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QUANTUM PARAMETER ESTIMATION

 𝜃
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MeasurementState preparation Parameter imprinting
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2



MeasurementState preparation Parameter imprinting
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QUANTUM PARAMETER ESTIMATION

 𝜃

<latexit sha1_base64="GsHNhybsisA3/Ecg2UWIcZBSBLk=">AAACF3icbVC7TsMwFHXKq5RXgZElokIqS5WgChgrWBiLRB9SG1WO67RW7Tiyb1Cr0M9gYIFPYUOsjHwJK06bgbYcydLROffqHh8/4kyD43xbubX1jc2t/HZhZ3dv/6B4eNTUMlaENojkUrV9rClnIW0AA07bkaJY+Jy2/NFt6rceqdJMhg8wiagn8CBkASMYjNSJyuOnLgwp4PNeseRUnBnsVeJmpIQy1HvFn25fkljQEAjHWndcJwIvwQoY4XRa6MaaRpiM8IB2DA2xoNpLZpGn9plR+nYglXkh2DP170aChdYT4ZtJgWGol71U/NfzxcLlBMbpAb0UB4JrL2FhFAMNyTxNEHMbpJ2WZPeZogT4xBBMFDMfsskQK0zAVFkwTbnLvayS5kXFvaxU76ul2k3WWR6doFNURi66QjV0h+qogQiS6Bm9ojfrxXq3PqzP+WjOynaO0QKsr19edaDJ</latexit>

p(x|✓)

<latexit sha1_base64="2zRqhtdU9z6EE2SNsKZKScSg6P4=">AAACI3icbVBNS8NAFNzUr1q/ouLJS7AIHkpJSlGPRS8eK9haaEPYbDft0t0k7L5IS+iP8eBFf4o38eLB3+HVTZuDbR1YGGbe482OH3OmwLa/jMLa+sbmVnG7tLO7t39gHh61VZRIQlsk4pHs+FhRzkLaAgacdmJJsfA5ffRHt5n/+ESlYlH4AJOYugIPQhYwgkFLnnky9pzK2KtVev0IlGZpTyRTzyzbVXsGa5U4OSmjHE3P/NH7JBE0BMKxUl3HjsFNsQRGOJ2WeomiMSYjPKBdTUMsqHLTWfypda6VvhVEUr8QrJn6dyPFQqmJ8PWkwDBUy14m/uv5YuFyCuPsgFqKA8G1m7IwToCGZJ4mSLgFkZUVZvWZpAT4RBNMJNMfssgQS0xA11rSTTnLvaySdq3qXFbr9/Vy4ybvrIhO0Rm6QA66Qg10h5qohQhK0TN6RW/Gi/FufBif89GCke8cowUY379tPKTv</latexit>x1, x2, . . . , xµ
Results:

Distribution:
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QUANTUM PARAMETER ESTIMATION

 𝜃
<latexit sha1_base64="xsH62dURT62W/KIo88TVoVJqknY="></latexit>

✓est(x1, x2, . . . , xµ)

Estimation
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 𝜃
<latexit sha1_base64="xsH62dURT62W/KIo88TVoVJqknY="></latexit>

✓est(x1, x2, . . . , xµ)
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p(x|✓)
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Results:

Distribution:

<latexit sha1_base64="vwBn6Z1jGpOihaOo93RMOB+cCjE="></latexit>

(�✓est)2 � 1
µF(✓)

� 1
µFQ[⇢(✓)]

Objective: 

Minimize

<latexit sha1_base64="zPHfGib0TFczu9KknK7VeIWbWQo=">AAACO3icbVA9SwNBEN2L3/ErammzGAQbw52I2giijaWCUSEXwt5mkizZ3Tt258Rw5Ff4ayxs9FdY24mt2LqXRDDRgYHHezPMmxclUlj0/VevMDU9Mzs3v1BcXFpeWS2trV/bODUcqjyWsbmNmAUpNFRRoITbxABTkYSbqHuW6zd3YKyI9RX2Eqgr1taiJThDRzVKu6Fkui2BhtgBZI0sVAw7RmVgsd8PzVA8/pFLZb/iD4r+BcEIlMmoLhqlr7AZ81SBRi6ZtbXAT7CeMYOCS+gXw9RCwniXtaHmoGYKbD0bvNWn245p0lZsXGukA/b3RsaUtT0VucnctJ3UcvJfLVJjlzO8zw/YCTvYOqpnQicpguZDN61UUoxpHiRtCgMcZc8Bxo1wD1HeYYZxdHEXXVLBZC5/wfVeJTio7F/ul09OR5nNk02yRXZIQA7JCTknF6RKOHkgj+SZvHhP3pv37n0MRwveaGeDjJX3+Q2r0a/M</latexit>h✓esti = ✓
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QUANTUM PARAMETER ESTIMATION

 𝜃
<latexit sha1_base64="xsH62dURT62W/KIo88TVoVJqknY="></latexit>

✓est(x1, x2, . . . , xµ)

Estimation

<latexit sha1_base64="GsHNhybsisA3/Ecg2UWIcZBSBLk=">AAACF3icbVC7TsMwFHXKq5RXgZElokIqS5WgChgrWBiLRB9SG1WO67RW7Tiyb1Cr0M9gYIFPYUOsjHwJK06bgbYcydLROffqHh8/4kyD43xbubX1jc2t/HZhZ3dv/6B4eNTUMlaENojkUrV9rClnIW0AA07bkaJY+Jy2/NFt6rceqdJMhg8wiagn8CBkASMYjNSJyuOnLgwp4PNeseRUnBnsVeJmpIQy1HvFn25fkljQEAjHWndcJwIvwQoY4XRa6MaaRpiM8IB2DA2xoNpLZpGn9plR+nYglXkh2DP170aChdYT4ZtJgWGol71U/NfzxcLlBMbpAb0UB4JrL2FhFAMNyTxNEHMbpJ2WZPeZogT4xBBMFDMfsskQK0zAVFkwTbnLvayS5kXFvaxU76ul2k3WWR6doFNURi66QjV0h+qogQiS6Bm9ojfrxXq3PqzP+WjOynaO0QKsr19edaDJ</latexit>

p(x|✓)

<latexit sha1_base64="2zRqhtdU9z6EE2SNsKZKScSg6P4=">AAACI3icbVBNS8NAFNzUr1q/ouLJS7AIHkpJSlGPRS8eK9haaEPYbDft0t0k7L5IS+iP8eBFf4o38eLB3+HVTZuDbR1YGGbe482OH3OmwLa/jMLa+sbmVnG7tLO7t39gHh61VZRIQlsk4pHs+FhRzkLaAgacdmJJsfA5ffRHt5n/+ESlYlH4AJOYugIPQhYwgkFLnnky9pzK2KtVev0IlGZpTyRTzyzbVXsGa5U4OSmjHE3P/NH7JBE0BMKxUl3HjsFNsQRGOJ2WeomiMSYjPKBdTUMsqHLTWfypda6VvhVEUr8QrJn6dyPFQqmJ8PWkwDBUy14m/uv5YuFyCuPsgFqKA8G1m7IwToCGZJ4mSLgFkZUVZvWZpAT4RBNMJNMfssgQS0xA11rSTTnLvaySdq3qXFbr9/Vy4ybvrIhO0Rm6QA66Qg10h5qohQhK0TN6RW/Gi/FufBif89GCke8cowUY379tPKTv</latexit>x1, x2, . . . , xµ
Results:

Distribution:

Quantum system:
<latexit sha1_base64="vwBn6Z1jGpOihaOo93RMOB+cCjE="></latexit>

(�✓est)2 � 1
µF(✓)

� 1
µFQ[⇢(✓)]

Objective: 

