
Neutrons III

Adam Holley
Tennessee Technological University

36th National Nuclear Summer School, July 2024
Indiana University, Bloomington

III.1 A, a, and 𝜏n… and the importance of systematics
III.2 Responses to the Lifetime Puzzle
III.3 Beyond β-decay



Los Alamos Neutron Science Center (LANSCE)

3

Lujan Center

LANSCE Accelerator
(800 MeV, 1mA)

UCN 
experimental area

Los Alamos National Lab Neutron Science Center



“Pre” Polarizer (6 T)
UCN𝜏 

Spin Flipper

UCNA/B nEDM

Polarizer (7 T)

UCN𝜏

UCNA/B 
Spin Flipper

High-Pass 
UCN Monitor

Area B



UCN SD2 Source
Spallation driven by LANSCE 
800 MeV proton accelerator

1m

Radiation Shielding
6T Pre-Polarizer 
Magnet (PPM)

Al Vacuum 
Separation Foil

7T Polarizer Field

UCNA 
Spectrometer

UCNt magneto-
gravitational trap 

vacuum jacket

Gate Valve

“Standpipe” Monitor

AFP Spin Flipper
in 130 G (370 kHz)

To LANL nEDM

“Gate Valve” Monitor

Area B: UCN𝜏 / UCNA / nEDM



UCNA M. P. Mendenhall et al., Phys. Rev. C 87, 032501(R) (2013)

M. A.-P. Brown et al., Phys. Rev. C 97, 035505 (2018)
��

�
⇠ 1

4

�A

A
<latexit sha1_base64="ATVdeWBmSeuIMz+bOCYcxrAoHzI=">AAACPXicbZDLSgNBEEV7fBtfUZduGoPgKsyIqMuIG5cKRoVMCDU9Ndqk50F3jRCG+R1/wx9wq+AH6ErcurXzEGJiQcPh1i2q+gaZkoZc982ZmZ2bX1hcWq6srK6tb1Q3t65NmmuBTZGqVN8GYFDJBJskSeFtphHiQOFN0D3r928eUBuZJlfUy7Adw10iIymArNSpNvxIgyj8EBWBr+xgCGXxC9w3MuZDi1cWh+W4m5+WxWnZqdbcujsoPg3eCGpsVBed6ocfpiKPMSGhwJiW52bULkCTFArLip8bzEB04Q5bFhOI0bSLwU9LvmeVkEepti8hPlDHJwqIjenFgXXGQPdmstcX/+u1copO2oVMspwwEcNFUa44pbwfGw+lRkGqZwGElvZWLu7BhkE23D9bAg1dpLJig/EmY5iG64O6Z/nysNY4GkW0xHbYLttnHjtmDXbOLliTCfbIntkLe3WenHfn0/kaWmec0cw2+1PO9w+0y7Bx</latexit><latexit sha1_base64="ATVdeWBmSeuIMz+bOCYcxrAoHzI=">AAACPXicbZDLSgNBEEV7fBtfUZduGoPgKsyIqMuIG5cKRoVMCDU9Ndqk50F3jRCG+R1/wx9wq+AH6ErcurXzEGJiQcPh1i2q+gaZkoZc982ZmZ2bX1hcWq6srK6tb1Q3t65NmmuBTZGqVN8GYFDJBJskSeFtphHiQOFN0D3r928eUBuZJlfUy7Adw10iIymArNSpNvxIgyj8EBWBr+xgCGXxC9w3MuZDi1cWh+W4m5+WxWnZqdbcujsoPg3eCGpsVBed6ocfpiKPMSGhwJiW52bULkCTFArLip8bzEB04Q5bFhOI0bSLwU9LvmeVkEepti8hPlDHJwqIjenFgXXGQPdmstcX/+u1copO2oVMspwwEcNFUa44pbwfGw+lRkGqZwGElvZWLu7BhkE23D9bAg1dpLJig/EmY5iG64O6Z/nysNY4GkW0xHbYLttnHjtmDXbOLliTCfbIntkLe3WenHfn0/kaWmec0cw2+1PO9w+0y7Bx</latexit><latexit sha1_base64="ATVdeWBmSeuIMz+bOCYcxrAoHzI=">AAACPXicbZDLSgNBEEV7fBtfUZduGoPgKsyIqMuIG5cKRoVMCDU9Ndqk50F3jRCG+R1/wx9wq+AH6ErcurXzEGJiQcPh1i2q+gaZkoZc982ZmZ2bX1hcWq6srK6tb1Q3t65NmmuBTZGqVN8GYFDJBJskSeFtphHiQOFN0D3r928eUBuZJlfUy7Adw10iIymArNSpNvxIgyj8EBWBr+xgCGXxC9w3MuZDi1cWh+W4m5+WxWnZqdbcujsoPg3eCGpsVBed6ocfpiKPMSGhwJiW52bULkCTFArLip8bzEB04Q5bFhOI0bSLwU9LvmeVkEepti8hPlDHJwqIjenFgXXGQPdmstcX/+u1copO2oVMspwwEcNFUa44pbwfGw+lRkGqZwGElvZWLu7BhkE23D9bAg1dpLJig/EmY5iG64O6Z/nysNY4GkW0xHbYLttnHjtmDXbOLliTCfbIntkLe3WenHfn0/kaWmec0cw2+1PO9w+0y7Bx</latexit><latexit sha1_base64="ATVdeWBmSeuIMz+bOCYcxrAoHzI=">AAACPXicbZDLSgNBEEV7fBtfUZduGoPgKsyIqMuIG5cKRoVMCDU9Ndqk50F3jRCG+R1/wx9wq+AH6ErcurXzEGJiQcPh1i2q+gaZkoZc982ZmZ2bX1hcWq6srK6tb1Q3t65NmmuBTZGqVN8GYFDJBJskSeFtphHiQOFN0D3r928eUBuZJlfUy7Adw10iIymArNSpNvxIgyj8EBWBr+xgCGXxC9w3MuZDi1cWh+W4m5+WxWnZqdbcujsoPg3eCGpsVBed6ocfpiKPMSGhwJiW52bULkCTFArLip8bzEB04Q5bFhOI0bSLwU9LvmeVkEepti8hPlDHJwqIjenFgXXGQPdmstcX/+u1copO2oVMspwwEcNFUa44pbwfGw+lRkGqZwGElvZWLu7BhkE23D9bAg1dpLJig/EmY5iG64O6Z/nysNY4GkW0xHbYLttnHjtmDXbOLliTCfbIntkLe3WenHfn0/kaWmec0cw2+1PO9w+0y7Bx</latexit>

S ⌘ R"
ER

#
W

R#
ER

"
W

<latexit sha1_base64="AV2pBDHpIn2LAGh65Jw5oEM4NA4="></latexit><latexit sha1_base64="AV2pBDHpIn2LAGh65Jw5oEM4NA4="></latexit><latexit sha1_base64="AV2pBDHpIn2LAGh65Jw5oEM4NA4="></latexit><latexit sha1_base64="AV2pBDHpIn2LAGh65Jw5oEM4NA4="></latexit>

Ameas(Ee) =
1�

p
S

1 +
p
S

=
⌦
Pn

↵
A�

⌦
cos ✓

↵

<latexit sha1_base64="b+YmO8zURku/TdxA5qolikXC4xU="></latexit><latexit sha1_base64="b+YmO8zURku/TdxA5qolikXC4xU="></latexit><latexit sha1_base64="b+YmO8zURku/TdxA5qolikXC4xU="></latexit><latexit sha1_base64="b+YmO8zURku/TdxA5qolikXC4xU="></latexit>

50 100 150 200 250 300 350 400

1

10

210

310

Time [s]

Flipper Tuned

Shutter Closes 
then

Switcher Down

Spin Flipper 
Changes State

then
Shutter Opens

Spin Flipper 
Changes State

wrong-spin unload

right-spin unload

150 200 250 300 350 400 450 500

1

10

210

310

410

Typical Shutter Polarimetry in situ cycle

Pre-Shutter in situ Polarimetry cycle

Area B: UCNA
The “Nutrition Label”



6T UCN Polarizer

Roundhouse

Spin Flipper

UCN𝜏 Halbach Array

Cat Door

Active Roundhouse Cleaner
Giant Active CleanerDagger

Cross Monitor

Roundhouse Monitor

“Old” Gate Valve Monitor

Dump Detector

Area B: UCN𝜏

?



6T UCN Polarizer

Roundhouse

Spin Flipper

UCN𝜏 Halbach Array

Cat Door

Active Roundhouse Cleaner
Giant Active CleanerDagger

Cross Monitor

Roundhouse Monitor

“Old” Gate Valve Monitor

Dump Detector

Area B: UCN𝜏



<latexit sha1_base64="dkboy7rfgQNMWNo0Xn0aJmLhGkE="></latexit>

~F = ±~
2
|�n|~r|B|�mng

UCN𝜏: Halbach Array



⇠ 0.8 T at 2 mm
�

y

d

|B| ⇡ Brem(1� e�2⇡d/�) e�2⇡y/�

0 1 2 3 4 5
η [cm]

0.6

0.8

1.0

1.2

1.4

B [T]

Discrete Halbach Field Magnitude.
Vertical Lines are magnet edges.

z = 3 mm

z = 2 mm

z = 1 mm

1.27 cm

<latexit sha1_base64="kWsKFp/wON3FRNqf3F6MojEKqHk=">AAAB/3icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPBi8cKthXaUDbbSbt0swm7E6GEHvwDXvUfeBOv/hT/gL/DTZuDbX0w8Hhvhpl5QSKFQdf9dkpr6xubW+Xtys7u3v5B9fCobeJUc2jxWMb6MWAGpFDQQoESHhMNLAokdILxbe53nkAbEasHnCTgR2yoRCg4w1zqAbJ+tebW3RnoKvEKUiMFmv3qT28Q8zQChVwyY7qem6CfMY2CS5hWeqmBhPExG0LXUsUiMH42u3VKz6wyoGGsbSmkM/XvRMYiYyZRYDsjhiOz7OXif143xfDGz4RKUgTF54vCVFKMaf44HQgNHOXEEsa1sLdSPmKacbTxLGwJNBsDTis2GG85hlXSvqh7V3X3/rLWcIuIyuSEnJJz4pFr0iB3pElahJMReSGv5M15dt6dD+dz3lpyipljsgDn6xcyK5aS</latexit>⌘
<latexit sha1_base64="H31z2Ad4nv6D2CVXnD+PazBL7Qc=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48RTSIkS5idzCZDZmeXmV4xLAF/wKv+gTfx6q/4A36Hk2QPJrGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrF+CKjhUijeQIGSPySa0yiQvBUMryd+65FrI2J1j6OE+xHtKxEKRtFKd50n0S1X3Ko7BVkmXk4qkKPeLf90ejFLI66QSWpM23MT9DOqUTDJx6VOanhC2ZD2edtSRSNu/Gx66picWKVHwljbUkim6t+JjEbGjKLAdkYUB2bRm4j/ee0Uwys/EypJkSs2WxSmkmBMJn+TntCcoRxZQpkW9lbCBlRThjaduS2BpkOO45INxluMYZk0z6reRdW9Pa/U3DyiIhzBMZyCB5dQgxuoQwMY9OEFXuHNeXbenQ/nc9ZacPKZQ5iD8/ULfiaWLw==</latexit>

⇠

<latexit sha1_base64="wT2/zavpEaysVVAeVKfTSuOPV3g=">AAACAHicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoseAF48R3CSQLGF20kmGzM4uM71CXHLxB7zqH3gTr/6JP+B3OEn2YBILGoqqbrq7wkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRw8Sp5uDzWMa6FTIDUijwUaCEVqKBRaGEZji6nfrNR9BGxOoBxwkEERso0RecoZX8zhMg65YrbtWdga4SLycVkqPeLf90ejFPI1DIJTOm7bkJBhnTKLiESamTGkgYH7EBtC1VLAITZLNjJ/TMKj3aj7UthXSm/p3IWGTMOAptZ8RwaJa9qfif106xfxNkQiUpguLzRf1UUozp9HPaExo4yrEljGthb6V8yDTjaPNZ2BJqNgKclGww3nIMq6RxUfWuqu79ZaXm5hEVyQk5JefEI9ekRu5InfiEE0FeyCt5c56dd+fD+Zy3Fpx85pgswPn6BRtylxY=</latexit>

⇣

<latexit sha1_base64="fqep5/IpXkab/8IvGdR412AxDg8="></latexit>

~B =
4Brem

⇡
p
2

1X

n=1

(�1)n�1

4n� 3
(1� e�knd)e�kn⇣

h
sin(kn⌘) ⌘̂ + cos(kn⌘) ⇣̂

i
+B0

a+R

⇢
⇠̂

<latexit sha1_base64="dkboy7rfgQNMWNo0Xn0aJmLhGkE="></latexit>

~F = ±~
2
|�n|~r|B|�mng

P. L. Walstrom, et al., NIMA, 599 (2009)
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In reality it’s not quite this simple!
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<latexit sha1_base64="SKvUw/roLAd6t31Mkb4jNoDWD4U=">AAACBXicbVDLTgJBEJzFF+IL9ehlIpp4Irtc9EjixZNBI48IhMwOvTBhZnYzDxOy4ewPeNU/8Ga8+h3+gN/hAHsQsJJOKlXd6e4KE8608f1vL7e2vrG5ld8u7Ozu7R8UD48aOraKQp3GPFatkGjgTELdMMOhlSggIuTQDEfXU7/5BEqzWD6YcQJdQQaSRYwS46THeyvxrRUhqF6x5Jf9GfAqCTJSQhlqveJPpx9TK0AayonW7cBPTDclyjDKYVLoWA0JoSMygLajkgjQ3XR28QSfO6WPo1i5kgbP1L8TKRFaj0XoOgUxQ73sTcX/vLY10VU3ZTKxBiSdL4osxybG0/dxnymgho8dIVQxdyumQ6IINS6khS2hIiMwk4ILJliOYZU0KuXALwd3lVL1LIsoj07QKbpAAbpEVXSDaqiOKJLoBb2iN+/Ze/c+vM95a87LZo7RAryvX4hvmOQ=</latexit><latexit sha1_base64="SKvUw/roLAd6t31Mkb4jNoDWD4U=">AAACBXicbVDLTgJBEJzFF+IL9ehlIpp4Irtc9EjixZNBI48IhMwOvTBhZnYzDxOy4ewPeNU/8Ga8+h3+gN/hAHsQsJJOKlXd6e4KE8608f1vL7e2vrG5ld8u7Ozu7R8UD48aOraKQp3GPFatkGjgTELdMMOhlSggIuTQDEfXU7/5BEqzWD6YcQJdQQaSRYwS46THeyvxrRUhqF6x5Jf9GfAqCTJSQhlqveJPpx9TK0AayonW7cBPTDclyjDKYVLoWA0JoSMygLajkgjQ3XR28QSfO6WPo1i5kgbP1L8TKRFaj0XoOgUxQ73sTcX/vLY10VU3ZTKxBiSdL4osxybG0/dxnymgho8dIVQxdyumQ6IINS6khS2hIiMwk4ILJliOYZU0KuXALwd3lVL1LIsoj07QKbpAAbpEVXSDaqiOKJLoBb2iN+/Ze/c+vM95a87LZo7RAryvX4hvmOQ=</latexit><latexit sha1_base64="SKvUw/roLAd6t31Mkb4jNoDWD4U=">AAACBXicbVDLTgJBEJzFF+IL9ehlIpp4Irtc9EjixZNBI48IhMwOvTBhZnYzDxOy4ewPeNU/8Ga8+h3+gN/hAHsQsJJOKlXd6e4KE8608f1vL7e2vrG5ld8u7Ozu7R8UD48aOraKQp3GPFatkGjgTELdMMOhlSggIuTQDEfXU7/5BEqzWD6YcQJdQQaSRYwS46THeyvxrRUhqF6x5Jf9GfAqCTJSQhlqveJPpx9TK0AayonW7cBPTDclyjDKYVLoWA0JoSMygLajkgjQ3XR28QSfO6WPo1i5kgbP1L8TKRFaj0XoOgUxQ73sTcX/vLY10VU3ZTKxBiSdL4osxybG0/dxnymgho8dIVQxdyumQ6IINS6khS2hIiMwk4ILJliOYZU0KuXALwd3lVL1LIsoj07QKbpAAbpEVXSDaqiOKJLoBb2iN+/Ze/c+vM95a87LZo7RAryvX4hvmOQ=</latexit><latexit sha1_base64="SKvUw/roLAd6t31Mkb4jNoDWD4U=">AAACBXicbVDLTgJBEJzFF+IL9ehlIpp4Irtc9EjixZNBI48IhMwOvTBhZnYzDxOy4ewPeNU/8Ga8+h3+gN/hAHsQsJJOKlXd6e4KE8608f1vL7e2vrG5ld8u7Ozu7R8UD48aOraKQp3GPFatkGjgTELdMMOhlSggIuTQDEfXU7/5BEqzWD6YcQJdQQaSRYwS46THeyvxrRUhqF6x5Jf9GfAqCTJSQhlqveJPpx9TK0AayonW7cBPTDclyjDKYVLoWA0JoSMygLajkgjQ3XR28QSfO6WPo1i5kgbP1L8TKRFaj0XoOgUxQ73sTcX/vLY10VU3ZTKxBiSdL4osxybG0/dxnymgho8dIVQxdyumQ6IINS6khS2hIiMwk4ILJliOYZU0KuXALwd3lVL1LIsoj07QKbpAAbpEVXSDaqiOKJLoBb2iN+/Ze/c+vM95a87LZo7RAryvX4hvmOQ=</latexit>

