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Neutrinos

Neutrinos are good for surprises! 

• Small mass requires new physics 

• Oscillations between flavour states 

• Weak interactions make constraints difficult
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Neutrino oscillations
Oscillation probabilities governed by
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Extended oscillations
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But: Z-decay limits number of weakly 
interacting light neutrinos

A large family
In principle, previous discussion is valid for N neutrinos

only constraint: there are exactly
three flavor neutrinos in the SM

[LEP, Phys. Rept. 427 (2006) 257,
arXiv:hep-ex/0509008]
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<latexit sha1_base64="XlZ4Ad+jzwInmt2zQE8nO494/vs=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokPvCxKrhxWcE+IAllMp20Q2cmYWYilJCNv+LGhSJu/Qx3/o2TNgttPXDhcM693HtPmDCqtON8W5Wl5ZXVtep6bWNza3vH3t3rqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuObwu/+0ikorF40JOEBBwNBY0oRtpIffvAV3TIEfRvoOdzpEeSZyLMg75ddxrOFHCRuCWpgxKtvv3lD2KcciI0Zkgpz3USHWRIaooZyWt+qkiC8BgNiWeoQJyoIJs+kMNjowxgFEtTQsOp+nsiQ1ypCQ9NZ3GjmvcK8T/PS3V0FWRUJKkmAs8WRSmDOoZFGnBAJcGaTQxBWFJzK8QjJBHWJrOaCcGdf3mRdE4b7lnj4v683rwu46iCQ3AEToALLkET3IEWaAMMcvAMXsGb9WS9WO/Wx6y1YpUz++APrM8fULSWNw==</latexit>

Any additional light neutrino must be sterile
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<latexit sha1_base64="YxtkPy0Va35lZBbC9p6DZq7Pf6g="></latexit>

arXiv hep-ex/0509008



Steffen Hagstotz

• Short: 

• Other oscillations with                        don’t have time to 
develop

Short Baseline (SBL) searches

�m2
21, �|m31|2

<latexit sha1_base64="uVyfbuWNzO0900TyxdhIPsDN73A=">AAACDnicbZDLSsNAFIYnXmu9RV26GSwFF1KSVFFcFXXhsoK9QJOGyXTSDp1cmJkIJc0TuPFV3LhQxK1rd76N0zYLbf1h4Oc753Dm/F7MqJCG8a0tLa+srq0XNoqbW9s7u/reflNECcekgSMW8baHBGE0JA1JJSPtmBMUeIy0vOH1pN56IFzQKLyXo5g4AeqH1KcYSYVcvWzfECYRDNzUMrOudQLtS5izsYJVMxt3LVcvGRVjKrhozNyUQK66q3/ZvQgnAQklZkiIjmnE0kkRlxQzkhXtRJAY4SHqk46yIQqIcNLpORksK9KDfsTVCyWc0t8TKQqEGAWe6gyQHIj52gT+V+sk0r9wUhrGiSQhni3yEwZlBCfZwB7lBEs2UgZhTtVfIR4gjrBUCRZVCOb8yYumaVXMauXs7rRUu8rjKIBDcASOgQnOQQ3cgjpoAAwewTN4BW/ak/aivWsfs9YlLZ85AH+kff4APemaWQ==</latexit>

L/E ⇠ O(eV2)
<latexit sha1_base64="C+K+aX30QrOeqY5u+axQU089w3c=">AAACDHicbVDLSsNAFJ34rPVVdelmsAh1U5Oq6LIoggvBCvYBTSyT6aQdOpOEmYlQQj7Ajb/ixoUibv0Ad/6NkzQLbT0wcDjnXObe44aMSmWa38bc/MLi0nJhpbi6tr6xWdrabskgEpg0ccAC0XGRJIz6pKmoYqQTCoK4y0jbHV2kfvuBCEkD/06NQ+JwNPCpRzFSWuqVyteHl9CWlEObIzXEiMU3SSXjgsekldzXDnTKrJoZ4CyxclIGORq90pfdD3DEia8wQ1J2LTNUToyEopiRpGhHkoQIj9CAdDX1ESfSibNjErivlT70AqGfr2Cm/p6IEZdyzF2dTLeU014q/ud1I+WdOTH1w0gRH08+8iIGVQDTZmCfCoIVG2uCsKB6V4iHSCCsdH9FXYI1ffIsadWq1lH15Pa4XD/P6yiAXbAHKsACp6AOrkADNAEGj+AZvII348l4Md6Nj0l0zshndsAfGJ8/g1Kaqw==</latexit>
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Source Detector

L
<latexit sha1_base64="ruPhR1dRXPkqRT4MaQU4+IbT71g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx48JGAekCxhdtJJxszOLjOzQljyBV48KOLVT/Lm3zhJ9qCJBQ1FVTfdXUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo9up33xCpXkkH8w4Rj+kA8n7nFFjpdp9t1hyy+4MZJl4GSlBhmq3+NXpRSwJURomqNZtz42Nn1JlOBM4KXQSjTFlIzrAtqWShqj9dHbohJxYpUf6kbIlDZmpvydSGmo9DgPbGVIz1IveVPzPayemf+2nXMaJQcnmi/qJICYi069JjytkRowtoUxxeythQ6ooMzabgg3BW3x5mTTOyt55+bJ2UarcZHHk4QiO4RQ8uIIK3EEV6sAA4Rle4c15dF6cd+dj3ppzsplD+APn8welzYzX</latexit>

⌫4
<latexit sha1_base64="k6JeHNCdmBOindydZIC631ecs0Q=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0ot4KXjxWMG2hDWWz3bRLN5uwOxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777RTW1jc2t4rbpZ3dvf2D8uFR0ySZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWO7mZ+64lrIxL1iOOUBzEdKBEJRtFKfldlvVqvXHGr7hxklXg5qUCORq/81e0nLIu5QiapMR3PTTGYUI2CST4tdTPDU8pGdMA7lioacxNM5sdOyZlV+iRKtC2FZK7+npjQ2JhxHNrOmOLQLHsz8T+vk2F0E0yESjPkii0WRZkkmJDZ56QvNGcox5ZQpoW9lbAh1ZShzadkQ/CWX14lzYuqd1m9eqhV6rd5HEU4gVM4Bw+uoQ730AAfGAh4hld4c5Tz4rw7H4vWgpPPHMMfOJ8/ifyOfA==</latexit>

⌫3
<latexit sha1_base64="dCq6zA974Xef/Z1kC+GypOscOHc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0msot4KXjxWMG2hDWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjpk4yxdBniUhUO6QaBZfoG24EtlOFNA4FtsLR3cxvPaHSPJGPZpxiENOB5BFn1FjJ78qsV+uVK27VnYOsEi8nFcjR6JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhPdBBMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lzYuqV6tePVxW6rd5HEU4gVM4Bw+uoQ730AAfGHB4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/iHiOew==</latexit>

⌫2
<latexit sha1_base64="3fhXyUtoirIkw4wln0wAi6K3Qw4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqot4KXjxWMG2hDWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjpk4yxdBniUhUO6QaBZfoG24EtlOFNA4FtsLR3cxvPaHSPJGPZpxiENOB5BFn1FjJ78qsV+uVK27VnYOsEi8nFcjR6JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhPdBBMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lzVrVu6hePVxW6rd5HEU4gVM4Bw+uoQ730AAfGHB4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/hvSOeg==</latexit>

⌫1
<latexit sha1_base64="EhrAzGFGErG8i7wVRQprwUk8gqQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QL0VvHisYGyhDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3U791hPXRiTqAccpD2I6UCISjKKV/K7Kel6vWnPr7gxkmXgFqUGBZq/61e0nLIu5QiapMR3PTTHIqUbBJJ9UupnhKWUjOuAdSxWNuQny2bETcmKVPokSbUshmam/J3IaGzOOQ9sZUxyaRW8q/ud1Moyug1yoNEOu2HxRlEmCCZl+TvpCc4ZybAllWthbCRtSTRnafCo2BG/x5WXyeFb3zuuX9xe1xk0RRxmO4BhOwYMraMAdNMEHBgKe4RXeHOW8OO/Ox7y15BQzh/AHzucPhXCOeQ==</latexit>
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L
<latexit sha1_base64="ruPhR1dRXPkqRT4MaQU4+IbT71g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx48JGAekCxhdtJJxszOLjOzQljyBV48KOLVT/Lm3zhJ9qCJBQ1FVTfdXUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo9up33xCpXkkH8w4Rj+kA8n7nFFjpdp9t1hyy+4MZJl4GSlBhmq3+NXpRSwJURomqNZtz42Nn1JlOBM4KXQSjTFlIzrAtqWShqj9dHbohJxYpUf6kbIlDZmpvydSGmo9DgPbGVIz1IveVPzPayemf+2nXMaJQcnmi/qJICYi069JjytkRowtoUxxeythQ6ooMzabgg3BW3x5mTTOyt55+bJ2UarcZHHk4QiO4RQ8uIIK3EEV6sAA4Rle4c15dF6cd+dj3ppzsplD+APn8welzYzX</latexit>

⌫4
<latexit sha1_base64="k6JeHNCdmBOindydZIC631ecs0Q=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0ot4KXjxWMG2hDWWz3bRLN5uwOxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777RTW1jc2t4rbpZ3dvf2D8uFR0ySZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWO7mZ+64lrIxL1iOOUBzEdKBEJRtFKfldlvVqvXHGr7hxklXg5qUCORq/81e0nLIu5QiapMR3PTTGYUI2CST4tdTPDU8pGdMA7lioacxNM5sdOyZlV+iRKtC2FZK7+npjQ2JhxHNrOmOLQLHsz8T+vk2F0E0yESjPkii0WRZkkmJDZ56QvNGcox5ZQpoW9lbAh1ZShzadkQ/CWX14lzYuqd1m9eqhV6rd5HEU4gVM4Bw+uoQ730AAfGAh4hld4c5Tz4rw7H4vWgpPPHMMfOJ8/ifyOfA==</latexit>

L/E ⇠ O(eV2)
<latexit sha1_base64="C+K+aX30QrOeqY5u+axQU089w3c=">AAACDHicbVDLSsNAFJ34rPVVdelmsAh1U5Oq6LIoggvBCvYBTSyT6aQdOpOEmYlQQj7Ajb/ixoUibv0Ad/6NkzQLbT0wcDjnXObe44aMSmWa38bc/MLi0nJhpbi6tr6xWdrabskgEpg0ccAC0XGRJIz6pKmoYqQTCoK4y0jbHV2kfvuBCEkD/06NQ+JwNPCpRzFSWuqVyteHl9CWlEObIzXEiMU3SSXjgsekldzXDnTKrJoZ4CyxclIGORq90pfdD3DEia8wQ1J2LTNUToyEopiRpGhHkoQIj9CAdDX1ESfSibNjErivlT70AqGfr2Cm/p6IEZdyzF2dTLeU014q/ud1I+WdOTH1w0gRH08+8iIGVQDTZmCfCoIVG2uCsKB6V4iHSCCsdH9FXYI1ffIsadWq1lH15Pa4XD/P6yiAXbAHKsACp6AOrkADNAEGj+AZvII348l4Md6Nj0l0zshndsAfGJ8/g1Kaqw==</latexit>