Minimize

<latexit sha1_base64="rQ+W36tDDEyE85XJBT7nclUiUiY=">AAACGHicbVC7TsMwFHXKq5RXgZHFokIqS5WgChgrWBiLRB9SE1WO67RW7SSybxBV1N9gYIFPYUOsbHwJK06bgbYcydLROffqHh8/FlyDbX9bhbX1jc2t4nZpZ3dv/6B8eNTWUaIoa9FIRKrrE80ED1kLOAjWjRUj0hes449vM7/zyJTmUfgAk5h5kgxDHnBKwEiuq0ZR1YURA3LeL1fsmj0DXiVOTiooR7Nf/nEHEU0kC4EKonXPsWPwUqKAU8GmJTfRLCZ0TIasZ2hIJNNeOss8xWdGGeAgUuaFgGfq342USK0n0jeTksBIL3uZ+K/ny4XLKTxlB/RSHAiuvZSHcQIspPM0QSIwRDhrCQ+4YhTExBBCFTcfwnREFKFguiyZppzlXlZJ+6LmXNbq9/VK4ybvrIhO0CmqIgddoQa6Q03UQhTF6Bm9ojfrxXq3PqzP+WjByneO0QKsr1/zL6EU</latexit>

⇢(✓)

<latexit sha1_base64="zPHfGib0TFczu9KknK7VeIWbWQo=">AAACO3icbVA9SwNBEN2L3/ErammzGAQbw52I2giijaWCUSEXwt5mkizZ3Tt258Rw5Ff4ayxs9FdY24mt2LqXRDDRgYHHezPMmxclUlj0/VevMDU9Mzs3v1BcXFpeWS2trV/bODUcqjyWsbmNmAUpNFRRoITbxABTkYSbqHuW6zd3YKyI9RX2Eqgr1taiJThDRzVKu6Fkui2BhtgBZI0sVAw7RmVgsd8PzVA8/pFLZb/iD4r+BcEIlMmoLhqlr7AZ81SBRi6ZtbXAT7CeMYOCS+gXw9RCwniXtaHmoGYKbD0bvNWn245p0lZsXGukA/b3RsaUtT0VucnctJ3UcvJfLVJjlzO8zw/YCTvYOqpnQicpguZDN61UUoxpHiRtCgMcZc8Bxo1wD1HeYYZxdHEXXVLBZC5/wfVeJTio7F/ul09OR5nNk02yRXZIQA7JCTknF6RKOHkgj+SZvHhP3pv37n0MRwveaGeDjJX3+Q2r0a/M</latexit>h✓esti = ✓
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<latexit sha1_base64="blBUI267SucZsOxtB5tUB0mP5ds=">AAACEHicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae0Q8mkmTY0yQxJRixDf8GFG/0Ud+LWP/BL3JppZ2FbDwQO59zLPTlBzJk2rvvtFNbWNza3itulnd29/YPy4VFLR4kitEkiHqlOgDXlTNKmYYbTTqwoFgGn7WB8m/ntR6o0i+SDmcTUF3goWcgINpnUU6OoX664VXcGtEq8nFQgR6Nf/ukNIpIIKg3hWOuu58bGT7EyjHA6LfUSTWNMxnhIu5ZKLKj201nWKTqzygCFkbJPGjRT/26kWGg9EYGdFNiM9LKXif96gVi4nJqn7IBeimPCaz9lMk4MlWSeJkw4MhHK2kEDpigxfGIJJorZDyEywgoTYzss2aa85V5WSeui6l1Wa/e1Sv0m76wIJ3AK5+DBFdThDhrQBAIjeIZXeHNenHfnw/mcjxacfOcYFuB8/QIdtZ4B</latexit>⇢

QUANTUM PARAMETER ESTIMATION

 𝜃
<latexit sha1_base64="xsH62dURT62W/KIo88TVoVJqknY="></latexit>

✓est(x1, x2, . . . , xµ)

Estimation

<latexit sha1_base64="GsHNhybsisA3/Ecg2UWIcZBSBLk=">AAACF3icbVC7TsMwFHXKq5RXgZElokIqS5WgChgrWBiLRB9SG1WO67RW7Tiyb1Cr0M9gYIFPYUOsjHwJK06bgbYcydLROffqHh8/4kyD43xbubX1jc2t/HZhZ3dv/6B4eNTUMlaENojkUrV9rClnIW0AA07bkaJY+Jy2/NFt6rceqdJMhg8wiagn8CBkASMYjNSJyuOnLgwp4PNeseRUnBnsVeJmpIQy1HvFn25fkljQEAjHWndcJwIvwQoY4XRa6MaaRpiM8IB2DA2xoNpLZpGn9plR+nYglXkh2DP170aChdYT4ZtJgWGol71U/NfzxcLlBMbpAb0UB4JrL2FhFAMNyTxNEHMbpJ2WZPeZogT4xBBMFDMfsskQK0zAVFkwTbnLvayS5kXFvaxU76ul2k3WWR6doFNURi66QjV0h+qogQiS6Bm9ojfrxXq3PqzP+WjOynaO0QKsr19edaDJ</latexit>

p(x|✓)

<latexit sha1_base64="2zRqhtdU9z6EE2SNsKZKScSg6P4=">AAACI3icbVBNS8NAFNzUr1q/ouLJS7AIHkpJSlGPRS8eK9haaEPYbDft0t0k7L5IS+iP8eBFf4o38eLB3+HVTZuDbR1YGGbe482OH3OmwLa/jMLa+sbmVnG7tLO7t39gHh61VZRIQlsk4pHs+FhRzkLaAgacdmJJsfA5ffRHt5n/+ESlYlH4AJOYugIPQhYwgkFLnnky9pzK2KtVev0IlGZpTyRTzyzbVXsGa5U4OSmjHE3P/NH7JBE0BMKxUl3HjsFNsQRGOJ2WeomiMSYjPKBdTUMsqHLTWfypda6VvhVEUr8QrJn6dyPFQqmJ8PWkwDBUy14m/uv5YuFyCuPsgFqKA8G1m7IwToCGZJ4mSLgFkZUVZvWZpAT4RBNMJNMfssgQS0xA11rSTTnLvaySdq3qXFbr9/Vy4ybvrIhO0Rm6QA66Qg10h5qohQhK0TN6RW/Gi/FufBif89GCke8cowUY379tPKTv</latexit>x1, x2, . . . , xµ
Results:

Distribution:

Quantum system:
<latexit sha1_base64="vwBn6Z1jGpOihaOo93RMOB+cCjE="></latexit>

(�✓est)2 � 1
µF(✓)

� 1
µFQ[⇢(✓)]

Objective: 

Minimize

• measurement observable 
• initial state

Quantum strategies
Making optimal choices for

<latexit sha1_base64="rQ+W36tDDEyE85XJBT7nclUiUiY=">AAACGHicbVC7TsMwFHXKq5RXgZHFokIqS5WgChgrWBiLRB9SE1WO67RW7SSybxBV1N9gYIFPYUOsbHwJK06bgbYcydLROffqHh8/FlyDbX9bhbX1jc2t4nZpZ3dv/6B8eNTWUaIoa9FIRKrrE80ED1kLOAjWjRUj0hes449vM7/zyJTmUfgAk5h5kgxDHnBKwEiuq0ZR1YURA3LeL1fsmj0DXiVOTiooR7Nf/nEHEU0kC4EKonXPsWPwUqKAU8GmJTfRLCZ0TIasZ2hIJNNeOss8xWdGGeAgUuaFgGfq342USK0n0jeTksBIL3uZ+K/ny4XLKTxlB/RSHAiuvZSHcQIspPM0QSIwRDhrCQ+4YhTExBBCFTcfwnREFKFguiyZppzlXlZJ+6LmXNbq9/VK4ybvrIhO0CmqIgddoQa6Q03UQhTF6Bm9ojfrxXq3PqzP+WjByneO0QKsr1/zL6EU</latexit>

⇢(✓)