Before Spectral Correction
<latexit sha1_base64="kJQ+Cam6U91aZ2p8c/QTuwi7X3k=">AAACF3icbVDLSsNAFJ3UV62vqjvdDFbBVUm60WWxG5cV7QPaUCbTm3boJBNmJkIJBX/DH3Crf+BO3Lr0B/wOJ2kWtvXAhcM593LvPV7EmdK2/W0V1tY3NreK26Wd3b39g/LhUVuJWFJoUcGF7HpEAWchtDTTHLqRBBJ4HDrepJH6nUeQionwQU8jcAMyCpnPKNFGGpRPbsAXEvB9BFRLwnFDSGloZlbsqp0BrxInJxWUozko//SHgsYBhJpyolTPsSPtJkRqRjnMSv1YQUTohIygZ2hIAlBukv0wwxdGGWJzi6lQ40z9O5GQQKlp4JnOgOixWvZS8T+vF2v/2k1YGMUaQjpf5Mcca4HTQPCQpf/yqSGESmZuxXRMJKHaxLawxZNkAnpWMsE4yzGsknat6thV565WqZ/nERXRKTpDl8hBV6iOblETtRBFT+gFvaI369l6tz6sz3lrwcpnjtECrK9fkpqf4A==</latexit><latexit sha1_base64="kJQ+Cam6U91aZ2p8c/QTuwi7X3k=">AAACF3icbVDLSsNAFJ3UV62vqjvdDFbBVUm60WWxG5cV7QPaUCbTm3boJBNmJkIJBX/DH3Crf+BO3Lr0B/wOJ2kWtvXAhcM593LvPV7EmdK2/W0V1tY3NreK26Wd3b39g/LhUVuJWFJoUcGF7HpEAWchtDTTHLqRBBJ4HDrepJH6nUeQionwQU8jcAMyCpnPKNFGGpRPbsAXEvB9BFRLwnFDSGloZlbsqp0BrxInJxWUozko//SHgsYBhJpyolTPsSPtJkRqRjnMSv1YQUTohIygZ2hIAlBukv0wwxdGGWJzi6lQ40z9O5GQQKlp4JnOgOixWvZS8T+vF2v/2k1YGMUaQjpf5Mcca4HTQPCQpf/yqSGESmZuxXRMJKHaxLawxZNkAnpWMsE4yzGsknat6thV565WqZ/nERXRKTpDl8hBV6iOblETtRBFT+gFvaI369l6tz6sz3lrwcpnjtECrK9fkpqf4A==</latexit><latexit sha1_base64="kJQ+Cam6U91aZ2p8c/QTuwi7X3k=">AAACF3icbVDLSsNAFJ3UV62vqjvdDFbBVUm60WWxG5cV7QPaUCbTm3boJBNmJkIJBX/DH3Crf+BO3Lr0B/wOJ2kWtvXAhcM593LvPV7EmdK2/W0V1tY3NreK26Wd3b39g/LhUVuJWFJoUcGF7HpEAWchtDTTHLqRBBJ4HDrepJH6nUeQionwQU8jcAMyCpnPKNFGGpRPbsAXEvB9BFRLwnFDSGloZlbsqp0BrxInJxWUozko//SHgsYBhJpyolTPsSPtJkRqRjnMSv1YQUTohIygZ2hIAlBukv0wwxdGGWJzi6lQ40z9O5GQQKlp4JnOgOixWvZS8T+vF2v/2k1YGMUaQjpf5Mcca4HTQPCQpf/yqSGESmZuxXRMJKHaxLawxZNkAnpWMsE4yzGsknat6thV565WqZ/nERXRKTpDl8hBV6iOblETtRBFT+gFvaI369l6tz6sz3lrwcpnjtECrK9fkpqf4A==</latexit><latexit sha1_base64="3F7gVB1euSDLVeDldNcXyctH9Q4=">AAAB7XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwf5AW0omc6cNzWSG5I5Qxr6AW9/AnfhEvoDPYfqzsNYDgcM5Cffmi3IlLQXBl1fZ2d3bP6ge+kc1//jktF7r2KwwAtsiU5npRdyikhrbJElhLzfI00hhN5reL/ruMxorM/1EsxyHKR9rmUjByUWtUb0RNIOl2LYJ16YBa43q34M4E0WKmoTi1vbDIKdhyQ1JoXDuDwqLORdTPsa+s5qnaIflcs05u3RJzJLMuKOJLdPfL0qeWjtLI3cz5TSxf7tF+F/XLyi5HZZS5wWhFqtBSaEYZWzxZxZLg4LUzBkujHS7MjHhhgtyZDamRIZPkea+4xL+pbBtOtfNMGiGjwFU4Rwu4ApCuIE7eIAWtEFADK/w5r14797Hil/FW4M8gw15nz/TipKM</latexit><latexit sha1_base64="E2sxBg+ezppDhmtt7INF/x3lJPM=">AAACDHicbZBNSgNBEIVr4l+MUaNL3TQGwVWYcaNLMRuXEc0PJEPo6VSSJj09Q3ePEIaA1/ACbvUG7sQreAHPYc8kC5NYUPDxXjdV9YJYcG1c99spbGxube8Ud0t75f2Dw8pRuaWjRDFsskhEqhNQjYJLbBpuBHZihTQMBLaDST3z20+oNI/ko5nG6Id0JPmQM2qs1K+c3OIwUkgeYmRGUUHqkVIWc7Pq1ty8yDp4C6jCohr9yk9vELEkRGmYoFp3PTc2fkqV4UzgrNRLNMaUTegIuxYlDVH7aX7DjJxbZUDsLralIbn690dKQ62nYWBfhtSM9aqXif953cQMr/2UyzgxKNl80DARxEQkC4QMeHavmFqgTHG7K2FjqigzNralKYGiEzSzkg3GW41hHVqXNc+tefcuFOEUzuACPLiCG7iDBjSBwTO8whu8Oy/Oh/M5j7DgLLI8hqVyvn4BvAGefg==</latexit><latexit sha1_base64="E2sxBg+ezppDhmtt7INF/x3lJPM=">AAACDHicbZBNSgNBEIVr4l+MUaNL3TQGwVWYcaNLMRuXEc0PJEPo6VSSJj09Q3ePEIaA1/ACbvUG7sQreAHPYc8kC5NYUPDxXjdV9YJYcG1c99spbGxube8Ud0t75f2Dw8pRuaWjRDFsskhEqhNQjYJLbBpuBHZihTQMBLaDST3z20+oNI/ko5nG6Id0JPmQM2qs1K+c3OIwUkgeYmRGUUHqkVIWc7Pq1ty8yDp4C6jCohr9yk9vELEkRGmYoFp3PTc2fkqV4UzgrNRLNMaUTegIuxYlDVH7aX7DjJxbZUDsLralIbn690dKQ62nYWBfhtSM9aqXif953cQMr/2UyzgxKNl80DARxEQkC4QMeHavmFqgTHG7K2FjqigzNralKYGiEzSzkg3GW41hHVqXNc+tefcuFOEUzuACPLiCG7iDBjSBwTO8whu8Oy/Oh/M5j7DgLLI8hqVyvn4BvAGefg==</latexit><latexit sha1_base64="NyZZofC+MnGRDFX27tOdU5hKr1E=">AAACF3icbVDLSgNBEJz1GeMr6k0vg1HwFHa96DGYi8eI5gHJEmYnnWTI7MwyMyuEJeBv+ANe9Q+8iVeP/oDf4exmDyaxoKGo6qa7K4g408Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NQyVhQaVHKp2gHRwJmAhmGGQztSQMKAQysY11K/9QhKMykezCQCPyRDwQaMEmOlXun4BgZSAb6PgBpFOK5JpSzNzLJbcTPgZeLlpIxy1Huln25f0jgEYSgnWnc8NzJ+QpRhlMO02I01RISOyRA6lgoSgvaT7IcpPrdKH9tbbAmDM/XvREJCrSdhYDtDYkZ60UvF/7xObAbXfsJEFBsQdLZoEHNsJE4DwX2W/ssnlhCqmL0V0xFRhBob29yWQJExmGnRBuMtxrBMmpcVz614d265epZHVEAn6BRdIA9doSq6RXXUQBQ9oRf0it6cZ+fd+XA+Z60rTj5zhObgfP0Ckfqf3g==</latexit><latexit sha1_base64="kJQ+Cam6U91aZ2p8c/QTuwi7X3k=">AAACF3icbVDLSsNAFJ3UV62vqjvdDFbBVUm60WWxG5cV7QPaUCbTm3boJBNmJkIJBX/DH3Crf+BO3Lr0B/wOJ2kWtvXAhcM593LvPV7EmdK2/W0V1tY3NreK26Wd3b39g/LhUVuJWFJoUcGF7HpEAWchtDTTHLqRBBJ4HDrepJH6nUeQionwQU8jcAMyCpnPKNFGGpRPbsAXEvB9BFRLwnFDSGloZlbsqp0BrxInJxWUozko//SHgsYBhJpyolTPsSPtJkRqRjnMSv1YQUTohIygZ2hIAlBukv0wwxdGGWJzi6lQ40z9O5GQQKlp4JnOgOixWvZS8T+vF2v/2k1YGMUaQjpf5Mcca4HTQPCQpf/yqSGESmZuxXRMJKHaxLawxZNkAnpWMsE4yzGsknat6thV565WqZ/nERXRKTpDl8hBV6iOblETtRBFT+gFvaI369l6tz6sz3lrwcpnjtECrK9fkpqf4A==</latexit><latexit sha1_base64="kJQ+Cam6U91aZ2p8c/QTuwi7X3k=">AAACF3icbVDLSsNAFJ3UV62vqjvdDFbBVUm60WWxG5cV7QPaUCbTm3boJBNmJkIJBX/DH3Crf+BO3Lr0B/wOJ2kWtvXAhcM593LvPV7EmdK2/W0V1tY3NreK26Wd3b39g/LhUVuJWFJoUcGF7HpEAWchtDTTHLqRBBJ4HDrepJH6nUeQionwQU8jcAMyCpnPKNFGGpRPbsAXEvB9BFRLwnFDSGloZlbsqp0BrxInJxWUozko//SHgsYBhJpyolTPsSPtJkRqRjnMSv1YQUTohIygZ2hIAlBukv0wwxdGGWJzi6lQ40z9O5GQQKlp4JnOgOixWvZS8T+vF2v/2k1YGMUaQjpf5Mcca4HTQPCQpf/yqSGESmZuxXRMJKHaxLawxZNkAnpWMsE4yzGsknat6thV565WqZ/nERXRKTpDl8hBV6iOblETtRBFT+gFvaI369l6tz6sz3lrwcpnjtECrK9fkpqf4A==</latexit><latexit sha1_base64="kJQ+Cam6U91aZ2p8c/QTuwi7X3k=">AAACF3icbVDLSsNAFJ3UV62vqjvdDFbBVUm60WWxG5cV7QPaUCbTm3boJBNmJkIJBX/DH3Crf+BO3Lr0B/wOJ2kWtvXAhcM593LvPV7EmdK2/W0V1tY3NreK26Wd3b39g/LhUVuJWFJoUcGF7HpEAWchtDTTHLqRBBJ4HDrepJH6nUeQionwQU8jcAMyCpnPKNFGGpRPbsAXEvB9BFRLwnFDSGloZlbsqp0BrxInJxWUozko//SHgsYBhJpyolTPsSPtJkRqRjnMSv1YQUTohIygZ2hIAlBukv0wwxdGGWJzi6lQ40z9O5GQQKlp4JnOgOixWvZS8T+vF2v/2k1YGMUaQjpf5Mcca4HTQPCQpf/yqSGESmZuxXRMJKHaxLawxZNkAnpWMsE4yzGsknat6thV565WqZ/nERXRKTpDl8hBV6iOblETtRBFT+gFvaI369l6tz6sz3lrwcpnjtECrK9fkpqf4A==</latexit><latexit sha1_base64="kJQ+Cam6U91aZ2p8c/QTuwi7X3k=">AAACF3icbVDLSsNAFJ3UV62vqjvdDFbBVUm60WWxG5cV7QPaUCbTm3boJBNmJkIJBX/DH3Crf+BO3Lr0B/wOJ2kWtvXAhcM593LvPV7EmdK2/W0V1tY3NreK26Wd3b39g/LhUVuJWFJoUcGF7HpEAWchtDTTHLqRBBJ4HDrepJH6nUeQionwQU8jcAMyCpnPKNFGGpRPbsAXEvB9BFRLwnFDSGloZlbsqp0BrxInJxWUozko//SHgsYBhJpyolTPsSPtJkRqRjnMSv1YQUTohIygZ2hIAlBukv0wwxdGGWJzi6lQ40z9O5GQQKlp4JnOgOixWvZS8T+vF2v/2k1YGMUaQjpf5Mcca4HTQPCQpf/yqSGESmZuxXRMJKHaxLawxZNkAnpWMsE4yzGsknat6thV565WqZ/nERXRKTpDl8hBV6iOblETtRBFT+gFvaI369l6tz6sz3lrwcpnjtECrK9fkpqf4A==</latexit><latexit sha1_base64="kJQ+Cam6U91aZ2p8c/QTuwi7X3k=">AAACF3icbVDLSsNAFJ3UV62vqjvdDFbBVUm60WWxG5cV7QPaUCbTm3boJBNmJkIJBX/DH3Crf+BO3Lr0B/wOJ2kWtvXAhcM593LvPV7EmdK2/W0V1tY3NreK26Wd3b39g/LhUVuJWFJoUcGF7HpEAWchtDTTHLqRBBJ4HDrepJH6nUeQionwQU8jcAMyCpnPKNFGGpRPbsAXEvB9BFRLwnFDSGloZlbsqp0BrxInJxWUozko//SHgsYBhJpyolTPsSPtJkRqRjnMSv1YQUTohIygZ2hIAlBukv0wwxdGGWJzi6lQ40z9O5GQQKlp4JnOgOixWvZS8T+vF2v/2k1YGMUaQjpf5Mcca4HTQPCQpf/yqSGESmZuxXRMJKHaxLawxZNkAnpWMsE4yzGsknat6thV565WqZ/nERXRKTpDl8hBV6iOblETtRBFT+gFvaI369l6tz6sz3lrwcpnjtECrK9fkpqf4A==</latexit><latexit sha1_base64="kJQ+Cam6U91aZ2p8c/QTuwi7X3k=">AAACF3icbVDLSsNAFJ3UV62vqjvdDFbBVUm60WWxG5cV7QPaUCbTm3boJBNmJkIJBX/DH3Crf+BO3Lr0B/wOJ2kWtvXAhcM593LvPV7EmdK2/W0V1tY3NreK26Wd3b39g/LhUVuJWFJoUcGF7HpEAWchtDTTHLqRBBJ4HDrepJH6nUeQionwQU8jcAMyCpnPKNFGGpRPbsAXEvB9BFRLwnFDSGloZlbsqp0BrxInJxWUozko//SHgsYBhJpyolTPsSPtJkRqRjnMSv1YQUTohIygZ2hIAlBukv0wwxdGGWJzi6lQ40z9O5GQQKlp4JnOgOixWvZS8T+vF2v/2k1YGMUaQjpf5Mcca4HTQPCQpf/yqSGESmZuxXRMJKHaxLawxZNkAnpWMsE4yzGsknat6thV565WqZ/nERXRKTpDl8hBV6iOblETtRBFT+gFvaI369l6tz6sz3lrwcpnjtECrK9fkpqf4A==</latexit>