�m2
21, �|m31|2

<latexit sha1_base64="uVyfbuWNzO0900TyxdhIPsDN73A=">AAACDnicbZDLSsNAFIYnXmu9RV26GSwFF1KSVFFcFXXhsoK9QJOGyXTSDp1cmJkIJc0TuPFV3LhQxK1rd76N0zYLbf1h4Oc753Dm/F7MqJCG8a0tLa+srq0XNoqbW9s7u/reflNECcekgSMW8baHBGE0JA1JJSPtmBMUeIy0vOH1pN56IFzQKLyXo5g4AeqH1KcYSYVcvWzfECYRDNzUMrOudQLtS5izsYJVMxt3LVcvGRVjKrhozNyUQK66q3/ZvQgnAQklZkiIjmnE0kkRlxQzkhXtRJAY4SHqk46yIQqIcNLpORksK9KDfsTVCyWc0t8TKQqEGAWe6gyQHIj52gT+V+sk0r9wUhrGiSQhni3yEwZlBCfZwB7lBEs2UgZhTtVfIR4gjrBUCRZVCOb8yYumaVXMauXs7rRUu8rjKIBDcASOgQnOQQ3cgjpoAAwewTN4BW/ak/aivWsfs9YlLZ85AH+kff4APemaWQ==</latexit>



Steffen Hagstotz

Short Baseline (SBL) searches

Appearance

sin2 2#↵� = 4|U↵4|2|U�4|2
<latexit sha1_base64="3cBSdgHHPG/69bucK6KBJC2bt4Q="></latexit>
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' sin2 2#↵� sin
2

✓
�m2
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◆

<latexit sha1_base64="CiSNMWkWM75lO8Rxud5Vh7nUDGw="></latexit>

⌫↵
<latexit sha1_base64="UBcwADvC6JKZIBJh7Px2Cv5U3O4=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmAdml9A7mSRDZmeXmVkhLPkLLx4U8erfePNvnCR70MSChqKqm+6uMBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUdagsYhVO0TNBJesYbgRrJ0ohlEoWCsc3U791hNTmsfywYwTFkQ4kLzPKRorPfoy7fookiF2yxW36s5AlomXkwrkqHfLX34vpmnEpKECte54bmKCDJXhVLBJyU81S5COcMA6lkqMmA6y2cUTcmKVHunHypY0ZKb+nsgw0nochbYzQjPUi95U/M/rpKZ/HWRcJqlhks4X9VNBTEym75MeV4waMbYEqeL2VkKHqJAaG1LJhuAtvrxMmmdV77x6eX9Rqd3kcRThCI7hFDy4ghrcQR0aQEHCM7zCm6OdF+fd+Zi3Fpx85hD+wPn8AaFHkOU=</latexit>

Detect different flavour

Effective mixing angles:

L/E ⇠ O(eV2)
<latexit sha1_base64="C+K+aX30QrOeqY5u+axQU089w3c=">AAACDHicbVDLSsNAFJ34rPVVdelmsAh1U5Oq6LIoggvBCvYBTSyT6aQdOpOEmYlQQj7Ajb/ixoUibv0Ad/6NkzQLbT0wcDjnXObe44aMSmWa38bc/MLi0nJhpbi6tr6xWdrabskgEpg0ccAC0XGRJIz6pKmoYqQTCoK4y0jbHV2kfvuBCEkD/06NQ+JwNPCpRzFSWuqVyteHl9CWlEObIzXEiMU3SSXjgsekldzXDnTKrJoZ4CyxclIGORq90pfdD3DEia8wQ1J2LTNUToyEopiRpGhHkoQIj9CAdDX1ESfSibNjErivlT70AqGfr2Cm/p6IEZdyzF2dTLeU014q/ud1I+WdOTH1w0gRH08+8iIGVQDTZmCfCoIVG2uCsKB6V4iHSCCsdH9FXYI1ffIsadWq1lH15Pa4XD/P6yiAXbAHKsACp6AOrkADNAEGj+AZvII348l4Md6Nj0l0zshndsAfGJ8/g1Kaqw==</latexit>
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<latexit sha1_base64="KhnfDv6LUCNGVKWYLa631BFRxKk=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFSa1xmZXdOOygn1IE8pkOmmHTiZhZiKU0K9w40IRt36OO//G6UNQ0QMXDufcy733hClnSiP0YRVWVtfWN4qbpa3tnd298v5BWyWZJLRFEp7IbogV5UzQlmaa024qKY5DTjvh+Grmd+6pVCwRt3qS0iDGQ8EiRrA20p0vsr4fUo375QqyPQ/VHBci+xyhqusZgs6qddeFjo3mqIAlmv3yuz9ISBZToQnHSvUclOogx1Izwum05GeKppiM8ZD2DBU4pirI5wdP4YlRBjBKpCmh4Vz9PpHjWKlJHJrOGOuR+u3NxL+8XqajepAzkWaaCrJYFGUc6gTOvocDJinRfGIIJpKZWyEZYYmJNhmVTAhfn8L/SbtqOzXbu6lVGpfLOIrgCByDU+CAC9AA16AJWoCAGDyAJ/BsSevRerFeF60FazlzCH7AevsER6qQwg==</latexit>



Steffen Hagstotz
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Short Baseline (SBL) searches

Appearance Disappearance

sin2 2#↵� = 4|U↵4|2|U�4|2
<latexit sha1_base64="3cBSdgHHPG/69bucK6KBJC2bt4Q="></latexit>

sin2 2#↵↵ = 4|U↵4|2(1� |U↵4|2)
<latexit sha1_base64="MuavFClDKBmT5nSsLmyDEkyUdXk="></latexit>

P SBL
⌫↵!⌫�

' sin2 2#↵� sin
2

✓
�m2

41L

4E

◆

<latexit sha1_base64="CiSNMWkWM75lO8Rxud5Vh7nUDGw="></latexit>

P SBL
⌫↵!⌫↵

' 1� sin2 2#↵↵ sin2
✓
�m2

41L

4E

◆

<latexit sha1_base64="eMaDGDA6ZaoPXSNN4M3+xfCvlfg="></latexit>

⌫↵
<latexit sha1_base64="UBcwADvC6JKZIBJh7Px2Cv5U3O4=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmAdml9A7mSRDZmeXmVkhLPkLLx4U8erfePNvnCR70MSChqKqm+6uMBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUdagsYhVO0TNBJesYbgRrJ0ohlEoWCsc3U791hNTmsfywYwTFkQ4kLzPKRorPfoy7fookiF2yxW36s5AlomXkwrkqHfLX34vpmnEpKECte54bmKCDJXhVLBJyU81S5COcMA6lkqMmA6y2cUTcmKVHunHypY0ZKb+nsgw0nochbYzQjPUi95U/M/rpKZ/HWRcJqlhks4X9VNBTEym75MeV4waMbYEqeL2VkKHqJAaG1LJhuAtvrxMmmdV77x6eX9Rqd3kcRThCI7hFDy4ghrcQR0aQEHCM7zCm6OdF+fd+Zi3Fpx85hD+wPn8AaFHkOU=</latexit>

⌫↵
<latexit sha1_base64="UBcwADvC6JKZIBJh7Px2Cv5U3O4=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmAdml9A7mSRDZmeXmVkhLPkLLx4U8erfePNvnCR70MSChqKqm+6uMBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUdagsYhVO0TNBJesYbgRrJ0ohlEoWCsc3U791hNTmsfywYwTFkQ4kLzPKRorPfoy7fookiF2yxW36s5AlomXkwrkqHfLX34vpmnEpKECte54bmKCDJXhVLBJyU81S5COcMA6lkqMmA6y2cUTcmKVHunHypY0ZKb+nsgw0nochbYzQjPUi95U/M/rpKZ/HWRcJqlhks4X9VNBTEym75MeV4waMbYEqeL2VkKHqJAaG1LJhuAtvrxMmmdV77x6eX9Rqd3kcRThCI7hFDy4ghrcQR0aQEHCM7zCm6OdF+fd+Zi3Fpx85hD+wPn8AaFHkOU=</latexit>

Detect different flavour Detect same flavour

Effective mixing angles:

L/E ⇠ O(eV2)
<latexit sha1_base64="C+K+aX30QrOeqY5u+axQU089w3c=">AAACDHicbVDLSsNAFJ34rPVVdelmsAh1U5Oq6LIoggvBCvYBTSyT6aQdOpOEmYlQQj7Ajb/ixoUibv0Ad/6NkzQLbT0wcDjnXObe44aMSmWa38bc/MLi0nJhpbi6tr6xWdrabskgEpg0ccAC0XGRJIz6pKmoYqQTCoK4y0jbHV2kfvuBCEkD/06NQ+JwNPCpRzFSWuqVyteHl9CWlEObIzXEiMU3SSXjgsekldzXDnTKrJoZ4CyxclIGORq90pfdD3DEia8wQ1J2LTNUToyEopiRpGhHkoQIj9CAdDX1ESfSibNjErivlT70AqGfr2Cm/p6IEZdyzF2dTLeU014q/ud1I+WdOTH1w0gRH08+8iIGVQDTZmCfCoIVG2uCsKB6V4iHSCCsdH9FXYI1ffIsadWq1lH15Pa4XD/P6yiAXbAHKsACp6AOrkADNAEGj+AZvII348l4Md6Nj0l0zshndsAfGJ8/g1Kaqw==</latexit>

⌫↵
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FIG. 2: The top plot shows the MiniBooNE event excesses in
neutrino mode as a function of EQE

⌫ from the first 6.46⇥1020

POT data and the second 6.38⇥1020 POT data. The bottom
plot shows the total event excesses in both neutrino mode and
antineutrino mode, corresponding to 12.84 ⇥ 1020 POT and
11.27⇥1020 POT, respectively. The solid (dashed) curve is the
best fit (1� fit point) to the neutrino-mode and antineutrino-
mode data assuming two-neutrino oscillations. The last bin
is for the energy interval from 1500-3000 MeV. Error bars in-
clude only statistical uncertainties for the top plot and both
statistical and correlated systematic uncertainties for the bot-
tom plot.

