. The target assembly is
rigidly fixed to the upstream face of the horn, although
the target is electrically isolated from its current path. At
the time of writing, two horns have been in operation in the
BNB. The first operated for 96! 106 pulses before failing,

FIG. 4 (color online). The MiniBooNE pulsed horn system.
The outer conductor (gray) is transparent to show the inner
conductor components running along the center (dark green
and blue). The target assembly is inserted into the inner con-
ductor from the left side. In neutrino-focusing mode, the (posi-
tive) current flows from left-to-right along the inner conductor,
returning along the outer conductor. The plumbing associated
with the water cooling system is also shown.

FIG. 3 (color online). Left: Neutrino event times relative to the nearest RF bucket (measured by the RWM) corrected for expected
time-of-flight. Right: An oscilloscope trace showing the coincidence of the beam delivery with the horn pulse. The top trace (labeled
‘‘2’’ on the left) is a discriminated signal from the resistive wall monitor (RWM), indicating the arrival of the beam pulse. The bottom
trace (labeled ‘‘1’’ on the left) is the horn pulse. The horizontal divisions are 20 !s each.
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FIG. 5. Measurements of the azimuthal magnetic field within
the horn. The points show the measured magnetic field, while the
line shows the expected 1=R dependence. The black lines
indicate the minimum and maximum radii of the inner conduc-
tor.
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allowable average spill delivery rate to the BNB is 5 Hz, set by the design of the horn and its
power supply.

The BNB has already successfully and stably operated for 12 years in both neutrino and anti-
neutrino modes. The fluxes are well understood thanks to a detailed simulation [13] developed
by the MiniBooNE Collaboration and the availability of dedicated hadron production data for
8.9 GeV/c p+Be interactions collected at the HARP experiment at CERN [14, 15]. Systematic
uncertainties associated with the beam have also been characterized in a detailed way as seen
in Refs. [13, 16] with a total error of �9% at the peak of the �µ flux and larger in the low and
high energy regions.
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FIG. 3: (Top) The Booster Neutrino Beam flux at the three SBN detectors: (left) LAr1-ND, (cen-
ter) MicroBooNE, and (right) ICARUS-T600. (Bottom) Ratio of the fluxes for each neutrino species
between ICARUS and LAr1-ND (left) and between ICARUS and MicroBooNE (right). Fluxes at the
far detectors fall o� faster than 1/r2 when compared to the 110 m location and the �µ/�̄µ spectra are
harder due to the restricted solid angle at the far locations. These e�ects and associated systematic
uncertainties are fully considered in the analysis. The far detector locations are clearly in the 1/r2

regime with 4702/6002 = 0.61.

The neutrino fluxes observed at the three SBN detector locations are shown in Figure 3.
Note the rate in the near detector is 20-30 times higher than at the MicroBooNE and ICARUS
locations. Also, one sees the �µ spectrum is slightly harder at the far locations as a result of
the narrower solid angle viewed by the far detector. We’ll see later, however, that this does
not introduce a significant systematic in oscillation searches. The shapes of the �e/�̄e fluxes
are more similar. The composition of the flux in neutrino mode (focusing positive hadrons) is
energy dependent, but is dominated by �µ (�93.6%), followed by �̄µ (�5.9%), with an intrinsic
�e/�̄e contamination at the level of 0.5% at energies below 1.5 GeV. The majority of the �µ flux
originates from pion decay in flight (�+ � µ+ + �µ) except above �2 GeV where charged kaon
decay is the largest contributor. A substantial portion of the intrinsic �e flux, 51%, originates

≥ 0.5% ‹e (arxiv:1503.01520)
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have equal content as K0
S and K0

L. As a result, the produc-
tion properties of neutral kaons decaying as K0

L can be
obtained by measuring theK0

S production properties. While
the K0

S can contribute to the neutrino flux via the decay of
the charged pions produced in the K0

S ! !þ þ !" decay,
the most important consideration is the production of "e

from the decay of the K0
L. The long life time of the K0

L,
together with the fact that they are not focussed, lead to the
expectation that the contribution of neutrinos for this
source will be small relative to the Kþ.

The primary source of data for the parametrization
comes from two measurements of K0

S production in p-Be
interactions in the BNL E910 experiment (pbeam ¼ 12:3
and 17:5 GeV=c) and the measurements of Abe et al. [56]
(pbeam ¼ 12:3 GeV=c) at KEK. Since the neutral kaons are
not focused by the magnetic field of the horn, the forward
production (< 5$) is particularly relevant for predicting
the BNB neutrino flux. While the production data from the
BNL E910 and KEK measurements do not cover this
region, the combination of the two data sets are sufficient
to constrain the production cross section in this forward
region via the Sanford-Wang parametrization. The ex-
tracted parameter values and covariance matrix are sum-
marized in Table IX.

For K" production, the scarcity of production measure-
ments in the relevant kinematic regions motivated the use
of the MARS hadronic interaction package [57] to deter-
mine the absolute double differential cross sections. The
cross sections are obtained by simulating 8:89 GeV=c
p-Be interactions on a thin beryllium target and recording
the rate and spectrum of outgoing K". The expected
relative contribution of neutrinos of all species from K"

decays is expected to be small. Neutrino flux contributions
from semileptonic hyperon decays (e.g. !, ", etc.), esti-
mated using a FLUKA [58] simulation, are also negligible.

Secondary protons and neutrons emerging from the
p-Be inelastic interactions are simulated based on the
predictions of the MARS model, with the exception of
quasielastic scattering, in which case the final state proton
kinematics are handled by a custom model. The production
of all other particle species is handled by the default
Geant4 hadronic model.
The properties of the particle production model are

summarized in Table X. The table shows the average
multiplicity per p-Be reaction (defined as inelastic inter-
actions excluding quasielastic scattering), along with the
mean momentum and production angle. The !þ and !"

production occur with similar multiplicities, though the
former tends to be harder and more forward directed.
The larger overall multiplicity for the !" is due to the
extrapolation of the cross sections to large angles that are
not covered in the HARP and E910 measurements. Since
the contribution to the neutrino flux from such pions is
small, the impact of uncertainty in this extrapolation is
suppressed. The kaon production is an order of magnitude

TABLE X. Average multiplicity per particle-producing reac-
tion for secondary particles produced in the inelastic collisions
of 8:89 GeV=c primary protons on beryllium, as well as average
momentum hpi and angle h#i with respect to the primary proton
direction. Multiplicities and average kinematics refer to particles
produced in the forward hemisphere in the laboratory frame and
with transverse momentum less than 1 GeV=c. *see comment in
text.

Particle
Multiplicity
per reaction

hpi
(GeV=c)

h#i
(mrad)

p 1.5462 2.64 441
n 1.3434 1.59 586
!" 0.9004* 0.82 556
!þ 0.8825* 1.11 412
Kþ 0.0689 1.69 332
K0 0.0241 1.34 414
K" 0.0024 1.26 259
Total 4.7679 1.69 496
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FIG. 27 (color). Total predicted flux at the MiniBooNE detec-
tor by neutrino species with horn in neutrino mode.
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FIG. 28 (color). Total predicted flux at the MiniBooNE detec-
tor by neutrino species with horn in anti-neutrino mode.
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any point in ðp;!Þ can be evaluated with respect to the
default value. The change in the neutrino flux can then be
recalculated by assigning a weight corresponding to the
ratio of the double differential cross section of the second-
ary particle producing the neutrino with the varied and
default parameters.

In this way, the flux resulting from different production
distributions summarized by alternate parameters can be
calculated without rerunning the flux simulation. By accu-
mulating the covariance of the flux distribution as the
parameters are varied according to their covariance matrix,
the uncertainties are propagated into the neutrino flux. This
procedure is repeated for each parent particle species
ð"þ;"$; Kþ; K0

LÞ, and for each neutrino species
ð#$;#e; !#$; !#eÞ to obtain the total flux uncertainty, ac-
counting for the correlated variations in the different neu-
trino species. This results in a covariance matrix for the
predicted flux of each neutrino species from each of the
meson species.

Figure 33 shows the fractional uncertainty in the neu-
trino flux from "þ and Kþ production uncertainties, cor-
responding to the square-root of the diagonal entries of the
covariance matrix resulting from the procedure described
above divided by the predicted flux. In the left plot, the
solid histogram shows the fractional uncertainty in the flux
of neutrinos at the MiniBooNE detector from "þ ! #$

produced in p-Be interactions due to the uncertainties in
the "þ production. The strong correlation between the
energy of the #$ and the energy of the "þ which decayed
to produce it results in a large rise in the fractional uncer-
tainty at neutrino energies greater than 2 GeV reflecting the
large uncertainties in high-momentum pion production.
Likewise, the uncertainty rises at low neutrino energies
(< 200 MeV) due to the rise in the uncertainties for low
momentum "þ production. Fortunately, relatively few
neutrinos are produced in this region by the "þ decays;
in the region below 1 GeV where the "þ ! #$ contribu-
tion is dominant, the uncertainty is approximately 17%.
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FIG. 33 (color online). Left: The fractional uncertainties in the "þ ! #$ and "þ ! $þ ! #e flux with the horn in neutrino mode
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FIG. 34 (color). Left: The fractional uncertainties in the neutrino flux "$ ! !#$ and "$ ! $$ ! !#e flux with the horn in anti-
neutrino mode due to uncertainties in the "$ production in p-Be interactions. Right: Same for the Kþ ! #$ and Kþ ! #e flux from

uncertainties in the Kþ production in p-Be interactions.
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FIG. 13: The fractional flux covariance matrix (left) and correlation matrix (right) for the ⌫
e

and
⌫
µ

charged-current reconstructed energy distributions. Both the ⌫
e

events (11 energy bins from 0.2–
3 GeV) and ⌫

µ

events (19 energy bins from 0.2–3 GeV) at all three detector locations are repre-
sented; the dashed lines indicate the boundaries in the matrix. For example, the lower left square
marked “⌫

e

” shows the fractional error (left) and correlations (right) within the reconstructed ⌫
e

CC
event distribution in LAr1-ND. In another example, the square four from the left and two from the
bottom shows the correlations between the ⌫

µ

CC event distributions in LAr1-ND and MicroBooNE.

modeling of nuclear e↵ects can lead to biases in neutrino energy reconstruction and is a very
active area of both experimental and theoretical research at the moment (see [74] and [75] and
the references therein). The data sets of the SBN LAr-TPC detectors will, in fact, be very
valuable for studying these e↵ects and improving simulations.

GENIE does provide a built-in framework of event reweighting for evaluating systematic
uncertainties and correlations in an analysis. Table IV lists the uncertainties used for this
analysis and their nominal percent variation at 1�, according to the GENIE documentation.
This is a partial list of the available parameters within the GENIE framework, chosen here
for their relevance to the SBN oscillation searches. The analysis does not currently include an
estimate of uncertainties on final state interactions.

We simulated 250 di↵erent cross section “universes” in which each of the model param-
eters were varied at random from a Gaussian distribution with a 1� spread equal to the 1�
uncertainty in the underlying physical quantity. Much more detail is available from the GENIE
manual, chapter 8 [76], on both the underlying physical uncertainties and the methodology
for propagating them to observed event distributions. Figure 14 shows the RMS of the 250
simulated universes in the reconstructed neutrino energy bins used in the ⌫

e

and ⌫

µ

analyses,
indicating absolute neutrino interaction model uncertainties of 10–15%. From these variations,
the cross section covariance matrix, Ecross section, is constructed using Eq. 4. Figure 14 shows
the fractional covariance matrix and correlations for the ⌫

e

charged-current candidate events
that were shown in Figure 11. The o↵-diagonal blocks of the correlation matrix indicate the
correlations between events in di↵erent detectors. The diagonal elements within the o↵-diagonal
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A Three-Detector Experiment
Leveraging Correlations to Minimize Systematics

‣ Particle propagation (Geant4) 
‣ Electron drift (space charge, diffusion, 

recombination, electronics response) 
‣ Photon propagation (scintillation yield, 

detector response, triggering) 

Challenges: 
‣ Differences in geometry/acceptance 
‣ Different wire angles × angle-dependent 

reconstruction efficiencies 

Strategies: 
‣ MC samples with detector variations 
‣ Apply full chain to study analysis impact 
‣ Parameterize calibration uncertainties

Space Charge EffectsSpace Charge Effects

♦ Looking at cosmic data, noticed offsets in track start/end points from 
top/bottom of TPC

• Very suggestive of space charge effects (SCE) at MicroBooNE, a near-surface 
experiment (20-30 cosmics per 4.8 ms readout window)

• Space charge:  build-up of slow-moving Ar+ ions due to e.g. cosmic muons 
impinging active volume of TPC (via ionization)

• Leads to E field distortions, spatial distortions in ionization position

28
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A Three-Detector Experiment
Leveraging Correlations to Minimize Systematics

‣ Ongoing efforts to include state-of-the art models, multiple generators 
‣ Updated tunes for deuterium bubble chamber reanalyses 
‣ Integrating Ar cross section measurements into oscillation analysis 

‣ GENIE cross section, hadronization, resonance decay, FSI uncertainties 
‣ RPA and Valencia MEC uncertainties (cf. MINERvA, NOvA) 
‣ Alternate FSI models (full vs. effective nuclear cascade) 
‣ Alternate MEC models (Valencia vs. empirical tuned on e scattering) 
‣ Second class currents, radiative corrections, 12C/40Ar, 𝜈𝜇/𝜈e

Interaction Modeling & Uncertainties

These two e�ects turn up in di�erent regions of our 2D space
I Put in both e�ects, take ratio to nominal:

true three momentum transfer (GeV)
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I Use illustrative Nieves et al. calculations PRC 70, 055503 (2004); PRC 83, 045501 (2011)

I Calculations only for 0⇡ final states
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FIG. 14: Absolute uncertainties on ⌫
e

(upper left) and ⌫
µ

(upper right) event rates at each of the
three SBN detectors due to neutrino cross section uncertainties. (Lower left) Fractional cross section
covariance matrix, Ecross section, for ⌫

e

CC candidate events. (Lower right) The correlation matrix
for ⌫

e

CC candidate events. Inspection of the diagonal elements of the o↵-diagonal blocks shows the
correlations between events in di↵erent detectors to be very near 1.0

• Residual di↵erences in the detector calibrations including the light collection systems and
the identification of o↵ beam interactions by timing;

• LAr purity levels in the detectors;

• Di↵erent drift lengths and space charge e↵ects;

• Residual di↵erences in background levels from dirt events and from cosmic rays including
di↵erent coverage and e�ciency of the cosmic tagging systems;

• E↵ects induced by the di↵erent event rates at the two sites, event selection and identifi-
cation e�ciency including the di↵erent aspect ratios of the near and far detectors.