Before Spectral Correction
<latexit sha1_base64="kJQ+Cam6U91aZ2p8c/QTuwi7X3k=">AAACF3icbVDLSsNAFJ3UV62vqjvdDFbBVUm60WWxG5cV7QPaUCbTm3boJBNmJkIJBX/DH3Crf+BO3Lr0B/wOJ2kWtvXAhcM593LvPV7EmdK2/W0V1tY3NreK26Wd3b39g/LhUVuJWFJoUcGF7HpEAWchtDTTHLqRBBJ4HDrepJH6nUeQionwQU8jcAMyCpnPKNFGGpRPbsAXEvB9BFRLwnFDSGloZlbsqp0BrxInJxWUozko//SHgsYBhJpyolTPsSPtJkRqRjnMSv1YQUTohIygZ2hIAlBukv0wwxdGGWJzi6lQ40z9O5GQQKlp4JnOgOixWvZS8T+vF2v/2k1YGMUaQjpf5Mcca4HTQPCQpf/yqSGESmZuxXRMJKHaxLawxZNkAnpWMsE4yzGsknat6thV565WqZ/nERXRKTpDl8hBV6iOblETtRBFT+gFvaI369l6tz6sz3lrwcpnjtECrK9fkpqf4A==</latexit><latexit sha1_base64="kJQ+Cam6U91aZ2p8c/QTuwi7X3k=">AAACF3icbVDLSsNAFJ3UV62vqjvdDFbBVUm60WWxG5cV7QPaUCbTm3boJBNmJkIJBX/DH3Crf+BO3Lr0B/wOJ2kWtvXAhcM593LvPV7EmdK2/W0V1tY3NreK26Wd3b39g/LhUVuJWFJoUcGF7HpEAWchtDTTHLqRBBJ4HDrepJH6nUeQionwQU8jcAMyCpnPKNFGGpRPbsAXEvB9BFRLwnFDSGloZlbsqp0BrxInJxWUozko//SHgsYBhJpyolTPsSPtJkRqRjnMSv1YQUTohIygZ2hIAlBukv0wwxdGGWJzi6lQ40z9O5GQQKlp4JnOgOixWvZS8T+vF2v/2k1YGMUaQjpf5Mcca4HTQPCQpf/yqSGESmZuxXRMJKHaxLawxZNkAnpWMsE4yzGsknat6thV565WqZ/nERXRKTpDl8hBV6iOblETtRBFT+gFvaI369l6tz6sz3lrwcpnjtECrK9fkpqf4A==</latexit><latexit sha1_base64="kJQ+Cam6U91aZ2p8c/QTuwi7X3k=">AAACF3icbVDLSsNAFJ3UV62vqjvdDFbBVUm60WWxG5cV7QPaUCbTm3boJBNmJkIJBX/DH3Crf+BO3Lr0B/wOJ2kWtvXAhcM593LvPV7EmdK2/W0V1tY3NreK26Wd3b39g/LhUVuJWFJoUcGF7HpEAWchtDTTHLqRBBJ4HDrepJH6nUeQionwQU8jcAMyCpnPKNFGGpRPbsAXEvB9BFRLwnFDSGloZlbsqp0BrxInJxWUozko//SHgsYBhJpyolTPsSPtJkRqRjnMSv1YQUTohIygZ2hIAlBukv0wwxdGGWJzi6lQ40z9O5GQQKlp4JnOgOixWvZS8T+vF2v/2k1YGMUaQjpf5Mcca4HTQPCQpf/yqSGESmZuxXRMJKHaxLawxZNkAnpWMsE4yzGsknat6thV565WqZ/nERXRKTpDl8hBV6iOblETtRBFT+gFvaI369l6tz6sz3lrwcpnjtECrK9fkpqf4A==</latexit><latexit sha1_base64="3F7gVB1euSDLVeDldNcXyctH9Q4=">AAAB7XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwf5AW0omc6cNzWSG5I5Qxr6AW9/AnfhEvoDPYfqzsNYDgcM5Cffmi3IlLQXBl1fZ2d3bP6ge+kc1//jktF7r2KwwAtsiU5npRdyikhrbJElhLzfI00hhN5reL/ruMxorM/1EsxyHKR9rmUjByUWtUb0RNIOl2LYJ16YBa43q34M4E0WKmoTi1vbDIKdhyQ1JoXDuDwqLORdTPsa+s5qnaIflcs05u3RJzJLMuKOJLdPfL0qeWjtLI3cz5TSxf7tF+F/XLyi5HZZS5wWhFqtBSaEYZWzxZxZLg4LUzBkujHS7MjHhhgtyZDamRIZPkea+4xL+pbBtOtfNMGiGjwFU4Rwu4ApCuIE7eIAWtEFADK/w5r14797Hil/FW4M8gw15nz/TipKM</latexit><latexit sha1_base64="E2sxBg+ezppDhmtt7INF/x3lJPM=">AAACDHicbZBNSgNBEIVr4l+MUaNL3TQGwVWYcaNLMRuXEc0PJEPo6VSSJj09Q3ePEIaA1/ACbvUG7sQreAHPYc8kC5NYUPDxXjdV9YJYcG1c99spbGxube8Ud0t75f2Dw8pRuaWjRDFsskhEqhNQjYJLbBpuBHZihTQMBLaDST3z20+oNI/ko5nG6Id0JPmQM2qs1K+c3OIwUkgeYmRGUUHqkVIWc7Pq1ty8yDp4C6jCohr9yk9vELEkRGmYoFp3PTc2fkqV4UzgrNRLNMaUTegIuxYlDVH7aX7DjJxbZUDsLralIbn690dKQ62nYWBfhtSM9aqXif953cQMr/2UyzgxKNl80DARxEQkC4QMeHavmFqgTHG7K2FjqigzNralKYGiEzSzkg3GW41hHVqXNc+tefcuFOEUzuACPLiCG7iDBjSBwTO8whu8Oy/Oh/M5j7DgLLI8hqVyvn4BvAGefg==</latexit><latexit sha1_base64="E2sxBg+ezppDhmtt7INF/x3lJPM=">AAACDHicbZBNSgNBEIVr4l+MUaNL3TQGwVWYcaNLMRuXEc0PJEPo6VSSJj09Q3ePEIaA1/ACbvUG7sQreAHPYc8kC5NYUPDxXjdV9YJYcG1c99spbGxube8Ud0t75f2Dw8pRuaWjRDFsskhEqhNQjYJLbBpuBHZihTQMBLaDST3z20+oNI/ko5nG6Id0JPmQM2qs1K+c3OIwUkgeYmRGUUHqkVIWc7Pq1ty8yDp4C6jCohr9yk9vELEkRGmYoFp3PTc2fkqV4UzgrNRLNMaUTegIuxYlDVH7aX7DjJxbZUDsLralIbn690dKQ62nYWBfhtSM9aqXif953cQMr/2UyzgxKNl80DARxEQkC4QMeHavmFqgTHG7K2FjqigzNralKYGiEzSzkg3GW41hHVqXNc+tefcuFOEUzuACPLiCG7iDBjSBwTO8whu8Oy/Oh/M5j7DgLLI8hqVyvn4BvAGefg==</latexit><latexit sha1_base64="NyZZofC+MnGRDFX27tOdU5hKr1E=">AAACF3icbVDLSgNBEJz1GeMr6k0vg1HwFHa96DGYi8eI5gHJEmYnnWTI7MwyMyuEJeBv+ANe9Q+8iVeP/oDf4exmDyaxoKGo6qa7K4g408Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NQyVhQaVHKp2gHRwJmAhmGGQztSQMKAQysY11K/9QhKMykezCQCPyRDwQaMEmOlXun4BgZSAb6PgBpFOK5JpSzNzLJbcTPgZeLlpIxy1Huln25f0jgEYSgnWnc8NzJ+QpRhlMO02I01RISOyRA6lgoSgvaT7IcpPrdKH9tbbAmDM/XvREJCrSdhYDtDYkZ60UvF/7xObAbXfsJEFBsQdLZoEHNsJE4DwX2W/ssnlhCqmL0V0xFRhBob29yWQJExmGnRBuMtxrBMmpcVz614d265epZHVEAn6BRdIA9doSq6RXXUQBQ9oRf0it6cZ+fd+XA+Z60rTj5zhObgfP0Ckfqf3g==</latexit><latexit sha1_base64="kJQ+Cam6U91aZ2p8c/QTuwi7X3k=">AAACF3icbVDLSsNAFJ3UV62vqjvdDFbBVUm60WWxG5cV7QPaUCbTm3boJBNmJkIJBX/DH3Crf+BO3Lr0B/wOJ2kWtvXAhcM593LvPV7EmdK2/W0V1tY3NreK26Wd3b39g/LhUVuJWFJoUcGF7HpEAWchtDTTHLqRBBJ4HDrepJH6nUeQionwQU8jcAMyCpnPKNFGGpRPbsAXEvB9BFRLwnFDSGloZlbsqp0BrxInJxWUozko//SHgsYBhJpyolTPsSPtJkRqRjnMSv1YQUTohIygZ2hIAlBukv0wwxdGGWJzi6lQ40z9O5GQQKlp4JnOgOixWvZS8T+vF2v/2k1YGMUaQjpf5Mcca4HTQPCQpf/yqSGESmZuxXRMJKHaxLawxZNkAnpWMsE4yzGsknat6thV565WqZ/nERXRKTpDl8hBV6iOblETtRBFT+gFvaI369l6tz6sz3lrwcpnjtECrK9fkpqf4A==</latexit><latexit sha1_base64="kJQ+Cam6U91aZ2p8c/QTuwi7X3k=">AAACF3icbVDLSsNAFJ3UV62vqjvdDFbBVUm60WWxG5cV7QPaUCbTm3boJBNmJkIJBX/DH3Crf+BO3Lr0B/wOJ2kWtvXAhcM593LvPV7EmdK2/W0V1tY3NreK26Wd3b39g/LhUVuJWFJoUcGF7HpEAWchtDTTHLqRBBJ4HDrepJH6nUeQionwQU8jcAMyCpnPKNFGGpRPbsAXEvB9BFRLwnFDSGloZlbsqp0BrxInJxWUozko//SHgsYBhJpyolTPsSPtJkRqRjnMSv1YQUTohIygZ2hIAlBukv0wwxdGGWJzi6lQ40z9O5GQQKlp4JnOgOixWvZS8T+vF2v/2k1YGMUaQjpf5Mcca4HTQPCQpf/yqSGESmZuxXRMJKHaxLawxZNkAnpWMsE4yzGsknat6thV565WqZ/nERXRKTpDl8hBV6iOblETtRBFT+gFvaI369l6tz6sz3lrwcpnjtECrK9fkpqf4A==</latexit><latexit sha1_base64="kJQ+Cam6U91aZ2p8c/QTuwi7X3k=">AAACF3icbVDLSsNAFJ3UV62vqjvdDFbBVUm60WWxG5cV7QPaUCbTm3boJBNmJkIJBX/DH3Crf+BO3Lr0B/wOJ2kWtvXAhcM593LvPV7EmdK2/W0V1tY3NreK26Wd3b39g/LhUVuJWFJoUcGF7HpEAWchtDTTHLqRBBJ4HDrepJH6nUeQionwQU8jcAMyCpnPKNFGGpRPbsAXEvB9BFRLwnFDSGloZlbsqp0BrxInJxWUozko//SHgsYBhJpyolTPsSPtJkRqRjnMSv1YQUTohIygZ2hIAlBukv0wwxdGGWJzi6lQ40z9O5GQQKlp4JnOgOixWvZS8T+vF2v/2k1YGMUaQjpf5Mcca4HTQPCQpf/yqSGESmZuxXRMJKHaxLawxZNkAnpWMsE4yzGsknat6thV565WqZ/nERXRKTpDl8hBV6iOblETtRBFT+gFvaI369l6tz6sz3lrwcpnjtECrK9fkpqf4A==</latexit><latexit sha1_base64="kJQ+Cam6U91aZ2p8c/QTuwi7X3k=">AAACF3icbVDLSsNAFJ3UV62vqjvdDFbBVUm60WWxG5cV7QPaUCbTm3boJBNmJkIJBX/DH3Crf+BO3Lr0B/wOJ2kWtvXAhcM593LvPV7EmdK2/W0V1tY3NreK26Wd3b39g/LhUVuJWFJoUcGF7HpEAWchtDTTHLqRBBJ4HDrepJH6nUeQionwQU8jcAMyCpnPKNFGGpRPbsAXEvB9BFRLwnFDSGloZlbsqp0BrxInJxWUozko//SHgsYBhJpyolTPsSPtJkRqRjnMSv1YQUTohIygZ2hIAlBukv0wwxdGGWJzi6lQ40z9O5GQQKlp4JnOgOixWvZS8T+vF2v/2k1YGMUaQjpf5Mcca4HTQPCQpf/yqSGESmZuxXRMJKHaxLawxZNkAnpWMsE4yzGsknat6thV565WqZ/nERXRKTpDl8hBV6iOblETtRBFT+gFvaI369l6tz6sz3lrwcpnjtECrK9fkpqf4A==</latexit><latexit sha1_base64="kJQ+Cam6U91aZ2p8c/QTuwi7X3k=">AAACF3icbVDLSsNAFJ3UV62vqjvdDFbBVUm60WWxG5cV7QPaUCbTm3boJBNmJkIJBX/DH3Crf+BO3Lr0B/wOJ2kWtvXAhcM593LvPV7EmdK2/W0V1tY3NreK26Wd3b39g/LhUVuJWFJoUcGF7HpEAWchtDTTHLqRBBJ4HDrepJH6nUeQionwQU8jcAMyCpnPKNFGGpRPbsAXEvB9BFRLwnFDSGloZlbsqp0BrxInJxWUozko//SHgsYBhJpyolTPsSPtJkRqRjnMSv1YQUTohIygZ2hIAlBukv0wwxdGGWJzi6lQ40z9O5GQQKlp4JnOgOixWvZS8T+vF2v/2k1YGMUaQjpf5Mcca4HTQPCQpf/yqSGESmZuxXRMJKHaxLawxZNkAnpWMsE4yzGsknat6thV565WqZ/nERXRKTpDl8hBV6iOblETtRBFT+gFvaI369l6tz6sz3lrwcpnjtECrK9fkpqf4A==</latexit><latexit sha1_base64="kJQ+Cam6U91aZ2p8c/QTuwi7X3k=">AAACF3icbVDLSsNAFJ3UV62vqjvdDFbBVUm60WWxG5cV7QPaUCbTm3boJBNmJkIJBX/DH3Crf+BO3Lr0B/wOJ2kWtvXAhcM593LvPV7EmdK2/W0V1tY3NreK26Wd3b39g/LhUVuJWFJoUcGF7HpEAWchtDTTHLqRBBJ4HDrepJH6nUeQionwQU8jcAMyCpnPKNFGGpRPbsAXEvB9BFRLwnFDSGloZlbsqp0BrxInJxWUozko//SHgsYBhJpyolTPsSPtJkRqRjnMSv1YQUTohIygZ2hIAlBukv0wwxdGGWJzi6lQ40z9O5GQQKlp4JnOgOixWvZS8T+vF2v/2k1YGMUaQjpf5Mcca4HTQPCQpf/yqSGESmZuxXRMJKHaxLawxZNkAnpWMsE4yzGsknat6thV565WqZ/nERXRKTpDl8hBV6iOblETtRBFT+gFvaI369l6tz6sz3lrwcpnjtECrK9fkpqf4A==</latexit>