<latexit sha1_base64="zPHfGib0TFczu9KknK7VeIWbWQo=">AAACO3icbVA9SwNBEN2L3/ErammzGAQbw52I2giijaWCUSEXwt5mkizZ3Tt258Rw5Ff4ayxs9FdY24mt2LqXRDDRgYHHezPMmxclUlj0/VevMDU9Mzs3v1BcXFpeWS2trV/bODUcqjyWsbmNmAUpNFRRoITbxABTkYSbqHuW6zd3YKyI9RX2Eqgr1taiJThDRzVKu6Fkui2BhtgBZI0sVAw7RmVgsd8PzVA8/pFLZb/iD4r+BcEIlMmoLhqlr7AZ81SBRi6ZtbXAT7CeMYOCS+gXw9RCwniXtaHmoGYKbD0bvNWn245p0lZsXGukA/b3RsaUtT0VucnctJ3UcvJfLVJjlzO8zw/YCTvYOqpnQicpguZDN61UUoxpHiRtCgMcZc8Bxo1wD1HeYYZxdHEXXVLBZC5/wfVeJTio7F/ul09OR5nNk02yRXZIQA7JCTknF6RKOHkgj+SZvHhP3pv37n0MRwveaGeDjJX3+Q2r0a/M</latexit>h✓esti = ✓
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MeasurementState preparation Parameter imprinting

<latexit sha1_base64="blBUI267SucZsOxtB5tUB0mP5ds=">AAACEHicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae0Q8mkmTY0yQxJRixDf8GFG/0Ud+LWP/BL3JppZ2FbDwQO59zLPTlBzJk2rvvtFNbWNza3itulnd29/YPy4VFLR4kitEkiHqlOgDXlTNKmYYbTTqwoFgGn7WB8m/ntR6o0i+SDmcTUF3goWcgINpnUU6OoX664VXcGtEq8nFQgR6Nf/ukNIpIIKg3hWOuu58bGT7EyjHA6LfUSTWNMxnhIu5ZKLKj201nWKTqzygCFkbJPGjRT/26kWGg9EYGdFNiM9LKXif96gVi4nJqn7IBeimPCaz9lMk4MlWSeJkw4MhHK2kEDpigxfGIJJorZDyEywgoTYzss2aa85V5WSeui6l1Wa/e1Sv0m76wIJ3AK5+DBFdThDhrQBAIjeIZXeHNenHfnw/mcjxacfOcYFuB8/QIdtZ4B</latexit>⇢

QUANTUM PARAMETER ESTIMATION

 𝜃
<latexit sha1_base64="xsH62dURT62W/KIo88TVoVJqknY="></latexit>

✓est(x1, x2, . . . , xµ)

Estimation

<latexit sha1_base64="GsHNhybsisA3/Ecg2UWIcZBSBLk=">AAACF3icbVC7TsMwFHXKq5RXgZElokIqS5WgChgrWBiLRB9SG1WO67RW7Tiyb1Cr0M9gYIFPYUOsjHwJK06bgbYcydLROffqHh8/4kyD43xbubX1jc2t/HZhZ3dv/6B4eNTUMlaENojkUrV9rClnIW0AA07bkaJY+Jy2/NFt6rceqdJMhg8wiagn8CBkASMYjNSJyuOnLgwp4PNeseRUnBnsVeJmpIQy1HvFn25fkljQEAjHWndcJwIvwQoY4XRa6MaaRpiM8IB2DA2xoNpLZpGn9plR+nYglXkh2DP170aChdYT4ZtJgWGol71U/NfzxcLlBMbpAb0UB4JrL2FhFAMNyTxNEHMbpJ2WZPeZogT4xBBMFDMfsskQK0zAVFkwTbnLvayS5kXFvaxU76ul2k3WWR6doFNURi66QjV0h+qogQiS6Bm9ojfrxXq3PqzP+WjOynaO0QKsr19edaDJ</latexit>

p(x|✓)

<latexit sha1_base64="2zRqhtdU9z6EE2SNsKZKScSg6P4=">AAACI3icbVBNS8NAFNzUr1q/ouLJS7AIHkpJSlGPRS8eK9haaEPYbDft0t0k7L5IS+iP8eBFf4o38eLB3+HVTZuDbR1YGGbe482OH3OmwLa/jMLa+sbmVnG7tLO7t39gHh61VZRIQlsk4pHs+FhRzkLaAgacdmJJsfA5ffRHt5n/+ESlYlH4AJOYugIPQhYwgkFLnnky9pzK2KtVev0IlGZpTyRTzyzbVXsGa5U4OSmjHE3P/NH7JBE0BMKxUl3HjsFNsQRGOJ2WeomiMSYjPKBdTUMsqHLTWfypda6VvhVEUr8QrJn6dyPFQqmJ8PWkwDBUy14m/uv5YuFyCuPsgFqKA8G1m7IwToCGZJ4mSLgFkZUVZvWZpAT4RBNMJNMfssgQS0xA11rSTTnLvaySdq3qXFbr9/Vy4ybvrIhO0Rm6QA66Qg10h5qohQhK0TN6RW/Gi/FufBif89GCke8cowUY379tPKTv</latexit>x1, x2, . . . , xµ
Results:

Distribution:

Quantum system:
<latexit sha1_base64="vwBn6Z1jGpOihaOo93RMOB+cCjE="></latexit>

(�✓est)2 � 1
µF(✓)

� 1
µFQ[⇢(✓)]

Objective: 

Minimize

• measurement observable 
• initial state

Quantum strategies
Making optimal choices for

Fundamental limitation: 
Quantum fluctuations

<latexit sha1_base64="rQ+W36tDDEyE85XJBT7nclUiUiY=">AAACGHicbVC7TsMwFHXKq5RXgZHFokIqS5WgChgrWBiLRB9SE1WO67RW7SSybxBV1N9gYIFPYUOsbHwJK06bgbYcydLROffqHh8/FlyDbX9bhbX1jc2t4nZpZ3dv/6B8eNTWUaIoa9FIRKrrE80ED1kLOAjWjRUj0hes449vM7/zyJTmUfgAk5h5kgxDHnBKwEiuq0ZR1YURA3LeL1fsmj0DXiVOTiooR7Nf/nEHEU0kC4EKonXPsWPwUqKAU8GmJTfRLCZ0TIasZ2hIJNNeOss8xWdGGeAgUuaFgGfq342USK0n0jeTksBIL3uZ+K/ny4XLKTxlB/RSHAiuvZSHcQIspPM0QSIwRDhrCQ+4YhTExBBCFTcfwnREFKFguiyZppzlXlZJ+6LmXNbq9/VK4ybvrIhO0CmqIgddoQa6Q03UQhTF6Bm9ojfrxXq3PqzP+WjByneO0QKsr1/zL6EU</latexit>

⇢(✓)

<latexit sha1_base64="zPHfGib0TFczu9KknK7VeIWbWQo=">AAACO3icbVA9SwNBEN2L3/ErammzGAQbw52I2giijaWCUSEXwt5mkizZ3Tt258Rw5Ff4ayxs9FdY24mt2LqXRDDRgYHHezPMmxclUlj0/VevMDU9Mzs3v1BcXFpeWS2trV/bODUcqjyWsbmNmAUpNFRRoITbxABTkYSbqHuW6zd3YKyI9RX2Eqgr1taiJThDRzVKu6Fkui2BhtgBZI0sVAw7RmVgsd8PzVA8/pFLZb/iD4r+BcEIlMmoLhqlr7AZ81SBRi6ZtbXAT7CeMYOCS+gXw9RCwniXtaHmoGYKbD0bvNWn245p0lZsXGukA/b3RsaUtT0VucnctJ3UcvJfLVJjlzO8zw/YCTvYOqpnQicpguZDN61UUoxpHiRtCgMcZc8Bxo1wD1HeYYZxdHEXXVLBZC5/wfVeJTio7F/ul09OR5nNk02yRXZIQA7JCTknF6RKOHkgj+SZvHhP3pv37n0MRwveaGeDjJX3+Q2r0a/M</latexit>h✓esti = ✓
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C.M. Caves, Phys. Rev. D 23, 1693 (1981)
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ATOMIC INTERFEROMETRY: “RAMSEY SPECTROSCOPY”

 𝜃
. . .