As an example, the impact of the di↵erent wire orientation on the electron identification
e�ciency has been studied with a simulation of the primary electrons produced in ⌫

e

CC
interactions of the beam, assuming in both detectors the electronic wire signal and noise level
actually measured in the T600. The e↵ect of the di↵erent collection wire orientation between
LAr1-ND and T600 turns out to be negligible on the reconstructed dE/dx distribution: a⇠0.1%

arxiv:1503.01520GENIE Correlations
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MicroBooNE
Addressing the MiniBooNE Excess

‣ Similar baseline to MiniBooNE (470 m) 
‣ 89 tons active LAr mass 
‣ Taking beam data since October 2015 
‣ Cosmic ray tagger added in 2016

Key Advantages of LAr: 
‣ Detailed imaging of neutrino interactions  
‣ Electron/photon discrimination
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separation metric for a shower, all of the hits within a
rectangle of 4 cm along the direction of the shower and
1 cm perpendicular to the shower are collected, and the
median is computed. Details about this choice of dE=dx
calculation are found in Appendix B.
Results of the dE=dx measurement of electrons and

gammas are shown in Fig. 14. In contrast to Figs. 10 and
11, Fig. 14 represents the ability to discriminate between
electrons and photons on an event-by-event basis. This
figure represents the first demonstration of the calorimetric
separation of electrons and gammas in a LArTPC using
neutrino events. Despite the low statistics of the ArgoNeuT
experiment, the electron and gamma separation using
calorimetry is clearly validated. For example, when a cut
is made at 2.9 MeV=cm, we find a 76! 7% efficiency for
selecting electron candidate events in data with a 7! 2%
contamination from the gamma sample. Here, the uncer-
tainties on the efficiency are estimated with the Feldman-
Cousins method [40] and are statistical only. It must be
noted, however, that the sample of electron candidates in this
figure is not background subtracted. The efficiency to select
electrons with the same cut at 2.9 MeV=cm, estimated with
the Monte Carlo, is 91%. This is consistent with the above
measurement that 20! 15% of the electron candidate
sample, selected by topology only, is in fact gammas.
Lastly, the efficiency and purity of a dE=dx selection metric
will be impacted by the hit finding efficiency and wire
spacing, and will vary amongst LArTPCs.
The value of the cut used above, 2.9 MeV=cm, is also

somewhat arbitrary and must be determined uniquely for
each analysis. In this case, it is selected as the midpoint
between the two peaks of the distribution. However, in an
analysis targeting electron neutrinos, the absolute normali-
zation of the electron and gamma shower populations is
crucial. The desired purity of electrons must be balanced
with the need to keep sufficient electron statistics. An
aggressive dE=dx cut, at 2.5 MeV=cm, effectively rejects
gammas but can also remove a significant amount of

electrons (here it removes 30% of electron candidate events
in data, 13% of Monte Carlo electrons). Though this paper
represents a demonstration of the calorimetric separation of
electrons and gammas through dE=dx, it is strongly
recommended to evaluate the precise values of the
dE=dx cut for future analyses.

VIII. CONCLUSIONS

We have analyzed a sample of neutrino events acquired
by the ArgoNeuT detector and selected a sample of electron
neutrino candidate interactions and gammas originating
from neutral current and charged current muon-neutrino
interactions.
The high granularity of a LArTPC allows precision

topological discrimination of gammas and electrons.
A purely topological cut produced a sample of electron
neutrino events with an estimated 80! 15% purity. This is
the first analysis to identify and reconstruct a sample of low
energy electron neutrinos in a LArTPC. The detection and
characterization of these electron neutrino and antineutrino
events is an essential step towards the success of large scale
LArTPCs such as DUNE and the SBN Program.
Additionally, we have shown that a metric based on the

dE=dx deposition in the initial part of the shower is a valid
methodof separating electron neutrino charged current events
from gamma backgrounds, shown in Fig. 14. The full gamma
background rejection capability of liquid argon detectors
will be enhanced by adding a topological cut. Further, full
reconstruction of an event can improve gamma rejection. For
example, identification of two electromagnetic showers that
reconstructwith an invariantmass consistentwith the π0 mass
can remove both showers from the electron candidate sample,
even if there is not a gap present and the dE=dx cut fails. This
work represents the first experimental proof of applying a
calorimetric cut to separate electrons fromgammas in a liquid
argon detector using neutrino events.
One should note that the efficiency and misidentification

rates presented here do not represent the full capability of
liquid argon TPCs to discriminate gamma backgrounds
from electron signals. The final separation power of
LArTPCs leverages multiple identification techniques, of
which calorimetry is just one. Further, the exact efficiencies
and misidentification rates depend heavily on the energy
spectrum of the electromagnetic showers: The Compton
scattering gammas, a major source of impurity, appear
predominately at energies below 200 MeV.
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FIG. 14. The dE=dx distribution for electrons (blue) and
gammas (red). The solid blue curve, representing the simulation
of electron dE=dx, includes a 20% contamination of gammas
consistent with the results from Fig. 11.
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IV. TOPOLOGICAL SELECTION OF
ELECTRONS AND GAMMAS

When a gamma is produced in an interaction in argon, it
will travel some distance, typically less than 50 cm (for a
500 MeV gamma), before it interacts and induces an
electromagnetic shower. Thus, there is often a gap between
the origin of the gamma and the start of the electromagnetic
shower. If there is other activity in the detector at the
location of the gamma production, the gap can be detected
and the gamma can be classified.
The simulated distribution of conversion distances for

gammas in the energy range typical of the gammas used in
this analysis is shown in Fig. 4. There are gammas that
convert very close to the generation point (here, 7% of the
gammas convert within a centimeter). The definition of
“too close” depends on the analysis being performed;
however, there will always be a fraction of gammas for
which a topological based cut is insufficient to tag them as
gammas. In the ArgoNeuT detector, the minimal resolution
for a gamma gap is approximately one wire spacing
(4 mm). In neutrino interactions with hadronic activity at
the neutrino interaction vertex, it is possible that other
particles can obscure the start of an electromagnetic
shower. In this case, even gaps as large as a few centimeters
can become unidentifiable.
We have chosen to define two types of topologies as

gamma candidates, based on the observation of charged
protons or pions at the neutrino interaction vertex: electro-
magnetic showers pointing back to charged particle activity
at the displaced neutrino interaction vertex, implying
hadronic activity, and π0 candidate events. In the second
case, hadronic activity at the neutrino vertex is allowable
but not required, and both electromagnetic showers are
used in the analysis. Example gamma interactions are
shown in Fig. 5. Gammas that we are unable to positively
identify through only topological considerations—if, for
example, the electromagnetic shower is the only activity in
the detector—are removed from the data set entirely.

For a sample of electrons, this analysis targets electron
neutrino events as the electron shower candidates. To
maximize purity, an electromagnetic shower is selected as
an electron candidate only in events that also exhibited
hadronic activity at the neutrino interaction vertex without
the presence of a gap between the shower and other particles.
In addition, events with a tracklike particle matched to a
muon in the MINOS near detector are rejected. This
suppresses the νμ charged current events in which the muon
radiates significantly. Of the events tagged as electromag-
netic showers without a gap, 28%were rejected because of a
match to a track in MINOS. An example of an electron
candidate event is shown in Fig. 6. As a point of clarity, the
“gap” in Fig. 6 is due to dead wires and not a region without
ionization. In this case, the cause of the dead wires is faulty
electronics connection, and these electronics channels
receive no signals from the TPC. Since this “gap” is 20þ
wires (8þ cm) from the neutrino interaction vertex, it does
not impact the classification of this event.
The topological selection of events for this analysis is

done manually, while the initial filter to select showerlike

FIG. 4. The conversion distance of each gamma in the
Monte Carlo sample used for this analysis, which is about
7000 gammas in the energy range of several hundred MeV, as
modeled by GEANT4 [37].

FIG. 5. Example of an event with two gamma candidates in the
ArgoNeuT data set.

FIG. 6. Example of a νe CC event in the ArgoNeuT data set.
There is a region of dead wires that is located 20þ wires away
from the neutrino interaction vertex, and it is not considered a gap
for selection purposes.
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Figure 19: ⌫µ CC inclusive differential cross section on argon as a function of the
reconstructed muon momentum and cosine of the muon polar angle. The black data
points show the data extracted cross section (using default Genie for background and
efficiency estimation), while the green and blue curves shows the MC predicted cross
section from Genie default and alternative model sets respectively. The data cross
sections contain flux, cross section modeling and detector systematic uncertainties.
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FIG. 4: The measured total flux integrated ⌫µ charged current single pion cross section, right panel, with the

inner error bars denoting the statistical uncertainty and the outer error bars denote the quadratic sum of

statistical and systematic uncertainties. The left panel shows the full BNB flux (gray) we integrate over and

the two GENIE cross sections we compare our measurement to.

IX. Conclusions263

In conclusion, MicroBooNE has utilized the first implementation of a fully automated electromagnetic264

shower reconstruction to measure the first charged current neutral pion cross section on argon. This265

measurement is in agreement with the default GENIE plus empirical MEC prediction for this process.266

The dominant systematic uncertainty in this analysis arises from the detector modeling. Future im-267

provements in our sense wire signal modeling and signal extraction procedure should aid in mitigating268

the impact of these e↵ects [20 and 21]. Furthermore, future analyses can improve on the shower recon-269

struction by utilizing a better track-shower separation as an input to the clustering stage. This would270

enable us to explore kinematic properties on the ⇡0 decay and provide a more robust constraint of the271

backgrounds to mitigate the model dependence. Together these will enable us to extract a di↵erential272

cross section as a function of the ⇡

0 kinematics to test models of final state interactions and nuclear273

e↵ects.274
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FIG. 3: The reconstructed mass of the two photon candidates associated to the neutrino interaction vertex

after an energy scale correction. We separate our simulation into four classes of photon pairs:

neutrino-induced ⇡

0 that are created in and subsequently exit the argon nucleus (red), charged pion charge

exchange induced ⇡

0 ! �� that occur outside the incident argon nucleus (yellow), pure cosmic activity (grey),

and everything else (orange). The mean of the data is consistent, within statistical uncertainties, with

m⇡0 = 135 MeV/c2.

model the pure cosmic backgrounds (87 events) in B, the remainder (347 events) are taken from the215

simulation. The impurities in our argon have been measured to be less than 1 ppm, therefore we treat216

the inner volume as purely argon at 89 K to calculate T . For � we integrate the flux from 0 GeV to217

3 GeV, shown in Fig. 4. This results in a cross section measurement of218

D
�

⌫µCC⇡0
E

�
= (1.94± 0.16 [stat.])⇥ 10�38 cm2

Ar
. (2)219

Using our two shower selection we measure a consistent, but highly statistically correlated, cross section.220

VIII. Systematic Uncertainties221

We address three major sources of uncertainty in this measurement: the interaction models, the neutrino222

flux prediction, and the detector simulation. Our uncertainties predominantly impact our background223

estimates, which are solely based on the simulation. Using the default set of GENIE neutrino interaction224

uncertainties [27] we probe how each modifies our signal e�ciency and the simulated neutrino induced225
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Addressing the MiniBooNE Excess

The MiniBooNE Excess 
‣ Extra electrons? 
‣ Sterile neutrino oscillations? 
‣ Something else? 
‣ Extra photons? 
‣ 𝚫→N𝛾? 𝜋0 mis-ID? ...? 

Q: Data consistent with... 
‣ Models (generator MC)? 
‣ Short-baseline oscillations? 
‣ Extrapolated LEE signal?

Targeting sensitivity to 
signals extrapolated from 

MiniBooNE's excess

(See MICROBOONE-NOTE-1043-PUB)
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TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

⌫ < 1250 MeV neutrino energy range from all
of the backgrounds in the ⌫e and ⌫̄e appearance analysis. Also
shown are the constrained background and the expected num-
ber of events corresponding to the LSND best fit oscillation
probability of 0.26%. The table shows the diagonal-element
systematic uncertainties, which become substantially reduced
in the oscillation fits when correlations between energy bins
and between the electron and muon neutrino events are in-
cluded. The antineutrino numbers are from a previous analy-
sis [3].