After Spectral Correction
<latexit sha1_base64="ZUCW030mnQyVu4dsxOP8Jnw4H/U=">AAACFnicbZC7TsMwFIadcivlVmBCLBYFialKusBY1IWxCHqR2qhy3JPWqhNHtoNURRWvwQuwwhuwIVZWXoDnwEkz0JYjWfr0/+fo+PxexJnStv1tFdbWNza3itulnd29/YPy4VFbiVhSaFHBhex6RAFnIbQ00xy6kQQSeBw63qSR+p1HkIqJ8EFPI3ADMgqZzyjRRhqUT258DRLfR0C1JBw3hJQGM69iV+2s8Co4OVRQXs1B+ac/FDQOINSUE6V6jh1pNyFSM8phVurHCiJCJ2QEPYMhCUC5SXbCDF8YZYh9Ic0LNc7UvxMJCZSaBp7pDIgeq2UvFf/zerH2r92EhVGsIaTzRX7MsRY4zQMPWXovnxogVDLzV0zHRBJqYlnc4kkyAT0rmWCc5RhWoV2rOnbVuatV6ud5REV0is7QJXLQFaqjW9RELUTRE3pBr+jNerberQ/rc95asPKZY7RQ1tcvyTufdQ==</latexit><latexit sha1_base64="ZUCW030mnQyVu4dsxOP8Jnw4H/U=">AAACFnicbZC7TsMwFIadcivlVmBCLBYFialKusBY1IWxCHqR2qhy3JPWqhNHtoNURRWvwQuwwhuwIVZWXoDnwEkz0JYjWfr0/+fo+PxexJnStv1tFdbWNza3itulnd29/YPy4VFbiVhSaFHBhex6RAFnIbQ00xy6kQQSeBw63qSR+p1HkIqJ8EFPI3ADMgqZzyjRRhqUT258DRLfR0C1JBw3hJQGM69iV+2s8Co4OVRQXs1B+ac/FDQOINSUE6V6jh1pNyFSM8phVurHCiJCJ2QEPYMhCUC5SXbCDF8YZYh9Ic0LNc7UvxMJCZSaBp7pDIgeq2UvFf/zerH2r92EhVGsIaTzRX7MsRY4zQMPWXovnxogVDLzV0zHRBJqYlnc4kkyAT0rmWCc5RhWoV2rOnbVuatV6ud5REV0is7QJXLQFaqjW9RELUTRE3pBr+jNerberQ/rc95asPKZY7RQ1tcvyTufdQ==</latexit><latexit sha1_base64="ZUCW030mnQyVu4dsxOP8Jnw4H/U=">AAACFnicbZC7TsMwFIadcivlVmBCLBYFialKusBY1IWxCHqR2qhy3JPWqhNHtoNURRWvwQuwwhuwIVZWXoDnwEkz0JYjWfr0/+fo+PxexJnStv1tFdbWNza3itulnd29/YPy4VFbiVhSaFHBhex6RAFnIbQ00xy6kQQSeBw63qSR+p1HkIqJ8EFPI3ADMgqZzyjRRhqUT258DRLfR0C1JBw3hJQGM69iV+2s8Co4OVRQXs1B+ac/FDQOINSUE6V6jh1pNyFSM8phVurHCiJCJ2QEPYMhCUC5SXbCDF8YZYh9Ic0LNc7UvxMJCZSaBp7pDIgeq2UvFf/zerH2r92EhVGsIaTzRX7MsRY4zQMPWXovnxogVDLzV0zHRBJqYlnc4kkyAT0rmWCc5RhWoV2rOnbVuatV6ud5REV0is7QJXLQFaqjW9RELUTRE3pBr+jNerberQ/rc95asPKZY7RQ1tcvyTufdQ==</latexit><latexit sha1_base64="ZUCW030mnQyVu4dsxOP8Jnw4H/U=">AAACFnicbZC7TsMwFIadcivlVmBCLBYFialKusBY1IWxCHqR2qhy3JPWqhNHtoNURRWvwQuwwhuwIVZWXoDnwEkz0JYjWfr0/+fo+PxexJnStv1tFdbWNza3itulnd29/YPy4VFbiVhSaFHBhex6RAFnIbQ00xy6kQQSeBw63qSR+p1HkIqJ8EFPI3ADMgqZzyjRRhqUT258DRLfR0C1JBw3hJQGM69iV+2s8Co4OVRQXs1B+ac/FDQOINSUE6V6jh1pNyFSM8phVurHCiJCJ2QEPYMhCUC5SXbCDF8YZYh9Ic0LNc7UvxMJCZSaBp7pDIgeq2UvFf/zerH2r92EhVGsIaTzRX7MsRY4zQMPWXovnxogVDLzV0zHRBJqYlnc4kkyAT0rmWCc5RhWoV2rOnbVuatV6ud5REV0is7QJXLQFaqjW9RELUTRE3pBr+jNerberQ/rc95asPKZY7RQ1tcvyTufdQ==</latexit>

After Spectral Correction
<latexit sha1_base64="ZUCW030mnQyVu4dsxOP8Jnw4H/U=">AAACFnicbZC7TsMwFIadcivlVmBCLBYFialKusBY1IWxCHqR2qhy3JPWqhNHtoNURRWvwQuwwhuwIVZWXoDnwEkz0JYjWfr0/+fo+PxexJnStv1tFdbWNza3itulnd29/YPy4VFbiVhSaFHBhex6RAFnIbQ00xy6kQQSeBw63qSR+p1HkIqJ8EFPI3ADMgqZzyjRRhqUT258DRLfR0C1JBw3hJQGM69iV+2s8Co4OVRQXs1B+ac/FDQOINSUE6V6jh1pNyFSM8phVurHCiJCJ2QEPYMhCUC5SXbCDF8YZYh9Ic0LNc7UvxMJCZSaBp7pDIgeq2UvFf/zerH2r92EhVGsIaTzRX7MsRY4zQMPWXovnxogVDLzV0zHRBJqYlnc4kkyAT0rmWCc5RhWoV2rOnbVuatV6ud5REV0is7QJXLQFaqjW9RELUTRE3pBr+jNerberQ/rc95asPKZY7RQ1tcvyTufdQ==</latexit><latexit sha1_base64="ZUCW030mnQyVu4dsxOP8Jnw4H/U=">AAACFnicbZC7TsMwFIadcivlVmBCLBYFialKusBY1IWxCHqR2qhy3JPWqhNHtoNURRWvwQuwwhuwIVZWXoDnwEkz0JYjWfr0/+fo+PxexJnStv1tFdbWNza3itulnd29/YPy4VFbiVhSaFHBhex6RAFnIbQ00xy6kQQSeBw63qSR+p1HkIqJ8EFPI3ADMgqZzyjRRhqUT258DRLfR0C1JBw3hJQGM69iV+2s8Co4OVRQXs1B+ac/FDQOINSUE6V6jh1pNyFSM8phVurHCiJCJ2QEPYMhCUC5SXbCDF8YZYh9Ic0LNc7UvxMJCZSaBp7pDIgeq2UvFf/zerH2r92EhVGsIaTzRX7MsRY4zQMPWXovnxogVDLzV0zHRBJqYlnc4kkyAT0rmWCc5RhWoV2rOnbVuatV6ud5REV0is7QJXLQFaqjW9RELUTRE3pBr+jNerberQ/rc95asPKZY7RQ1tcvyTufdQ==</latexit><latexit sha1_base64="ZUCW030mnQyVu4dsxOP8Jnw4H/U=">AAACFnicbZC7TsMwFIadcivlVmBCLBYFialKusBY1IWxCHqR2qhy3JPWqhNHtoNURRWvwQuwwhuwIVZWXoDnwEkz0JYjWfr0/+fo+PxexJnStv1tFdbWNza3itulnd29/YPy4VFbiVhSaFHBhex6RAFnIbQ00xy6kQQSeBw63qSR+p1HkIqJ8EFPI3ADMgqZzyjRRhqUT258DRLfR0C1JBw3hJQGM69iV+2s8Co4OVRQXs1B+ac/FDQOINSUE6V6jh1pNyFSM8phVurHCiJCJ2QEPYMhCUC5SXbCDF8YZYh9Ic0LNc7UvxMJCZSaBp7pDIgeq2UvFf/zerH2r92EhVGsIaTzRX7MsRY4zQMPWXovnxogVDLzV0zHRBJqYlnc4kkyAT0rmWCc5RhWoV2rOnbVuatV6ud5REV0is7QJXLQFaqjW9RELUTRE3pBr+jNerberQ/rc95asPKZY7RQ1tcvyTufdQ==</latexit><latexit sha1_base64="ZUCW030mnQyVu4dsxOP8Jnw4H/U=">AAACFnicbZC7TsMwFIadcivlVmBCLBYFialKusBY1IWxCHqR2qhy3JPWqhNHtoNURRWvwQuwwhuwIVZWXoDnwEkz0JYjWfr0/+fo+PxexJnStv1tFdbWNza3itulnd29/YPy4VFbiVhSaFHBhex6RAFnIbQ00xy6kQQSeBw63qSR+p1HkIqJ8EFPI3ADMgqZzyjRRhqUT258DRLfR0C1JBw3hJQGM69iV+2s8Co4OVRQXs1B+ac/FDQOINSUE6V6jh1pNyFSM8phVurHCiJCJ2QEPYMhCUC5SXbCDF8YZYh9Ic0LNc7UvxMJCZSaBp7pDIgeq2UvFf/zerH2r92EhVGsIaTzRX7MsRY4zQMPWXovnxogVDLzV0zHRBJqYlnc4kkyAT0rmWCc5RhWoV2rOnbVuatV6ud5REV0is7QJXLQFaqjW9RELUTRE3pBr+jNerberQ/rc95asPKZY7RQ1tcvyTufdQ==</latexit>
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<latexit sha1_base64="tV3SZbV80v6DGsKUPmoLQcAE1Tc=">AAACFXicbVDLSgNBEJz1bXxFvQheBqPgKex60aOgB08SwSRCDKF30olDZmeWmV4hhvgb/oBX/QNv4tWzP+B3OHkcTLSgoajqprsrTpV0FIZfwczs3PzC4tJybmV1bX0jv7lVcSazAsvCKGNvYnCopMYySVJ4k1qEJFZYjTtnA796j9ZJo6+pm2I9gbaWLSmAvNTI71wam4CSD9jk59Buo+VnJtPkGvlCWAyH4H9JNCYFNkapkf++bRqRJahJKHCuFoUp1XtgSQqF/dxt5jAF0YE21jzVkKCr94Yf9PmBV5q8ZawvTXyo/p7oQeJcN4l9ZwJ056a9gfifV8uodVLvSZ1mhFqMFrUyxcnwQRy8KS0KUl1PQFjpb+XiDiwI8qFNbIktdJD6OR9MNB3DX1I5KkZhMbo6KpzujyNaYrtsjx2yiB2zU3bBSqzMBHtkz+yFvQZPwVvwHnyMWmeC8cw2m0Dw+QPwQZ7+</latexit><latexit sha1_base64="tV3SZbV80v6DGsKUPmoLQcAE1Tc=">AAACFXicbVDLSgNBEJz1bXxFvQheBqPgKex60aOgB08SwSRCDKF30olDZmeWmV4hhvgb/oBX/QNv4tWzP+B3OHkcTLSgoajqprsrTpV0FIZfwczs3PzC4tJybmV1bX0jv7lVcSazAsvCKGNvYnCopMYySVJ4k1qEJFZYjTtnA796j9ZJo6+pm2I9gbaWLSmAvNTI71wam4CSD9jk59Buo+VnJtPkGvlCWAyH4H9JNCYFNkapkf++bRqRJahJKHCuFoUp1XtgSQqF/dxt5jAF0YE21jzVkKCr94Yf9PmBV5q8ZawvTXyo/p7oQeJcN4l9ZwJ056a9gfifV8uodVLvSZ1mhFqMFrUyxcnwQRy8KS0KUl1PQFjpb+XiDiwI8qFNbIktdJD6OR9MNB3DX1I5KkZhMbo6KpzujyNaYrtsjx2yiB2zU3bBSqzMBHtkz+yFvQZPwVvwHnyMWmeC8cw2m0Dw+QPwQZ7+</latexit><latexit sha1_base64="tV3SZbV80v6DGsKUPmoLQcAE1Tc=">AAACFXicbVDLSgNBEJz1bXxFvQheBqPgKex60aOgB08SwSRCDKF30olDZmeWmV4hhvgb/oBX/QNv4tWzP+B3OHkcTLSgoajqprsrTpV0FIZfwczs3PzC4tJybmV1bX0jv7lVcSazAsvCKGNvYnCopMYySVJ4k1qEJFZYjTtnA796j9ZJo6+pm2I9gbaWLSmAvNTI71wam4CSD9jk59Buo+VnJtPkGvlCWAyH4H9JNCYFNkapkf++bRqRJahJKHCuFoUp1XtgSQqF/dxt5jAF0YE21jzVkKCr94Yf9PmBV5q8ZawvTXyo/p7oQeJcN4l9ZwJ056a9gfifV8uodVLvSZ1mhFqMFrUyxcnwQRy8KS0KUl1PQFjpb+XiDiwI8qFNbIktdJD6OR9MNB3DX1I5KkZhMbo6KpzujyNaYrtsjx2yiB2zU3bBSqzMBHtkz+yFvQZPwVvwHnyMWmeC8cw2m0Dw+QPwQZ7+</latexit><latexit sha1_base64="tV3SZbV80v6DGsKUPmoLQcAE1Tc=">AAACFXicbVDLSgNBEJz1bXxFvQheBqPgKex60aOgB08SwSRCDKF30olDZmeWmV4hhvgb/oBX/QNv4tWzP+B3OHkcTLSgoajqprsrTpV0FIZfwczs3PzC4tJybmV1bX0jv7lVcSazAsvCKGNvYnCopMYySVJ4k1qEJFZYjTtnA796j9ZJo6+pm2I9gbaWLSmAvNTI71wam4CSD9jk59Buo+VnJtPkGvlCWAyH4H9JNCYFNkapkf++bRqRJahJKHCuFoUp1XtgSQqF/dxt5jAF0YE21jzVkKCr94Yf9PmBV5q8ZawvTXyo/p7oQeJcN4l9ZwJ056a9gfifV8uodVLvSZ1mhFqMFrUyxcnwQRy8KS0KUl1PQFjpb+XiDiwI8qFNbIktdJD6OR9MNB3DX1I5KkZhMbo6KpzujyNaYrtsjx2yiB2zU3bBSqzMBHtkz+yFvQZPwVvwHnyMWmeC8cw2m0Dw+QPwQZ7+</latexit>
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The bottle technique is a relative
measurement, but normalization
is necessary due to fluctuations
in production.

High-statistics monitor = High-pass monitor
... but that requires corrections for spectral variations.

⌘̂ = [1 + ⇢min(� � �)]⇥
Z Tload

0
Dsp dt
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Systematics: Cleaning
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Systematics: Heating

⌧ (pk1)drain = 260 s
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Systematics: Heating
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57 Counts / 239 Runs±56

Long Holding Time Sum
⌧ (pk1)drain = 260 s
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Using Analytic Field Profile
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(�⌧n ⇠ 0.07 s)

A. Steyerl et al, Phys Rev C 95 (2017)
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A. Steyerl et al, Phys Rev C 95 (2017)

Three things to check: 
1. Where to assess spin flip probability. 
2. Scaling behavior at low holding field. 
3. Ideal vs. actual magnetic field.