termined from frequentist, fake data studies. The fake
data studies also determine the e↵ective number of de-
grees of freedom and probabilities. With this technique,
the best neutrino oscillation fit in neutrino mode occurs
at (�m2, sin2 2✓) = (0.039 eV2, 0.84), as shown in Fig.
3. The �2/ndf for the best-fit point in the energy range
200 < EQE

⌫ < 1250 MeV is 9.9/6.7 with a probabil-
ity of 15.5%. The background-only fit has a �2 proba-
bility of 0.06% relative to the best oscillation fit and a
�2/ndf = 24.9/8.7 with a probability of 0.21%. Fig. 3
shows the MiniBooNE closed confidence level (C.L.) con-
tours for ⌫e appearance oscillations in neutrino mode in
the 200 < EQE

⌫ < 3000 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 oscil-
lation parameters [35]. These e↵ects were studied previ-
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1020 POT) for events with 200 < EQE

⌫ < 3000 MeV within
a two-neutrino oscillation model. The shaded areas show the
90% and 99% C.L. LSND ⌫̄µ ! ⌫̄e allowed regions. The black
point shows the MiniBooNE best fit point. Also shown are
90% C.L. limits from the KARMEN [37] and OPERA [38]
experiments.

ously [3, 36] and were found to not a↵ect substantially the
oscillation fit. In addition, they do not a↵ect the gamma
background, which is determined from direct measure-
ments of NC ⇡0 and dirt backgrounds.
Fig. 4 shows the MiniBooNE allowed regions in both

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

⌫ < 3000 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 data in neutrino
mode and the 11.27 ⇥ 1020 POT data in antineutrino
mode. As shown in the figure, the MiniBooNE 1� al-
lowed region lies mostly within the LSND 90% C.L. band,
which demonstrates good agreement between the LSND
and MiniBooNE signals. Also shown are 90% C.L. limits
from the KARMEN [37] and OPERA [38] experiments.
The KARMEN2 90% C.L. limits are outside the Mini-
BooNE 95% C.L. allowed region, while the OPERA 90%
C.L. limits disfavor the MiniBooNE allowed region below
approximately 0.3 eV2. The best combined neutrino os-
cillation fit occurs at (�m2, sin2 2✓) = (0.041 eV2, 0.92).
The �2/ndf for the best-fit point in the energy range
200 < EQE

⌫ < 1250 MeV is 19.4/15.6 with a probability
of 21.1%, and the background-only fit has a �2 probabil-
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Figure 12: Ratio of positron energy spectra measured at the middle
and top detector positions (statistical errors only). The dashed curve
is the prediction for 3⌫ case (�2 = 21.6, 24 degrees of freedom). The
solid curve corresponds to the best fit in the 4⌫ mixing scenario for
the bottom/top ratio (�2 = 17.4, sin2 2✓14 = 0.05, �m2

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

14 = 2.3 eV2)

top position of the detector which corresponds to
100% variation of this background;

• A background with the energy distribution identical
to the distribution 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 corresponded 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.

Figure 13 shows the obtained 90% and 95% CL ex-
cluded area in the �m2

14, sin
2 2✓14 plane. For some values

of �m2
14 the obtained limits are more stringent than pre-

vious results[18, 19, 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 ⌫̃e spectrum
shape and normalization as well as on the detector e�-
ciency. The excluded area covers a large fraction of re-
gions indicated by the GA and RAA. In our analysis the
point �m2

14 = 1.4 eV2, sin2 2✓14 = 0.05 has the small-
est �2 = 21.9. The di↵erence in �2 with the 3⌫ case is
13.1. The significance of this di↵erence will be studied
taking into account systematic uncertainties after collec-
tion of more data this year.

Figure 13: 90% (cyan) and 95% (dark cyan) CL exclusion area in
�m2

14, sin2 2✓14 parameter space. The shaded area represents our
analysis. Curves show allowed regions from neutrino disappearance
experiments[6, 21], and the star is the best point from the RAA and
GA fit[6].
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Appendix

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

14, sin2 2✓14
plane we calculate the predictions for the positron spec-
tra at the two positions in case of the 3⌫ and 4⌫ neutrino
hypotheses. The calculations include the MC integration
over the antineutrino production point in the reactor core
and the positron position in the detector. The distribu-
tion of the antineutrino production points in the reactor
core was provided by the KNPP. We used the distribu-
tion averaged over the campaign. It was checked that this
approximation practically does not influence the final re-
sults. Then we convolute the resulting predictions with
the detector resolution obtained by the MC for each en-
ergy point. The large size of the reactor core and modest
energy resolution lead to a substantial smearing of the os-
cillation pattern. The theoretical predictions for 4⌫ and 3⌫
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|Ue4|2 ⇡ 2⇥ 10�2
<latexit sha1_base64="eh0TQtxXeus+1NKU5kKTddmisyw=">AAACDHicbVDNTgIxGOz6i/iHevTSSEy8SHYRo0eiF4+YuEACC+mWLjR0203bNZJlH8CLr+LFg8Z49QG8+TYW2IOCkzSZzMyXr9/4EaNK2/a3tbS8srq2ntvIb25t7+wW9vbrSsQSExcLJmTTR4owyomrqWakGUmCQp+Rhj+8nviNeyIVFfxOjyLihajPaUAx0kbqFopjt5uQSjrulGEbRZEUD9AwTUOioGN3ktNyalJ2yZ4CLhInI0WQodYtfLV7Asch4RozpFTLsSPtJUhqihlJ8+1YkQjhIeqTlqEcmWVeMj0mhcdG6cFASPO4hlP190SCQqVGoW+SIdIDNe9NxP+8VqyDSy+hPIo14Xi2KIgZ1AJOmoE9KgnWbGQIwpKav0I8QBJhbfrLmxKc+ZMXSb1ccs5K57eVYvUqqyMHDsEROAEOuABVcANqwAUYPIJn8ArerCfrxXq3PmbRJSubOQB/YH3+AKxzmhk=</latexit>

preference for

Gariazzo et al 1801.06467

L/E

<latexit sha1_base64="CBSmbShrWpcsHx8vxiZp5mDqNF8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKe5KQL0FRfDgIaJ5QLKE2ckkGTI7u8z0CmHJJ3jxoIhXv8ibf+Mk2YNGCxqKqm66u4JYCoOu++XklpZXVtfy64WNza3tneLuXsNEiWa8ziIZ6VZADZdC8ToKlLwVa07DQPJmMLqa+s1Hro2I1AOOY+6HdKBEXzCKVrq/PbnuFktu2Z2B/CVeRkqQodYtfnZ6EUtCrpBJakzbc2P0U6pRMMknhU5ieEzZiA5421JFQ278dHbqhBxZpUf6kbalkMzUnxMpDY0Zh4HtDCkOzaI3Ff/z2gn2z/1UqDhBrth8UT+RBCMy/Zv0hOYM5dgSyrSwtxI2pJoytOkUbAje4st/SeO07FXKF3eVUvUyiyMPB3AIx+DBGVThBmpQBwYDeIIXeHWk8+y8Oe/z1pyTzezDLzgf36HZjWQ=</latexit>



Steffen Hagstotz

Oscillation anomalies

sin2 2#µµ > 0
<latexit sha1_base64="XLqDshuMIKyPhNjv6BY3eYngOHM=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEhMVVJAMKEKFsYi0YfUhMhxb1urjhPZTqUq6srCr7AwgBArf8DG3+C2GaDlSFc6Oufea98TJpwp7Tjf1tLyyuraemGjuLm1vbNr7+03VJxKCnUa81i2QqKAMwF1zTSHViKBRCGHZji4mfjNIUjFYnGvRwn4EekJ1mWUaCMFNvYUEw8VXMHekEjdB02CzItSbGqMr7AT2CWn7EyBF4mbkxLKUQvsL68T0zQCoSknSrVdJ9F+ZpYzymFc9FIFCaED0oO2oYJEoPxseskYHxulg7uxNCU0nqq/JzISKTWKQtMZEd1X895E/M9rp7p76WdMJKkGQWcPdVOOdYwnseAOk0A1HxlCqGTmr5j2iSRUm/CKJgR3/uRF0qiU3dPy+d1ZqXqdx1FAh+gInSAXXaAqukU1VEcUPaJn9IrerCfrxXq3PmatS1Y+c4D+wPr8AYqBmPY=</latexit>

sin2 2#ee > 0
<latexit sha1_base64="LU+PAXdhgSzsapqrYjBsti/yvSY=">AAACBXicbVC7TsMwFHXKq5RXgREGiwqJqUoKCCZUwcJYJPqQmhA57k1r1XEi26lURV1Y+BUWBhBi5R/Y+BvcxwAtR7rS0Tn32veeIOFMadv+tnJLyyura/n1wsbm1vZOcXevoeJUUqjTmMeyFRAFnAmoa6Y5tBIJJAo4NIP+zdhvDkAqFot7PUzAi0hXsJBRoo3kFw9dxcRDBVewOyBS90ATPwMMI3yFbb9Yssv2BHiRODNSQjPU/OKX24lpGoHQlBOl2o6daC8zDzPKYVRwUwUJoX3ShbahgkSgvGxyxQgfG6WDw1iaEhpP1N8TGYmUGkaB6YyI7ql5byz+57VTHV56GRNJqkHQ6UdhyrGO8TgS3GESqOZDQwiVzOyKaY9IQrUJrmBCcOZPXiSNStk5LZ/fnZWq17M48ugAHaET5KALVEW3qIbqiKJH9Ixe0Zv1ZL1Y79bHtDVnzWb20R9Ynz83dpcc</latexit>

sin2 2#eµ > 0
<latexit sha1_base64="ICoYzDYeKvjFHt252R/i3xo37IY=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgqsxURVdSdOOygn1AZyyZ9LYNzWSGJFMoQ3du/BU3LhRx6y+4829M21lo64ELh3PuTe49QcyZ0o7zbeWWlldW1/LrhY3Nre0de3evrqJEUqjRiEeyGRAFnAmoaaY5NGMJJAw4NILBzcRvDEEqFol7PYrBD0lPsC6jRBupbR96iomHMi5jb0ik7oMm7RSwFyZjfIWdtl10Ss4UeJG4GSmiDNW2/eV1IpqEIDTlRKmW68TaT83TjHIYF7xEQUzogPSgZaggISg/nd4xxsdG6eBuJE0Jjafq74mUhEqNwsB0hkT31bw3Ef/zWonuXvopE3GiQdDZR92EYx3hSSi4wyRQzUeGECqZ2RXTPpGEahNdwYTgzp+8SOrlkntaOr87K1auszjy6AAdoRPkogtUQbeoimqIokf0jF7Rm/VkvVjv1sesNWdlM/voD6zPH9/DmAk=</latexit>