Process Neutrino Mode Antineutrino Mode
⌫µ & ⌫̄µ CCQE 73.7 ± 19.3 12.9 ± 4.3

NC ⇡0 501.5 ± 65.4 112.3 ± 11.5
NC � ! N� 172.5 ±24.1 34.7 ± 5.4

External Events 75.2 ± 10.9 15.3 ± 2.8
Other ⌫µ & ⌫̄µ 89.6 ± 22.9 22.3 ± 3.5

⌫e & ⌫̄e from µ± Decay 425.3 ± 100.2 91.4 ± 27.6
⌫e & ⌫̄e from K± Decay 192.2 ± 41.9 51.2 ± 11.0
⌫e & ⌫̄e from K0

L Decay 54.5 ± 20.5 51.4 ± 18.0
Other ⌫e & ⌫̄e 6.0 ± 3.2 6.7 ± 6.0

Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd. 1577.8± 85.2 398.7± 28.6

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) ⌫µ ! ⌫e 463.1 100.0

energy range for the total 12.84⇥ 1020 POT data. Each
bin of reconstructed E

QE
⌫ 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 ⌫e CCQE event selection requirements
with 200 < E

QE
⌫ < 1250 MeV, compared to a back-

ground expectation of 1577.8 ± 39.7(stat.) ± 75.4(syst.)
events. The excess is then 381.2 ± 85.2 events or a
4.5� e↵ect. Note that the 162.0 event excess in the
first 6.46 ⇥ 1020 POT data is approximately 1� lower
than the average excess, while the 219.2 event excess in
the second 6.38 ⇥ 1020 POT data is approximately 1�
higher than the average excess. Combining the Mini-
BooNE neutrino and antineutrino data, there are a to-
tal of 2437 events in the 200 < E

QE
⌫ < 1250 MeV en-

ergy region, compared to a background expectation of
1976.5±44.5(stat.)±84.8(syst.) events. This corresponds
to a total ⌫e plus ⌫̄e CCQE excess of 460.5± 95.8 events
with respect to expectation or a 4.8� excess. The signif-
icance of the combined LSND (3.8�) [1] and MiniBooNE
(4.8�) excesses is 6.1�. Fig. 2 shows the total event ex-
cesses as a function of EQE

⌫ in both neutrino mode and
antineutrino mode. The dashed curves show the best fits
to standard two-neutrino oscillations.

Fig. 3 compares the L/EQE
⌫ distributions for the Mini-

BooNE data excesses in neutrino mode and antineutrino
mode to the L/E distribution from LSND [1]. The er-
ror bars show statistical uncertainties only. As shown
in the figure, there is agreement among all three data
sets. Fitting these data to standard two-neutrino oscil-
lations including statistical errors only, the best fit oc-
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FIG. 1: The MiniBooNE neutrino mode EQE
⌫ distributions,

corresponding to the total 12.84 ⇥ 1020 POT data, for ⌫e
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 standard two-
neutrino oscillations.
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FIG. 2: The MiniBooNE total event excesses as a function
of EQE

⌫ in both neutrino mode and antineutrino mode, cor-
responding to 12.84 ⇥ 1020 POT and 11.27 ⇥ 1020 POT, re-
spectively. (Error bars include both statistical and correlated
systematic uncertainties.) The dashed curves show the best
fits to the neutrino-mode and antineutrino-mode data assum-
ing standard two-neutrino oscillations.

curs at �m

2 = 0.040 eV2 and sin2 2✓ = 0.894 with
a �

2
/ndf = 35.2/28, corresponding to a probability of

16.4%. This best fit agrees with the MiniBooNE only
best fit described below. The MiniBooNE excess of
events in both oscillation probability and L/E spectrum
is, therefore, consistent with the LSND excess of events,
even though the two experiments have completely dif-
ferent neutrino energies, neutrino fluxes, reconstruction,
backgrounds, and systematic uncertainties.
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TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

⌫ < 1250 MeV neutrino energy range from all
of the backgrounds in the ⌫e and ⌫̄e appearance analysis. Also
shown are the constrained background and the expected num-
ber of events corresponding to the LSND best fit oscillation
probability of 0.26%. The table shows the diagonal-element
systematic uncertainties, which become substantially reduced
in the oscillation fits when correlations between energy bins
and between the electron and muon neutrino events are in-
cluded. The antineutrino numbers are from a previous analy-
sis [3].
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NC ⇡0 501.5 ± 65.4 112.3 ± 11.5
NC � ! N� 172.5 ±24.1 34.7 ± 5.4

External Events 75.2 ± 10.9 15.3 ± 2.8
Other ⌫µ & ⌫̄µ 89.6 ± 22.9 22.3 ± 3.5

⌫e & ⌫̄e from µ± Decay 425.3 ± 100.2 91.4 ± 27.6
⌫e & ⌫̄e from K± Decay 192.2 ± 41.9 51.2 ± 11.0
⌫e & ⌫̄e from K0

L Decay 54.5 ± 20.5 51.4 ± 18.0
Other ⌫e & ⌫̄e 6.0 ± 3.2 6.7 ± 6.0

Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd. 1577.8± 85.2 398.7± 28.6

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) ⌫µ ! ⌫e 463.1 100.0

energy range for the total 12.84⇥ 1020 POT data. Each
bin of reconstructed E

QE
⌫ 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 ⌫e CCQE event selection requirements
with 200 < E

QE
⌫ < 1250 MeV, compared to a back-

ground expectation of 1577.8 ± 39.7(stat.) ± 75.4(syst.)
events. The excess is then 381.2 ± 85.2 events or a
4.5� e↵ect. Note that the 162.0 event excess in the
first 6.46 ⇥ 1020 POT data is approximately 1� lower
than the average excess, while the 219.2 event excess in
the second 6.38 ⇥ 1020 POT data is approximately 1�
higher than the average excess. Combining the Mini-
BooNE neutrino and antineutrino data, there are a to-
tal of 2437 events in the 200 < E

QE
⌫ < 1250 MeV en-

ergy region, compared to a background expectation of
1976.5±44.5(stat.)±84.8(syst.) events. This corresponds
to a total ⌫e plus ⌫̄e CCQE excess of 460.5± 95.8 events
with respect to expectation or a 4.8� excess. The signif-
icance of the combined LSND (3.8�) [1] and MiniBooNE
(4.8�) excesses is 6.1�. Fig. 2 shows the total event ex-
cesses as a function of EQE

⌫ in both neutrino mode and
antineutrino mode. The dashed curves show the best fits
to standard two-neutrino oscillations.

Fig. 3 compares the L/EQE
⌫ distributions for the Mini-

BooNE data excesses in neutrino mode and antineutrino
mode to the L/E distribution from LSND [1]. The er-
ror bars show statistical uncertainties only. As shown
in the figure, there is agreement among all three data
sets. Fitting these data to standard two-neutrino oscil-
lations including statistical errors only, the best fit oc-
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FIG. 1: The MiniBooNE neutrino mode EQE
⌫ distributions,

corresponding to the total 12.84 ⇥ 1020 POT data, for ⌫e
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 standard two-
neutrino oscillations.
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FIG. 2: The MiniBooNE total event excesses as a function
of EQE

⌫ in both neutrino mode and antineutrino mode, cor-
responding to 12.84 ⇥ 1020 POT and 11.27 ⇥ 1020 POT, re-
spectively. (Error bars include both statistical and correlated
systematic uncertainties.) The dashed curves show the best
fits to the neutrino-mode and antineutrino-mode data assum-
ing standard two-neutrino oscillations.

curs at �m

2 = 0.040 eV2 and sin2 2✓ = 0.894 with
a �

2
/ndf = 35.2/28, corresponding to a probability of

16.4%. This best fit agrees with the MiniBooNE only
best fit described below. The MiniBooNE excess of
events in both oscillation probability and L/E spectrum
is, therefore, consistent with the LSND excess of events,
even though the two experiments have completely dif-
ferent neutrino energies, neutrino fluxes, reconstruction,
backgrounds, and systematic uncertainties.
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TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

⌫ < 1250 MeV neutrino energy range from all
of the backgrounds in the ⌫e and ⌫̄e appearance analysis. Also
shown are the constrained background and the expected num-
ber of events corresponding to the LSND best fit oscillation
probability of 0.26%. The table shows the diagonal-element
systematic uncertainties, which become substantially reduced
in the oscillation fits when correlations between energy bins
and between the electron and muon neutrino events are in-
cluded. The antineutrino numbers are from a previous analy-
sis [3].

Process Neutrino Mode Antineutrino Mode
⌫µ & ⌫̄µ CCQE 73.7 ± 19.3 12.9 ± 4.3

NC ⇡0 501.5 ± 65.4 112.3 ± 11.5
NC � ! N� 172.5 ±24.1 34.7 ± 5.4

External Events 75.2 ± 10.9 15.3 ± 2.8
Other ⌫µ & ⌫̄µ 89.6 ± 22.9 22.3 ± 3.5

⌫e & ⌫̄e from µ± Decay 425.3 ± 100.2 91.4 ± 27.6
⌫e & ⌫̄e from K± Decay 192.2 ± 41.9 51.2 ± 11.0
⌫e & ⌫̄e from K0

L Decay 54.5 ± 20.5 51.4 ± 18.0
Other ⌫e & ⌫̄e 6.0 ± 3.2 6.7 ± 6.0

Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd. 1577.8± 85.2 398.7± 28.6

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) ⌫µ ! ⌫e 463.1 100.0

energy range for the total 12.84⇥ 1020 POT data. Each
bin of reconstructed E

QE
⌫ 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 ⌫e CCQE event selection requirements
with 200 < E

QE
⌫ < 1250 MeV, compared to a back-

ground expectation of 1577.8 ± 39.7(stat.) ± 75.4(syst.)
events. The excess is then 381.2 ± 85.2 events or a
4.5� e↵ect. Note that the 162.0 event excess in the
first 6.46 ⇥ 1020 POT data is approximately 1� lower
than the average excess, while the 219.2 event excess in
the second 6.38 ⇥ 1020 POT data is approximately 1�
higher than the average excess. Combining the Mini-
BooNE neutrino and antineutrino data, there are a to-
tal of 2437 events in the 200 < E

QE
⌫ < 1250 MeV en-

ergy region, compared to a background expectation of
1976.5±44.5(stat.)±84.8(syst.) events. This corresponds
to a total ⌫e plus ⌫̄e CCQE excess of 460.5± 95.8 events
with respect to expectation or a 4.8� excess. The signif-
icance of the combined LSND (3.8�) [1] and MiniBooNE
(4.8�) excesses is 6.1�. Fig. 2 shows the total event ex-
cesses as a function of EQE

⌫ in both neutrino mode and
antineutrino mode. The dashed curves show the best fits
to standard two-neutrino oscillations.

Fig. 3 compares the L/EQE
⌫ distributions for the Mini-

BooNE data excesses in neutrino mode and antineutrino
mode to the L/E distribution from LSND [1]. The er-
ror bars show statistical uncertainties only. As shown
in the figure, there is agreement among all three data
sets. Fitting these data to standard two-neutrino oscil-
lations including statistical errors only, the best fit oc-
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FIG. 1: The MiniBooNE neutrino mode EQE
⌫ distributions,

corresponding to the total 12.84 ⇥ 1020 POT data, for ⌫e
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 standard two-
neutrino oscillations.
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FIG. 2: The MiniBooNE total event excesses as a function
of EQE

⌫ in both neutrino mode and antineutrino mode, cor-
responding to 12.84 ⇥ 1020 POT and 11.27 ⇥ 1020 POT, re-
spectively. (Error bars include both statistical and correlated
systematic uncertainties.) The dashed curves show the best
fits to the neutrino-mode and antineutrino-mode data assum-
ing standard two-neutrino oscillations.

curs at �m

2 = 0.040 eV2 and sin2 2✓ = 0.894 with
a �

2
/ndf = 35.2/28, corresponding to a probability of

16.4%. This best fit agrees with the MiniBooNE only
best fit described below. The MiniBooNE excess of
events in both oscillation probability and L/E spectrum
is, therefore, consistent with the LSND excess of events,
even though the two experiments have completely dif-
ferent neutrino energies, neutrino fluxes, reconstruction,
backgrounds, and systematic uncertainties.
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Figure 5: Results of unfolding the MiniBooNE LEE under both the electron-like intrinsic ⌫e CC hypoth-
esis ( left) and photon-like increased NC resonant � production, with subsequent radiative decay hypothesis
( right), both obtained using the D’Agostini iterative unfolding algorithm. The unfolded spectra itself, as
well as the MiniBooNE Monte Carlo spectrum, t↵, are plotted in both cases indicating the energy dependent
increase necessary to account for the observed MiniBooNE LEE, highlighted by the ratio of these which is
shown below.

As a cross-check, the results of unfolding the electron-like model using the alternative SVD unfolding
approach is shown alongside the D’Agostini’s iterative method in Fig. 6. As can be seen, these distinct
algorithms give strikingly similar central value predictions for the unfolded ratio.

As mentioned above, the unfolding cannot be continued below 200 MeV in true neutrino energy as the
combined e↵ect of detector, reconstruction and ⌫e CCQE analysis selections leads to a 0% MiniBooNE e�-
ciency below this. A 0% e�ciency means that any number of true events below this is equally consistent with
the MiniBooNE observation, thus any extrapolation below this cuto↵ energy would have infinite uncertainty
and give no additional information. The main reason for this drop in e�ciency is a 140 MeV cut applied to
the visible energy of the reconstructed EM shower, as well as the lowest energy bin in reconstructed energy
being at 200 MeV reconstructed EQE

⌫ .

The models presented here are the first and prerequisite step in quantifying the level at which MicroBooNE
can determine or exclude the origin of the MiniBooNE LEE anomaly. These models, as well as any other
hypothesis that one may want to consider, can then be imported into MicroBooNE by rescaling the rate of
intrinsic ⌫e CC events or rate of NC � ! N� events in the MicroBooNE Monte Carlo, allowing for their
direct inclusion in MicroBooNE analyses.
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Figure 5: Results of unfolding the MiniBooNE LEE under both the electron-like intrinsic ⌫e CC hypoth-
esis ( left) and photon-like increased NC resonant � production, with subsequent radiative decay hypothesis
( right), both obtained using the D’Agostini iterative unfolding algorithm. The unfolded spectra itself, as
well as the MiniBooNE Monte Carlo spectrum, t↵, are plotted in both cases indicating the energy dependent
increase necessary to account for the observed MiniBooNE LEE, highlighted by the ratio of these which is
shown below.