N two-level atoms

 𝜃

Coherent spin state

Separable:  
No correlations

 𝜃

Squeezed spin state

Entangled:  
Requires quantum correlations

Collective angular momentum observables: SU(2)

Pauli matrices



Calibration

5

QUANTUM NOISE AND SQUEEZING



Calibration

Measurement

5

QUANTUM NOISE AND SQUEEZING



Calibration

Measurement

5

QUANTUM NOISE AND SQUEEZING



Calibration

Measurement

5

QUANTUM NOISE AND SQUEEZING



Calibration

Measurement

Uncertainty
In the central limit, 

5

QUANTUM NOISE AND SQUEEZING



Calibration

Measurement

Uncertainty
In the central limit, 

5

QUANTUM NOISE AND SQUEEZING



Calibration

Measurement

Uncertainty
In the central limit, 

5

QUANTUM NOISE AND SQUEEZING



Calibration

Measurement

Uncertainty
In the central limit, 

5

QUANTUM NOISE AND SQUEEZING



Calibration

Measurement

Uncertainty
In the central limit, 

5

QUANTUM NOISE AND SQUEEZING



Calibration

Measurement

Uncertainty
In the central limit, 

5

QUANTUM NOISE AND SQUEEZING



6

 𝜃

state preparation measurementrotation

Schrödinger’s equation

Ramsey spectroscopy

QUANTUM NOISE AND SQUEEZING



6

 𝜃

state preparation measurementrotation

Schrödinger’s equation

Ramsey spectroscopy

Sensitivity

„Spin Squeezing“

D. J. Wineland et al., 
Phys. Rev. A 46, R6797 (1992)
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 𝜃

state preparation measurementrotation

Schrödinger’s equation

Ramsey spectroscopy

Sensitivity

„Spin Squeezing“

D. J. Wineland et al., 
Phys. Rev. A 46, R6797 (1992)
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Kitagawa & Ueda, PRA 47 5138 (1993)
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Proposals for implementation 

Trapped ions: 
Mølmer & Sørensen PRL 82 1835 (1999) 

Bose-Einstein condensates: 
Sørensen, Duan, Cirac & Zoller,  
Nature 409, 63 (2001)

Kitagawa & Ueda, PRA 47 5138 (1993)
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Review: 
Pezzè, Smerzi, Oberthaler, Schmied, Treutlein 
Rev. Mod. Phys. 90, 035005 (2018)

Proposals for implementation 

Trapped ions: 
Mølmer & Sørensen PRL 82 1835 (1999) 

Bose-Einstein condensates: 
Sørensen, Duan, Cirac & Zoller,  
Nature 409, 63 (2001)

Kitagawa & Ueda, PRA 47 5138 (1993)

QUANTUM NOISE AND SQUEEZING: EXPERIMENTS



QUANTIFYING QUANTUM SENSITIVITY ENHANCEMENTS

Sensitivity limit: quantum Cramér-Rao bound

<latexit sha1_base64="cdTe+GPcp5AO/XXYUVGv92+tmpM="></latexit>

(�✓est)2 � 1
FQ[⇢, Jz]



QUANTIFYING QUANTUM SENSITIVITY ENHANCEMENTS

Sensitivity limit: quantum Cramér-Rao bound

Maximal achievable sensitivity 
measurement of an optimal observable<latexit sha1_base64="JJ/Vm50jIK7oFmJJhmE2KlZA4zY="></latexit>

|h[Jz, X]i⇢|2
(�X)2

⇢

 FQ[⇢, Jz]

<latexit sha1_base64="cdTe+GPcp5AO/XXYUVGv92+tmpM="></latexit>

(�✓est)2 � 1
FQ[⇢, Jz]



QUANTIFYING QUANTUM SENSITIVITY ENHANCEMENTS

Sensitivity limit: quantum Cramér-Rao bound

Precision from a measurement of X Maximal achievable sensitivity 
measurement of an optimal observable<latexit sha1_base64="JJ/Vm50jIK7oFmJJhmE2KlZA4zY="></latexit>

|h[Jz, X]i⇢|2
(�X)2

⇢

 FQ[⇢, Jz]

<latexit sha1_base64="cdTe+GPcp5AO/XXYUVGv92+tmpM="></latexit>

(�✓est)2 � 1
FQ[⇢, Jz]



QUANTIFYING QUANTUM SENSITIVITY ENHANCEMENTS

Sensitivity limit: quantum Cramér-Rao bound

Precision from a measurement of X Maximal achievable sensitivity 
measurement of an optimal observable<latexit sha1_base64="JJ/Vm50jIK7oFmJJhmE2KlZA4zY="></latexit>

|h[Jz, X]i⇢|2
(�X)2

⇢

 FQ[⇢, Jz]

<latexit sha1_base64="cdTe+GPcp5AO/XXYUVGv92+tmpM="></latexit>

(�✓est)2 � 1
FQ[⇢, Jz]
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QUANTIFYING QUANTUM SENSITIVITY ENHANCEMENTS

Sensitivity limit: quantum Cramér-Rao bound

Precision from a measurement of X Maximal achievable sensitivity 
measurement of an optimal observable<latexit sha1_base64="JJ/Vm50jIK7oFmJJhmE2KlZA4zY="></latexit>

|h[Jz, X]i⇢|2
(�X)2

⇢

 FQ[⇢, Jz]

• Simple observable 

• Gaussian approximation of the QFI

<latexit sha1_base64="cdTe+GPcp5AO/XXYUVGv92+tmpM="></latexit>

(�✓est)2 � 1
FQ[⇢, Jz]

Spin Squeezing

D. J. Wineland et al., 
Phys. Rev. A 46, R6797 (1992)



Sensitivity Gain (log)

Kitagawa & Ueda, PRA 47 5138 (1993) 
Pezzé et al., RMP 90, 035005 (2018)

ONE-AXIS TWISTING
<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="HQ6S3nVJIyDu0heVjLWtIKFBqZg=">AAACDXicbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUL9gHtUDLpnTY0yQxJRixDv8CFG/0Ud+LWb/BL3JppZ2FbDwQO59zLPTlBzJk2rvvtFNbWNza3itulnd29/YPy4VFLR4mi0KQRj1QnIBo4k9A0zHDoxAqICDi0g/Fd5rcfQWkWyQczicEXZChZyCgxVmp4/XLFrboz4FXi5aSCctT75Z/eIKKJAGkoJ1p3PTc2fkqUYZTDtNRLNMSEjskQupZKIkD76SzoFJ9ZZYDDSNknDZ6pfzdSIrSeiMBOCmJGetnLxH+9QCxcTs1TdkAvxTHhjZ8yGScGJJ2nCROOTYSzavCAKaCGTywhVDH7IUxHRBFqbIEl25S33MsqaV1UvavqZeOyUrvNOyuiE3SKzpGHrlEN3aM6aiKKAD2jV/TmvDjvzofzOR8tOPnOMVqA8/ULQnOcbw==</latexit>

1

<latexit sha1_base64="+SVtRt0gGsIBjYPgpvoqZws7E/Q=">AAACDXicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjStpwT6gHUomTdvQJDMkd8Qy9AtcuNFPcSdu/Qa/xK2Zdha29UDgcM693JMTRIIbcN1vJ7e2vrG5ld8u7Ozu7R8UD4+aJow1ZQ0ailC3A2KY4Io1gINg7UgzIgPBWsH4NvVbj0wbHqoHmETMl2So+IBTAlaq3/eKJbfszoBXiZeREspQ6xV/uv2QxpIpoIIY0/HcCPyEaOBUsGmhGxsWETomQ9axVBHJjJ/Mgk7xmVX6eBBq+xTgmfp3IyHSmIkM7KQkMDLLXir+6wVy4XICT+kBsxQHBtd+wlUUA1N0nmYQCwwhTqvBfa4ZBTGxhFDN7YcwHRFNKNgCC7Ypb7mXVdK8KHuX5Uq9UqreZJ3l0Qk6RefIQ1eoiu5QDTUQRQw9o1f05rw4786H8zkfzTnZzjFagPP1C3KYnIw=</latexit>