Systematics: Depolarization



J. Ginder (TTU)

3D Spin Dynamics MC Simulation 
Semiclassical Split Symplectic/RK45 (space/Bloch)
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Dual Tracking Semiclassical Split Symplectic/Unitary (space/spinor) with adaptive spin stepper: 
• Initialize two spinors Xlfs and Xhfs as spin up along local field direction. 
• Xlfs is tracked using field-repelled component and Xhfs is tracked using the field-attracted component. 
• Assume rapid decoherence of spatial entanglement. When the field-attracted spinor encounters the array, find 

P+ = |<X+|Xlfs>|2 and P– = |<X–|Xhfs>|2. Reset both spinors as spin up. 
• Accrue the loss fraction for each reset over the course of the simulation. 
• Average loss rate is determined by averaging loss per bounce and bounces per second over many simulations 

with different initial conditions. 
• For a single process with a 0.1 µs time step, 1 simulation second ∼ 400 wall clock seconds.

field repelled

field attracted

bounce

Systematics: Depolarization



•Behavior at small holding fields affected by external fields. 

• Details of the physical Halbach array (e.g. magnet coating or defects) affect the 
measured behavior at larger fields. 

• Understanding the cause will enhance the precision with which the depolarization 
loss rate is determined.

Ideal Fields plus Earth’s Field

1/B01.8 scaling down to ~0.5 G

Systematics: Depolarization



Our ongoing mapping effort has recently characterized 
trap defects after fixing a position calibration issue.

⇠ ⇠ 1.0 cm
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Aquadaq to reduce light background, 
more loaded UCN, and a dedicated 
port provide the possibility to 
directly observe depolarization loss 
in UCN𝜏+.

10B coated ZnS
Scintillation Light observed 

through viewport

Systematics: Depolarization



Systematics: Phase Space Evolution
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Phase Space Evolution would alter the 
shape of the arrival time distribution...

Use difference between mean arrival times

as Thold. Difference between this and the 

programmed holding time sets the phase 

space evolution bound. 

T =

P
NitiP
Ni
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Systematics: Observing Phase Space Evolution



Systematics: Phase Space Evolution

Dagger Efficiency Map

•Lifetimes extracted from 
individual segments are 
significantly different. 

•This seems to demonstrates 
“horizontal” evolution of the 
UCN phase space. 

•In reality the effect seems to 
be dominated by a vertical 
shift in the UCN centroid. 

•These kind of changes cause 
a systematic effect when 
coupled to inhomogeneities 
in the dagger efficiency.

(Blinded)



Residual Gas: Measured the UCN upsacttering cross sections in residual gasses.

Allowable pressures for
⇣

�⌧n
⌧n

⌘

loss
 1⇥ 10�4

RGA and continuous vacuum
monitoring. Currently achievable
pressure ~2e-7 Torr.

UCNø SYSTEMATICS

A. T. Holley

Created: August 21, 2015
Modified: October 29, 2015

CURRENT SYSTEMATICS TABLE

Effect Upper Bound Direction Current Eval. Method of Characterization

residual gas < 1£10°4 + meas RGA/cross-section measurements

depolarization < 1£10°4 + calc field map, in situ detection

material loss < 4£10°4 + calc measure Cu tape loss-per-bounce

cleaning < 6£10°4 + sim vary cleaning time/depth, active cleaner

cleaner reliability < 5£10°4 ± sim verify position reproducibility

microphonic heating < 1£10°4 + sim accelerometer measurements

dead time/pileup < 1£10°4 ± calc pileup ID/artificial dead time

gain drifts < 2£10°4 ± meas spectral monitoring/gain monitoring

time-dep. background < 5£10°4 ± meas background data analysis

phase space evolution < 5£10°4 ± sim vanadium time studies, active detector

UCN monitoring < 3£10°4 ± meas measure monitor response/source stability

total < 1.2£10°3 ± (uncorrelated sum)

SYSTEMATICS ESTIMATES

I. Residual Gas

As you said, based on our upscattering measurements and expected partial pressures in the system. (I don’t recall
off the top of my head anymore what pressures were assumed, but of course all the details are in Dan’s thesis.)

For a 1 s measurement (¢øø = 1£10°3), we need the correction from residual gas loss to be
°
¢ø
ø

¢
gas ∑ 1£10°4. Our

gas upscattering measurements gave us maximum allowable pressures to ensure that:

Gas Max. Pressure [Torr]

Ne 2.0£10°5

Ar 1.8£10°5

CF4 1.6£10°6

D2 1.5£10°6

Xe 6.5£10°7

H2 2.9£10°7

Water 2.6£10°7

C4H10 7.1£10°8

3He 3.0£10°9

A 0.1 s measurement, of course, would require an order of magnitude better vacuum.

Systematics: Residual Gas Scattering

S.J. Seestrom et al., Phys. Rev. C 95 015501 (2017) 

RGA and continuous vacuum monitoring. 
Currently achievable pressure ~5e-8 Torr.



UCN𝜏

Magnetic BottleUltracold Neutrons

The Neutron Lifetime Puzzle
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J.S. Nico et al., Phys. Rev. C 71, 055502 (2005)

• Neutron Fluence
• Beam Halo
• Trap non-linearity
• Statistics!

• Cleaning
• Heating
• Phase Space Effects
• Detector Effects
• Material Loss 

Depolarization
• Normalization and 

Statistics!
1

⌧n
=

1

⌧trap
� 1

⌧not �
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The Neutron Lifetime Puzzle



The Neutron Lifetime Puzzle
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A. T. Yue et al., Phys. Rev. Lett. 111, 222501 (2013) 

J.S. Nico, et al., Phys. Rev. C 71, 055502 (2005)



Beam Lifetime 2 (𝛿𝜏n ~1s)

S. Hoogerheide

• Beam Fluence: alpha-gamma 
device

• Beam Halo: runs with larger 
p detector

• Trap Non-Linearity: shorter 
traps

• Statistics: NG-C, NCNR 
source upgrade

Beam Lifetime 3 (𝛿𝜏n <0.3 s)

• Larger proton detector (x30) and 
position sensitivity

• Better, and controllable, field 
uniformity (<0.01%)

• Precision neutron spectral flux 
measurement

• improved use of alpha-gamma 
geometry and independent flux 
calibrations

M. Scott Dewey

The Neutron Lifetime Puzzle
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But if it wasn’t systematics…
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Search for BSM n �! �+ � Decay Mode
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The Neutron Lifetime Puzzle: BSM - Dark Decay

Constrained theoretically by: 
•Stability of nuclei 
•neutron star stability 
•stability of H atom



The Neutron Lifetime Puzzle: BSM - DM Blobs
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⌧n =
�T

lnNS � lnNL

20, 000⇥ e�1550/878 = 3422

1550 s

ln(20000)� ln(3422)
= 877.93 s

1550 s

ln(20000)� ln(3421)
= 877.79 s

Could DM scattering be responsible?
DM must have mass similar to n. 
There must be a significant density of DM in the trap.

Galactic DM doesn’t fit these criteria

S. Rajendran and H. Ramani, Phys. Rev. D, 103, 035014 (2021)

Composite DM: Blobs
•dark parton (f) blob: large dark charge, ~ μm range 5th force 
•blobs can be captured in the earth —> self-scattering leads to more capture 
•Distribution of blob masses —> significant lighter blob density at earth’s surface 
•Long range and thermalization suppresses signals from standard DM detectors 
•Couples with strength gf via a neutron dark electric dipole moment.

Blob Dark Charge
for Δ𝜏beam/bottle

fraction of galactic DM in blobs

requires fin
e-tuning of model

surface density equals terrestrial density.
Valid for small enough mediator mass.
Blob-Blob repulsion prevents sinking.
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age of earth ⇡ 1010 years

surface density smaller 
than terrestrial density
(set by evaporation)

blobs sink leaving low surface density => larger required coupling as mass increases

< 1 GeV evaporation produces 
no viable parameter space



The Neutron Lifetime Puzzle: BSM - Excited Neutrons

What if… neutron has excited states inaccessible while bound in a nucleus:
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excited state  e with �-decay lifetime ⌧e
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Suppose  e �!  g + � with decay time ⌧� .

B. Koch and F. Hummel, arXiv:2403.00914v3 [hep-ph] 15 May 2024
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If the the � is unobserved nn = ng + ne
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Interferometry Experiments 

β-decay
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The Neutron Lifetime Puzzle: BSM - Excited Neutrons

What if… neutron has excited states inaccessible while bound in a nucleus:
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ground state  g with �-decay lifetime ⌧g
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excited state  e with �-decay lifetime ⌧e
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Suppose  e �!  g + � with decay time ⌧� .

B. Koch and F. Hummel, arXiv:2403.00914v3 [hep-ph] 15 May 2024

<latexit sha1_base64="3qXq6jY+UrQRl7QdI8jMUzdGGNY=">AAACHHicbVDLSgMxFM3UV62vqks3wVYQhDJTpboRCm50V8E+oC1DJr3ThiaZIckUSumHuPFX3LhQxI0Lwb8xfSy09cANh3Pu5eaeIOZMG9f9dlIrq2vrG+nNzNb2zu5edv+gpqNEUajSiEeqERANnEmoGmY4NGIFRAQc6kH/ZuLXB6A0i+SDGcbQFqQrWcgoMVbys+d3ITY9mFa+1SVCkDxmGicyCjSoAXRwXvoSX2Ppd/GZfSHvZ3NuwZ0CLxNvTnJojoqf/Wx1IpoIkIZyonXTc2PTHhFlGOUwzrQSDTGhfdKFpqWSCNDt0fS4MT6xSgeHkbIlDZ6qvydGRGg9FIHtFMT09KI3Ef/zmokJr9ojJuPEgKSzRWHCsYnwJCncYQqo4UNLCFXM/hXTHlGEGptnxobgLZ68TGrFglcqlO6LufLFPI40OkLH6BR56BKV0S2qoCqi6BE9o1f05jw5L8678zFrTTnzmUP0B87XD5iQnyY=</latexit>

If the the � is unobserved nn = ng + ne

<latexit sha1_base64="ZbS/5Eu64XadG3/m25gZrboahsk=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiSlVsFNwY3LCvYBTSiT6bQdOpOEmYlQQ/FX3LhQxK3/4c6/cdJmoa0HBg7n3Ms9c4KYM6Ud59taWV1b39gsbBW3d3b39u2Dw5aKEklok0Q8kp0AK8pZSJuaaU47saRYBJy2g/FN5rcfqFQsCu/1JKa+wMOQDRjB2kg9+9hTTKDKhXftCaxHUqRCTXt2ySk7M6Bl4uakBDkaPfvL60ckETTUhGOluq4Taz/FUjPC6bToJYrGmIzxkHYNDbGgyk9n6afozCh9NIikeaFGM/X3RoqFUhMRmMksolr0MvE/r5vowZWfsjBONA3J/NAg4UhHKKsC9ZmkRPOJIZhIZrIiMsISE20KK5oS3MUvL5NWpezWyrW7aqlezesowAmcwjm4cAl1uIUGNIHAIzzDK7xZT9aL9W59zEdXrHznCP7A+vwBBr6U8A==</latexit>⇠ 25 ms
<latexit sha1_base64="SRf7A7csMpbl94xi+IkRK+cnjyw=">AAAB+XicbVDLSsNAFL2pr1pfUZdugkVwVRItVRCk4MZlBfuAJpTJdNIOnZmEmUmhhP6JGxeKuPVP3Pk3TtostHpg4HDOvdwzJ0wYVdp1v6zS2vrG5lZ5u7Kzu7d/YB8edVScSkzaOGax7IVIEUYFaWuqGeklkiAeMtINJ3e5350SqWgsHvUsIQFHI0EjipE20sC2by9d17/xOdJjyTM1H9hVt+Yu4PwlXkGqUKA1sD/9YYxTToTGDCnV99xEBxmSmmJG5hU/VSRBeIJGpG+oQJyoIFsknztnRhk6USzNE9pZqD83MsSVmvHQTOYJ1aqXi/95/VRH10FGRZJqIvDyUJQyR8dOXoMzpJJgzWaGICypyergMZIIa1NWxZTgrX75L+lc1LxGrfFQrzbrRR1lOIFTOAcPrqAJ99CCNmCYwhO8wKuVWc/Wm/W+HC1Zxc4x/IL18Q2hHZMA</latexit>

> 300 s

<latexit sha1_base64="cr3tMa6DxBLWxg3b1ejR5Uy8/ns="></latexit>

If tbeam ⌧ ⌧� ⌧ tbottle < ⌧g < ⌧e
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Interferometry Experiments 

β-decay

Magnetic/Gravitational Traps

Excluded by UCN𝜏 data with holding times varying from 300 s to 2000 s



Nab (Oak Ridge National Lab)

Thanks to Frank Gonzalez for this slide!



https://www.jigidi.com/user/okieclem/

New physics is expected, but elusive. The field of fundamental neutron physics is 
characterized by an exciting assortment of experiments and techniques.

Slow Neutrons
Ultracold Neutrons

Decay Experiments
Non-Decay Experiments



Matter/Antimatter Asymmetry

How do we know there is an asymmetry?
No X-ray and 𝜸-ray signals observed. 
Cosmic rays don’t contain much antimatter.



Matter/Antimatter Asymmetry

How do we know there is an asymmetry?
No X-ray and 𝜸-ray signals observed. 
Cosmic rays don’t contain much antimatter.

How could this happen? —> Sakharov Conditions

Baryon Number Violation
<latexit sha1_base64="BPMxwHxmWyUiCqDLO6ChzFRprh4="></latexit>

B =
1

3
(nq � nq)

<latexit sha1_base64="XbheGX4ljEjcmERLrD2jxUcGcbk="></latexit>

Buniverse
i = 0, antimatter asymmetry =) Buniverse

f 6= 0.



Matter/Antimatter Asymmetry

How do we know there is an asymmetry?
No X-ray and 𝜸-ray signals observed. 
Cosmic rays don’t contain much antimatter.

How could this happen? —> Sakharov Conditions

Baryon Number Violation
<latexit sha1_base64="BPMxwHxmWyUiCqDLO6ChzFRprh4="></latexit>

B =
1

3
(nq � nq)

<latexit sha1_base64="XbheGX4ljEjcmERLrD2jxUcGcbk="></latexit>

Buniverse
i = 0, antimatter asymmetry =) Buniverse

f 6= 0.