As a cross-check, the results of unfolding the electron-like model using the alternative SVD unfolding
approach is shown alongside the D’Agostini’s iterative method in Fig. 6. As can be seen, these distinct
algorithms give strikingly similar central value predictions for the unfolded ratio.

As mentioned above, the unfolding cannot be continued below 200 MeV in true neutrino energy as the
combined e↵ect of detector, reconstruction and ⌫e CCQE analysis selections leads to a 0% MiniBooNE e�-
ciency below this. A 0% e�ciency means that any number of true events below this is equally consistent with
the MiniBooNE observation, thus any extrapolation below this cuto↵ energy would have infinite uncertainty
and give no additional information. The main reason for this drop in e�ciency is a 140 MeV cut applied to
the visible energy of the reconstructed EM shower, as well as the lowest energy bin in reconstructed energy
being at 200 MeV reconstructed EQE

⌫ .

The models presented here are the first and prerequisite step in quantifying the level at which MicroBooNE
can determine or exclude the origin of the MiniBooNE LEE anomaly. These models, as well as any other
hypothesis that one may want to consider, can then be imported into MicroBooNE by rescaling the rate of
intrinsic ⌫e CC events or rate of NC � ! N� events in the MicroBooNE Monte Carlo, allowing for their
direct inclusion in MicroBooNE analyses.
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Figure 7: A breakdown of background contributions based on Monte Carlo as a function of each analysis
stage for the 1�1p selection. The BNB background contributions are defined according to the final state
particle which contributes most dominantly to the reconstructed shower. Monte Carlo statistical uncertainty
is shown on the total sum as a gray band. Although the selection is dominated by cosmic-related vertices at
the beginning, by the end of the analysis by far the largest remaining background is contributed by NC ⇡

0

events. This is expected, as an NC ⇡

0 in which one photon is lost or mis-reconstructed looks kinematically
and calorimetrically similar to an NC � radiative event. The NC ⇡

0 background itself consists primarily of
events in which the second photon was either not reconstructed or incorrectly merged into another shower
object.

3 Data to Monte Carlo Comparison Validations

Figure 8 provides data and Monte Carlo distribution comparisons after the pre-selection stage of the
analysis. This comparison is made using the first 5E19 POT collected by the MicroBooNE detector.4 The
1�1p topological selection distributions are shown in the panels on the left, and the 1�0p topological selection
distributions are shown in the panels on the right. The top, middle, and bottom rows show these distribu-
tions as functions of di↵erent reconstructed quantities, namely the reconstructed shower energy (the variable

4It is expected that this sample does not contain a statistically significant number of potential signal events.
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4 Projected Physics Sensitivities

Figure 9 shows the expected MicroBooNE sensitivity to a potential NC � radiative cross-section enhance-
ment (left panel) using the full anticipated data set of 6.6E20 POT, constructed using the CLs method [9]. An
enhancement of a factor of 4.6 can be excluded at the 99% confidence level (CL), providing a competitively
sensitive measurement of (or limit to) the neutrino NC � radiative decay cross-section5. In the same figure,
the NC � radiative decay interpretation of the MiniBooNE LEE can be represented as an enhancement
of a factor of 3, indicated by the vertical black line on the figure. To investigate what level of sensitivity
improvement is possible in terms of additional background rejection that may be achievable through the
(ongoing) analysis presented in this note, the sensitivity to the LEE interpretation (factor of 3 enhancement)
is cast in terms of additional background rejection factor in Fig. (10). An additional background reduction
of a factor of approximately 2.2 would be necessary for >99% CL statistics-only sensitivity.

MicroBooNE Simulation Preliminary
Current CLs Exclusion Limit 

Figure 9: MicroBooNE sensitivity to the NC � ! N�-like cross-section, as well as to the MiniBooNE
low energy excess, if interpreted as NC � ! N�-like process. The sensitivity is represented by the CLs
parameter, and corresponds to the projected statistical-only sensitivity for the full 6.6⇥1020 POT.

5The T2K experiment has publicized bounds [10] which are at least an order of magnitude less sensitive than what is presented
in Fig. 9.
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Figure 20: Reconstructed energy spectrum of the events selected with the CC ⌫

µ

-enhanced reverse
cuts. The shaded area on top of the stacked histograms represent the statistical error,
dominated by the size of the data off-beam sample.

5.2.2 NuMI beam event studies

It is possible to run this analysis on the complementary NuMI dataset. The NuMI beam is created
from 120 GeV protons hitting a carbon target, while the BNB is created from 8 GeV protons on a
beryllium target. NuMI has also a higher beam intrinsic ⌫

e

component than BNB (5% vs. 0.5%).
Even though it is off-axis, MicroBooNE will still receive ⇠ 2500 ⌫

e

interactions per year. As such,
a study of the events selected in the NuMI dataset is of fundamental importance to validate the ⌫

e

CC0⇡-Np selection algorithm.

6 Future Improvements

6.1 Cosmic tagging with the Cosmic-ray Tagger

As seen in Section 3.7, the dominant source of events passing the pre-selection is cosmic-ray interac-
tions. The Cosmic-ray Tagger (CRT), described extensively in [23], offers several ways to reject these
events at the pre-selection stage. First, a coincidence veto of in-time flashes in the PMTs and CRT
would allow us to reject a significant background of in-time cosmic events. There is some danger
that neutrino interactions are also vetoed by this coincidence, but that is unlikely for ⌫

e

events -
most particles that exit the TPC and can hit the CRT are muons.

Additionally, for events where an out-of-TPC neutrino interaction creates a flash in time with
the beam, but a cosmic interaction is matched to that flash, the CRT can also be useful. TPC-to-
CRT matching of muon tracks can mitigate this background by flagging a TPC Pandora neutrino
candidate object, and allowing us to reject out-of-time cosmic rays matched to an in-time, out-of-
TPC neutrino flash.

Cosmic-ray rejection is particularly important at low energy, where the component of events with
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Figure 19: Reconstructed energy spectrum of the events selected with the photon-enhanced reverse
cuts. The shaded area on top of the stacked histograms represent the statistical error,
dominated by the size of the data off-beam sample.

5.1.2 CC ⌫

µ

-enhanced reverse cuts

It is possible to enhance the presence of the CC ⌫

µ

background (defined as beam intrinsic ⌫

µ

in our
analysis) by (1) requiring a minimum track length, (2) inverting the cut on the proton BDT (from
BDT score > 0.1 to BDT score < 0.1), and (3) requiring that the event is selected by the external
⌫

µ

CC-inclusive analysis [13] (see Figures 15a, 10a). Also in this case the CC ⌫

µ

-enhanced sample
will be orthogonal to the ⌫

e

CC0⇡-Np selected sample. A CC ⌫

µ

event has, by definition, a muon
in the final state: as such, requiring a track length larger than 20 cm and inverting the cut on the
proton BDT decreases our muon-rejection power. The goal of the external analysis is to select CC
⌫

µ

events, so instead of vetoing those events as described in Section 3.7, we invert this requirement
by allowing only these events.

Figure 20 shows the agreement between data and Monte Carlo for the reconstructed energy spec-
trum of the CC ⌫

µ

-enhanced event spectrum.

5.2 Future Validation Studies

5.2.1 Cosmic-ray studies

In order to validate the cosmic-ray components of our selected events it is possible to compare
simulated events with a CORSIKA cosmic ray producing a flash in the optical system during the
beam-gate window and the data off-beam sample. In this way we will be able to check if the
distributions of the variables we use (e.g. shower energy, shower dE/dx) show a good agreement
between the simulation and a well-understood set of data events. It will help to validate the cosmic
background components and also the energy and dE/dx reconstruction procedures.
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LAr1-ND Conceptual Design II-55

Process No. Events/ Stat.
Events ton Uncert.

⌫
µ

Events (By Final State Topology)
CC Inclusive 5,212,690 46,542 0.04%
CC 0 ⇡ ⌫

µ

N ! µ+Np 3,551,830 31,713 0.05%
· ⌫

µ

N ! µ+ 0p 793,153 7,082 0.11%
· ⌫

µ

N ! µ+ 1p 2,027,830 18,106 0.07%
· ⌫

µ

N ! µ+ 2p 359,496 3,210 0.17%
· ⌫

µ

N ! µ+ � 3p 371,347 3,316 0.16%
CC 1 ⇡± ⌫

µ

N ! µ+ nucleons + 1⇡± 1,161,610 10,372 0.09%
CC �2⇡± ⌫

µ

N ! µ+ nucleons + � 2⇡± 97,929 874 0.32%
CC �1⇡0 ⌫

µ

N ! µ+ nucleons + � 1⇡0 497,963 4,446 0.14%

NC Inclusive 1,988,110 17,751 0.07%
NC 0 ⇡ ⌫

µ

N ! nucleons 1,371,070 12,242 0.09%
NC 1 ⇡± ⌫

µ

N ! nucleons + 1⇡± 260,924 2,330 0.20%
NC �2⇡± ⌫

µ

N ! nucleons + � 2⇡± 31,940 285 0.56%
NC �1⇡0 ⌫

µ

N ! nucleons + � 1⇡0 358,443 3,200 0.17%

⌫
e

Events
CC Inclusive 36798 329 0.52%
NC Inclusive 14351 128 0.83%

Total ⌫
µ

and ⌫
e

Events 7,251,948 64,750

⌫
µ

Events (By Physical Process)
CC QE ⌫

µ

n ! µ�p 3,122,600 27,880
CC RES ⌫

µ

N ! µ�⇡N 1,450,410 12,950
CC DIS ⌫

µ

N ! µ�X 542,516 4,844
CC Coherent ⌫

µ

Ar ! µAr + ⇡ 18,881 169

TABLE X: Estimated event rates using GENIE (v2.8) in the LAr1-ND active volume (112 t) for
a 6.6 ⇥ 1020 exposure. In enumerating proton multiplicity, we assume an energy threshold on proton
kinetic energy of 21 MeV. The 0⇡ topologies include any number of neutrons in the event.

walls of the cryostat will each hold 3 planes of wires with 3 mm wire spacing. The wire readout
arrangement is identical to MicroBooNE, with banks of cold electronics boards at the top and
one vertical side of each APA. The total number of readout channels is 5,632 per side (11,264 in
the entire detector). The CPAs have the same dimensions as the APAs and are centered between
them. Each pair of facing CPA and APA hence forms an electron-drift region. The open sides
between each APA and the CPA are surrounded by 4 Field Cage Assembly (FCA) modules,
constructed from FR4 printed circuit panels with parallel copper strips, to create a uniform drift
field. The drift distance between each APA and the CPA is 2 m, such that the cathode plane
will need to be biased at -100 kV to create an electric field of 500 V/cm. Accurate mapping
of the electric field in the drift region will be performed through a UV laser-based calibration
system. The active volume is 4.0 m (width) ⇥ 4.0 m (height) ⇥ 5.0 m (length), containing 112
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n ! µ�p 3,122,600 27,880
CC RES ⌫

µ

N ! µ�⇡N 1,450,410 12,950
CC DIS ⌫

µ

N ! µ�X 542,516 4,844
CC Coherent ⌫

µ

Ar ! µAr + ⇡ 18,881 169

TABLE X: Estimated event rates using GENIE (v2.8) in the LAr1-ND active volume (112 t) for
a 6.6 ⇥ 1020 exposure. In enumerating proton multiplicity, we assume an energy threshold on proton
kinetic energy of 21 MeV. The 0⇡ topologies include any number of neutrons in the event.

walls of the cryostat will each hold 3 planes of wires with 3 mm wire spacing. The wire readout
arrangement is identical to MicroBooNE, with banks of cold electronics boards at the top and
one vertical side of each APA. The total number of readout channels is 5,632 per side (11,264 in
the entire detector). The CPAs have the same dimensions as the APAs and are centered between
them. Each pair of facing CPA and APA hence forms an electron-drift region. The open sides
between each APA and the CPA are surrounded by 4 Field Cage Assembly (FCA) modules,
constructed from FR4 printed circuit panels with parallel copper strips, to create a uniform drift
field. The drift distance between each APA and the CPA is 2 m, such that the cathode plane
will need to be biased at -100 kV to create an electric field of 500 V/cm. Accurate mapping
of the electric field in the drift region will be performed through a UV laser-based calibration
system. The active volume is 4.0 m (width) ⇥ 4.0 m (height) ⇥ 5.0 m (length), containing 112

arxiv:1503.01520

W
ire

 P
la

ne
s (

an
od

e)

Wire Planes
 (ano

de)

Centra
l HV cath

ode 

with re
flecting

 foil

Photon D
etetrion

PM
Ts, Light Bars, ARAPUCA

!31



SBND
Project Status

First anode plane assembly 
arrives at FNAL, October 2018

‣ Components arriving at FNAL for assembly 
‣ Anode (wire) planes and cathode 
‣ Built at US & UK facilities 
‣ Full TPC electronics & DAQ integration test 

completed using the LArIAT TPC 
‣ Full PMT system test at LANL soon

‣ Q1 2019: TPC Assembly 
‣ Q3 2019: Cryogenics installation 
‣ Q1 2020: Detector commissioning 
‣ Q3 2020: Physics data taking
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SBND
The Short-Baseline Near Detector
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Target

The Booster 
Neutrino Beam

ICARUS MicroBooNE SBND

ICARUS
The Short-Baseline Far Detector
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ICARUS T600
The Short-Baseline Far Detector

‣ Far detector for the SBN program 
‣ 600 m baseline, 476 tons active LAr 
‣ Ran at LNGS 2010 - 2013 
‣ Refurbished, upgraded at CERN 
‣ Now being installed at FNAL

ICARUS T600
The ICARUS Detector

I Far Detector for SBN program
I 600 m baseline, 476 t active
I Largest LArTPC in the world
I Ran at LNGS 2010-13
I Refurbished, upgraded at CERN
I Shipped to FNAL #icarustrip

I
1988: ICARUS Liquid Argon Imaging Chamber: A Novel

Detector Technology

I
1994: Study of electron-ion recombination in liquid argon

I
1995: TPC signal processing using artificial neural networks

I
2004: Design, construction and tests of the ICARUS T600

detector

I
2006: Measurement of through-going particle momentum by

means of multiple scattering with the ICARUS T600 TPC

I
2013: Experimental search for the LSND anomaly with the

ICARUS detector in the CNGS neutrino beam

and many more! (icarus.lngs.infn.it/publications.php)

41

ICARUS LArTPC experience
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#icarustrip

LNGS Lake Geneva

Indiana FermilabPhoto: Rich Allen, Ports of Indiana, , icarustrip.fnal.gov

Photo: CERN, icarustrip.fnal.gov Photo: CERN, icarustrip.fnal.gov
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SBN Sensitivity
SBN Sensitivity

‹e Appearance
Electron Neutrino Appearance

SBND | DOE Briefing3
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  appearanceeν → µν

‹µ Disappearance
Muon Neutrino Disappearance
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Cover the LSND allowed
region at 5‡...