LSND/MiniBooNE 
(    appearance) }

<latexit sha1_base64="hvoHiL5R/EOWhKvJ1YWzZXB1/eg=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx6jmAckS5idzCZDZmeXmV4hLPkDLx4U8eofefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1iOOE+xEdKBEKRtFKD91Jr1xxq+4MZJl4OalAjnqv/NXtxyyNuEImqTEdz03Qz6hGwSSflLqp4QllIzrgHUsVjbjxs9mlE3JilT4JY21LIZmpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/1MqCRFrth8UZhKgjGZvk36QnOGcmwJZVrYWwkbUk0Z2nBKNgRv8eVl0jyreufVy/uLSu0mj6MIR3AMp+DBFdTgDurQAAYhPMMrvDkj58V5dz7mrQUnnzmEP3A+fwCg0I1u</latexit>

But: not seen in     disappearance (MINOS+, IceCube)⌫µ
<latexit sha1_base64="DUYjgxL/Q/0lUi7bM0xslm/4dck=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jGBPILmF2MpsMmZld5iGEJR/hxYMiXv0eb/6Nk2QPmljQUFR1090VZ5xp4/vfXmlldW19o7xZ2dre2d2r7h886tQqQlsk5anqxFhTziRtGWY47WSKYhFz2o5Ht1O//USVZql8MOOMRgIPJEsYwcZJ7VDaXihsr1rz6/4MaJkEBalBgWav+hX2U2IFlYZwrHU38DMT5VgZRjidVEKraYbJCA9o11GJBdVRPjt3gk6c0kdJqlxJg2bq74kcC63HInadApuhXvSm4n9e15rkOsqZzKyhkswXJZYjk6Lp76jPFCWGjx3BRDF3KyJDrDAxLqGKCyFYfHmZPJ7Vg/P65f1FrXFTxFGGIziGUwjgChpwB01oAYERPMMrvHmZ9+K9ex/z1pJXzBzCH3ifP24yj6M=</latexit>

also see global fits:
Gariazzo et al 1703.00860
Esteban et al 1811.05487

Reactors/Gallium   
(    disappearance)

⌫e

<latexit sha1_base64="Ugc5vSdRTJPaQwi8I1QgczFVM6g=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4bua3n1BpnshHM0kxiOlQ8ogzaqzk92TWx3615tbdOcgq8QpSgwLNfvWrN0hYFqM0TFCtu56bmiCnynAmcFrpZRpTysZ0iF1LJY1RB/n82Ck5s8qARImyJQ2Zq78nchprPYlD2xlTM9LL3kz8z+tmJroOci7TzKBki0VRJohJyOxzMuAKmRETSyhT3N5K2IgqyozNp2JD8JZfXiWti7p3Wb95uKw1bos4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8A2JGOuw==</latexit>

⌫e

<latexit sha1_base64="Ugc5vSdRTJPaQwi8I1QgczFVM6g=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4bua3n1BpnshHM0kxiOlQ8ogzaqzk92TWx3615tbdOcgq8QpSgwLNfvWrN0hYFqM0TFCtu56bmiCnynAmcFrpZRpTysZ0iF1LJY1RB/n82Ck5s8qARImyJQ2Zq78nchprPYlD2xlTM9LL3kz8z+tmJroOci7TzKBki0VRJohJyOxzMuAKmRETSyhT3N5K2IgqyozNp2JD8JZfXiWti7p3Wb95uKw1bos4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8A2JGOuw==</latexit>



Steffen Hagstotz

Oscillation anomalies

sin2 2#µµ > 0
<latexit sha1_base64="XLqDshuMIKyPhNjv6BY3eYngOHM=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEhMVVJAMKEKFsYi0YfUhMhxb1urjhPZTqUq6srCr7AwgBArf8DG3+C2GaDlSFc6Oufea98TJpwp7Tjf1tLyyuraemGjuLm1vbNr7+03VJxKCnUa81i2QqKAMwF1zTSHViKBRCGHZji4mfjNIUjFYnGvRwn4EekJ1mWUaCMFNvYUEw8VXMHekEjdB02CzItSbGqMr7AT2CWn7EyBF4mbkxLKUQvsL68T0zQCoSknSrVdJ9F+ZpYzymFc9FIFCaED0oO2oYJEoPxseskYHxulg7uxNCU0nqq/JzISKTWKQtMZEd1X895E/M9rp7p76WdMJKkGQWcPdVOOdYwnseAOk0A1HxlCqGTmr5j2iSRUm/CKJgR3/uRF0qiU3dPy+d1ZqXqdx1FAh+gInSAXXaAqukU1VEcUPaJn9IrerCfrxXq3PmatS1Y+c4D+wPr8AYqBmPY=</latexit>

sin2 2#ee > 0
<latexit sha1_base64="LU+PAXdhgSzsapqrYjBsti/yvSY=">AAACBXicbVC7TsMwFHXKq5RXgREGiwqJqUoKCCZUwcJYJPqQmhA57k1r1XEi26lURV1Y+BUWBhBi5R/Y+BvcxwAtR7rS0Tn32veeIOFMadv+tnJLyyura/n1wsbm1vZOcXevoeJUUqjTmMeyFRAFnAmoa6Y5tBIJJAo4NIP+zdhvDkAqFot7PUzAi0hXsJBRoo3kFw9dxcRDBVewOyBS90ATPwMMI3yFbb9Yssv2BHiRODNSQjPU/OKX24lpGoHQlBOl2o6daC8zDzPKYVRwUwUJoX3ShbahgkSgvGxyxQgfG6WDw1iaEhpP1N8TGYmUGkaB6YyI7ql5byz+57VTHV56GRNJqkHQ6UdhyrGO8TgS3GESqOZDQwiVzOyKaY9IQrUJrmBCcOZPXiSNStk5LZ/fnZWq17M48ugAHaET5KALVEW3qIbqiKJH9Ixe0Zv1ZL1Y79bHtDVnzWb20R9Ynz83dpcc</latexit>

sin2 2#eµ > 0
<latexit sha1_base64="ICoYzDYeKvjFHt252R/i3xo37IY=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgqsxURVdSdOOygn1AZyyZ9LYNzWSGJFMoQ3du/BU3LhRx6y+4829M21lo64ELh3PuTe49QcyZ0o7zbeWWlldW1/LrhY3Nre0de3evrqJEUqjRiEeyGRAFnAmoaaY5NGMJJAw4NILBzcRvDEEqFol7PYrBD0lPsC6jRBupbR96iomHMi5jb0ik7oMm7RSwFyZjfIWdtl10Ss4UeJG4GSmiDNW2/eV1IpqEIDTlRKmW68TaT83TjHIYF7xEQUzogPSgZaggISg/nd4xxsdG6eBuJE0Jjafq74mUhEqNwsB0hkT31bw3Ef/zWonuXvopE3GiQdDZR92EYx3hSSi4wyRQzUeGECqZ2RXTPpGEahNdwYTgzp+8SOrlkntaOr87K1auszjy6AAdoRPkogtUQbeoimqIokf0jF7Rm/VkvVjv1sesNWdlM/voD6zPH9/DmAk=</latexit>

LSND/MiniBooNE 
(    appearance) }

<latexit sha1_base64="hvoHiL5R/EOWhKvJ1YWzZXB1/eg=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx6jmAckS5idzCZDZmeXmV4hLPkDLx4U8eofefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1iOOE+xEdKBEKRtFKD91Jr1xxq+4MZJl4OalAjnqv/NXtxyyNuEImqTEdz03Qz6hGwSSflLqp4QllIzrgHUsVjbjxs9mlE3JilT4JY21LIZmpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/1MqCRFrth8UZhKgjGZvk36QnOGcmwJZVrYWwkbUk0Z2nBKNgRv8eVl0jyreufVy/uLSu0mj6MIR3AMp+DBFdTgDurQAAYhPMMrvDkj58V5dz7mrQUnnzmEP3A+fwCg0I1u</latexit>

But: not seen in     disappearance (MINOS+, IceCube)⌫µ
<latexit sha1_base64="DUYjgxL/Q/0lUi7bM0xslm/4dck=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jGBPILmF2MpsMmZld5iGEJR/hxYMiXv0eb/6Nk2QPmljQUFR1090VZ5xp4/vfXmlldW19o7xZ2dre2d2r7h886tQqQlsk5anqxFhTziRtGWY47WSKYhFz2o5Ht1O//USVZql8MOOMRgIPJEsYwcZJ7VDaXihsr1rz6/4MaJkEBalBgWav+hX2U2IFlYZwrHU38DMT5VgZRjidVEKraYbJCA9o11GJBdVRPjt3gk6c0kdJqlxJg2bq74kcC63HInadApuhXvSm4n9e15rkOsqZzKyhkswXJZYjk6Lp76jPFCWGjx3BRDF3KyJDrDAxLqGKCyFYfHmZPJ7Vg/P65f1FrXFTxFGGIziGUwjgChpwB01oAYERPMMrvHmZ9+K9ex/z1pJXzBzCH3ifP24yj6M=</latexit>

also see global fits:
Gariazzo et al 1703.00860
Esteban et al 1811.05487

Reactors/Gallium   
(    disappearance)

⌫e

<latexit sha1_base64="Ugc5vSdRTJPaQwi8I1QgczFVM6g=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4bua3n1BpnshHM0kxiOlQ8ogzaqzk92TWx3615tbdOcgq8QpSgwLNfvWrN0hYFqM0TFCtu56bmiCnynAmcFrpZRpTysZ0iF1LJY1RB/n82Ck5s8qARImyJQ2Zq78nchprPYlD2xlTM9LL3kz8z+tmJroOci7TzKBki0VRJohJyOxzMuAKmRETSyhT3N5K2IgqyozNp2JD8JZfXiWti7p3Wb95uKw1bos4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8A2JGOuw==</latexit>

⌫e

<latexit sha1_base64="Ugc5vSdRTJPaQwi8I1QgczFVM6g=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4bua3n1BpnshHM0kxiOlQ8ogzaqzk92TWx3615tbdOcgq8QpSgwLNfvWrN0hYFqM0TFCtu56bmiCnynAmcFrpZRpTysZ0iF1LJY1RB/n82Ck5s8qARImyJQ2Zq78nchprPYlD2xlTM9LL3kz8z+tmJroOci7TzKBki0VRJohJyOxzMuAKmRETSyhT3N5K2IgqyozNp2JD8JZfXiWti7p3Wb95uKw1bos4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8A2JGOuw==</latexit>
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Steffen Hagstotz