CP & C Violation
<latexit sha1_base64="hLUKifhPe0eZNRPhxqUAsDeeyFw="></latexit>

�XL�!qRqL $ �XL�!qRqL

�XR�!qLqR $ �XR�!qLqR

<latexit sha1_base64="ujXuQ83jeZ0s235Nqj4zBBJPwfE=">AAACEnicbVDLTsJAFL3FF+ILdemmkZi4Iq0x6JKEjUtI5JFAQ6bDLUyYTpuZqQlp+AK3+DPujFt/wH9x4RS6EPAkNzk55965c48fc6a043xbhZ3dvf2D4mHp6Pjk9Kx8ftFRUSIptmnEI9nziULOBLY10xx7sUQS+hy7/rSR+d0XlIpF4lnPYvRCMhYsYJRoI7Uaw3LFqTpL2NvEzUkFcjSH5Z/BKKJJiEJTTpTqu06svZRIzSjHeWmQKIwJnZIx9g0VJETlpcuPzu0bo4zsIJKmhLaX6t+JlIRKzULfdIZET9Sml4n/epkiVaA29uvg0UuZiBONgq7WBwm3dWRnWdgjJpFqPjOEUMnMBTadEEmoNomtve9LMkU9L5m43M1wtknnrurWqrXWfaV+nwdXhCu4hltw4QHq8ARNaAMFhFdYwJu1sN6tD+tz1Vqw8plLWIP19QsTFJ6P</latexit>

C

<latexit sha1_base64="ujXuQ83jeZ0s235Nqj4zBBJPwfE=">AAACEnicbVDLTsJAFL3FF+ILdemmkZi4Iq0x6JKEjUtI5JFAQ6bDLUyYTpuZqQlp+AK3+DPujFt/wH9x4RS6EPAkNzk55965c48fc6a043xbhZ3dvf2D4mHp6Pjk9Kx8ftFRUSIptmnEI9nziULOBLY10xx7sUQS+hy7/rSR+d0XlIpF4lnPYvRCMhYsYJRoI7Uaw3LFqTpL2NvEzUkFcjSH5Z/BKKJJiEJTTpTqu06svZRIzSjHeWmQKIwJnZIx9g0VJETlpcuPzu0bo4zsIJKmhLaX6t+JlIRKzULfdIZET9Sml4n/epkiVaA29uvg0UuZiBONgq7WBwm3dWRnWdgjJpFqPjOEUMnMBTadEEmoNomtve9LMkU9L5m43M1wtknnrurWqrXWfaV+nwdXhCu4hltw4QHq8ARNaAMFhFdYwJu1sN6tD+tz1Vqw8plLWIP19QsTFJ6P</latexit>

C

<latexit sha1_base64="sCt96tBgxBZdv5zFbwfAbK1zgOk=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJfFblxWsQ9oB8mkd9rQTGZIMkIZ+gduXCji1j9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8G4MfM7T6g0j+WDmSToR3QoecgZNVa6bzQfyxW36s5BVomXkwrksPmv/iBmaYTSMEG17nluYvyMKsOZwGmpn2pMKBvTIfYslTRC7WfzTafkzCoDEsbKPmnIXP09kdFI60kU2GREzUgvezPxP6+XmvDaz7hMUoOSLT4KU0FMTGZnkwFXyIyYWEKZ4nZXwkZUUWZsOSVbgrd88ippX1S9WrV2d1mp3+R1FOEETuEcPLiCOtxCE1rAIIRneIU3Z+y8OO/OxyJacPKZY/gD5/MHN+2NLA==</latexit>

CP



Matter/Antimatter Asymmetry

How do we know there is an asymmetry?
No X-ray and 𝜸-ray signals observed. 
Cosmic rays don’t contain much antimatter.

How could this happen? —> Sakharov Conditions

Baryon Number Violation
<latexit sha1_base64="BPMxwHxmWyUiCqDLO6ChzFRprh4="></latexit>

B =
1

3
(nq � nq)

<latexit sha1_base64="XbheGX4ljEjcmERLrD2jxUcGcbk="></latexit>

Buniverse
i = 0, antimatter asymmetry =) Buniverse

f 6= 0.

A deviation from thermal equilibrium 
<latexit sha1_base64="BiHwCzxuetSe0FazvipigY7EPXU="></latexit>

hBi = 0 in thermal equilibirum
<latexit sha1_base64="dSDPbJsSBcfrT0ZigLASf5WlBb0="></latexit>

i.e. qq �! X and qq �! X will cancel a generated asymmetry.

CP & C Violation
<latexit sha1_base64="hLUKifhPe0eZNRPhxqUAsDeeyFw="></latexit>

�XL�!qRqL $ �XL�!qRqL

�XR�!qLqR $ �XR�!qLqR

<latexit sha1_base64="ujXuQ83jeZ0s235Nqj4zBBJPwfE=">AAACEnicbVDLTsJAFL3FF+ILdemmkZi4Iq0x6JKEjUtI5JFAQ6bDLUyYTpuZqQlp+AK3+DPujFt/wH9x4RS6EPAkNzk55965c48fc6a043xbhZ3dvf2D4mHp6Pjk9Kx8ftFRUSIptmnEI9nziULOBLY10xx7sUQS+hy7/rSR+d0XlIpF4lnPYvRCMhYsYJRoI7Uaw3LFqTpL2NvEzUkFcjSH5Z/BKKJJiEJTTpTqu06svZRIzSjHeWmQKIwJnZIx9g0VJETlpcuPzu0bo4zsIJKmhLaX6t+JlIRKzULfdIZET9Sml4n/epkiVaA29uvg0UuZiBONgq7WBwm3dWRnWdgjJpFqPjOEUMnMBTadEEmoNomtve9LMkU9L5m43M1wtknnrurWqrXWfaV+nwdXhCu4hltw4QHq8ARNaAMFhFdYwJu1sN6tD+tz1Vqw8plLWIP19QsTFJ6P</latexit>

C

<latexit sha1_base64="ujXuQ83jeZ0s235Nqj4zBBJPwfE=">AAACEnicbVDLTsJAFL3FF+ILdemmkZi4Iq0x6JKEjUtI5JFAQ6bDLUyYTpuZqQlp+AK3+DPujFt/wH9x4RS6EPAkNzk55965c48fc6a043xbhZ3dvf2D4mHp6Pjk9Kx8ftFRUSIptmnEI9nziULOBLY10xx7sUQS+hy7/rSR+d0XlIpF4lnPYvRCMhYsYJRoI7Uaw3LFqTpL2NvEzUkFcjSH5Z/BKKJJiEJTTpTqu06svZRIzSjHeWmQKIwJnZIx9g0VJETlpcuPzu0bo4zsIJKmhLaX6t+JlIRKzULfdIZET9Sml4n/epkiVaA29uvg0UuZiBONgq7WBwm3dWRnWdgjJpFqPjOEUMnMBTadEEmoNomtve9LMkU9L5m43M1wtknnrurWqrXWfaV+nwdXhCu4hltw4QHq8ARNaAMFhFdYwJu1sN6tD+tz1Vqw8plLWIP19QsTFJ6P</latexit>

C

<latexit sha1_base64="sCt96tBgxBZdv5zFbwfAbK1zgOk=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJfFblxWsQ9oB8mkd9rQTGZIMkIZ+gduXCji1j9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8G4MfM7T6g0j+WDmSToR3QoecgZNVa6bzQfyxW36s5BVomXkwrksPmv/iBmaYTSMEG17nluYvyMKsOZwGmpn2pMKBvTIfYslTRC7WfzTafkzCoDEsbKPmnIXP09kdFI60kU2GREzUgvezPxP6+XmvDaz7hMUoOSLT4KU0FMTGZnkwFXyIyYWEKZ4nZXwkZUUWZsOSVbgrd88ippX1S9WrV2d1mp3+R1FOEETuEcPLiCOtxCE1rAIIRneIU3Z+y8OO/OxyJacPKZY/gD5/MHN+2NLA==</latexit>

CP



Matter/Antimatter Asymmetry

How do we know there is an asymmetry?
No X-ray and 𝜸-ray signals observed. 
Cosmic rays don’t contain much antimatter.

How could this happen? —> Sakharov Conditions

Baryon Number Violation

CP & C Violation

A deviation from thermal equilibrium 

<latexit sha1_base64="BPMxwHxmWyUiCqDLO6ChzFRprh4="></latexit>

B =
1

3
(nq � nq)

<latexit sha1_base64="XbheGX4ljEjcmERLrD2jxUcGcbk="></latexit>

Buniverse
i = 0, antimatter asymmetry =) Buniverse

f 6= 0.

<latexit sha1_base64="BiHwCzxuetSe0FazvipigY7EPXU="></latexit>

hBi = 0 in thermal equilibirum
<latexit sha1_base64="dSDPbJsSBcfrT0ZigLASf5WlBb0="></latexit>

i.e. qq �! X and qq �! X will cancel a generated asymmetry.

WHERE?

=> T violation assuming CPT symmetry

SM 
QCD (“strong CP problem”) 

CKM matrix has P-violating phase
Not enough!

<latexit sha1_base64="hLUKifhPe0eZNRPhxqUAsDeeyFw="></latexit>

�XL�!qRqL $ �XL�!qRqL

�XR�!qLqR $ �XR�!qLqR

<latexit sha1_base64="ujXuQ83jeZ0s235Nqj4zBBJPwfE=">AAACEnicbVDLTsJAFL3FF+ILdemmkZi4Iq0x6JKEjUtI5JFAQ6bDLUyYTpuZqQlp+AK3+DPujFt/wH9x4RS6EPAkNzk55965c48fc6a043xbhZ3dvf2D4mHp6Pjk9Kx8ftFRUSIptmnEI9nziULOBLY10xx7sUQS+hy7/rSR+d0XlIpF4lnPYvRCMhYsYJRoI7Uaw3LFqTpL2NvEzUkFcjSH5Z/BKKJJiEJTTpTqu06svZRIzSjHeWmQKIwJnZIx9g0VJETlpcuPzu0bo4zsIJKmhLaX6t+JlIRKzULfdIZET9Sml4n/epkiVaA29uvg0UuZiBONgq7WBwm3dWRnWdgjJpFqPjOEUMnMBTadEEmoNomtve9LMkU9L5m43M1wtknnrurWqrXWfaV+nwdXhCu4hltw4QHq8ARNaAMFhFdYwJu1sN6tD+tz1Vqw8plLWIP19QsTFJ6P</latexit>

C

<latexit sha1_base64="ujXuQ83jeZ0s235Nqj4zBBJPwfE=">AAACEnicbVDLTsJAFL3FF+ILdemmkZi4Iq0x6JKEjUtI5JFAQ6bDLUyYTpuZqQlp+AK3+DPujFt/wH9x4RS6EPAkNzk55965c48fc6a043xbhZ3dvf2D4mHp6Pjk9Kx8ftFRUSIptmnEI9nziULOBLY10xx7sUQS+hy7/rSR+d0XlIpF4lnPYvRCMhYsYJRoI7Uaw3LFqTpL2NvEzUkFcjSH5Z/BKKJJiEJTTpTqu06svZRIzSjHeWmQKIwJnZIx9g0VJETlpcuPzu0bo4zsIJKmhLaX6t+JlIRKzULfdIZET9Sml4n/epkiVaA29uvg0UuZiBONgq7WBwm3dWRnWdgjJpFqPjOEUMnMBTadEEmoNomtve9LMkU9L5m43M1wtknnrurWqrXWfaV+nwdXhCu4hltw4QHq8ARNaAMFhFdYwJu1sN6tD+tz1Vqw8plLWIP19QsTFJ6P</latexit>

C

<latexit sha1_base64="sCt96tBgxBZdv5zFbwfAbK1zgOk=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJfFblxWsQ9oB8mkd9rQTGZIMkIZ+gduXCji1j9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8G4MfM7T6g0j+WDmSToR3QoecgZNVa6bzQfyxW36s5BVomXkwrksPmv/iBmaYTSMEG17nluYvyMKsOZwGmpn2pMKBvTIfYslTRC7WfzTafkzCoDEsbKPmnIXP09kdFI60kU2GREzUgvezPxP6+XmvDaz7hMUoOSLT4KU0FMTGZnkwFXyIyYWEKZ4nZXwkZUUWZsOSVbgrd88ippX1S9WrV2d1mp3+R1FOEETuEcPLiCOtxCE1rAIIRneIU3Z+y8OO/OxyJacPKZY/gD5/MHN+2NLA==</latexit>

CP



Search for a neutron Electric Dipole Moment (nEDM)

<latexit sha1_base64="7CDz+hFii/hnzm/SPcG6JVj1JjA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse5VypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3UXjLo=</latexit>

+

<latexit sha1_base64="K7phoZ3QXjUefl86G9MfI08I0Ys=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvUq5Ur8qVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3gfjLw=</latexit>�

<latexit sha1_base64="AM23bmqwxe8YpiVIik3P6LXdc3c=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoMevEYxTwgCWF2MpsMmZ1dZ3qFsOQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7/FgKg6777eRWVtfWN/Kbha3tnd294v5Bw0SJZrzOIhnplk8Nl0LxOgqUvBVrTkNf8qY/upn6zSeujYjUA45j3g3pQIlAMIpWuj977BVLbtmdgSwTLyMlyFDrFb86/YglIVfIJDWm7bkxdlOqUTDJJ4VOYnhM2YgOeNtSRUNuuuns0gk5sUqfBJG2pZDM1N8TKQ2NGYe+7QwpDs2iNxX/89oJBlfdVKg4Qa7YfFGQSIIRmb5N+kJzhnJsCWVa2FsJG1JNGdpwCjYEb/HlZdI4L3uVcuXuolS9zuLIwxEcwyl4cAlVuIUa1IFBAM/wCm/OyHlx3p2PeWvOyWYO4Q+czx9FeY01</latexit>

+q

<latexit sha1_base64="RCMJEoKY32elvNgn365R3TNCAXc=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0GvXiMYh6QhDA7mU2GzM6uM71CWPIHXjwo4tU/8ubfOEn2oIkFDUVVN91dfiyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMf3Uz95hPXRkTqAccx74Z0oEQgGEUr3Z899oolt+zOQJaJl5ESZKj1il+dfsSSkCtkkhrT9twYuynVKJjkk0InMTymbEQHvG2poiE33XR26YScWKVPgkjbUkhm6u+JlIbGjEPfdoYUh2bRm4r/ee0Eg6tuKlScIFdsvihIJMGITN8mfaE5Qzm2hDIt7K2EDammDG04BRuCt/jyMmmcl71KuXJ3UapeZ3Hk4QiO4RQ8uIQq3EIN6sAggGd4hTdn5Lw4787HvDXnZDOH8AfO5w9Ig403</latexit>�q

<latexit sha1_base64="hwcCc6R0bcI8eDmOLx5DFJbIpBc=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFcFUSkepGKLpxWcFeoA1lMpm0QycXZybFEvIqblwo4tYXcefbOE2z0NYfBj7+cw7nzO/GnEllWd9GaW19Y3OrvF3Z2d3bPzAPqx0ZJYLQNol4JHoulpSzkLYVU5z2YkFx4HLadSe383p3SoVkUfigZjF1AjwKmc8IVtoamtXBlJLUy9A1esyRZ0OzZtWtXGgV7AJqUKg1NL8GXkSSgIaKcCxl37Zi5aRYKEY4zSqDRNIYkwke0b7GEAdUOml+e4ZOteMhPxL6hQrl7u+JFAdSzgJXdwZYjeVybW7+V+snyr9yUhbGiaIhWSzyE45UhOZBII8JShSfacBEMH0rImMsMFE6rooOwV7+8ip0zut2o964v6g1b4o4ynAMJ3AGNlxCE+6gBW0g8ATP8ApvRma8GO/Gx6K1ZBQzR/BHxucPyKyUTA==</latexit>

~d = q~l
<latexit sha1_base64="QdUXvdNO6xDQdfuhFS1gzzU8GC4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZWLWL1fcqrsAWSdeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgTOSr1UY0LZmA6xa6mkEWo/W5w7IxdWGZAwVrakIQv190RGI62nUWA7I2pGetWbi/953dSEt37GZZIalGy5KEwFMTGZ/04GXCEzYmoJZYrbWwkbUUWZsQmVbAje6svrpHVV9WrV2uN1pX6Xx1GEMziHS/DgBurwAA1oAoMxPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP6M5j8k=</latexit>

~l

<latexit sha1_base64="dpKU0dyaQ7ErVGagEIyGF4HlbqQ=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIsgCCWpUj0WvXisYD+gDWWznbRLN5u4uymUkN/hxYMiXv0x3vw3bj8O2vpg4PHeDDPz/JgzpR3n28qtrW9sbuW3Czu7e/sHxcOjpooSSbFBIx7Jtk8UciawoZnm2I4lktDn2PJHd1O/NUapWCQe9SRGLyQDwQJGiTaSd9ENJKFpJUsvM+wVS07ZmcFeJe6ClGCBeq/41e1HNAlRaMqJUh3XibWXEqkZ5ZgVuonCmNARGWDHUEFCVF46Ozqzz4zSt4NImhLanqm/J1ISKjUJfdMZEj1Uy95U/M/rJDq48VIm4kSjoPNFQcJtHdnTBOw+k0g1nxhCqGTmVpsOiYlBm5wKJgR3+eVV0qyU3Wq5+nBVqt0u4sjDCZzCObhwDTW4hzo0gMITPMMrvFlj68V6tz7mrTlrMXMMf2B9/gBqcZHk</latexit>