...and search for ‹µ disappearance
which ‹e appearance implies
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SBN Program
Status & ProspectsStatus & Prospects

MicroBooNE
I MiniBooNE low-energy excess, cross sections
I Running since 2015, leading the way

SBND
I Near detector, precision cross sections
I Construction phase

10/27

Light Readout

● PMT + Light Guide Bars

● The PMTs are TPB 
coated

● Providing trigger and 
time information

→ measure the drift time

→ position in the third       
dimension

ICARUS-T600
I Far detector from far away
I Installation phase

The full SBN Program is coming soon, and will definitively
address the eV-scale sterile neutrino anomalies, provide
unprecedented precision on ‹-nucleus interactions, and provide
key inputs to the DUNE long-baseline program.

44
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VSBL Oscillation Searches
‣ Reactor anomaly can be interpreted as a 𝜈e disappearance effect 
‣ L/E ∼ 1 m/MeV anomalies 
‣ Reactor antineutrinos at a few MeV → oscillations baselines of a few meters

Strategies: 
‣ IBD detectors 
‣ Very close to a compact source 
‣ Research reactors, DAR sources 
‣ Pure sources (e.g. 235U) 
‣ Disentangle spectral anomalies 
‣ Good spatial & energy resolution

Physics at Very Short Baselines

Distance from Reactor0 m 500 m 1.5 km

near far
VSBL 

oscillations?
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https://www2.physics.ox.ac.uk/research/mars-project/solid

DANSS
I. Alekseev et al. / Physics Letters B 787 (2018) 56–63 57

The survival probability of a reactor ν̃e at short distances in the 
4ν mixing scenario (3 active and 1 sterile neutrino) is described 
by a familiar expression

1 − sin2 2θ14 sin2

(
1.27#m2

14[eV2]L[m]
Eν [MeV]

)

. (1)

The existence of sterile neutrinos would manifest itself in dis-
tortions of the ν̃e energy spectrum at short distances. At longer 
distances these distortions are smeared out and only the rate is 
reduced by a factor of 1 − sin2(2θ14)/2. Measurements at only one 
distance from a reactor core are not sufficient since the theoretical 
description of the ν̃e energy distribution is considered not to be 
reliable enough. The most reliable way to observe such distortions 
is to measure the ν̃e spectrum with the same detector at differ-
ent distances. In this case, the shape and normalization of the ν̃e

spectrum as well as the detector efficiency are canceled out. De-
tector positions should be changed frequently enough in order to 
cancel out time variations of the detector and reactor parameters. 
The DANSS experiment uses this strategy and measures ν̃e spectra 
at 3 distances from the reactor core center: 10.7 m, 11.7 m, and 
12.7 m to the detector center. The detector positions are changed 
typically 3 times a week. Antineutrinos are detected by means of 
the Inverse Beta Decay (IBD) reaction

ν̃e + p → e+ + n with E ν̃ = Ee+ + 1.80 MeV. (2)

2. The DANSS detector

The DANSS detector is described elsewhere [11]. Here we men-
tion only a few essential features. The DANSS spectrometer does 
not contain any flammable or other dangerous liquids and may 
therefore be located very close to the core of a 3.1 GWth industrial 
power reactor at the Kalinin Nuclear Power Plant (KNPP) 350 km 
NW of Moscow. DANSS is installed under the reactor core. The re-
actor cauldron, cooling pond, concrete and other materials provide 
a good shielding equivalent to ∼ 50 m of water, which removes 
the hadronic component of the cosmic background and reduces 
the cosmic muon flux by a factor of 6. The size of the reactor core 
is quite big (3.7 m in height and 3.2 m in diameter) which leads 
to the smearing of the oscillation pattern. This drawback is com-
pensated by a high ν̃e flux of ∼ 5 × 1013 ν̃e/cm2/s at a distance of 
11 m.

DANSS is a highly segmented plastic scintillator detector with a 
total volume of 1 m3, surrounded with a composite shield of cop-
per (Cu — 5 cm), borated polyethylene (CHB — 8 cm), lead (Pb — 
5 cm) and one more layer of borated polyethylene (CHB — 8 cm) 
(see Fig. 1). It is surrounded on 5 sides (excluding bottom) by dou-
ble layers of 3 cm thick scintillator plates to veto cosmic muons.

The basic element of DANSS is a polystyrene-based extruded 
scintillator strip (1 × 4 × 100 cm3) with a thin (∼ 0.2 mm) 
Gd-containing surface coating. The amount of Gd in the detec-
tor is 0.35%wt . The coating serves as a light reflector and a 
(n, γ )-converter simultaneously.

Light from the strip is collected with three wavelength-shifting 
(WLS) Kuraray fibers Y-11, ⊘ 1.2 mm, glued into grooves along 
the strip. One (blind) end of each fiber is polished and covered 
with a mirror paint, which decreases the total longitudinal atten-
uation of a light signal to about 30%/m. This non-uniformity can 
be corrected using information from orthogonal strips or from the 
neutron capture position, which is typically ∼ 10 cm away from 
the positron production point. The response non-uniformity across 
the strip is σ = 7.8% [12]. This non-uniformity of the response 
can’t be corrected. It leads, together with the energy losses in the 

Fig. 1. Simplified cross section of a corner of the DANSS detector.

inactive strip reflective layers, to the deterioration of the energy 
resolution in comparison with naive estimates from the photoelec-
tron statistics. These effects are included into the MC simulation of 
the detector.

Each 50 parallel strips are combined into a module, so that the 
whole detector (2500 strips) is a structure of 50 intercrossing mod-
ules. Each module is viewed with a compact photomultiplier tube 
(PMT) (Hamamatsu R7600U-300) coupled to all 50 strips of the 
module via 100 WLS fibers, two per strip. PMTs are placed inside 
the shielding but outside the copper layer, which serves also as a 
module frame. In addition, to get a more precise energy and space 
pattern of an event, each strip is equipped with an individual Sili-
con PhotoMultiplier (SiPM) (MPPC S12825-050C(X)) coupled to the 
strip via the third WLS fiber. The SiPM is fixed directly at the end 
of the strip using a plastic light connector. All signals are digitized 
with specially designed 12 bit, 125 MHz FADCs [13]. Only front-
end electronics is placed inside the shielding but outside the Cu 
layer. All other electronics is placed outside of the detector shield-
ing. One 6U VME board serves 64 channels. SiPMs (PMTs) register 
about 18 (20) photo-electrons (p.e.) per MeV. These numbers were 
obtained using measurements with cosmic muons and artificially 
driven LEDs. So the total number is 38 p.e./MeV. Parameterized 
strip response non-uniformities have been incorporated into the 
GEANT4 (Version 4.10.4) MC simulation of the detector. The MC 
simulation included also a spread in the light yields of different 
strips, dead channels, Poisson fluctuations in the number of p.e. 
at the first 2 PMT dinodes, the excess noise factor for SiPMs due 
to the optical cross-talk between pixels. The experimental energy 
resolution for cosmic muon signals in the scintillator strips is 15% 
worse than that from the MC calculation. Therefore, the MC esti-
mations are scaled up by the corresponding factor. Fig. 2 shows the 
simulated DANSS response to a 4.125 MeV positron signal. The en-
ergy resolution is modest (σ /E = 17% for the Gaussian part of the 
spectrum). This leads to additional smearing of the oscillation pat-
tern, comparable with the smearing due to the large reactor core 
size.

Fig. 3 shows the energy distribution of neutron capture signals 
from a 248Cm source placed at the center of the detector. Two 
peaks correspond to the neutron capture by protons and by Gd. 
The fit of the first peak gives a resolution compatible with the MC 
simulations (see Table 1). The MC describes well the high energy 
part of the n-Gd peak, although there is some tension in the tail. 
Fig. 4(a) shows the difference between the MC and data divided 
by the data for the main part of the n-Gd peak. There is a good 
agreement between the MC and data. On the other hand, the rela-
tive changes of 1% in the MC positron energy scale or of 5% in the 
MC energy resolution lead to serious discrepancies between the 
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Fig. 12. Ratio of positron energy spectra measured at the middle and top detector 
positions (statistical errors only). The dashed curve is the prediction for 3ν case 
(χ2 = 21.6, 24 degrees of freedom). The solid curve corresponds to the best fit 
in the 4ν mixing scenario for the bottom/top ratio (χ2 = 17.4, sin2 2θ14 = 0.05, 
$m2

14 = 1.4 eV2). The dotted curve is the expectation for the optimum point from 
the RAA and GA fit [6] (χ2 = 42.7, sin2 2θ14 = 0.14, $m2

14 = 2.3 eV2).

Fig. 13. 90% (cyan) and 95% (dark cyan) CL exclusion area in $m2
14, sin2 2θ14

parameter space. The shaded area represents our analysis. Curves show allowed re-
gions from neutrino disappearance experiments [6,21], and the star is the best point 
from the RAA and GA fit [6].

• A flat background which gives ±0.1% events at the top posi-
tion of the detector which corresponds to 100% variation of 
this background;

• A background with the energy distribution identical to the dis-
tribution of the background produced by cosmic muons inside 
the detector. The fraction of such background was ±0.5% of 
the IBD rate at the top position of the detector which corre-
sponded to ±15% variation of this background;

• The energy scale changed by ±2%;
• All possible combinations of changes listed above;
• The reduced range of the energies used in the fit to

(1.5–6) MeV.

Fig. 13 shows the obtained 90% and 95% CL excluded area in the 
$m2

14, sin2 2θ14 plane. For some values of $m2
14 the obtained lim-

its are more stringent than previous results [18–20]. It is important 
to stress that our results are based only on the comparison of the 
shapes of the positron energy distributions at the two distances 
from the reactor core measured with the same detector. Therefore 
the results do not depend on the ν̃e spectrum shape and normal-
ization as well as on the detector efficiency. The excluded area cov-
ers a large fraction of regions indicated by the GA and RAA. In our 
analysis the point $m2

14 = 1.4 eV2, sin2 2θ14 = 0.05 has the small-

est χ2 = 21.9. The difference in χ2 with the 3ν case is 13.1. The 
significance of this difference will be studied taking into account 
systematic uncertainties after collection of more data this year.
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Appendix

The Gaussian CLs method [16] is a two-hypothesis test that 
compares in our case the three-neutrino (null) hypothesis (labeled 
3ν) to an alternate four-neutrino hypothesis (labeled 4ν). For each 
point in the $m2

14, sin2 2θ14 plane we calculate the predictions 
for the positron spectra at the two positions in case of the 3ν and 
4ν neutrino hypotheses. The calculations include the MC integra-
tion over the antineutrino production point in the reactor core and 
the positron position in the detector. The distribution of the an-
tineutrino production points in the reactor core was provided by 
the KNPP. We used the distribution averaged over the campaign. 
It was checked that this approximation practically does not influ-
ence the final results. Then we convolve the resulting predictions 
with the detector resolution obtained by the MC for each energy 
point. The large size of the reactor core and modest energy reso-
lution lead to a substantial smearing of the oscillation pattern. The 
theoretical predictions for 4ν and 3ν hypotheses for the ratio of 
the positron spectra at the two distances at a given point in the 
$m2

14, sin2 2θ14 plane were compared using the difference in χ2

for the two hypotheses $χ2
exp = χ2

4ν − χ2
3ν (see Eqn. (3)). The dif-

ference in this χ2 has a Gaussian distribution with the mean value 
µ and the standard deviation σ calculated using Asimov data set, 
a data sample with values following exactly theoretical curve for 
the corresponding 4ν or 3ν hypotheses and error bars taken from 
the real experiment [16]. We calculate the corresponding $χ2

Asimov
by putting the experimental points with their statistical errors on 
the predicted curves for the 4ν or 3ν hypotheses respectively. 
The obtained $χ2

Asimov determines the standard deviation of the 

$χ2
exp: σ =

√
|$χ2

Asimov|. It is the same for the two Asimov data 
sets while the mean values $χ2

Asimov(4ν) and $χ2
Asimov(3ν) dif-

fer by the sign. Then we calculate the confidence levels for the 
4ν and 3ν hypotheses by integration of the two Gaussian distribu-
tions with the obtained mean values ±µ and the same standard 
deviation σ from $χ2

exp to infinity. The CL4ν and CL3ν quantify 
the consistency of the data with the corresponding hypothesis and 
the CLs = CL4ν/CL3ν . The point in the $m2

14, sin2 2θ14 plane is ex-
cluded at the 1-α confidence level if CLs < α. Therefore the point 
is excluded only if the 3ν hypothesis fits the data much better 
than the 4ν hypothesis. Hence only points for which the exper-
iment has a sensitivity to distinguish the 4ν and 3ν hypotheses 
can be excluded. The systematic uncertainties are treated as the 
nuisance parameters in [16]. The corresponding parameters with 
their errors are included into the minimization of the χ2 (see 
for example Eqn. 5 [16]). We treat the systematic uncertainties 
differently. We repeat the CLs analysis without the nuisance pa-
rameters for all combinations of the systematic uncertainties taken 
at their maximal deviations from the nominal values. The system-
atic uncertainties in the energy resolution, energy scale, and the 
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2. Experiment Setup

The experimental site of NEOS is Hanbit Nuclear Power Plant (NPP) in Younggwang, Korea,
which consists of six commercial reactors. The Reactor Unit 5 in Hanbit NPP with 2.8 GWth

thermal power was selected as the source of electron antineutrinos. The reactor core is cylindrical
shape of 3.1 m diameter and 3.8 m height. The fuel is Low Enriched Uranium (LEU) with 4.6%
235U. NEOS detector is placed in Tendon Gallery of the reactor, aiming the search of disappearance
of electron antineutrinos from the oscillation over 24-m baseline. The gallery is an underground
hall below the reactor, of which overburden is 20 meter water equivalent(m.w.e).