Can we check this?
Beta (Tritium) decay

m2
� =

4X

k=1

|Uej |2m2
j

<latexit sha1_base64="cZwEH+yG35nnalHLyGuFoo2p1dM=">AAACFHicbVBNS8NAEN3U7/oV9ehlsQiCUJKq6EUoevGoYGyhTcNmO9Vtd5OwuxFKmh/hxb/ixYMiXj1489+4rT1o64OBx3szzMwLE86UdpwvqzAzOze/sLhUXF5ZXVu3NzZvVJxKCh6NeSzrIVHAWQSeZppDPZFARMihFvbOh37tHqRicXSt+wn4gtxGrMMo0UYK7H0RNEPQpFXBp7ipUhFkvVM3b2WHOR54QQbdfGA8EXRblcAuOWVnBDxN3DEpoTEuA/uz2Y5pKiDSlBOlGq6TaD8jUjPKIS82UwUJoT1yCw1DIyJA+dnoqRzvGqWNO7E0FWk8Un9PZEQo1Reh6RRE36lJbyj+5zVS3TnxMxYlqYaI/izqpBzrGA8Twm0mgWreN4RQycytmN4RSag2ORZNCO7ky9PkplJ2D8pHV4el6tk4jkW0jXbQHnLRMaqiC3SJPETRA3pCL+jVerSerTfr/ae1YI1nttAfWB/fKPWdpQ==</latexit>

Effective end-point mass

m� < 1.1 eV
<latexit sha1_base64="GejLR6DoKn/+ITTGrp9lv8jjTrg=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUl8oIiLohuXFewDmlAm09t26EwSZiZCCd248VfcuFDErf/gzr9x0mahrQcuHM65l3vvCWLOlHacb6uwsLi0vFJcLa2tb2xu2ds7DRUlkkKdRjySrYAo4CyEumaaQyuWQETAoRkMbzK/+QBSsSi816MYfEH6IesxSrSROva+6HgBaIKvsFtxsXeJPUH0QIoUGuOOXXYqzgR4nrg5KaMctY795XUjmggINeVEqbbrxNpPidSMchiXvERBTOiQ9KFtaEgEKD+dfDHGh0bp4l4kTYUaT9TfEykRSo1EYDqzE9Wsl4n/ee1E9y78lIVxoiGk00W9hGMd4SwS3GUSqOYjQwiVzNyK6YBIQrUJrmRCcGdfnieN44p7Ujm7Oy1Xr/M4imgPHaAj5KJzVEW3qIbqiKJH9Ixe0Zv1ZL1Y79bHtLVg5TO76A+szx8LXZcI</latexit>

KATRIN limit
KATRIN collaboration arXiv 1909.06048

Diaz et al 2011
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Can we check this?
Beta (Tritium) decay

m2
� =

4X

k=1

|Uej |2m2
j

<latexit sha1_base64="cZwEH+yG35nnalHLyGuFoo2p1dM=">AAACFHicbVBNS8NAEN3U7/oV9ehlsQiCUJKq6EUoevGoYGyhTcNmO9Vtd5OwuxFKmh/hxb/ixYMiXj1489+4rT1o64OBx3szzMwLE86UdpwvqzAzOze/sLhUXF5ZXVu3NzZvVJxKCh6NeSzrIVHAWQSeZppDPZFARMihFvbOh37tHqRicXSt+wn4gtxGrMMo0UYK7H0RNEPQpFXBp7ipUhFkvVM3b2WHOR54QQbdfGA8EXRblcAuOWVnBDxN3DEpoTEuA/uz2Y5pKiDSlBOlGq6TaD8jUjPKIS82UwUJoT1yCw1DIyJA+dnoqRzvGqWNO7E0FWk8Un9PZEQo1Reh6RRE36lJbyj+5zVS3TnxMxYlqYaI/izqpBzrGA8Twm0mgWreN4RQycytmN4RSag2ORZNCO7ky9PkplJ2D8pHV4el6tk4jkW0jXbQHnLRMaqiC3SJPETRA3pCL+jVerSerTfr/ae1YI1nttAfWB/fKPWdpQ==</latexit>

Effective end-point mass

m� < 1.1 eV
<latexit sha1_base64="GejLR6DoKn/+ITTGrp9lv8jjTrg=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUl8oIiLohuXFewDmlAm09t26EwSZiZCCd248VfcuFDErf/gzr9x0mahrQcuHM65l3vvCWLOlHacb6uwsLi0vFJcLa2tb2xu2ds7DRUlkkKdRjySrYAo4CyEumaaQyuWQETAoRkMbzK/+QBSsSi816MYfEH6IesxSrSROva+6HgBaIKvsFtxsXeJPUH0QIoUGuOOXXYqzgR4nrg5KaMctY795XUjmggINeVEqbbrxNpPidSMchiXvERBTOiQ9KFtaEgEKD+dfDHGh0bp4l4kTYUaT9TfEykRSo1EYDqzE9Wsl4n/ee1E9y78lIVxoiGk00W9hGMd4SwS3GUSqOYjQwiVzNyK6YBIQrUJrmRCcGdfnieN44p7Ujm7Oy1Xr/M4imgPHaAj5KJzVEW3qIbqiKJH9Ixe0Zv1ZL1Y79bHtLVg5TO76A+szx8LXZcI</latexit>

KATRIN limit
KATRIN collaboration arXiv 1909.06048

Diaz et al 2011

If neutrinos are Majorana: 
n+ n ! 2p+ 2e�

<latexit sha1_base64="g65CdFGxOF4FGw77lSDf90dpdvw=">AAACBHicbVBNS8NAEN34WetX1GMvi0UQxJJURY9FLx4r2A9oY9lsJ+3SzSbsbpQSevDiX/HiQRGv/ghv/hu3bQ7a+mDg8d4MM/P8mDOlHefbWlhcWl5Zza3l1zc2t7btnd26ihJJoUYjHsmmTxRwJqCmmebQjCWQ0OfQ8AdXY79xD1KxSNzqYQxeSHqCBYwSbaSOXRD4CAvclqzX10TK6AGXYyOV4e64YxedkjMBniduRoooQ7Vjf7W7EU1CEJpyolTLdWLtpURqRjmM8u1EQUzogPSgZaggISgvnTwxwgdG6eIgkqaExhP190RKQqWGoW86Q6L7atYbi/95rUQHF17KRJxoEHS6KEg41hEeJ4K7TALVfGgIoZKZWzHtE0moNrnlTQju7MvzpF4uuSels5vTYuUyiyOHCmgfHSIXnaMKukZVVEMUPaJn9IrerCfrxXq3PqatC1Y2s4f+wPr8AYhGlhs=</latexit>

T1/2 =
m2

e

G0⌫ |M0⌫ |2m2
��

<latexit sha1_base64="58GYxKDT4/qKB/LGjYbKojIYLWI="></latexit>

Measure half-life

Double-beta decay (        )0⌫��

<latexit sha1_base64="o3w7YKs1w1krc9vcFlO+u6gW5GQ=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48V7Ac0sWy2m3bpZhN2J0oJ/R9ePCji1f/izX/jNs1BWx/M8Hhvhp19QSK4Rsf5tkorq2vrG+XNytb2zu5edf+greNUUdaisYhVNyCaCS5ZCzkK1k0UI1EgWCcY38z8ziNTmsfyHicJ8yMylDzklKCRHhxPpl7AkOStX605dSeHvUzcgtSgQLNf/fIGMU0jJpEKonXPdRL0M6KQU8GmFS/VLCF0TIasZ6gkEdN+ll89tU+MMrDDWJmSaOfq742MRFpPosBMRgRHetGbif95vRTDSz/jMkmRSTp/KEyFjbE9i8AecMUoiokhhCpubrXpiChC0QRVMSG4i19eJu2zuntev7o7rzWuizjKcATHcAouXEADbqEJLaCg4Ble4c16sl6sd+tjPlqyip1D+APr8wdah5Jx</latexit>



Steffen Hagstotz

Can we check this?
Beta (Tritium) decay

m2
� =

4X

k=1

|Uej |2m2
j

<latexit sha1_base64="cZwEH+yG35nnalHLyGuFoo2p1dM=">AAACFHicbVBNS8NAEN3U7/oV9ehlsQiCUJKq6EUoevGoYGyhTcNmO9Vtd5OwuxFKmh/hxb/ixYMiXj1489+4rT1o64OBx3szzMwLE86UdpwvqzAzOze/sLhUXF5ZXVu3NzZvVJxKCh6NeSzrIVHAWQSeZppDPZFARMihFvbOh37tHqRicXSt+wn4gtxGrMMo0UYK7H0RNEPQpFXBp7ipUhFkvVM3b2WHOR54QQbdfGA8EXRblcAuOWVnBDxN3DEpoTEuA/uz2Y5pKiDSlBOlGq6TaD8jUjPKIS82UwUJoT1yCw1DIyJA+dnoqRzvGqWNO7E0FWk8Un9PZEQo1Reh6RRE36lJbyj+5zVS3TnxMxYlqYaI/izqpBzrGA8Twm0mgWreN4RQycytmN4RSag2ORZNCO7ky9PkplJ2D8pHV4el6tk4jkW0jXbQHnLRMaqiC3SJPETRA3pCL+jVerSerTfr/ae1YI1nttAfWB/fKPWdpQ==</latexit>

Effective end-point mass

m� < 1.1 eV
<latexit sha1_base64="GejLR6DoKn/+ITTGrp9lv8jjTrg=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUl8oIiLohuXFewDmlAm09t26EwSZiZCCd248VfcuFDErf/gzr9x0mahrQcuHM65l3vvCWLOlHacb6uwsLi0vFJcLa2tb2xu2ds7DRUlkkKdRjySrYAo4CyEumaaQyuWQETAoRkMbzK/+QBSsSi816MYfEH6IesxSrSROva+6HgBaIKvsFtxsXeJPUH0QIoUGuOOXXYqzgR4nrg5KaMctY795XUjmggINeVEqbbrxNpPidSMchiXvERBTOiQ9KFtaEgEKD+dfDHGh0bp4l4kTYUaT9TfEykRSo1EYDqzE9Wsl4n/ee1E9y78lIVxoiGk00W9hGMd4SwS3GUSqOYjQwiVzNyK6YBIQrUJrmRCcGdfnieN44p7Ujm7Oy1Xr/M4imgPHaAj5KJzVEW3qIbqiKJH9Ixe0Zv1ZL1Y79bHtLVg5TO76A+szx8LXZcI</latexit>