N
QFI

Spin Squeezing

<latexit sha1_base64="1NkhZSXFu7yfvQjq3PbBDsSE5Cg=">AAACKHicbVDLSsNAFJ3UV62vqDvdDBbBVUmKr41QdFNEpIJ9QBPDZDpth84kYWYi1lDwa1y40U9xJ936E26dtF3Y1gMXDufcy733+BGjUlnW0MgsLC4tr2RXc2vrG5tb5vZOTYaxwKSKQxaKho8kYTQgVUUVI41IEMR9Rup+7yr1649ESBoG96ofEZejTkDbFCOlJc/cK3uJw5HqCp7c3gwGFw7uUnjtPT8UPTNvFawR4DyxJyQPJqh45o/TCnHMSaAwQ1I2bStSboKEopiRQc6JJYkQ7qEOaWoaIE6km4x+GMBDrbRgOxS6AgVH6t+JBHEp+9zXnem5ctZLxX89n09tTtRTukDOnKPa525CgyhWJMDja9oxgyqEaWqwRQXBivU1QVhQ/RDEXSQQVjrbnE7Kns1lntSKBfu0cHJ3nC9dTjLLgn1wAI6ADc5ACZRBBVQBBi/gFbyDD+PN+DS+jOG4NWNMZnbBFIzvX63/pyA=</latexit>

HNL = �J
2
z



Sensitivity Gain (log)

Kitagawa & Ueda, PRA 47 5138 (1993) 
Pezzé et al., RMP 90, 035005 (2018)

ONE-AXIS TWISTING
<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="HQ6S3nVJIyDu0heVjLWtIKFBqZg=">AAACDXicbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUL9gHtUDLpnTY0yQxJRixDv8CFG/0Ud+LWb/BL3JppZ2FbDwQO59zLPTlBzJk2rvvtFNbWNza3itulnd29/YPy4VFLR4mi0KQRj1QnIBo4k9A0zHDoxAqICDi0g/Fd5rcfQWkWyQczicEXZChZyCgxVmp4/XLFrboz4FXi5aSCctT75Z/eIKKJAGkoJ1p3PTc2fkqUYZTDtNRLNMSEjskQupZKIkD76SzoFJ9ZZYDDSNknDZ6pfzdSIrSeiMBOCmJGetnLxH+9QCxcTs1TdkAvxTHhjZ8yGScGJJ2nCROOTYSzavCAKaCGTywhVDH7IUxHRBFqbIEl25S33MsqaV1UvavqZeOyUrvNOyuiE3SKzpGHrlEN3aM6aiKKAD2jV/TmvDjvzofzOR8tOPnOMVqA8/ULQnOcbw==</latexit>

1

<latexit sha1_base64="+SVtRt0gGsIBjYPgpvoqZws7E/Q=">AAACDXicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjStpwT6gHUomTdvQJDMkd8Qy9AtcuNFPcSdu/Qa/xK2Zdha29UDgcM693JMTRIIbcN1vJ7e2vrG5ld8u7Ozu7R8UD4+aJow1ZQ0ailC3A2KY4Io1gINg7UgzIgPBWsH4NvVbj0wbHqoHmETMl2So+IBTAlaq3/eKJbfszoBXiZeREspQ6xV/uv2QxpIpoIIY0/HcCPyEaOBUsGmhGxsWETomQ9axVBHJjJ/Mgk7xmVX6eBBq+xTgmfp3IyHSmIkM7KQkMDLLXir+6wVy4XICT+kBsxQHBtd+wlUUA1N0nmYQCwwhTqvBfa4ZBTGxhFDN7YcwHRFNKNgCC7Ypb7mXVdK8KHuX5Uq9UqreZJ3l0Qk6RefIQ1eoiu5QDTUQRQw9o1f05rw4786H8zkfzTnZzjFagPP1C3KYnIw=</latexit>

N
QFI

Spin Squeezing

<latexit sha1_base64="1NkhZSXFu7yfvQjq3PbBDsSE5Cg=">AAACKHicbVDLSsNAFJ3UV62vqDvdDBbBVUmKr41QdFNEpIJ9QBPDZDpth84kYWYi1lDwa1y40U9xJ936E26dtF3Y1gMXDufcy733+BGjUlnW0MgsLC4tr2RXc2vrG5tb5vZOTYaxwKSKQxaKho8kYTQgVUUVI41IEMR9Rup+7yr1649ESBoG96ofEZejTkDbFCOlJc/cK3uJw5HqCp7c3gwGFw7uUnjtPT8UPTNvFawR4DyxJyQPJqh45o/TCnHMSaAwQ1I2bStSboKEopiRQc6JJYkQ7qEOaWoaIE6km4x+GMBDrbRgOxS6AgVH6t+JBHEp+9zXnem5ctZLxX89n09tTtRTukDOnKPa525CgyhWJMDja9oxgyqEaWqwRQXBivU1QVhQ/RDEXSQQVjrbnE7Kns1lntSKBfu0cHJ3nC9dTjLLgn1wAI6ADc5ACZRBBVQBBi/gFbyDD+PN+DS+jOG4NWNMZnbBFIzvX63/pyA=</latexit>

HNL = �J
2
z



Sensitivity Gain (log)

Kitagawa & Ueda, PRA 47 5138 (1993) 
Pezzé et al., RMP 90, 035005 (2018)

ONE-AXIS TWISTING
<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="HQ6S3nVJIyDu0heVjLWtIKFBqZg=">AAACDXicbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUL9gHtUDLpnTY0yQxJRixDv8CFG/0Ud+LWb/BL3JppZ2FbDwQO59zLPTlBzJk2rvvtFNbWNza3itulnd29/YPy4VFLR4mi0KQRj1QnIBo4k9A0zHDoxAqICDi0g/Fd5rcfQWkWyQczicEXZChZyCgxVmp4/XLFrboz4FXi5aSCctT75Z/eIKKJAGkoJ1p3PTc2fkqUYZTDtNRLNMSEjskQupZKIkD76SzoFJ9ZZYDDSNknDZ6pfzdSIrSeiMBOCmJGetnLxH+9QCxcTs1TdkAvxTHhjZ8yGScGJJ2nCROOTYSzavCAKaCGTywhVDH7IUxHRBFqbIEl25S33MsqaV1UvavqZeOyUrvNOyuiE3SKzpGHrlEN3aM6aiKKAD2jV/TmvDjvzofzOR8tOPnOMVqA8/ULQnOcbw==</latexit>

1

<latexit sha1_base64="+SVtRt0gGsIBjYPgpvoqZws7E/Q=">AAACDXicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjStpwT6gHUomTdvQJDMkd8Qy9AtcuNFPcSdu/Qa/xK2Zdha29UDgcM693JMTRIIbcN1vJ7e2vrG5ld8u7Ozu7R8UD4+aJow1ZQ0ailC3A2KY4Io1gINg7UgzIgPBWsH4NvVbj0wbHqoHmETMl2So+IBTAlaq3/eKJbfszoBXiZeREspQ6xV/uv2QxpIpoIIY0/HcCPyEaOBUsGmhGxsWETomQ9axVBHJjJ/Mgk7xmVX6eBBq+xTgmfp3IyHSmIkM7KQkMDLLXir+6wVy4XICT+kBsxQHBtd+wlUUA1N0nmYQCwwhTqvBfa4ZBTGxhFDN7YcwHRFNKNgCC7Ypb7mXVdK8KHuX5Uq9UqreZJ3l0Qk6RefIQ1eoiu5QDTUQRQw9o1f05rw4786H8zkfzTnZzjFagPP1C3KYnIw=</latexit>