NEOS detector consists of active target, buffer tank where photo-multiplier tubes(PMT) in-
stalled, shields, muon detectors, and Data AQuisition (DAQ) system as shown in Figure. 1. The ac-
tive target material is a liquid scintillator and is contained in a cylindrical stainless steel tank whose
inside is covered by PTFE reflector. The material is homogeneous in a single 1000-L container,
and is a 9:1 mixture of Linear Alkyl Benzene (LAB) and Di Isopropyl Naphthalene (DIN)[22]. The
mixture of the recipe turns out to be better than LAB-only liquid scintillator in improving the pulse
shape discrimination (PSD)[23]. In addition, 0.5% Gadolinium (Gd) is doped into the scintillator
for neutron capture on Gd, so that we could obtain separate signals of the positron and the neutron
produced from inverse beta decay(IBD), n̄e + p ! e++ n. The combination of the two signals is
called an IBD candidate.

Figure 1: NEOS detector. It consists
of active target, buffer tanks with PMTs,
shields, and muon detector.

There are two buffer tanks filled with mineral oil at both sides of the target and two acrylic
windows between the target and the buffers. Nineteen R5912 (8-inch) PMTs are installed in each
buffer tank. There are also two kinds of shields; one is 10-cm thick borated polyethylene against
neutrons and the other is 10-cm thick lead against external gammas. Muon detectors for muon veto
consists fifteen plates of plastic scintillator with PMTs attached, which cover the surface of the
detector except the bottom side.

Data was taken from August 2015 until May 2016 and the reactor-on and -off period are about
180 and 46 days, respectively. The number of IBD candidates per day is 2000 and 80 during the
operating period and off period, respectively. The on-to-off ratio of candidate numbers is about
24. The energy resolution is about 5% at 1 MeV, which is the most probable range for light sterile
neutrinos, according to the prediction of reactor anomaly interpretation.
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FIG. 2. Contour plot for sterile neutrino searches. The reactor
anomaly contour and best fit point are also shown [12].

The realization of the detector relies on the expertise of
the collaboration, largely involved in previous reactor ex-
periments such as the previous ILL neutrino experiment
[13], Bugey [5], Double Chooz [11] and Nucifer. STEREO
assumes 750 ν̄e/day and a total running time of 300 days.
The foreseen detection efficiency can reach 66%.

SOLiD experiment proposes the use of 2 finely seg-
mented scintillator detectors in order to search for oscil-
lations close to a compact nuclear research reactor core
like ILL. The novel scintillator technology proposed for
SOLiD is the result of a long development based on pre-
vious expertise drawn from MINOS [14] and T2K [15].
The design of such a detector aims to provide maximum
robustness against potential backgrounds and represents
a significant change with respect to the approach of the
Nucifer experiment.

The volume providing the proton targets
(1.44 t/detector) is made of Poly-Vinyl Toluene
(PVT) segmented in cubes of size of 5x5x5 cm covered
with a layer rich in 6Li, sensitive to neutrons. An
antineutrino interacts with a proton in one of the PVT
cubes producing a positron and a neutron in one of
the detector cubic element. The outgoing neutron

thermalizes and it is eventually absorbed on the layer
rich in 6Li between a few hundreds of nanoseconds to
few hundreds of microseconds.

The combination of 6Li and high segmentation provides
large discrimination power, imaging and position resolu-
tion of antineutrino interactions. This new technology
has potential for a large impact in future science projects
(nuclear and particle physics as well as neutron scatter-
ing facilities) and applications in security, safeguards and
the nuclear industry.

A very roughly estimate for SOLiD assumes 40% effi-
ciency and 600 days of data-taking. In this case, a total
of roughly 106 ν̄e events collected should be sufficient to
cover the current RAA region below 5 eV2 at 99% C.L.

Designs which incorporate segmented plastic scintilla-
tor and use 6Li for neutron capture seem to be the most
promising with respect to the constraints set out by the
IAEA. Such a detector can be more compact than a liq-
uid scintillator-based detector (for which there seems to
be very little scope for volume reduction) [16].

VI. CONCLUSIONS AND OUTLOOK

The Nucifer experiment, aiming to demonstrate the
possibility of an accurate monitoring of the reactor core
composition and thermal power has an important poten-
tial for safeguards activities. In addition, the exploration
of the sterile neutrino oscillation at short distances is
taken into account. The detector is currently installed
and it is taking data at Osiris-Saclay research reactor. A
new scintillator liquid is in place and now the detector
response meets the initial specifications. Installation of
an extra piece of shielding will be done in March 2013 in
order to suppress the gamma background generated from
primary loop of the reactor. The first antineutrino result
of the experiment is expected in 2013.

Two new proposals for reactor experiments at very
short baseline have been proposed at the ILL reactor,
in France: STEREO and SOLiD.
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FIG. 1. A global view on the Nucifer detector showing the main module including the target (left) and muon veto and passive
shielding covering the target (right).

when passing through the core, to decay. This decay
emits the gamma rays seen in Nucifer. However, simu-
lation results based on MURE [9] shows that ∼ 20% of
the total gamma background seen by Nucifer, is coming
directly from the core [10]. A copy of the front wall on
the reactor side will be installed in March 2013 along the
South side of Nucifer to recover the expected background
conditions.

Another analysis has shown issues related to the origi-
nal liquid scintillator (Eljen-EJ335-05). The calibrations
curves made with radioactive sources have shown a strong
dependence of the detector response with the position of
the interaction. Translated into attenuation length, this
corresponds to less than one meter, roughly a factor of 4
less than the expectations. This problem has been solved
at the end of 2012 by changing the original liquid to a
Gd-loaded scintillator having a composition close to the
one used in Double Chooz [11]. This liquid has been pro-
duced at MPIK Heidelberg.

In order to evaluate the potential for non-proliferation
purposes, we performed simulations which considers Nu-
cifer at 25 m from a 2.9 GWth pressurized water reactor.
Using this setup, we considered the difference between a
reference core composition after a reactor stop and dif-
ferent core compositions before stop, each of them cor-
responding to a Pu retrival during stop. This difference
is expressed in terms of antineutrino rate and minimized
in a χ2 analysis. For a given χ2 value, we calculated the
probability of issuing false alarms as a function of the
probability of issuing valid alarms for the retrieval of a
selected Pu mass. The results shows that for a 15 day
measurement, Nucifer can detect a retrival of 80 kg Pu
with a confidence given by 75% valid alarm and 4% false
alarm.

The foreseen rate for the Nucifer detector at the Osiris
site is approx 250 events/day. Reactor simulations based
on MURE show a variation of maximum 3% from the
beginning to the end of a 20 day cycle when 1/7 of the
core assembly has been changed for refueling [10]. This
variation corresponds to the total antineutrino flux gen-

erated by the reactor, without considering the 1.8 MeV
threshold of the inverse β decay. This result confirms
that the detection of a change in the isotopic composi-
tion with a measurement close to a research reactor is
very challenging with a Nucifer-like detector.

The potential for sterile neutrino searches is shown in
Fig. 2 in the space represented by the oscillation parame-
ters: mixing angle on X-axis and squared mass difference
parameter on Y-axis. For different contours of the exper-
iment (Exp contours in Fig. 2) the right side provides the
values of the oscillation parameter which are accessible
at the given confidence limit. The oscillation parameters
favored by the reactor anomaly are inside the anomaly
contours (RAA contours in Fig. 2). In conclusion, the
potential of the Nucifer experiment is represented by the
intersection between the experimental and the anomaly
contours. As shown in Fig. 2, the anomaly best fit is
covered by Nucifer at 99% C.L.

Fig. 2 represents the result of a χ2 rate-and-shape anal-
ysis which consider Nucifer at Osiris research reactor and
systematic uncertainties related to: energy scale (2%),
global signal normalization (3%) and background sub-
traction (5%). The estimations of uncertainties are based
on the experience accumulated with the taken experimen-
tal data.

V. VSBL PROPOSALS IN FRANCE: STEREO
AND SOLiD

The aim of the STEREO experiment is the search for
a new sterile neutrino state by detecting a distortion of
the energy spectrum at the ILL research reactor. The
target is filled with 2 m3 of liquid scintillator and is seg-
mented in 5 cells along the reactor core direction with a
readout from the top. The data from the independent
cells exploit the energy and baseline dependence of the
sought new oscillation pattern. An unambiguous signa-
ture is provided by the comparison between the predicted
energy spectrum and the spectrum obtained in each cell.
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neutrino oscillations at short distances [4, 5]. However, 
SM-3 reactor, as well as other research reactors, is 
located on the Earth surface, hence, cosmic background 
is the major difficulty in considered experiment.  

Detector scheme with active and passive shielding is 
shown at fig. 1. The liquid scintillator detector has 
volume of 1.8 m3 (5x10 sections 0.225x0.225x0.85м3, 
filled to the height of 70 cm). Scintillator with 
gadolinium concentration 0.1% was using to detect 
inverse beta decay (IBD) events  ν̅e + p → e+ + n. The 
method of antineutrino registration is to select 
correlated pare of signals: prompt positron signal and 
delayed signal of neutron captured by gadolinium. 

The neutrino detector active shielding consists of 
external and internal parts in respect to passive 
shielding. The internal active shielding is located on the 
top of the detector and under it. The detector has a 
sectional structure. It consists of 50 sections – ten rows 
with 5 sections in each. The first and last detector rows 
were also used as an active shielding and at the same 
time as a passive shielding from the fast neutrons. Thus, 
fiducial volume of scintillator is 1.42 m3. For carrying 
out measurements, the detector has been moved to 
various positions at the distances divisible by section 
size. As a result, different sections can be placed at the 
same coordinates with respect to the reactor except for 
the edges at closest and farthest positions. 

Construction of a multi section system was aimed at 
using additional criteria for selection of neutrino events. 
The main problem of the experiment on the Earth's 
surface is fast neutrons from cosmic radiation. The 
elastic scattering of fast neutrons easily imitates an IBD, 
which is an indicative reaction of antineutrino. 
Registration of the first (start or prompt) signals from 
recoil protons imitates registration of a positron. The 

second (stop or delayed) signal arises in both cases 
when a neutron is captured by gadolinium. The 
difference between these prompt signals is in 
appearance of two gamma quanta, propagating in 
opposite directions with energy 511 keV each, produced 
in annihilation of a positron from IBD process. The 
recoil proton track with high probability is located 
within the size of one detector section, because its track 
length is about ~1 mm. Positron free path in an organic 
scintillator is ~5 cm, hence if its signal is detected in a 
section then 511 keV gamma-quanta could be detected 
in an adjacent section.  

Monte Carlo calculations has shown that 63% of 
prompt signals from neutrino events are recorded within 
one section and only 37% of events has signal in 
another section[6]. In our measurements, the signal 
difference at the reactor ON and OFF has ratio of  
double and single prompt events integrated over all 
distances (37 4)%r  and (63 7)%r . This ratio allows 
us to interpret the recorded events as neutrino events 
within current experimental accuracy. Unfortunately, a 
more detailed analysis of that ratio cannot be performed 
due to low statistical accuracy. Yet, it should be noted, 
that the measurements of fast neutrons and gamma 
fluxes in dependence on distance and reactor power 
were made before installing the detector into passive 
shielding [6, 7]. Absence of noticeable dependence of 
the background on both distance and reactor power was 
observed. As a result, we consider that difference in 
reactor ON/OFF signals appears mostly due to 
antineutrino flux from operating reactor. That 
hypothesis is confirmed by the given above ratio of 
single and multi-section prompt signals typical 
especially for neutrino events. 

 
Fig. 1. General scheme of an experimental setup. 1 – detector of reactor antineutrino, 2 – internal active shielding, 3 – external 

active shielding (umbrella), 4 – steel and lead passive shielding, 5 – borated polyethylene passive shielding, 6 – moveable 
platform, 7 – feed screw, 8 – step motor, 9 –shielding against fast neutrons from iron shot. 