KATRIN limit
KATRIN collaboration arXiv 1909.06048

Diaz et al 2011

If neutrinos are Majorana: 
n+ n ! 2p+ 2e�

<latexit sha1_base64="g65CdFGxOF4FGw77lSDf90dpdvw=">AAACBHicbVBNS8NAEN34WetX1GMvi0UQxJJURY9FLx4r2A9oY9lsJ+3SzSbsbpQSevDiX/HiQRGv/ghv/hu3bQ7a+mDg8d4MM/P8mDOlHefbWlhcWl5Zza3l1zc2t7btnd26ihJJoUYjHsmmTxRwJqCmmebQjCWQ0OfQ8AdXY79xD1KxSNzqYQxeSHqCBYwSbaSOXRD4CAvclqzX10TK6AGXYyOV4e64YxedkjMBniduRoooQ7Vjf7W7EU1CEJpyolTLdWLtpURqRjmM8u1EQUzogPSgZaggISgvnTwxwgdG6eIgkqaExhP190RKQqWGoW86Q6L7atYbi/95rUQHF17KRJxoEHS6KEg41hEeJ4K7TALVfGgIoZKZWzHtE0moNrnlTQju7MvzpF4uuSels5vTYuUyiyOHCmgfHSIXnaMKukZVVEMUPaJn9IrerCfrxXq3PqatC1Y2s4f+wPr8AYhGlhs=</latexit>

T1/2 =
m2

e

G0⌫ |M0⌫ |2m2
��

<latexit sha1_base64="58GYxKDT4/qKB/LGjYbKojIYLWI="></latexit>

Measure half-life

m�� =

������

4X

j=1

|Uej |2ei↵jmj

������
<latexit sha1_base64="q7FllS9FdzNvAez023hSo4lOCWc="></latexit>

effective mass

Double-beta decay (        )0⌫��

<latexit sha1_base64="o3w7YKs1w1krc9vcFlO+u6gW5GQ=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48V7Ac0sWy2m3bpZhN2J0oJ/R9ePCji1f/izX/jNs1BWx/M8Hhvhp19QSK4Rsf5tkorq2vrG+XNytb2zu5edf+greNUUdaisYhVNyCaCS5ZCzkK1k0UI1EgWCcY38z8ziNTmsfyHicJ8yMylDzklKCRHhxPpl7AkOStX605dSeHvUzcgtSgQLNf/fIGMU0jJpEKonXPdRL0M6KQU8GmFS/VLCF0TIasZ6gkEdN+ll89tU+MMrDDWJmSaOfq742MRFpPosBMRgRHetGbif95vRTDSz/jMkmRSTp/KEyFjbE9i8AecMUoiokhhCpubrXpiChC0QRVMSG4i19eJu2zuntev7o7rzWuizjKcATHcAouXEADbqEJLaCg4Ble4c16sl6sd+tjPlqyip1D+APr8wdah5Jx</latexit>



Steffen Hagstotz

Can we check this?
Beta (Tritium) decay

m2
� =

4X

k=1

|Uej |2m2
j

<latexit sha1_base64="cZwEH+yG35nnalHLyGuFoo2p1dM=">AAACFHicbVBNS8NAEN3U7/oV9ehlsQiCUJKq6EUoevGoYGyhTcNmO9Vtd5OwuxFKmh/hxb/ixYMiXj1489+4rT1o64OBx3szzMwLE86UdpwvqzAzOze/sLhUXF5ZXVu3NzZvVJxKCh6NeSzrIVHAWQSeZppDPZFARMihFvbOh37tHqRicXSt+wn4gtxGrMMo0UYK7H0RNEPQpFXBp7ipUhFkvVM3b2WHOR54QQbdfGA8EXRblcAuOWVnBDxN3DEpoTEuA/uz2Y5pKiDSlBOlGq6TaD8jUjPKIS82UwUJoT1yCw1DIyJA+dnoqRzvGqWNO7E0FWk8Un9PZEQo1Reh6RRE36lJbyj+5zVS3TnxMxYlqYaI/izqpBzrGA8Twm0mgWreN4RQycytmN4RSag2ORZNCO7ky9PkplJ2D8pHV4el6tk4jkW0jXbQHnLRMaqiC3SJPETRA3pCL+jVerSerTfr/ae1YI1nttAfWB/fKPWdpQ==</latexit>

Effective end-point mass

m� < 1.1 eV
<latexit sha1_base64="GejLR6DoKn/+ITTGrp9lv8jjTrg=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUl8oIiLohuXFewDmlAm09t26EwSZiZCCd248VfcuFDErf/gzr9x0mahrQcuHM65l3vvCWLOlHacb6uwsLi0vFJcLa2tb2xu2ds7DRUlkkKdRjySrYAo4CyEumaaQyuWQETAoRkMbzK/+QBSsSi816MYfEH6IesxSrSROva+6HgBaIKvsFtxsXeJPUH0QIoUGuOOXXYqzgR4nrg5KaMctY795XUjmggINeVEqbbrxNpPidSMchiXvERBTOiQ9KFtaEgEKD+dfDHGh0bp4l4kTYUaT9TfEykRSo1EYDqzE9Wsl4n/ee1E9y78lIVxoiGk00W9hGMd4SwS3GUSqOYjQwiVzNyK6YBIQrUJrmRCcGdfnieN44p7Ujm7Oy1Xr/M4imgPHaAj5KJzVEW3qIbqiKJH9Ixe0Zv1ZL1Y79bHtLVg5TO76A+szx8LXZcI</latexit>

KATRIN limit
KATRIN collaboration arXiv 1909.06048

Diaz et al 2011

Double-beta decay (        )

If neutrinos are Majorana: 
n+ n ! 2p+ 2e�

<latexit sha1_base64="g65CdFGxOF4FGw77lSDf90dpdvw=">AAACBHicbVBNS8NAEN34WetX1GMvi0UQxJJURY9FLx4r2A9oY9lsJ+3SzSbsbpQSevDiX/HiQRGv/ghv/hu3bQ7a+mDg8d4MM/P8mDOlHefbWlhcWl5Zza3l1zc2t7btnd26ihJJoUYjHsmmTxRwJqCmmebQjCWQ0OfQ8AdXY79xD1KxSNzqYQxeSHqCBYwSbaSOXRD4CAvclqzX10TK6AGXYyOV4e64YxedkjMBniduRoooQ7Vjf7W7EU1CEJpyolTLdWLtpURqRjmM8u1EQUzogPSgZaggISgvnTwxwgdG6eIgkqaExhP190RKQqWGoW86Q6L7atYbi/95rUQHF17KRJxoEHS6KEg41hEeJ4K7TALVfGgIoZKZWzHtE0moNrnlTQju7MvzpF4uuSels5vTYuUyiyOHCmgfHSIXnaMKukZVVEMUPaJn9IrerCfrxXq3PqatC1Y2s4f+wPr8AYhGlhs=</latexit>

T1/2 =
m2

e

G0⌫ |M0⌫ |2m2
��

<latexit sha1_base64="58GYxKDT4/qKB/LGjYbKojIYLWI="></latexit>

Measure half-life

m�� =

������

4X

j=1

|Uej |2ei↵jmj

������
<latexit sha1_base64="q7FllS9FdzNvAez023hSo4lOCWc="></latexit>

effective mass
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Current limits
T1/2 & 1026 yr

<latexit sha1_base64="wuOUw9ojZZDfS43G3Nojar+UAzU=">AAACD3icbVC7TsMwFHXKq5RXgJHFogIxlaQ8xVTBwlikvqS2VI7rtFZtJ7IdpCjKH7DwKywMIMTKysbf4LQdoOVIlo7PuVf33uOFjCrtON9WbmFxaXklv1pYW9/Y3LK3dxoqiCQmdRywQLY8pAijgtQ11Yy0QkkQ9xhpeqObzG8+EKloIGo6DkmXo4GgPsVIG6lnH9Z6iXtcTmFnoE0Vh65zn5TPzf8KdjjSQ8mTWKY9u+iUnDHgPHGnpAimqPbsr04/wBEnQmOGlGq7Tqi7CZKaYkbSQidSJER4hAakbahAnKhuMr4nhQdG6UM/kOYJDcfq744EcaVi7pnKbEU162Xif1470v5lN6EijDQReDLIjxjUAczCgX0qCdYsNgRhSc2uEA+RRFibCAsmBHf25HnSKJfck9LZ3Wmxcj2NIw/2wD44Ai64ABVwC6qgDjB4BM/gFbxZT9aL9W59TEpz1rRnF/yB9fkD5V6bWg==</latexit>

m�� . 0.3 eV
<latexit sha1_base64="kcNei+gwpoI9TxzYdeS//nJJ8t0=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQhJBYRXFVdOOygn1AU8JketsOnUnCzEQooR/hxl9x40IRty7c+TdO0y609cAMh3Pu5d57woQzpV332yosLa+srhXXSxubW9s79u5eQ8WppFCnMY9lKyQKOIugrpnm0EokEBFyaIbDm4nffACpWBzd61ECHUH6EesxSrSRAvtEBJkfgiY4/8fY56CUYgK7TgX7V9gXRA+kyKAxDuyy67g58CLxZqSMZqgF9pffjWkqINKUE6XanpvoTkakZpTDuOSnChJCh6QPbUMjIkB1svyoMT4yShf3YmlepHGu/u7IiFBqJEJTOVlRzXsT8T+vnereZSdjUZJqiOh0UC/lWMd4khDuMglU85EhhEpmdsV0QCSh2uRYMiF48ycvksap41Wc87uzcvV6FkcRHaBDdIw8dIGq6BbVUB1R9Iie0St6s56sF+vd+piWFqxZzz76A+vzB27Ync8=</latexit>

0⌫��

<latexit sha1_base64="o3w7YKs1w1krc9vcFlO+u6gW5GQ=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48V7Ac0sWy2m3bpZhN2J0oJ/R9ePCji1f/izX/jNs1BWx/M8Hhvhp19QSK4Rsf5tkorq2vrG+XNytb2zu5edf+greNUUdaisYhVNyCaCS5ZCzkK1k0UI1EgWCcY38z8ziNTmsfyHicJ8yMylDzklKCRHhxPpl7AkOStX605dSeHvUzcgtSgQLNf/fIGMU0jJpEKonXPdRL0M6KQU8GmFS/VLCF0TIasZ6gkEdN+ll89tU+MMrDDWJmSaOfq742MRFpPosBMRgRHetGbif95vRTDSz/jMkmRSTp/KEyFjbE9i8AecMUoiokhhCpubrXpiChC0QRVMSG4i19eJu2zuntev7o7rzWuizjKcATHcAouXEADbqEJLaCg4Ble4c16sl6sd+tjPlqyip1D+APr8wdah5Jx</latexit>
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Joint direct limits
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Steffen Hagstotz