N
QFI

Spin Squeezing

<latexit sha1_base64="1NkhZSXFu7yfvQjq3PbBDsSE5Cg=">AAACKHicbVDLSsNAFJ3UV62vqDvdDBbBVUmKr41QdFNEpIJ9QBPDZDpth84kYWYi1lDwa1y40U9xJ936E26dtF3Y1gMXDufcy733+BGjUlnW0MgsLC4tr2RXc2vrG5tb5vZOTYaxwKSKQxaKho8kYTQgVUUVI41IEMR9Rup+7yr1649ESBoG96ofEZejTkDbFCOlJc/cK3uJw5HqCp7c3gwGFw7uUnjtPT8UPTNvFawR4DyxJyQPJqh45o/TCnHMSaAwQ1I2bStSboKEopiRQc6JJYkQ7qEOaWoaIE6km4x+GMBDrbRgOxS6AgVH6t+JBHEp+9zXnem5ctZLxX89n09tTtRTukDOnKPa525CgyhWJMDja9oxgyqEaWqwRQXBivU1QVhQ/RDEXSQQVjrbnE7Kns1lntSKBfu0cHJ3nC9dTjLLgn1wAI6ADc5ACZRBBVQBBi/gFbyDD+PN+DS+jOG4NWNMZnbBFIzvX63/pyA=</latexit>

HNL = �J
2
z



Sensitivity Gain (log)

Kitagawa & Ueda, PRA 47 5138 (1993) 
Pezzé et al., RMP 90, 035005 (2018)

ONE-AXIS TWISTING

<latexit sha1_base64="UpCrn9Z99zFCKSEyH4651a/jiWM=">AAACIXicbVDLTgIxFO3gC/E1ytJNIzFxI84Qoi6JblwZTOSRAJJOKdDQzkzaO8bJhG9x4UY/xZ1xZ/wQt3aAhYAnaXJyzr25p8cLBdfgOF9WZmV1bX0ju5nb2t7Z3bP3D+o6iBRlNRqIQDU9opngPqsBB8GaoWJEeoI1vNF16jcemdI88O8hDllHkoHP+5wSMFLXzrfpkGNoay7x7UNy6p6Vxl274BSdCfAycWekgGaodu2fdi+gkWQ+UEG0brlOCJ2EKOBUsHGuHWkWEjoiA9Yy1CeS6U4yCT/Gx0bp4X6gzPMBT9S/GwmRWsfSM5OSwFAveqn4r+fJucsJPKUH9EIc6F92Eu6HETCfTtP0I4EhwGlduMcVoyBiQwhV3HwI0yFRhIIpNWeachd7WSb1UtE9L5bvyoXK1ayzLDpER+gEuegCVdANqqIaoihGz+gVvVkv1rv1YX1ORzPWbCeP5mB9/wK6o6Nv</latexit>

�t ⇠ N�1/2

<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="HQ6S3nVJIyDu0heVjLWtIKFBqZg=">AAACDXicbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUL9gHtUDLpnTY0yQxJRixDv8CFG/0Ud+LWb/BL3JppZ2FbDwQO59zLPTlBzJk2rvvtFNbWNza3itulnd29/YPy4VFLR4mi0KQRj1QnIBo4k9A0zHDoxAqICDi0g/Fd5rcfQWkWyQczicEXZChZyCgxVmp4/XLFrboz4FXi5aSCctT75Z/eIKKJAGkoJ1p3PTc2fkqUYZTDtNRLNMSEjskQupZKIkD76SzoFJ9ZZYDDSNknDZ6pfzdSIrSeiMBOCmJGetnLxH+9QCxcTs1TdkAvxTHhjZ8yGScGJJ2nCROOTYSzavCAKaCGTywhVDH7IUxHRBFqbIEl25S33MsqaV1UvavqZeOyUrvNOyuiE3SKzpGHrlEN3aM6aiKKAD2jV/TmvDjvzofzOR8tOPnOMVqA8/ULQnOcbw==</latexit>

1

<latexit sha1_base64="+SVtRt0gGsIBjYPgpvoqZws7E/Q=">AAACDXicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjStpwT6gHUomTdvQJDMkd8Qy9AtcuNFPcSdu/Qa/xK2Zdha29UDgcM693JMTRIIbcN1vJ7e2vrG5ld8u7Ozu7R8UD4+aJow1ZQ0ailC3A2KY4Io1gINg7UgzIgPBWsH4NvVbj0wbHqoHmETMl2So+IBTAlaq3/eKJbfszoBXiZeREspQ6xV/uv2QxpIpoIIY0/HcCPyEaOBUsGmhGxsWETomQ9axVBHJjJ/Mgk7xmVX6eBBq+xTgmfp3IyHSmIkM7KQkMDLLXir+6wVy4XICT+kBsxQHBtd+wlUUA1N0nmYQCwwhTqvBfa4ZBTGxhFDN7YcwHRFNKNgCC7Ypb7mXVdK8KHuX5Uq9UqreZJ3l0Qk6RefIQ1eoiu5QDTUQRQw9o1f05rw4786H8zkfzTnZzjFagPP1C3KYnIw=</latexit>

N
QFI

Spin Squeezing

<latexit sha1_base64="1NkhZSXFu7yfvQjq3PbBDsSE5Cg=">AAACKHicbVDLSsNAFJ3UV62vqDvdDBbBVUmKr41QdFNEpIJ9QBPDZDpth84kYWYi1lDwa1y40U9xJ936E26dtF3Y1gMXDufcy733+BGjUlnW0MgsLC4tr2RXc2vrG5tb5vZOTYaxwKSKQxaKho8kYTQgVUUVI41IEMR9Rup+7yr1649ESBoG96ofEZejTkDbFCOlJc/cK3uJw5HqCp7c3gwGFw7uUnjtPT8UPTNvFawR4DyxJyQPJqh45o/TCnHMSaAwQ1I2bStSboKEopiRQc6JJYkQ7qEOaWoaIE6km4x+GMBDrbRgOxS6AgVH6t+JBHEp+9zXnem5ctZLxX89n09tTtRTukDOnKPa525CgyhWJMDja9oxgyqEaWqwRQXBivU1QVhQ/RDEXSQQVjrbnE7Kns1lntSKBfu0cHJ3nC9dTjLLgn1wAI6ADc5ACZRBBVQBBi/gFbyDD+PN+DS+jOG4NWNMZnbBFIzvX63/pyA=</latexit>

HNL = �J
2
z



Sensitivity Gain (log)

Kitagawa & Ueda, PRA 47 5138 (1993) 
Pezzé et al., RMP 90, 035005 (2018)

ONE-AXIS TWISTING

<latexit sha1_base64="UpCrn9Z99zFCKSEyH4651a/jiWM=">AAACIXicbVDLTgIxFO3gC/E1ytJNIzFxI84Qoi6JblwZTOSRAJJOKdDQzkzaO8bJhG9x4UY/xZ1xZ/wQt3aAhYAnaXJyzr25p8cLBdfgOF9WZmV1bX0ju5nb2t7Z3bP3D+o6iBRlNRqIQDU9opngPqsBB8GaoWJEeoI1vNF16jcemdI88O8hDllHkoHP+5wSMFLXzrfpkGNoay7x7UNy6p6Vxl274BSdCfAycWekgGaodu2fdi+gkWQ+UEG0brlOCJ2EKOBUsHGuHWkWEjoiA9Yy1CeS6U4yCT/Gx0bp4X6gzPMBT9S/GwmRWsfSM5OSwFAveqn4r+fJucsJPKUH9EIc6F92Eu6HETCfTtP0I4EhwGlduMcVoyBiQwhV3HwI0yFRhIIpNWeachd7WSb1UtE9L5bvyoXK1ayzLDpER+gEuegCVdANqqIaoihGz+gVvVkv1rv1YX1ORzPWbCeP5mB9/wK6o6Nv</latexit>