+
2

3
e

<latexit sha1_base64="OXQzIZWbEODAcR7mznC20/jBMKo=">AAACDHicbVC7SgNBFJ2NrxhfUUubwSDEwrAbJVoGbSwjmAdkQ5id3E2GzD6YuSuEJR9g46/YWChi6wfY+TdOHoUmHhg4nHMud+7xYik02va3lVlZXVvfyG7mtrZ3dvfy+wcNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9IY3E7/5AEqLKLzHUQydgPVD4QvO0EjdfKFMXRQBaOpK8LF45vqK8dQZp+djcJXoD/DUpOySPQVdJs6cFMgctW7+y+1FPAkgRC6Z1m3HjrGTMoWCSxjn3ERDzPiQ9aFtaMjM/k46PWZMT4zSo36kzAuRTtXfEykLtB4FnkkGDAd60ZuI/3ntBP2rTirCOEEI+WyRn0iKEZ00Q3tCAUc5MoRxJcxfKR8w0waa/nKmBGfx5GXSKJecSqlyd1GoXs/ryJIjckyKxCGXpEpuSY3UCSeP5Jm8kjfryXqx3q2PWTRjzWcOyR9Ynz+MI5q0</latexit>

2⇥
✓
�1

3
e

◆

<latexit sha1_base64="2GI/NM7ZVARtFZF4IYacvu+GYYg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqpP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB5T+NBA==</latexit>u

<latexit sha1_base64="cyaOPY3/3bH7xJoN+XmfkY9IGwM=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvNpF272YTdjVBKf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXpIJr47rfztr6xubWdmGnuLu3f3BYOjpu6SRTDJssEYnqBFSj4BKbhhuBnVQhjQOB7WB0N/PbT6g0T+SDGafox3QgecQZNVZqhP1S2a24c5BV4uWkDDnq/dJXL0xYFqM0TFCtu56bGn9CleFM4LTYyzSmlI3oALuWShqj9ifzQ6fk3CohiRJlSxoyV39PTGis9TgObGdMzVAvezPxP6+bmejGn3CZZgYlWyyKMkFMQmZfk5ArZEaMLaFMcXsrYUOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDy3uM8w==</latexit>

d
<latexit sha1_base64="cyaOPY3/3bH7xJoN+XmfkY9IGwM=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvNpF272YTdjVBKf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXpIJr47rfztr6xubWdmGnuLu3f3BYOjpu6SRTDJssEYnqBFSj4BKbhhuBnVQhjQOB7WB0N/PbT6g0T+SDGafox3QgecQZNVZqhP1S2a24c5BV4uWkDDnq/dJXL0xYFqM0TFCtu56bGn9CleFM4LTYyzSmlI3oALuWShqj9ifzQ6fk3CohiRJlSxoyV39PTGis9TgObGdMzVAvezPxP6+bmejGn3CZZgYlWyyKMkFMQmZfk5ArZEaMLaFMcXsrYUOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDy3uM8w==</latexit>

d

<latexit sha1_base64="CrxvPExRukgAJI0BVKpLGiRQkaw=">AAACEHicbVDLSsNAFJ34rPUVdelmsIhuDEkpreCm4MZlBfuAJpbJdNIOnUnCzEQoIZ/gxl9x40IRty7d+TdO2iy09cCFwzn3cu89fsyoVLb9baysrq1vbJa2yts7u3v75sFhR0aJwKSNIxaJno8kYTQkbUUVI71YEMR9Rrr+5Dr3uw9ESBqFd2oaE4+jUUgDipHS0sA8Y9CVlMOq1YCuopxI6Nj36YVTzdwrlyM1FjwNeDYwK7ZlzwCXiVOQCijQGphf7jDCCSehwgxJ2XfsWHkpEopiRrKym0gSIzxBI9LXNER6tZfOHsrgqVaGMIiErlDBmfp7IkVcyin3dWd+olz0cvE/r5+o4NJLaRgnioR4vihIGFQRzNOBQyoIVmyqCcKC6lshHiOBsNIZlnUIzuLLy6RTtZy6Vb+tVZq1Io4SOAYn4Bw4oAGa4Aa0QBtg8AiewSt4M56MF+Pd+Ji3rhjFzBH4A+PzBxaFm2I=</latexit>

l ⇠ 2.7⇥ 10�12 fm

<latexit sha1_base64="mUfeTB8tRatr6tXZYb04n2JqY+E=">AAACJHicbVDLSgMxFM3UV62vqks3wSK4sczUUoVuCm7cCBXtAzptyWTSNjTJDElGKMN8jBt/xY0LH7hw47eYvkBbDwROzrmXe+/xQkaVtu0vK7Wyura+kd7MbG3v7O5l9w/qKogkJjUcsEA2PaQIo4LUNNWMNENJEPcYaXjDq7HfeCBS0UDc61FI2hz1Be1RjLSRutmy3xWd2OVIDySP726SBLqKcujYnfjsvJC45blHEhf7gZ5/MU+62ZydtyeAy8SZkRyYodrNvrt+gCNOhMYMKdVy7FC3YyQ1xYwkGTdSJER4iPqkZahAnKh2PDkygSdG8WEvkOYJDSfq744YcaVG3DOV4xXVojcW//Nake5dtmMqwkgTgaeDehGDOoDjxKBPJcGajQxBWFKzK8QDJBHWJteMCcFZPHmZ1At5p5Qv3RZzleIsjjQ4AsfgFDjgAlTANaiCGsDgETyDV/BmPVkv1of1OS1NWbOeQ/AH1vcPFQ2ltA==</latexit>

dSMn ⇠ 10�32 e · cm
<latexit sha1_base64="jSAAqaqsbdY60WYWm+8tXhPS/ec="></latexit>

dmeas
n < 1.8⇥ 10�25 e · cm

C P T
<latexit sha1_base64="044DgKNFBcgX47gw+FKjjBoVsuk=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1ZMUvHisYGulCWWznbZLdzdhd1Moob/CiwdFvPpzvPlv3LY5aOuDgcd7M8zMixLOtPG8b6ewtr6xuVXcLu3s7u0flA+PWjpOFcUmjXms2hHRyJnEpmGGYztRSETE8TEa3c78xzEqzWL5YCYJhoIMJOszSoyVnoIx0iwQ6bRbrnhVbw53lfg5qUCORrf8FfRimgqUhnKidcf3EhNmRBlGOU5LQaoxIXREBtixVBKBOszmB0/dM6v03H6sbEnjztXfExkRWk9EZDsFMUO97M3E/7xOavrXYcZkkhqUdLGon3LXxO7se7fHFFLDJ5YQqpi91aVDogg1NqOSDcFffnmVtC6qfq1au7+s1G/yOIpwAqdwDj5cQR3uoAFNoCDgGV7hzVHOi/PufCxaC04+cwx/4Hz+ADBukKs=</latexit>

~µ
<latexit sha1_base64="2NAQamzzjxuIhzM25ypPRFbFK2Q=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqicpePFYwX5AG8pmM22XbjZhd1MooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsbm1vVPcLe3tHxwelY9PWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38/99gSV5rF8MtME/YgOJR9wRo2V2r0Jsiyc9csVt+ouQNaJl5MK5Gj0y1+9MGZphNIwQbXuem5i/Iwqw5nAWamXakwoG9Mhdi2VNELtZ4tzZ+TCKiEZxMqWNGSh/p7IaKT1NApsZ0TNSK96c/E/r5uawa2fcZmkBiVbLhqkgpiYzH8nIVfIjJhaQpni9lbCRlRRZmxCJRuCt/ryOmldVb1atfZ4Xanf5XEU4QzO4RI8uIE6PEADmsBgDM/wCm9O4rw4787HsrXg5DOn8AfO5w+V3Y+9</latexit>

~d
<latexit sha1_base64="Xm0J4IGh6hOvqhLYdCXfj75La84=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqicpiOCxgrWFNpTNdtIu3WzC7qZQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8ePek4VQybLBaxagdUo+ASm4Ybge1EIY0Cga1gdDvzW2NUmsfy0UwS9CM6kDzkjBortbpjZNndtFeuuFV3DrJKvJxUIEejV/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfjY/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCa/9jMskNSjZYlGYCmJiMvud9LlCZsTEEsoUt7cSNqSKMmMTKtkQvOWXV8nTRdWrVWsPl5X6TR5HEU7gFM7Bgyuowz00oAkMRvAMr/DmJM6L8+58LFoLTj5zDH/gfP4AZsKPng==</latexit>

~E
<latexit sha1_base64="N9o7GsrdhAKPaw7OkA6SgVcEK8k=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqicpevFYwdpCG8pmO2mXbjZhd1MooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+PnnScKoZNFotYtQOqUXCJTcONwHaikEaBwFYwupv5rTEqzWP5aCYJ+hEdSB5yRo2VWt0xsux22itX3Ko7B1klXk4qkKPRK391+zFLI5SGCap1x3MT42dUGc4ETkvdVGNC2YgOsGOppBFqP5ufOyVnVumTMFa2pCFz9fdERiOtJ1FgOyNqhnrZm4n/eZ3UhNd+xmWSGpRssShMBTExmf1O+lwhM2JiCWWK21sJG1JFmbEJlWwI3vLLq+TpourVqrWHy0r9Jo+jCCdwCufgwRXU4R4a0AQGI3iGV3hzEufFeXc+Fq0FJ585hj9wPn8AYjOPmw==</latexit>

~B
<latexit sha1_base64="40pqCwaNhDfJhhujm6f2KKt0AJM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqicpeBFPFawttKFstpN26WYTdjeFEvojvHhQxKu/x5v/xm2bg7Y+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+Qfnw6EnHqWLYZLGIVTugGgWX2DTcCGwnCmkUCGwFo9uZ3xqj0jyWj2aSoB/RgeQhZ9RYqdUdI8vup71yxa26c5BV4uWkAjkavfJXtx+zNEJpmKBadzw3MX5GleFM4LTUTTUmlI3oADuWShqh9rP5uVNyZpU+CWNlSxoyV39PZDTSehIFtjOiZqiXvZn4n9dJTXjtZ1wmqUHJFovCVBATk9nvpM8VMiMmllCmuL2VsCFVlBmbUMmG4C2/vEqeLqperVp7uKzUb/I4inACp3AOHlxBHe6gAU1gMIJneIU3J3FenHfnY9FacPKZY/gD5/MHbluPow==</latexit>

~J

<latexit sha1_base64="YZKsT6rkRf98gO3Ngq4lawsGNMo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoM6MFjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1S96xZJbducgq8TLSAky1HrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzA+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSEN/6EyyQ1KNliUZgKYmIy+5r0uUJmxNgSyhS3txI2pIoyY7Mp2BC85ZdXSfOy7FXKlfpVqXqXxZGHEziFc/DgGqpwDzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH3WxjLw=</latexit>

+

<latexit sha1_base64="YZKsT6rkRf98gO3Ngq4lawsGNMo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoM6MFjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1S96xZJbducgq8TLSAky1HrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzA+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSEN/6EyyQ1KNliUZgKYmIy+5r0uUJmxNgSyhS3txI2pIoyY7Mp2BC85ZdXSfOy7FXKlfpVqXqXxZGHEziFc/DgGqpwDzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH3WxjLw=</latexit>

+

<latexit sha1_base64="YZKsT6rkRf98gO3Ngq4lawsGNMo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoM6MFjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1S96xZJbducgq8TLSAky1HrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzA+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSEN/6EyyQ1KNliUZgKYmIy+5r0uUJmxNgSyhS3txI2pIoyY7Mp2BC85ZdXSfOy7FXKlfpVqXqXxZGHEziFc/DgGqpwDzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH3WxjLw=</latexit>

+

<latexit sha1_base64="YZKsT6rkRf98gO3Ngq4lawsGNMo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoM6MFjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1S96xZJbducgq8TLSAky1HrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzA+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSEN/6EyyQ1KNliUZgKYmIy+5r0uUJmxNgSyhS3txI2pIoyY7Mp2BC85ZdXSfOy7FXKlfpVqXqXxZGHEziFc/DgGqpwDzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH3WxjLw=</latexit>

+

<latexit sha1_base64="YZKsT6rkRf98gO3Ngq4lawsGNMo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoM6MFjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1S96xZJbducgq8TLSAky1HrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzA+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSEN/6EyyQ1KNliUZgKYmIy+5r0uUJmxNgSyhS3txI2pIoyY7Mp2BC85ZdXSfOy7FXKlfpVqXqXxZGHEziFc/DgGqpwDzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH3WxjLw=</latexit>

+

<latexit sha1_base64="YZKsT6rkRf98gO3Ngq4lawsGNMo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoM6MFjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1S96xZJbducgq8TLSAky1HrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzA+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSEN/6EyyQ1KNliUZgKYmIy+5r0uUJmxNgSyhS3txI2pIoyY7Mp2BC85ZdXSfOy7FXKlfpVqXqXxZGHEziFc/DgGqpwDzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH3WxjLw=</latexit>

+ <latexit sha1_base64="pYliHvHjCQgcxxinAjDQbBGlb6A=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0G9OAxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6he9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlZ9irlSv2qVL3L4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3i5jL4=</latexit>�
<latexit sha1_base64="pYliHvHjCQgcxxinAjDQbBGlb6A=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0G9OAxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6he9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlZ9irlSv2qVL3L4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3i5jL4=</latexit>�

<latexit sha1_base64="pYliHvHjCQgcxxinAjDQbBGlb6A=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0G9OAxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6he9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlZ9irlSv2qVL3L4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3i5jL4=</latexit>�
<latexit sha1_base64="pYliHvHjCQgcxxinAjDQbBGlb6A=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0G9OAxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6he9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlZ9irlSv2qVL3L4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3i5jL4=</latexit>�
<latexit sha1_base64="pYliHvHjCQgcxxinAjDQbBGlb6A=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0G9OAxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6he9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlZ9irlSv2qVL3L4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3i5jL4=</latexit>�

<latexit sha1_base64="pYliHvHjCQgcxxinAjDQbBGlb6A=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0G9OAxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6he9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlZ9irlSv2qVL3L4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3i5jL4=</latexit>�
<latexit sha1_base64="pYliHvHjCQgcxxinAjDQbBGlb6A=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0G9OAxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6he9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlZ9irlSv2qVL3L4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3i5jL4=</latexit>�
<latexit sha1_base64="pYliHvHjCQgcxxinAjDQbBGlb6A=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0G9OAxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6he9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlZ9irlSv2qVL3L4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3i5jL4=</latexit>�
<latexit sha1_base64="pYliHvHjCQgcxxinAjDQbBGlb6A=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0G9OAxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6he9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlZ9irlSv2qVL3L4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3i5jL4=</latexit>�

<latexit sha1_base64="SRR1j1YjvYinXH/ZRW2icrfs2po=">AAACEHicbVDNS8MwHE39nPOr6tFLcIieRisy9SAMdvE4wX3AWkqaZltY2oYkVUbpn+DFf8WLB0W8evTmf2Pa9aCbDwKP934vye/5nFGpLOvbWFpeWV1br2xUN7e2d3bNvf2ujBOBSQfHLBZ9H0nCaEQ6iipG+lwQFPqM9PxJK/d790RIGkd3asqJG6JRRIcUI6UlzzxxHmhAxkilrczhknocXsOCpE6sg/m9Kc8yz6xZdasAXCR2SWqgRNszv5wgxklIIoUZknJgW1y5KRKKYkayqpNIwhGeoBEZaBqhkEg3LRbK4LFWAjiMhT6RgoX6O5GiUMpp6OvJEKmxnPdy8T9vkKjhpZvSiCeKRHj20DBhUMUwbwcGVBCs2FQThAXVf4V4jATCSndY1SXY8ysvku5Z3W7UG7fnteZVWUcFHIIjcApscAGa4Aa0QQdg8AiewSt4M56MF+Pd+JiNLhll5gD8gfH5A/DFncs=</latexit>

bC p =  p
<latexit sha1_base64="RdFYnu5keXSsVbWfFsBpZ+z16jc=">AAACFHicbVDLSgMxFM3UV62vUZdugkVosS0zIlURoeDGZQX7gM4wZNK0Dc08SDLa6dCPcOOvuHGhiFsX7vwb08dCWw9cODnnXnLvcUNGhTSMby21tLyyupZez2xsbm3v6Lt7dRFEHJMaDljAmy4ShFGf1CSVjDRDTpDnMtJw+9djv3FPuKCBfyfjkNge6vq0QzGSSnL0Y+uBtkkPyaQ6si6tUFAnzA0KcWGYh1dw/M4VB4ViXCgO846eNUrGBHCRmDOSBTNUHf3Lagc48ogvMUNCtEwjlHaCuKSYkVHGigQJEe6jLmkp6iOPCDuZHDWCR0ppw07AVfkSTtTfEwnyhIg9V3V6SPbEvDcW//Nakeyc2wn1w0gSH08/6kQMygCOE4JtygmWLFYEYU7VrhD3EEdYqhwzKgRz/uRFUj8pmeVS+fY0W7mYxZEGB+AQ5IAJzkAF3IAqqAEMHsEzeAVv2pP2or1rH9PWlDab2Qd/oH3+AOfHnMc=</latexit>

bP  p(x, y, z) =  (�x,�y,�z)
<latexit sha1_base64="iJ+NRZxaERx960KVOywMUllCbwE=">AAACCnicbZC7SgNBFIZn4y3G26qlzWgQksKwKxIVEQI2lhFyg2xYZieTZMjshZmzSlhS2/gqNhaK2PoEdr6Ns0kKTfxh4OM/53Dm/F4kuALL+jYyS8srq2vZ9dzG5tb2jrm711BhLCmr01CEsuURxQQPWB04CNaKJCO+J1jTG96k9eY9k4qHQQ1GEev4pB/wHqcEtOWah84D77IBgaQ2dq6cSHE3KoyK+BqnXDiBomvmrZI1EV4EewZ5NFPVNb+cbkhjnwVABVGqbVsRdBIigVPBxjknViwidEj6rK0xID5TnWRyyhgfa6eLe6HULwA8cX9PJMRXauR7utMnMFDztdT8r9aOoXfRSXgQxcACOl3UiwWGEKe54C6XjIIYaSBUcv1XTAdEEgo6vZwOwZ4/eREapyW7XCrfneUrl7M4sugAHaECstE5qqBbVEV1RNEjekav6M14Ml6Md+Nj2poxZjP76I+Mzx99vpl0</latexit>

bT  p(y) =  (�t)

<latexit sha1_base64="p8FY7k1VclnEpTL39+2jok+tNCM=">AAACCXicbVDLSgMxFM3UV62vUZdugkVwVWZEqi6EghtxVcE+oDOUTJppQ5PMkGQKZZitG3/FjQtF3PoH7vwbM+0stPXAJSfn3EtyTxAzqrTjfFulldW19Y3yZmVre2d3z94/aKsokZi0cMQi2Q2QIowK0tJUM9KNJUE8YKQTjG9yvzMhUtFIPOhpTHyOhoKGFCNtpL4NvQnBqceTDF5Dc3ihROaei3dZZqpvV52aMwNcJm5BqqBAs29/eYMIJ5wIjRlSquc6sfZTJDXFjGQVL1EkRniMhqRnqECcKD+dbZLBE6MMYBhJU0LDmfp7IkVcqSkPTCdHeqQWvVz8z+slOrz0UyriRBOB5w+FCYM6gnkscEAlwZpNDUFYUvNXiEfIZKFNeBUTgru48jJpn9Xceq1+f15tXBVxlMEROAanwAUXoAFuQRO0AAaP4Bm8gjfryXqx3q2PeWvJKmYOwR9Ynz/92JqG</latexit>

~µ = µ
~J

J
<latexit sha1_base64="wazamYLMbEupY886UVmSgePtRW0=">AAACBXicbVDLSsNAFL3xWesr6lIXg0VwVRKRqguh4EZcVbAPaEqZTCbt0MmDmUmhhGzc+CtuXCji1n9w5984TbPQ1gMXDufcy733uDFnUlnWt7G0vLK6tl7aKG9ube/smnv7LRklgtAmiXgkOi6WlLOQNhVTnHZiQXHgctp2RzdTvz2mQrIofFCTmPYCPAiZzwhWWuqbR86YktTL0DXyHF9gkubCXZbp6psVq2rlQIvELkgFCjT65pfjRSQJaKgIx1J2bStWvRQLxQinWdlJJI0xGeEB7Woa4oDKXpp/kaETrXjIj4SuUKFc/T2R4kDKSeDqzgCroZz3puJ/XjdR/mUvZWGcKBqS2SI/4UhFaBoJ8pigRPGJJpgIpm9FZIh1FkoHV9Yh2PMvL5LWWdWuVWv355X6VRFHCQ7hGE7Bhguowy00oAkEHuEZXuHNeDJejHfjY9a6ZBQzB/AHxucPo6eYqg==</latexit>

~d = d
~J

J
<latexit sha1_base64="6XOGVF+d8hW/mh6vCRHjoC+CUE8=">AAACGXicbZBNS8MwGMdTX+d8q3r0EhyCl41WZOpBGIqw4wT3AmsZaZpuYWlTknQwSr+GF7+KFw+KeNST38as22Fu/iHwy/95HpLn78WMSmVZP8bK6tr6xmZhq7i9s7u3bx4ctiRPBCZNzBkXHQ9JwmhEmooqRjqxICj0GGl7w7tJvT0iQlIePapxTNwQ9SMaUIyUtnqmVYc3sOyMCE6dMMkc7HOV324zWIY5+XPufdYzS1bFygWXwZ5BCczU6Jlfjs9xEpJIYYak7NpWrNwUCUUxI1nRSSSJER6iPulqjFBIpJvmm2XwVDs+DLjQJ1Iwd+cnUhRKOQ493RkiNZCLtYn5X62bqODKTWkUJ4pEePpQkDCoOJzEBH0qCFZsrAFhQfVfIR4ggbDSYRZ1CPbiysvQOq/Y1Ur14aJUu57FUQDH4AScARtcghqogwZoAgyewAt4A+/Gs/FqfBif09YVYzZzBP7I+P4FHfygaQ==</latexit>

H = �~µ · ~B � ~d · ~E
C-even 
P-even 
T-even

C-even 
P-odd 
T-odd

<latexit sha1_base64="IvNOK1VKMcI1+xpfdFYEaP0sGr8=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqt4KXjxWsR/QhrLZTtqlm03Y3Qgl9B948aCIV/+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLHSQ2/aL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m186JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU0GXCEzYmIJZYrbWwkbUUWZseGUbAje8surpHVR9WrV2v1lpX6Tx1GEEziFc/DgCupwBw1oAoMQnuEV3pyx8+K8Ox+L1oKTzxzDHzifP59pjWk=</latexit>

}

<latexit sha1_base64="IvNOK1VKMcI1+xpfdFYEaP0sGr8=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqt4KXjxWsR/QhrLZTtqlm03Y3Qgl9B948aCIV/+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLHSQ2/aL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m186JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU0GXCEzYmIJZYrbWwkbUUWZseGUbAje8surpHVR9WrV2v1lpX6Tx1GEEziFc/DgCupwBw1oAoMQnuEV3pyx8+K8Ox+L1oKTzxzDHzifP59pjWk=</latexit>

}

<latexit sha1_base64="hOHbno17iMzpTKn1LHXVFiokoVg=">AAACFXicbVA9SwNBEN3zM8avqKXNYhQsJNyliNoF0lhGSEwgCWFvbxIXd/eO3TnhCP4JG/+KjYUitoKd/8ZNvEKjDwYe780wMy9MpLDo+5/ewuLS8spqYa24vrG5tV3a2b2ycWo4tHksY9MNmQUpNLRRoIRuYoCpUEInvGlM/c4tGCti3cIsgYFiYy1GgjN00rB0ctgXyi0CS6O+Buof0lsRS4ZOaFGmI9poUpspBWiyYansV/wZ6F8S5KRMcjSHpY9+FPNUgUYumbW9wE9wMGEGBZdwV+ynFhLGb9gYeo5qpsAOJrOv7uiRUyI6io0rjXSm/pyYMGXdZaHrVAyv7bw3Ff/zeimOzgYToZMUQfPvRaNUUozpNCIaCQMcZeYI40a4Wym/ZoZxdEEWXQjB/Mt/yVW1EtQqtctquX6ex1Eg++SAHJOAnJI6uSBN0iac3JNH8kxevAfvyXv13r5bF7x8Zo/8gvf+BUyonag=</latexit>

=) d 6= 0 violates T and CP symmetry

Finding a non-zero nEDM immediately signals new physics!

<latexit sha1_base64="C0K2RFnEoIpG+d7ZFZjZkvHbfV4=">AAACIHicbZDLSgMxFIYzXmu9VV26CVZBN2WmSOuy4MalgtVCW0omPWODuQzJGaWWPoobX8WNC0V0p09jWrvQ6g+Bj/+ck+T8cSqFwzD8CGZm5+YXFnNL+eWV1bX1wsbmhTOZ5VDnRhrbiJkDKTTUUaCERmqBqVjCZXx9PKpf3oB1wuhz7KfQVuxKi0Rwht7qFKr7uy0nVLlMWyrbVVQklFENGVqj6S1zFHtAnbgDapIxA7PYKx10CsWwFI5F/0I0gSKZ6LRTeG91Dc8UaOSSOdeMwhTbA3+b4BKG+VbmIGX8ml1B06NmClx7MF5wSPe806WJsf5opGP358SAKef6KvadimHPTddG5n+1ZobJUXsgdJohaP79UJJJioaO0qJdYYGj7Htg3Ar/V8p7zDKOPtO8DyGaXvkvXJRLUaVUOSsXa4eTOHJkm+yQfRKRKqmRE3JK6oSTe/JInslL8BA8Ba/B23frTDCZ2SK/FHx+AUl8oTM=</latexit>

(⇠ 22µm if a neutron was the size of the earth.)



Search for a neutron Electric Dipole Moment (nEDM)

S. Sidhu, Improving the statistical sensitivity reach of the TUCAN neutron electric dipole moment experiment, M.Sc. Simon Frasier University, 2023

nEDM@LANL goal

NB Watch out for the significance 
level when comparing nEDM values!



nEDM: “Ramsey Separated Oscillating Fields”

J. Barry, et al., Reviews of Modern Physics, 92, 2020

<latexit sha1_base64="zmMpoZKZ0qE0xw1zZvzMpdr5UJA="></latexit>

B
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H
z

<latexit sha1_base64="zmMpoZKZ0qE0xw1zZvzMpdr5UJA="></latexit>
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1
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z

<latexit sha1_base64="NZyh298dvpruoDDu99BYVpqPhIg=">AAACCHicdVDLSgMxFM3UV62vqksXBovgqsyUMra7ohuXFfqCdhgyaaYNTTJDkhHKUHdu/BU3LhRx6ye482/MtBVU9MCFwzn3cu89Qcyo0rb9YeVWVtfWN/Kbha3tnd294v5BR0WJxKSNIxbJXoAUYVSQtqaakV4sCeIBI91gcpn53RsiFY1ES09j4nE0EjSkGGkj+cXjC3/AkR5LnspwNlCUw+rtlyJaM79Yssu2gevCjDg12zGkXq9VKnXozC3bLoElmn7xfTCMcMKJ0JghpfqOHWsvRVJTzMisMEgUiRGeoBHpGyoQJ8pL54/M4KlRhjCMpCmh4Vz9PpEirtSUB6YzO1H99jLxL6+f6LDmpVTEiSYCLxaFCYM6glkqcEglwZpNDUFYUnMrxGMkEdYmu4IJ4etT+D/pVMqOW3avq6VGZRlHHhyBE3AGHHAOGuAKNEEbYHAHHsATeLburUfrxXpdtOas5cwh+AHr7RPisZqF</latexit>

Brf ⇠ 4 nT
<latexit sha1_base64="8SXCARyikuY6gjr1Ab+vnQsNj0k=">AAACB3icdVDLSsNAFJ34rPUVdSnIYBFclSRIbHcFNy4r9AVtCJPppB06k4SZiVBCXLnxV9y4UMStv+DOv3HSB6jogQuHc+7l3nuChFGpLOvTWFldW9/YLG2Vt3d29/bNg8OOjFOBSRvHLBa9AEnCaETaiipGeokgiAeMdIPJVeF3b4mQNI5aapoQj6NRREOKkdKSb560/AFHaix4JsJ8ICmHzt1SkblvVqyqpeG6sCB2zbI1qddrjlOH9syyrApYoOmbH4NhjFNOIoUZkrJvW4nyMiQUxYzk5UEqSYLwBI1IX9MIcSK9bPZHDs+0MoRhLHRFCs7U7xMZ4lJOeaA7iwvlb68Q//L6qQprXkajJFUkwvNFYcqgimERChxSQbBiU00QFlTfCvEYCYSVjq6sQ1h+Cv8nHadqu1X35qLScBZxlMAxOAXnwAaXoAGuQRO0AQb34BE8gxfjwXgyXo23eeuKsZg5Aj9gvH8BVAKaPA==</latexit>

Trf ⇠ 2 s

<latexit sha1_base64="NZyh298dvpruoDDu99BYVpqPhIg=">AAACCHicdVDLSgMxFM3UV62vqksXBovgqsyUMra7ohuXFfqCdhgyaaYNTTJDkhHKUHdu/BU3LhRx6ye482/MtBVU9MCFwzn3cu89Qcyo0rb9YeVWVtfWN/Kbha3tnd294v5BR0WJxKSNIxbJXoAUYVSQtqaakV4sCeIBI91gcpn53RsiFY1ES09j4nE0EjSkGGkj+cXjC3/AkR5LnspwNlCUw+rtlyJaM79Yssu2gevCjDg12zGkXq9VKnXozC3bLoElmn7xfTCMcMKJ0JghpfqOHWsvRVJTzMisMEgUiRGeoBHpGyoQJ8pL54/M4KlRhjCMpCmh4Vz9PpEirtSUB6YzO1H99jLxL6+f6LDmpVTEiSYCLxaFCYM6glkqcEglwZpNDUFYUnMrxGMkEdYmu4IJ4etT+D/pVMqOW3avq6VGZRlHHhyBE3AGHHAOGuAKNEEbYHAHHsATeLburUfrxXpdtOas5cwh+AHr7RPisZqF</latexit>
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Highest precision measurements currently use UCN

Ramsey Resonance Curve
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Many More Non-Decay Experiments!
• Exotic spin-dependent force from vector boson exchange
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Segmented 3He ionization chamber
Current Mode operation

Dark Matter, B-violation, Lifetime Puzzle
• Mirror Neutrons

X

Parity Violating Spin Rotation

• Hadronic Weak Interactions
Probe low-energy QCD with Weak Interaction

C. Haddock, et al., Physics Letters B 783 (2018) 227–233

W.M. Snow, et al., Rev. Sci. Instrum., 86, 055101 (2015)

F. Gonzalez, et al., arXiv:2402.15981v1 [hep-ex] 25 Feb 2024

P-odd/T-even, P-odd/T-odd, P-even/T-odd nucleon-nucleon interactions in polarized neutron optics 
Enhancement from compound p-wave nuclear resonances in polarized heavy nuclei with polarized epithermal neutrons

• NOPTREX: Neuton Optical Parity and Time-Reversal EXperiment

W. M. Snow, C. Haddock, and B. Heacock, Searches for Exotic Interaction Using 
Neutrons, invited paper, Special Issue: The Neutron Physics - Dark Matter Connection: 
Bridge Through the Baryon Symmetry Violation, Symmetry 14, 10 (2021)

• Short Range Forces: Neutron Interferometry
B. Heacock et al., Science, 373(6560), 1239–1243
Yukawa-Modified Gravity (20 pm - 10 nm)
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f(0) = fPC + fPV(~�n · ~kn)

• Cold and ultracold neutrons 
• High flux neutron sources 
• Optical Potential 
• Neutron “spin gymnastics” 
• Systematics! 
• “Simple” detector systems 
• Also epithermal neutrons… which means resonances!
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