Combine resulting 
constraints 

• Reactors: preferred region 

• No bounds from 0⌫��

<latexit sha1_base64="4MHM2QjOZxHiNwOL08tykKfL3Yo=">AAAB+nicdVDLTgIxFL3jE/E16NJNIzFxNZkBRNgR3bjERB4JQ0inFGjodCZtR0OQT3HjQmPc+iXu/BvLgIkaPcm9OTnn3vT2BDFnSrvuh7Wyura+sZnZym7v7O7t27mDpooSSWiDRDyS7QArypmgDc00p+1YUhwGnLaC8eXcb91SqVgkbvQkpt0QDwUbMIK1kXp2zkW+SJAfUI0XvWfnXadSrBa8MnId76xQLXkpKVfKReQ5boo8LFHv2e9+PyJJSIUmHCvV8dxYd6dYakY4nWX9RNEYkzEe0o6hAodUdafp6TN0YpQ+GkTSlNAoVb9vTHGo1CQMzGSI9Uj99ubiX14n0YNKd8pEnGgqyOKhQcKRjtA8B9RnkhLNJ4ZgIpm5FZERlphok1bWhPD1U/Q/aRYcr+RUr0v52sUyjgwcwTGcggfnUIMrqEMDCNzBAzzBs3VvPVov1utidMVa7hzCD1hvn0/Ik3A=</latexit>

Joint direct limits
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Steffen Hagstotz

Joint direct limits
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Combine resulting 
constraints 

• Reactors: preferred region 

• No bounds from  

• Weakly disfavoured by 
KATRIN 

0⌫��

<latexit sha1_base64="4MHM2QjOZxHiNwOL08tykKfL3Yo=">AAAB+nicdVDLTgIxFL3jE/E16NJNIzFxNZkBRNgR3bjERB4JQ0inFGjodCZtR0OQT3HjQmPc+iXu/BvLgIkaPcm9OTnn3vT2BDFnSrvuh7Wyura+sZnZym7v7O7t27mDpooSSWiDRDyS7QArypmgDc00p+1YUhwGnLaC8eXcb91SqVgkbvQkpt0QDwUbMIK1kXp2zkW+SJAfUI0XvWfnXadSrBa8MnId76xQLXkpKVfKReQ5boo8LFHv2e9+PyJJSIUmHCvV8dxYd6dYakY4nWX9RNEYkzEe0o6hAodUdafp6TN0YpQ+GkTSlNAoVb9vTHGo1CQMzGSI9Uj99ubiX14n0YNKd8pEnGgqyOKhQcKRjtA8B9RnkhLNJ4ZgIpm5FZERlphok1bWhPD1U/Q/aRYcr+RUr0v52sUyjgwcwTGcggfnUIMrqEMDCNzBAzzBs3VvPVov1utidMVa7hzCD1hvn0/Ik3A=</latexit>
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Joint direct limits

°6 °5 °4 °3 °2 °1

log10 |Ue4|2

°1.6

°0.8

0

0.8

1.6

lo
g 1

0
(¢

m
2 41

/e
V

2
)

0∫ØØ

KATRIN

Reactors

Combine resulting 
constraints 
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• No bounds from  

• Weakly disfavoured by 
KATRIN 

Can we see this in cosmology?

0⌫��

<latexit sha1_base64="4MHM2QjOZxHiNwOL08tykKfL3Yo=">AAAB+nicdVDLTgIxFL3jE/E16NJNIzFxNZkBRNgR3bjERB4JQ0inFGjodCZtR0OQT3HjQmPc+iXu/BvLgIkaPcm9OTnn3vT2BDFnSrvuh7Wyura+sZnZym7v7O7t27mDpooSSWiDRDyS7QArypmgDc00p+1YUhwGnLaC8eXcb91SqVgkbvQkpt0QDwUbMIK1kXp2zkW+SJAfUI0XvWfnXadSrBa8MnId76xQLXkpKVfKReQ5boo8LFHv2e9+PyJJSIUmHCvV8dxYd6dYakY4nWX9RNEYkzEe0o6hAodUdafp6TN0YpQ+GkTSlNAoVb9vTHGo1CQMzGSI9Uj99ubiX14n0YNKd8pEnGgqyOKhQcKRjtA8B9RnkhLNJ4ZgIpm5FZERlphok1bWhPD1U/Q/aRYcr+RUr0v52sUyjgwcwTGcggfnUIMrqEMDCNzBAzzBs3VvPVov1utidMVa7hzCD1hvn0/Ik3A=</latexit>



Steffen Hagstotz

Neutrino cosmology
�m2

41, |U↵j |2
<latexit sha1_base64="Ys/umonPWplF2JfItMM5zQ5OT9c=">AAACD3icbVC7SgNBFJ2NrxhfUUubwaBYSNiNEcUqqIVlBPOAbLLcnUySMbMPZmaFsNk/sPFXbCwUsbW182+cPApNPHDhcM693HuPG3ImlWl+G6mFxaXllfRqZm19Y3Mru71TlUEkCK2QgAei7oKknPm0opjitB4KCp7Lac3tX4382gMVkgX+nRqEtOlB12cdRkBpycke2teUK8CeExetpFU4xvYFHuKKE9vAwx7g+wQPWwUnmzPz5hh4nlhTkkNTlJ3sl90OSORRXxEOUjYsM1TNGIRihNMkY0eShkD60KUNTX3wqGzG438SfKCVNu4EQpev8Fj9PRGDJ+XAc3WnB6onZ72R+J/XiFTnvBkzP4wU9clkUSfiWAV4FA5uM0GJ4gNNgAimb8WkBwKI0hFmdAjW7MvzpFrIWyf509tirnQ5jSON9tA+OkIWOkMldIPKqIIIekTP6BW9GU/Gi/FufExaU8Z0Zhf9gfH5A+L/mq8=</latexit>

CAB
` , P (k)
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neutrino 
background

• Usually assume 1+1 neutrinos to simplify 

• Here: go to full 3+1 case (FortEPiaNO, Gariazzo et al 1905.11290)
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Distribution functions

For cosmology: just another neutrino described by
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Dodelson & Widrow 94fs(p) ⇡
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FortEPiaNO explicitly 
calculates all distribution 

functions
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At late times 
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Production of steriles
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mixing or small mass
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Sterile relativistic for large 
mixing or small mass

Cosmic density
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FIG. 2: The top plot shows the MiniBooNE event excesses in
neutrino mode as a function of EQE

⌫ from the first 6.46⇥1020

POT data and the second 6.38⇥1020 POT data. The bottom
plot shows the total event excesses in both neutrino mode and
antineutrino mode, corresponding to 12.84 ⇥ 1020 POT and
11.27⇥1020 POT, respectively. The solid (dashed) curve is the
best fit (1� fit point) to the neutrino-mode and antineutrino-
mode data assuming two-neutrino oscillations. The last bin
is for the energy interval from 1500-3000 MeV. Error bars in-
clude only statistical uncertainties for the top plot and both
statistical and correlated systematic uncertainties for the bot-
tom plot.

termined from frequentist, fake data studies. The fake
data studies also determine the e↵ective number of de-
grees of freedom and probabilities. With this technique,
the best neutrino oscillation fit in neutrino mode occurs
at (�m2, sin2 2✓) = (0.039 eV2, 0.84), as shown in Fig.
3. The �2/ndf for the best-fit point in the energy range
200 < EQE

⌫ < 1250 MeV is 9.9/6.7 with a probabil-
ity of 15.5%. The background-only fit has a �2 proba-
bility of 0.06% relative to the best oscillation fit and a
�2/ndf = 24.9/8.7 with a probability of 0.21%. Fig. 3
shows the MiniBooNE closed confidence level (C.L.) con-
tours for ⌫e appearance oscillations in neutrino mode in
the 200 < EQE

⌫ < 3000 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 oscil-
lation parameters [35]. These e↵ects were studied previ-
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FIG. 3: MiniBooNE allowed regions in neutrino mode (12.84⇥
1020 POT) for events with 200 < EQE

⌫ < 3000 MeV within
a two-neutrino oscillation model. The shaded areas show the
90% and 99% C.L. LSND ⌫̄µ ! ⌫̄e allowed regions. The black
point shows the MiniBooNE best fit point. Also shown are
90% C.L. limits from the KARMEN [37] and OPERA [38]
experiments.

ously [3, 36] and were found to not a↵ect substantially the
oscillation fit. In addition, they do not a↵ect the gamma
background, which is determined from direct measure-
ments of NC ⇡0 and dirt backgrounds.
Fig. 4 shows the MiniBooNE allowed regions in both

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

⌫ < 3000 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 data in neutrino
mode and the 11.27 ⇥ 1020 POT data in antineutrino
mode. As shown in the figure, the MiniBooNE 1� al-
lowed region lies mostly within the LSND 90% C.L. band,
which demonstrates good agreement between the LSND
and MiniBooNE signals. Also shown are 90% C.L. limits
from the KARMEN [37] and OPERA [38] experiments.
The KARMEN2 90% C.L. limits are outside the Mini-
BooNE 95% C.L. allowed region, while the OPERA 90%
C.L. limits disfavor the MiniBooNE allowed region below
approximately 0.3 eV2. The best combined neutrino os-
cillation fit occurs at (�m2, sin2 2✓) = (0.041 eV2, 0.92).
The �2/ndf for the best-fit point in the energy range
200 < EQE

⌫ < 1250 MeV is 19.4/15.6 with a probability
of 21.1%, and the background-only fit has a �2 probabil-
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FIG. 2: The top plot shows the MiniBooNE event excesses in
neutrino mode as a function of EQE

⌫ from the first 6.46⇥1020

POT data and the second 6.38⇥1020 POT data. The bottom
plot shows the total event excesses in both neutrino mode and
antineutrino mode, corresponding to 12.84 ⇥ 1020 POT and
11.27⇥1020 POT, respectively. The solid (dashed) curve is the
best fit (1� fit point) to the neutrino-mode and antineutrino-
mode data assuming two-neutrino oscillations. The last bin
is for the energy interval from 1500-3000 MeV. Error bars in-
clude only statistical uncertainties for the top plot and both
statistical and correlated systematic uncertainties for the bot-
tom plot.

termined from frequentist, fake data studies. The fake
data studies also determine the e↵ective number of de-
grees of freedom and probabilities. With this technique,
the best neutrino oscillation fit in neutrino mode occurs
at (�m2, sin2 2✓) = (0.039 eV2, 0.84), as shown in Fig.
3. The �2/ndf for the best-fit point in the energy range
200 < EQE

⌫ < 1250 MeV is 9.9/6.7 with a probabil-
ity of 15.5%. The background-only fit has a �2 proba-
bility of 0.06% relative to the best oscillation fit and a
�2/ndf = 24.9/8.7 with a probability of 0.21%. Fig. 3
shows the MiniBooNE closed confidence level (C.L.) con-
tours for ⌫e appearance oscillations in neutrino mode in
the 200 < EQE