Measurements with the detector have started in June 
2016. Measurements with the reactor ON were carried 
out for 480 days, and with the reactor OFF- for 278 
days. In total, the reactor was switched on and off 58 
times. Results of measurements of the difference in 

counting rate of neutrino-like events for the detector are 
shown in fig. 2, as dependence of antineutrino flux on 
the distance to the reactor core. 

Fit of an experimental dependence with the law A/L2 
yields satisfactory result. Goodness of that fit is 81%. 

4 
 

errors in calibration of energy scale or Monte-Carlo 
calculations of prompt signal spectrum in low energy 
region. There is a problem of precise registration of 
annihilation gamma energy (511 keV) in adjacent 
sections. Thus, energy point 1.5 MeV is the most 
problematic one.  

 
Fig. 5. a) The ratio of an experimental spectrum of prompt 

signals to the spectrum, expected from MC calculations for 3 
ranges (~2m) with centers 7.3m, 9.3m and 11.1m  
b) polynomial fit of results averaged by distance (red curve) 

Therefore, the method of the analysis of 
experimental data should not rely on precise knowledge 
of spectrum. One can carry out model independent 
analysis using equation (2), where numerator is the rate 
of antineutrino events with correction to geometric 
factor 1/L2 and denominator is its value averaged over 
all distances: 
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Equation (2) is model independent because left part 
includes only experimental data k 1,2, K=  for all 
distances in range 6.5-11.7m; i = 1,2,….10 
corresponding to 500keV energy intervals in range 
1.5MeV to 6.5MeV. The right part is the same ratio 
obtained within oscillation hypothesis. In right part of 
the equation energy spectrum is completely canceled 
out. Left part is normalized to spectrum averaged over 

all distances, hence oscillation effect is considerably 
averaged out in denominator if oscillations are frequent 
enough in considered distances range. It should be 
emphasized, that spectrum shape does not influence the 
expression, because it appears in equation (2) in 
numerator and denominator. The results of the analysis 

of optimal parameters 2
14m , 2

14sin 2θ using 2  
method are shown in fig.6.a. 

 
Fig. 6. а – Restrictions on parameters of oscillation into 

sterile state with 99.73% CL (pink), area of acceptable with 
99.73% C.L. values of the parameters (yellow) ,area of 
acceptable with 95.45% C.L. values of the parameters (green), 
area of acceptable with 68.30% C.L. values of the parameters 
(blue).  b – Area around central values in linear scale and 
significantly magnified, c – even further magnified central 
part. 
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10 m baseline. However, in this Letter we concentrate on
the sterile neutrino hypothesis which has triggered a series
of reactor antineutrino experiments at very short baselines
[15]. Results of the first two experiments, DANSS [16] and
NEOS [17], exclude significant parts of the allowed region
from Ref. [2], but a combined analysis of all reactor
antineutrino disappearance experiments still favors oscil-
lations involving a fourth neutrino state at the 3σ level [14].
The best fit parameters driven by the new DANSS and
NEOS results suggest a mass splitting of Δm2

14 ≈ 1.3 eV2

and a mixing angle of sin2ð2θeeÞ ≈ 0.05, which is slightly
outside the favored regions of Ref. [2] toward a lower
mixing angle. This result is based on the comparison of
purely spectral information. The analysis of DANSS
compares the antineutrino spectrum of the movable detec-
tor for two baselines. However, it awaits calculation of the
final systematic uncertainties [16]. NEOS relies on a
nontrivial comparison of their data to the measured
Daya Bay spectrum [18] obtained at different reactors with
different detectors where the correction of the spectra
requires inputs from predictions. Recently, PROSPECT
[19] and NEUTRINO-4 [20] have presented first results.
In STEREO, the antineutrino spectrum with energies up

to about 10 MeV is measured in a segmented detector using
six identical target cells of 37 cm length, whose centers are
placed from 9.4 to 11.1 m from the reactor core. The sterile
neutrino hypothesis can be tested by comparing the
measured antineutrino energy spectra of the different cells.
A neutrino oscillation with a mass splitting in the electron
volt region would manifest in a clear spectral pattern of a
distance-dependent distortion of the energy spectrum. The
analysis presented here uses spectra ratios with one cell as
reference. It does not require a reactor spectrum prediction
and is independent from the absolute flux normalization,
minimizing systematic uncertainties.
The STEREO detector system [21] (see Fig. 1) consists

of an antineutrino detector, a muon veto on top and several
calibration devices. The antineutrinos are detected via the
inverse beta decay reaction (IBD) on hydrogen nuclei in an
organic liquid scintillator: ν̄e þ p → eþ þ n. The six opti-
cally separated cells of the target volume are filled with a
gadolinium (Gd) loaded liquid scintillator for a total of
almost 2 m3. They are read out from the top by four
photomultiplier tubes (PMT) per cell. The IBD signature is
a coincidence of a prompt positron and a delayed neutron
capture event. The antineutrino energy is directly inferred
from the prompt event as E ¼ Eprompt þ 0.782 MeV. The
neutron from the IBD reaction is moderated and then
mainly captured by Gd isotopes. This capture creates a
gamma cascade with about 8 MeV total energy. These
gammas can interact in the target and in the gamma catcher,
a segmented volume surrounding the target, filled with
liquid scintillator without Gd and equipped with 24 PMTs.
In some cases, the gamma catcher serves also for the total
positron energy, detecting annihilation gammas escaping

the target. The mean capture time of the coincidence signal
is about 16 μs allowing for efficient discrimination of
accidental background. Moreover, background events are
strongly reduced by a thorough passive shielding design of
various materials with a total mass of about 65 tons.
STEREO is installed underneath a water channel providing,
together with the reactor building, an overburden of 15 m
water equivalent against cosmic radiation. The remaining
background can be measured during phases with the reactor
turned off. A GEANT4 [22] (version 10.1) Monte Carlo
model (MC) based on DCGLG4sim [23] describes detector
geometry, shielding, position to the reactor core, particle
interactions including neutron moderation and capture,
light production, transport including cross talks between
cells and detection, and signal conversion in the electronics.
A method has been developed to convert the measured (or
simulated) PMT signals into a reconstructed energy, taking
into account light cross talk between cells which ranges up
to 15%. The reconstructed energy resolution (σ=E) for
54Mn γ rays (0.835 MeV) is about 9%. Energy nonlinearity,
due to quenching effects, is measured precisely and
reproduced by the MC at the percent level. Drifts of the
reconstructed energy are at the subpercent level. More
information on the detector and its performances can be
found in [21]. The analysis presented in this Letter concerns
phase I of the experiment with 66 days of reactor turned on
and 138 days of reactor turned off [24].
Table I lists the set of IBD selection cuts corresponding

to the best compromise between detection efficiency and
background rejection, where the results remain quite stable
around the chosen values. Beyond the basic cuts on energy
and capture time (cuts 1–3), the detector segmentation is
exploited to tag the topology of energy deposition of IBD
events: compact prompt event only allowing for escaping

FIG. 1. STEREO setup. 1–6: target cells (baselines from core:
9.4–11.1 m); 7, 8: two of the four gamma catcher cells.
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response can slightly vary from one cell to another. From
the probability density function of Δχ2 obtained by gen-
erating a large number of pseudoexperiments, the Δχ2 of
9.1 with respect to the minimum in the (sin2ð2θeeÞ;Δm2

41)
plane corresponds to a p value of 0.34. Hence, the null
oscillation hypothesis cannot be rejected.
To infer an exclusion contour in the oscillation parameter

space, a raster scan method [25] has been used. It consists
in dividing the 2D parameter space into slices, with one
slice per Δm2

14 bin, and computing for each slice the χ2 as a
function of sin2ð2θeeÞ with free nuisance parameters. Then,
the Δχ2 values are computed using the minimum value of
each slice and not the global minimum. The 90% C.L.
exclusion contour corresponds to the parameter space
where the Δχ2 is higher than the value giving a one sided
p value of 0.1 in the probability density function obtained
from pseudoexperiments for each bin of the parameter
space. The result is shown in Fig. 4. The exclusion contour
is centered around the sensitivity contour, also computed
with a raster scan, with oscillations due to the statistical
fluctuations. The original RAA best fit is excluded at
97.5% C.L.
These first results demonstrate the ability of the

STEREO experiment to detect antineutrinos above the
residual background, dominated by cosmic-ray induced
events. With the novel method presented in this Letter, the
proton recoil component of this background is measured in
the temperature and pressure conditions of the reactor-on
data taking while the associated relative contamination of
electronic recoils is well constrained from the reactor-off
data. The accuracy of the background subtraction is thus
driven by the statistics and improves with more reactor-off
data acquired. The STEREO data taking is in progress and

should reach the envisaged statistics, 300 days at nominal
reactor power, before the end of 2019.
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Figure 5: Excluded region of NEOS (blue
line). Black thin line is the combined re-
sult of Daya Bay and Bugey-3[?]. The
green-filled regions are the allowed areas
with 90% (dark green) and 95% (light
green) CL. in RAA

ier sterile neutrinos. A number of experiments mentioned in Introduction have already launched,
expecting their results in near future. NEOS has also proposed its second phase in an improved
condition to search sterile neutrinos.
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FIG. 4. Ratio of measured IBD prompt Erec,p spectra in six base-
line bins from 6.7 to 9.2 m to the baseline-integrated spectrum.
Also shown are the no-oscillation (flat) expectation and an oscillated
expectation corresponding to the the best fit Reactor Antineutrino
Anomaly oscillation parameters [12]. Error bars indicate statistical
and systematic uncertainties, with statistical correlations between nu-
merator and denominator properly taken into account.

2−10 1−10 1
14θ22sin

1−10

1

10

]2
 [e

V
412

m
∆

Feldman-Cousins, 95% CL

PROSPECT Sensitivity, 95% CL

SBL + Gallium Anomaly (RAA), 95% CL

FIG. 5. Sensitivity and 95 % confidence level sterile neutrino oscil-
lation exclusion contour from the 33 live-day PROSPECT reactor-on
dataset. The best fit of the Reactor Antineutrino Anomaly [12] is
disfavored at 2.2� confidence level.

of oscillated toy datasets generated at that grid point [41]. The
present dataset excludes significant portions of the Reactor
Antineutrino Anomaly allowed region [12], and disfavors its
best fit point at 2.2� confidence level (p-value 0.013). The
present sensitivity is limited by statistics. Shown along with
the data exclusion contour is the expected PROSPECT 95 %
confidence level sensitivity curve for this dataset. This re-
sult was further cross checked with an independent oscillation
analysis using the Gaussian CLs method [42].

In summary, the PROSPECT experiment has observed in-

teractions of 25461 reactor ⌫
e

produced by 235U fission in
33 live-days of reactor-on running. The current signal se-
lection provides a ratio of 1.32 ⌫

e

detections to cosmogenic
backgrounds, as well as the capability to identify reactor-
on/off state transitions to 5� statistical confidence level within
2 hours. These demonstrate the feasibility of on-surface reac-
tor ⌫

e

detection and the potential utility of this technology for
reactor power monitoring. A comparison of measured IBD
prompt energy spectra between detector baselines with the 33
live-day dataset provides no indication of sterile neutrino os-
cillations. This disfavors the Reactor Antineutrino Anomaly
best fit point at 2.2� confidence level and constrains signif-
icant portions of the previously allowed parameter space at
95 % confidence level.
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Isotope Decay at Rest
Physics at Very Short Baselines

Figure 2.6: Target next to KamLAND. 30� bend in beam line directs backstreaming neutrons into dump.
Shielding thickness has been increased more than shown. Primary water cooling components are shown. Down-
stream space is required for target changing. The light background is rock, existing drift is shown in darker tan.
Enlargement of the area will be needed to accommodate the target and support systems.

The required cavern dimensions: 15 meters long, 6.5 meters wide and 7 meters high contains a
volume of 680 cubic meters. The approximate size of the existing drift is 4 meters wide by 3
meters high, and the overlap length with the required cavern is approximately 9 meters. The
volume of existing empty space is 110 cubic meters. Thus the volume of new excavation is about
570 cubic meters.

The design provides a secondary escape route through a drift almost directly under the upper
right corner of this cavern. A vertical rise will be drilled to this drift, approximately 10 meters
below, adding approximately 20 cubic meters of extra excavation.

It would be convenient and straightforward to plan on storing spent targets (and fresh replace-
ment targets) in bore holes drilled horizontally into the wall away from the KamLAND vault.
These could be accessed by a remote handling arm. These boreholes should have a steel pipe
lining, the same diameter as the vacuum pipe in the target assembly, and should be about 3
meters deep, allowing for a steel plug to provide shielding from gamma radiation from the spent
target. Each bore hole would require about 2 cubic meters of excavation. If six are provided,
one should plan for an extra 12 cubic meters of rock removal.

In total, for the target area, about 600 cubic meters must be removed.

26

KamLAND

Ultra high purity liquid 
scintillator detector 

𝜎E ∼ 3%/√E (planned) 

IBD 𝜈e̅(p,n)e+ and 𝜈e-e 
elastic scattering

arxiv:1710.09325

Figure 1.1: The solid curves indicate �m2 vs. sin2 2✓ee 5� exclusion limit reach with IsoDAR@KamLAND
(three-year run): Red–16 m (Site 1, the original location, 10 mA of proton current); Blue–12.6 m (Site 2, the
now preferred site, 6 mA proton current). The allowed regions for electron-disappearance anomalies (grey) and
the sensitivity of other upcoming experiments (green, orange dashed) are explained in the text. The allowed
regions at 99% CL from a 2016 global fit as a function of mass splitting, �m2, vs. electron-flavor disappearance
mixing angle, sin2 2✓ee are shown in magenta [7].

anomalies, other experiments potentially sensitive to sterile neutrinos have observed null results
[15, 16, 17, 18, 19, 20, 21, 22, 23], and, thus, limit the parameter space of the anomalies. The
resulting 99% CL allowed parameter region for fits to the entire data set, as a function of �m2

and sin2 2✓ee , is shown on Fig. 1.1 (magenta) (See Ref. [7] for plots with respect to sin2 2✓eµ and
sin2 2✓µµ.) The results are consistent with a sterile neutrino model with a sterile–active mass
squared mass di↵erence of &1 eV2.