�t ⇠ N�1/2

<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="HQ6S3nVJIyDu0heVjLWtIKFBqZg=">AAACDXicbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUL9gHtUDLpnTY0yQxJRixDv8CFG/0Ud+LWb/BL3JppZ2FbDwQO59zLPTlBzJk2rvvtFNbWNza3itulnd29/YPy4VFLR4mi0KQRj1QnIBo4k9A0zHDoxAqICDi0g/Fd5rcfQWkWyQczicEXZChZyCgxVmp4/XLFrboz4FXi5aSCctT75Z/eIKKJAGkoJ1p3PTc2fkqUYZTDtNRLNMSEjskQupZKIkD76SzoFJ9ZZYDDSNknDZ6pfzdSIrSeiMBOCmJGetnLxH+9QCxcTs1TdkAvxTHhjZ8yGScGJJ2nCROOTYSzavCAKaCGTywhVDH7IUxHRBFqbIEl25S33MsqaV1UvavqZeOyUrvNOyuiE3SKzpGHrlEN3aM6aiKKAD2jV/TmvDjvzofzOR8tOPnOMVqA8/ULQnOcbw==</latexit>

1

<latexit sha1_base64="+SVtRt0gGsIBjYPgpvoqZws7E/Q=">AAACDXicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjStpwT6gHUomTdvQJDMkd8Qy9AtcuNFPcSdu/Qa/xK2Zdha29UDgcM693JMTRIIbcN1vJ7e2vrG5ld8u7Ozu7R8UD4+aJow1ZQ0ailC3A2KY4Io1gINg7UgzIgPBWsH4NvVbj0wbHqoHmETMl2So+IBTAlaq3/eKJbfszoBXiZeREspQ6xV/uv2QxpIpoIIY0/HcCPyEaOBUsGmhGxsWETomQ9axVBHJjJ/Mgk7xmVX6eBBq+xTgmfp3IyHSmIkM7KQkMDLLXir+6wVy4XICT+kBsxQHBtd+wlUUA1N0nmYQCwwhTqvBfa4ZBTGxhFDN7YcwHRFNKNgCC7Ypb7mXVdK8KHuX5Uq9UqreZJ3l0Qk6RefIQ1eoiu5QDTUQRQw9o1f05rw4786H8zkfzTnZzjFagPP1C3KYnIw=</latexit>

N
<latexit sha1_base64="OT0GprPa03LCIRXmOlg7KA9dPpk=">AAACD3icbVC7TsMwFHXKq5RXgZElokJiKklVAWMFCxMqgj6kNqoc12mt2k5k3yCqqJ/AwAKfwoZY+QS+hBWnzUBbjmTp6Jx7dY+PH3GmwXG+rdzK6tr6Rn6zsLW9s7tX3D9o6jBWhDZIyEPV9rGmnEnaAAactiNFsfA5bfmj69RvPVKlWSgfYBxRT+CBZAEjGIx0f3tW6RVLTtmZwl4mbkZKKEO9V/zp9kMSCyqBcKx1x3Ui8BKsgBFOJ4VurGmEyQgPaMdQiQXVXjKNOrFPjNK3g1CZJ8Geqn83Eiy0HgvfTAoMQ73opeK/ni/mLifwlB7QC3EguPQSJqMYqCSzNEHMbQjttBy7zxQlwMeGYKKY+ZBNhlhhAqbCgmnKXexlmTQrZfe8XL2rlmpXWWd5dISO0Sly0QWqoRtURw1E0AA9o1f0Zr1Y79aH9TkbzVnZziGag/X1C16PnQE=</latexit>

N/2 QFI

Spin Squeezing

<latexit sha1_base64="1NkhZSXFu7yfvQjq3PbBDsSE5Cg=">AAACKHicbVDLSsNAFJ3UV62vqDvdDBbBVUmKr41QdFNEpIJ9QBPDZDpth84kYWYi1lDwa1y40U9xJ936E26dtF3Y1gMXDufcy733+BGjUlnW0MgsLC4tr2RXc2vrG5tb5vZOTYaxwKSKQxaKho8kYTQgVUUVI41IEMR9Rup+7yr1649ESBoG96ofEZejTkDbFCOlJc/cK3uJw5HqCp7c3gwGFw7uUnjtPT8UPTNvFawR4DyxJyQPJqh45o/TCnHMSaAwQ1I2bStSboKEopiRQc6JJYkQ7qEOaWoaIE6km4x+GMBDrbRgOxS6AgVH6t+JBHEp+9zXnem5ctZLxX89n09tTtRTukDOnKPa525CgyhWJMDja9oxgyqEaWqwRQXBivU1QVhQ/RDEXSQQVjrbnE7Kns1lntSKBfu0cHJ3nC9dTjLLgn1wAI6ADc5ACZRBBVQBBi/gFbyDD+PN+DS+jOG4NWNMZnbBFIzvX63/pyA=</latexit>

HNL = �J
2
z



Sensitivity Gain (log)

Kitagawa & Ueda, PRA 47 5138 (1993) 
Pezzé et al., RMP 90, 035005 (2018)

ONE-AXIS TWISTING

<latexit sha1_base64="UpCrn9Z99zFCKSEyH4651a/jiWM=">AAACIXicbVDLTgIxFO3gC/E1ytJNIzFxI84Qoi6JblwZTOSRAJJOKdDQzkzaO8bJhG9x4UY/xZ1xZ/wQt3aAhYAnaXJyzr25p8cLBdfgOF9WZmV1bX0ju5nb2t7Z3bP3D+o6iBRlNRqIQDU9opngPqsBB8GaoWJEeoI1vNF16jcemdI88O8hDllHkoHP+5wSMFLXzrfpkGNoay7x7UNy6p6Vxl274BSdCfAycWekgGaodu2fdi+gkWQ+UEG0brlOCJ2EKOBUsHGuHWkWEjoiA9Yy1CeS6U4yCT/Gx0bp4X6gzPMBT9S/GwmRWsfSM5OSwFAveqn4r+fJucsJPKUH9EIc6F92Eu6HETCfTtP0I4EhwGlduMcVoyBiQwhV3HwI0yFRhIIpNWeachd7WSb1UtE9L5bvyoXK1ayzLDpER+gEuegCVdANqqIaoihGz+gVvVkv1rv1YX1ORzPWbCeP5mB9/wK6o6Nv</latexit>

�t ⇠ N�1/2

<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="HQ6S3nVJIyDu0heVjLWtIKFBqZg=">AAACDXicbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUL9gHtUDLpnTY0yQxJRixDv8CFG/0Ud+LWb/BL3JppZ2FbDwQO59zLPTlBzJk2rvvtFNbWNza3itulnd29/YPy4VFLR4mi0KQRj1QnIBo4k9A0zHDoxAqICDi0g/Fd5rcfQWkWyQczicEXZChZyCgxVmp4/XLFrboz4FXi5aSCctT75Z/eIKKJAGkoJ1p3PTc2fkqUYZTDtNRLNMSEjskQupZKIkD76SzoFJ9ZZYDDSNknDZ6pfzdSIrSeiMBOCmJGetnLxH+9QCxcTs1TdkAvxTHhjZ8yGScGJJ2nCROOTYSzavCAKaCGTywhVDH7IUxHRBFqbIEl25S33MsqaV1UvavqZeOyUrvNOyuiE3SKzpGHrlEN3aM6aiKKAD2jV/TmvDjvzofzOR8tOPnOMVqA8/ULQnOcbw==</latexit>

1
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⇠�2

<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="85PxhNBD164A9TL/zjdh5ct7MWE=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D2ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqXOdLg==</latexit>

N0
<latexit sha1_base64="n+v+f40ixXyVRCwrqM+Sl5ini/c=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D1ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqxydLw==</latexit>

N1

<latexit sha1_base64="vcjnLwTTEFDFpX2Meono+QUqLdg=">AAACJHicbVC7TsMwFHXKq5RXAImFxaJCYqEkpQLGChYGhIpEH1LTVo7rtlbtJLId1CrkZxhY4FPYEAMLv8GK02aghSNZOjrnXt3j4waMSmVZn0ZmYXFpeSW7mltb39jcMrd3atIPBSZV7DNfNFwkCaMeqSqqGGkEgiDuMlJ3h1eJX38gQlLfu1fjgLQ46nu0RzFSWuqYe86ItqPjYty5cSTl8LYdFU9O446ZtwrWBPAvsVOSBykqHfPb6fo45MRTmCEpm7YVqFaEhKKYkTjnhJIECA9RnzQ19RAnshVN8sfwUCtd2POFfp6CE/X3RoS4lGPu6kmO1EDOe4n4r+fymcuRGiUH5Fwc1btoRdQLQkU8PE3TCxlUPkwag10qCFZsrAnCguoPQTxAAmGle83ppuz5Xv6SWrFgnxVKd6V8+TLtLAv2wQE4AjY4B2VwDSqgCjB4BE/gBbwaz8ab8W58TEczRrqzC2ZgfP0AbLuk2w==</latexit>