⌫ < 3000 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 oscil-
lation parameters [35]. These e↵ects were studied previ-
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FIG. 3: MiniBooNE allowed regions in neutrino mode (12.84⇥
1020 POT) for events with 200 < EQE

⌫ < 3000 MeV within
a two-neutrino oscillation model. The shaded areas show the
90% and 99% C.L. LSND ⌫̄µ ! ⌫̄e allowed regions. The black
point shows the MiniBooNE best fit point. Also shown are
90% C.L. limits from the KARMEN [37] and OPERA [38]
experiments.

ously [3, 36] and were found to not a↵ect substantially the
oscillation fit. In addition, they do not a↵ect the gamma
background, which is determined from direct measure-
ments of NC ⇡0 and dirt backgrounds.
Fig. 4 shows the MiniBooNE allowed regions in both

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

⌫ < 3000 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 data in neutrino
mode and the 11.27 ⇥ 1020 POT data in antineutrino
mode. As shown in the figure, the MiniBooNE 1� al-
lowed region lies mostly within the LSND 90% C.L. band,
which demonstrates good agreement between the LSND
and MiniBooNE signals. Also shown are 90% C.L. limits
from the KARMEN [37] and OPERA [38] experiments.
The KARMEN2 90% C.L. limits are outside the Mini-
BooNE 95% C.L. allowed region, while the OPERA 90%
C.L. limits disfavor the MiniBooNE allowed region below
approximately 0.3 eV2. The best combined neutrino os-
cillation fit occurs at (�m2, sin2 2✓) = (0.041 eV2, 0.92).
The �2/ndf for the best-fit point in the energy range
200 < EQE

⌫ < 1250 MeV is 19.4/15.6 with a probability
of 21.1%, and the background-only fit has a �2 probabil-
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FIG. 2: The top plot shows the MiniBooNE event excesses in
neutrino mode as a function of EQE

⌫ from the first 6.46⇥1020

POT data and the second 6.38⇥1020 POT data. The bottom
plot shows the total event excesses in both neutrino mode and
antineutrino mode, corresponding to 12.84 ⇥ 1020 POT and
11.27⇥1020 POT, respectively. The solid (dashed) curve is the
best fit (1� fit point) to the neutrino-mode and antineutrino-
mode data assuming two-neutrino oscillations. The last bin
is for the energy interval from 1500-3000 MeV. Error bars in-
clude only statistical uncertainties for the top plot and both
statistical and correlated systematic uncertainties for the bot-
tom plot.

termined from frequentist, fake data studies. The fake
data studies also determine the e↵ective number of de-
grees of freedom and probabilities. With this technique,
the best neutrino oscillation fit in neutrino mode occurs
at (�m2, sin2 2✓) = (0.039 eV2, 0.84), as shown in Fig.
3. The �2/ndf for the best-fit point in the energy range
200 < EQE

⌫ < 1250 MeV is 9.9/6.7 with a probabil-
ity of 15.5%. The background-only fit has a �2 proba-
bility of 0.06% relative to the best oscillation fit and a
�2/ndf = 24.9/8.7 with a probability of 0.21%. Fig. 3
shows the MiniBooNE closed confidence level (C.L.) con-
tours for ⌫e appearance oscillations in neutrino mode in
the 200 < EQE

⌫ < 3000 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 oscil-
lation parameters [35]. These e↵ects were studied previ-
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FIG. 3: MiniBooNE allowed regions in neutrino mode (12.84⇥
1020 POT) for events with 200 < EQE

⌫ < 3000 MeV within
a two-neutrino oscillation model. The shaded areas show the
90% and 99% C.L. LSND ⌫̄µ ! ⌫̄e allowed regions. The black
point shows the MiniBooNE best fit point. Also shown are
90% C.L. limits from the KARMEN [37] and OPERA [38]
experiments.

ously [3, 36] and were found to not a↵ect substantially the
oscillation fit. In addition, they do not a↵ect the gamma
background, which is determined from direct measure-
ments of NC ⇡0 and dirt backgrounds.
Fig. 4 shows the MiniBooNE allowed regions in both

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

⌫ < 3000 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 data in neutrino
mode and the 11.27 ⇥ 1020 POT data in antineutrino
mode. As shown in the figure, the MiniBooNE 1� al-
lowed region lies mostly within the LSND 90% C.L. band,
which demonstrates good agreement between the LSND
and MiniBooNE signals. Also shown are 90% C.L. limits
from the KARMEN [37] and OPERA [38] experiments.
The KARMEN2 90% C.L. limits are outside the Mini-
BooNE 95% C.L. allowed region, while the OPERA 90%
C.L. limits disfavor the MiniBooNE allowed region below
approximately 0.3 eV2. The best combined neutrino os-
cillation fit occurs at (�m2, sin2 2✓) = (0.041 eV2, 0.92).
The �2/ndf for the best-fit point in the energy range
200 < EQE

⌫ < 1250 MeV is 19.4/15.6 with a probability
of 21.1%, and the background-only fit has a �2 probabil-

(Preliminary)

Daya Bay & MINOS+ collaborations, Adamson et al. 2020
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Beta decay limits

Tightest available constraints on     . and     . 
- but model dependent
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Prior effects

°5 °4 °3 °2

log10 |Uø4|2

°5

°4

°3

°2

lo
g 1

0
|U

µ
4
|2

°5 °4 °3 °2

log10 |Ue4|2

°5

°4

°3

°2

lo
g 1

0
|U

ø
4
|2

°5 °4 °3 °2

log10 |Uµ4|2

prior log ¢m2
41

prior m4

prior ¢m2
41

Tradeoff between �m2
41, |U↵j |2

<latexit sha1_base64="Ys/umonPWplF2JfItMM5zQ5OT9c=">AAACD3icbVC7SgNBFJ2NrxhfUUubwaBYSNiNEcUqqIVlBPOAbLLcnUySMbMPZmaFsNk/sPFXbCwUsbW182+cPApNPHDhcM693HuPG3ImlWl+G6mFxaXllfRqZm19Y3Mru71TlUEkCK2QgAei7oKknPm0opjitB4KCp7Lac3tX4382gMVkgX+nRqEtOlB12cdRkBpycke2teUK8CeExetpFU4xvYFHuKKE9vAwx7g+wQPWwUnmzPz5hh4nlhTkkNTlJ3sl90OSORRXxEOUjYsM1TNGIRihNMkY0eShkD60KUNTX3wqGzG438SfKCVNu4EQpev8Fj9PRGDJ+XAc3WnB6onZ72R+J/XiFTnvBkzP4wU9clkUSfiWAV4FA5uM0GJ4gNNgAimb8WkBwKI0hFmdAjW7MvzpFrIWyf509tirnQ5jSON9tA+OkIWOkMldIPKqIIIekTP6BW9GU/Gi/FufExaU8Z0Zhf9gfH5A+L/mq8=</latexit>

Different priors on mass scale possible:
P ⇠ log�m2

41 /�m2
41 / m4 . . .

<latexit sha1_base64="g1ToGIPwtx9hY+AEgBZ2+TwCjfk="></latexit>



Steffen Hagstotz

Prior effects

°5 °4 °3 °2

log10 |Uø4|2

°5

°4

°3

°2

lo
g 1

0
|U

µ
4
|2

°5 °4 °3 °2

log10 |Ue4|2

°5

°4

°3

°2

lo
g 1

0
|U

ø
4
|2

°5 °4 °3 °2

log10 |Uµ4|2

prior log ¢m2
41

prior m4

prior ¢m2
41

Different priors on mass scale possible:
P ⇠ log�m2

41 /�m2
41 / m4 . . .

<latexit sha1_base64="g1ToGIPwtx9hY+AEgBZ2+TwCjfk="></latexit>

°6 °5 °4 °3 °2 °1
log10 |UÆ4|2

°2

°1

0

1

2

lo
g 1

0
(¢

m
2 41

/e
V

2
)

|Ue4|2 = |Uµ4|2 = |Uø4|2

°6 °5 °4 °3 °2 °1
log10 |Ue4|2

°2

°1

0

1

2

lo
g 1

0
(¢

m
2 41

/e
V

2
)

|Uµ4|2 = 10°3

|Uø4|2 = 10°3

°6 °5 °4 °3 °2 °1
log10 |UÆ4|2

°2

°1

0

1

2

lo
g 1

0
(¢

m
2 41

/e
V

2
)

°6 °5 °4 °3 °2 °1
log10 |Ue4|2

°2

°1

0

1

2

lo
g 1

0
(¢

m
2 41

/e
V

2
)

3.0

3.2

3.4

3.6

3.8

4.0

N
eÆ

0.0

0.2

0.4

0.6

0.8

1.0

≠
s /≠

D
M

Tradeoff between �m2
41, |U↵j |2

<latexit sha1_base64="Ys/umonPWplF2JfItMM5zQ5OT9c=">AAACD3icbVC7SgNBFJ2NrxhfUUubwaBYSNiNEcUqqIVlBPOAbLLcnUySMbMPZmaFsNk/sPFXbCwUsbW182+cPApNPHDhcM693HuPG3ImlWl+G6mFxaXllfRqZm19Y3Mru71TlUEkCK2QgAei7oKknPm0opjitB4KCp7Lac3tX4382gMVkgX+nRqEtOlB12cdRkBpycke2teUK8CeExetpFU4xvYFHuKKE9vAwx7g+wQPWwUnmzPz5hh4nlhTkkNTlJ3sl90OSORRXxEOUjYsM1TNGIRihNMkY0eShkD60KUNTX3wqGzG438SfKCVNu4EQpev8Fj9PRGDJ+XAc3WnB6onZ72R+J/XiFTnvBkzP4wU9clkUSfiWAV4FA5uM0GJ4gNNgAimb8WkBwKI0hFmdAjW7MvzpFrIWyf509tirnQ5jSON9tA+OkIWOkMldIPKqIIIekTP6BW9GU/Gi/FufExaU8Z0Zhf9gfH5A+L/mq8=</latexit>

But: 
big picture unaffected
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3+1 vs 1+1
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What is the difference to previous 1+1 scenarios?

Mostly parameter space 
volume effect:

|U e↵ |2 =
X

e,µ,⌧

|U↵4|2
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and same prior volume 
gives almost identical 

results
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Conclusion

• Situation in SBL oscillation experiments unclear

• Different probes provide valuable cross-checks 

• Any simple sterile neutrino explanation ruled out 
by cosmology 

• Cosmology provides strongest available limits on 
sterile neutrino & beta decay parameters
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