The global fit allowed regions have changed very little recently, as seen by comparing Ref. [7]
to [6], despite a great deal of press given to null results published in spring/summer of 2016
[23, 24, 25, 26]. The stability arises because the global fit result is highly significant. It is a > 6�
improvement over the no-sterile-neutrino hypothesis (��2

null�min/dof of 50.61/4) and is located
at the edge, in parameter space, of the reach of most null experiments including those associated
with Refs. [23, 24, 25, 26]. It should be noted that these experiments do not actually claim to
cover the full global fit region; they only claim to cover the highest confidence level allowed
region of ⌫µ ! ⌫e experiments, omitting the disappearance signals. While focusing on a chosen

8

Wiggles

Reconstruct events in 
position and energy 

Look for oscillations in L/E

arxiv:1710.09325

Lawrence's 1934 patent drawing 
for the cyclotron (Wikipedia)

Cyclotron

H2+ source feeds a 60 MeV/
amu cyclotron, stripped into 
proton beam on 9Be target. 

n captures on 7Li create 8Li 

8Li 𝛽 decay → lots of 𝜈e̅

=+

DAEdALUS is a future higher-intensity multi-baseline system, to search for CPV at short baselines
See www.nevis.columbia.edu/daedalus
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Conclusions

‣ Several anomalies, significant tension in the data 
‣ There is something we're missing, sterile neutrinos 

or neutrino interactions, need to sort it out to 
move the field forward

Symmetry Magazine, 2/2013

‣ The SBN program will make a definitive test of the 
LSND-like anomalies 
‣ Three imaging LArTPCs at three baselines 
‣ Intense neutrino beam at Fermilab BNB 
‣ MicroBooNE is running now, producing cross section 

measurements and studying the MiniBooNE LEE 
‣ SBND and ICARUS are coming, full program in 2020 
‣ Complementary VSBL experiments are meanwhile 

probing the sterile landscape
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Standard Model
Three-Neutrino Oscillations

Neutrino Oscillations
In a two-neutrino approximation, the survival probability

Pee = 1≠Pea = sin2(2◊)sin2

A

1.27�m2 [eV2] L [km]
E‹ [GeV]

B

Where �m2 © m2
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Zzzzz...
L ∼ meters
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SBND
The Short-Baseline Near Detector

Neutrinos

Target

protons

µ�
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VSBL Experiments
Physics at Very Short Baselines

Experiment Pth [MW] L [m] depth [mwe] m [t] technique S/B
Nucifer 70 7 12 0.8 Gd-LS <1
Neos 2700 25 20 1 Gd-LS 22
DANSS 3000 9–12 50 0.9 Gd-PS ∼20
Neutrino-4 100 6–11 5–10 1.5 Gd-LS <1
Stereo 57 9–11 10 1.7 Gd-LS >1
Solid 100 6–11 10 1.6 6Li-PS ∼3
Prospect 85 7–12 ∼5 3 6Li-LS >1

Table 1: Comparison of running and upcoming sterile neutrino experiments listing the
thermal power of the reactor (Pth), baseline (L), shielding, target mass (m), detection
technique and signal to background ratio (S/B). All of the experiments in the table
except Nucifer and Neos are using segmented detectors.

measurements with the 3 ton detector is expected to commence in 2017 and should
run for 3 years. Afterwards in a phase II of the experiment PROSPECT could be
upgraded with a second detector at 15 − 19 m baseline for further improvement of
the sensitivity.

4 Summary

The tension between the observed rate of reactor antineutrinos at short baselines with
most recent flux predictions triggered the development of several new experiments
searching for oscillations into sterile neutrinos. To obtain a convincing sterile neu-
trino signature the main features of such experiments should include short baselines
(∼10 m), segmentation and/or movability as well as effective background suppression
techniques.

In Table 1 several experiments are listed which either published results recently,
started data taking or are currently under construction. With those strong efforts in
the field the next years should allow to prove the existence of light sterile neutrinos
or exclude the currently allowed region for ∼eV mass splittings. Since several of
these reactor experiments are operated at compact cores highly enriched in 235U,
high precision measurements of the associated neutrino spectrum will be obtained.
This should give new insights into the observed distortions in the neutrino spectra of
the km baseline θ13 experiments as compared to the predictions.

References
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Fig. 12: Completeness (a) and purity (b) of the reconstructed particles with the strongest matches to the target
muon and proton in simulated BNB CC nµ quasi-elastic interactions and (c) the distance between generated
and reconstructed 3D vertex positions.

!

p

x, drift position

w, wire position

Interaction Vertex

"+

5 cm

Fig. 13: The reconstruction of a simulated 1.1-GeV CC nµ interaction with resonant charged-pion production.
Target particles for the reconstruction are the muon, proton and charged pion.

#Matched Particles 0 1 2 3+

µ 3.5% 95.1% 1.4% 0.0%
p 9.0% 86.8% 4.0% 0.3%

p+ 6.9% 80.9% 11.4% 0.8%

Table 2: Pattern-recognition performance for the target muon, proton and charged pion in simulated BNB CC
nµ interactions with resonant pion production. The total number of events was 47,754 and 70.5% were deemed
to have exactly one reconstructed particle matched to each target.

Figure 14 displays the reconstruction efficiencies for the target muon, proton and pion as a function of the
numbers of true hits, true momenta and the true opening angles to their nearest-neighbour target MCParticle.
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p 9.0% 86.8% 4.0% 0.3%

p+ 6.9% 80.9% 11.4% 0.8%

Table 2: Pattern-recognition performance for the target muon, proton and charged pion in simulated BNB CC
nµ interactions with resonant pion production. The total number of events was 47,754 and 70.5% were deemed
to have exactly one reconstructed particle matched to each target.

Figure 14 displays the reconstruction efficiencies for the target muon, proton and pion as a function of the
numbers of true hits, true momenta and the true opening angles to their nearest-neighbour target MCParticle.

MicroBooNE
Event Reconstruction in LArTPCs

‣ Pattern recognition using particle flow 
‣ Pandora development toolkit 
‣ Eur. Phys. J C 75, 439 (2015)

Pandora Path Deep Learning Path
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As expected, target MCParticles are most likely to be merged into single reconstructed particles when the
targets are collinear. Figure 15 shows the completenesses and purities of the reconstructed particles with the
strongest matches to the target muon, proton and pion. The reported completeness is lowest for the target pions
because of the difficulty inherent in fully reconstructing the hierarchy of daughter particles, even when all the
separate particles are reconstructed.
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Fig. 14: Reconstruction efficiencies for the target muon, proton and charged pion in simulated BNB CC nµ
interactions with resonant pion production, (a) as a function of the numbers of true hits, (b) as a function of
true momenta and (c) as a function of the true opening angles to the nearest-neighbour target MCParticle. For
instance, for the muon in a given event, this would be the smaller of its true opening angles to the proton and
the charged pion.

Figure 15c shows the displacement of the reconstructed neutrino interaction vertex from the true, generated
position. It is found that 68% of events have a displacement below 0.48 cm, whilst 7.3% of events have a
displacement above 5 cm. The vertex reconstruction performance is better than for the quasi-elastic events
considered in Section 6.1. The presence of the pion track, whilst adding to the complexity of the events,
provides additional pointing information indicating the position of the interaction vertex.
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Fig. 15: Completeness (a) and purity (b) of the reconstructed particles with the strongest matches to the target
muon, proton and charged pion in simulated BNB CC nµ interactions with resonant pion production and (c)
the distance between generated and reconstructed 3D vertex positions.

CC Event 
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‣ Novel image classification approaches 
‣ Focused on 1ℓ1p final states 
‣ arxiv:1808.07269, JINST 12, P03011 (2017)
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FIG. 4. Top: an example image from the training set in which
two protons, one electron, and one muon are produced. The
gaps along the trajectory of an electron and proton on the left
are due to unresponsive wires [6] in the detector. Bottom: the
event from the top image that shows PL weighting categories
indicated in di↵erent colors.

V. DATA SAMPLES FOR TRAINING AND
VALIDATION

A. Training Sample Preparation

We prepare training samples using a custom event gen-
erator called MultiPartVertex (MPV), available in
the MicroBooNE software repository, uboonecode [16].
MPV can be configured to randomly generate a single 3D
point in a detector with the emission of multiple charged
particles. Any random process employed by MPV is a
uniform distribution within the specified range in the
configuration. The multiplicity and type of particles to
be generated are configurable parameters as outlined be-
low. Restrictions and ranges for the generation are pre-
sented in the following two paragraphs.

For 80% of the sample, the MPV is configured to gen-
erate events with a random total particle multiplicity be-
tween one and four. One of the generated particles must
be a light lepton (e� or µ

�) with kinetic energy rang-
ing from 50 to 1000 MeV. The direction of each particle
is chosen from an isotropic distribution. For the other
generated particles, the MPV is configured to randomly
assign their types to a photon, charged pion, proton, or

FIG. 5. (a) The training loss value as a function of train-
ing time using the validation sample. The red line shows the
average at a given Epoch computed using 200 the neighbor-
ing Epoch points. (b) Incorrectly Classified Pixel Fraction
(ICPF) for the same sample. The sudden drop in both fig-
ures at Epoch 14 is due to lowering of the learning rate by a
factor of 10.

another lepton (e� or µ

�). We also set the maximum
multiplicity for leptons and protons to be three and pho-
tons and charged pions to be two. There is no strong
motivation for this configuration. In fact we demonstrate
later in this paper that the network works well on neu-
trino candidate events with a shower particle from real
detector data with multiplicity five.

The remaining 20% of images are generated with a
di↵erent configuration. The total multiplicity is set ran-
domly between one and four particles but there is no
restriction to include at least one light lepton. Instead,
particle types are set randomly between showers (e� and
photon) and tracks (µ�, charged pion, and proton). For
each particle type, the maximum multiplicity is set to
two. The ranges for the randomly assigned momentum
are specified as 30 to 100 MeV/c for e� and photon, 85
to 175 MeV/c for µ�, 95 to 195 MeV/c for charged pion,
and 300 to 450 MeV/c for proton. The distribution of
particle directions is isotropic. This 20% fraction is cho-
sen to have a particular focus on the low energy region
where classification of particle types becomes di�cult.
The motivation for this is to enhance the networks per-
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The motivation for this is to enhance the networks per-

Particle ID
arxiv:1808.07269
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 Pixel Labeling

● We seek to separate track and shower clusters to aid in vertex 
reconstruction

● First use of Deep Learning, a semantic segmentation network 
labels each pixel as shower-like or track-like

● Overall labeling accuracy > 90%

 

p track

e- shower

 
ν

e Track and 
Shower 
Pixel 
Labeling
JINST 12, 
P03011 (2017)
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SBND
The Short-Baseline Near Detector
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ICARUS
The Short-Baseline Far Detector
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PROSPECT
‣ Detector close to a 99% 235U research 

reactor (HFIR at ORNL) 
‣ Baselines of 7-12 m and 16-20 m 
‣ Segmented 6Li doped liquid scintillator 
‣ Addresses reactor flux anomaly and 

sterile neutrino oscillations

https://prospect.yale.edu/science

A VSBL Example
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FIG. 4. Ratio of measured IBD prompt Erec,p spectra in six base-
line bins from 6.7 to 9.2 m to the baseline-integrated spectrum.
Also shown are the no-oscillation (flat) expectation and an oscillated
expectation corresponding to the the best fit Reactor Antineutrino
Anomaly oscillation parameters [12]. Error bars indicate statistical
and systematic uncertainties, with statistical correlations between nu-
merator and denominator properly taken into account.
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FIG. 5. Sensitivity and 95 % confidence level sterile neutrino oscil-
lation exclusion contour from the 33 live-day PROSPECT reactor-on
dataset. The best fit of the Reactor Antineutrino Anomaly [12] is
disfavored at 2.2� confidence level.

of oscillated toy datasets generated at that grid point [41]. The
present dataset excludes significant portions of the Reactor
Antineutrino Anomaly allowed region [12], and disfavors its
best fit point at 2.2� confidence level (p-value 0.013). The
present sensitivity is limited by statistics. Shown along with
the data exclusion contour is the expected PROSPECT 95 %
confidence level sensitivity curve for this dataset. This re-
sult was further cross checked with an independent oscillation
analysis using the Gaussian CLs method [42].

In summary, the PROSPECT experiment has observed in-

teractions of 25461 reactor ⌫
e

produced by 235U fission in
33 live-days of reactor-on running. The current signal se-
lection provides a ratio of 1.32 ⌫

e

detections to cosmogenic
backgrounds, as well as the capability to identify reactor-
on/off state transitions to 5� statistical confidence level within
2 hours. These demonstrate the feasibility of on-surface reac-
tor ⌫

e

detection and the potential utility of this technology for
reactor power monitoring. A comparison of measured IBD
prompt energy spectra between detector baselines with the 33
live-day dataset provides no indication of sterile neutrino os-
cillations. This disfavors the Reactor Antineutrino Anomaly
best fit point at 2.2� confidence level and constrains signif-
icant portions of the previously allowed parameter space at
95 % confidence level.
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