⇠�2
L ⇠ N2/3

<latexit sha1_base64="HIXxRUk43Gmby+e9z/xLsLXyxd8=">AAACIXicbVDLSgMxFM34rPU12qWbYBHcWGdqUZdFN66kgn1AZyyZNG1Dk5khuSOWod/iwo1+ijtxJ36IW9PHwrYeCBzOuZd7coJYcA2O82UtLa+srq1nNrKbW9s7u/befk1HiaKsSiMRqUZANBM8ZFXgIFgjVozIQLB60L8e+fVHpjSPwnsYxMyXpBvyDqcEjNSycx7tcQye5hLfPqQnxdOzYcvOOwVnDLxI3CnJoykqLfvHa0c0kSwEKojWTdeJwU+JAk4FG2a9RLOY0D7psqahIZFM++k4/BAfGaWNO5EyLwQ8Vv9upERqPZCBmZQEenreG4n/eoGcuZzC0+iAnosDnUs/5WGcAAvpJE0nERgiPKoLt7liFMTAEEIVNx/CtEcUoWBKzZqm3PleFkmtWHDPC6W7Ur58Ne0sgw7QITpGLrpAZXSDKqiKKBqgZ/SK3qwX6936sD4no0vWdCeHZmB9/wK9+aNx</latexit>

�t ⇠ N�2/3

<latexit sha1_base64="edevGOq+z526gdelBdR1Wp3zPwA=">AAACHnicbVBPS8MwHE3nvzn/VT16CQ7B02hlqBdh6EU8TXBzsJWSZukWlqQlSYej9Jt48KIfxZt41U/i1XTrwW0+CDze+/34vbwgZlRpx/m2Siura+sb5c3K1vbO7p69f9BWUSIxaeGIRbITIEUYFaSlqWakE0uCeMDIYzC6yf3HMZGKRuJBT2LicTQQNKQYaSP5tt25uvPTHkd6GISpyDLfrjo1Zwq4TNyCVEGBpm//9PoRTjgRGjOkVNd1Yu2lSGqKGckqvUSRGOERGpCuoQJxorx0mjyDJ0bpwzCS5gkNp+rfjRRxpSY8MJN5RLXo5eK/XsDnLqf6KT+gFuLo8NJLqYgTTQSepQkTBnUE865gn0qCNZsYgrCk5kMQD5FEWJtGK6Ypd7GXZdI+q7nntfp9vdq4LjorgyNwDE6BCy5AA9yCJmgBDMbgGbyCN+vFerc+rM/ZaMkqdg7BHKyvX2zZo28=</latexit>

X = Jn

<latexit sha1_base64="NdrEzmJUzUgUe+rJFBm4IP4sR/o="></latexit>

max
X2O
⇠�2 =

|h[Jm, X]i|2

N(�X)2

Kitagawa & Ueda, PRA 47 5138 (1993)



Sensitivity Gain (log)

SCALING OF QUANTUM SENSITIVITY ENHANCEMENTS
<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="85PxhNBD164A9TL/zjdh5ct7MWE=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D2ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqXOdLg==</latexit>

N0
<latexit sha1_base64="n+v+f40ixXyVRCwrqM+Sl5ini/c=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D1ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqxydLw==</latexit>

N1

<latexit sha1_base64="vcjnLwTTEFDFpX2Meono+QUqLdg=">AAACJHicbVC7TsMwFHXKq5RXAImFxaJCYqEkpQLGChYGhIpEH1LTVo7rtlbtJLId1CrkZxhY4FPYEAMLv8GK02aghSNZOjrnXt3j4waMSmVZn0ZmYXFpeSW7mltb39jcMrd3atIPBSZV7DNfNFwkCaMeqSqqGGkEgiDuMlJ3h1eJX38gQlLfu1fjgLQ46nu0RzFSWuqYe86ItqPjYty5cSTl8LYdFU9O446ZtwrWBPAvsVOSBykqHfPb6fo45MRTmCEpm7YVqFaEhKKYkTjnhJIECA9RnzQ19RAnshVN8sfwUCtd2POFfp6CE/X3RoS4lGPu6kmO1EDOe4n4r+fymcuRGiUH5Fwc1btoRdQLQkU8PE3TCxlUPkwag10qCFZsrAnCguoPQTxAAmGle83ppuz5Xv6SWrFgnxVKd6V8+TLtLAv2wQE4AjY4B2VwDSqgCjB4BE/gBbwaz8ab8W58TEczRrqzC2ZgfP0AbLuk2w==</latexit>

⇠�2
L ⇠ N2/3

<latexit sha1_base64="HIXxRUk43Gmby+e9z/xLsLXyxd8=">AAACIXicbVDLSgMxFM34rPU12qWbYBHcWGdqUZdFN66kgn1AZyyZNG1Dk5khuSOWod/iwo1+ijtxJ36IW9PHwrYeCBzOuZd7coJYcA2O82UtLa+srq1nNrKbW9s7u/befk1HiaKsSiMRqUZANBM8ZFXgIFgjVozIQLB60L8e+fVHpjSPwnsYxMyXpBvyDqcEjNSycx7tcQye5hLfPqQnxdOzYcvOOwVnDLxI3CnJoykqLfvHa0c0kSwEKojWTdeJwU+JAk4FG2a9RLOY0D7psqahIZFM++k4/BAfGaWNO5EyLwQ8Vv9upERqPZCBmZQEenreG4n/eoGcuZzC0+iAnosDnUs/5WGcAAvpJE0nERgiPKoLt7liFMTAEEIVNx/CtEcUoWBKzZqm3PleFkmtWHDPC6W7Ur58Ne0sgw7QITpGLrpAZXSDKqiKKBqgZ/SK3qwX6936sD4no0vWdCeHZmB9/wK9+aNx</latexit>

�t ⇠ N�2/3

<latexit sha1_base64="edevGOq+z526gdelBdR1Wp3zPwA=">AAACHnicbVBPS8MwHE3nvzn/VT16CQ7B02hlqBdh6EU8TXBzsJWSZukWlqQlSYej9Jt48KIfxZt41U/i1XTrwW0+CDze+/34vbwgZlRpx/m2Siura+sb5c3K1vbO7p69f9BWUSIxaeGIRbITIEUYFaSlqWakE0uCeMDIYzC6yf3HMZGKRuJBT2LicTQQNKQYaSP5tt25uvPTHkd6GISpyDLfrjo1Zwq4TNyCVEGBpm//9PoRTjgRGjOkVNd1Yu2lSGqKGckqvUSRGOERGpCuoQJxorx0mjyDJ0bpwzCS5gkNp+rfjRRxpSY8MJN5RLXo5eK/XsDnLqf6KT+gFuLo8NJLqYgTTQSepQkTBnUE865gn0qCNZsYgrCk5kMQD5FEWJtGK6Ypd7GXZdI+q7nntfp9vdq4LjorgyNwDE6BCy5AA9yCJmgBDMbgGbyCN+vFerc+rM/ZaMkqdg7BHKyvX2zZo28=</latexit>

X = Jn

<latexit sha1_base64="NdrEzmJUzUgUe+rJFBm4IP4sR/o="></latexit>

max
X2O
⇠�2 =

|h[Jm, X]i|2

N(�X)2

<latexit sha1_base64="ZkDdwgl73ix0C+iLaSXf2gpitKg=">AAACFnicdVC7TsMwFHV4lvIqMLJYVEgsREkooWwVLAwMRaIP0YbKcZ3WquNEtoNaRf0LBhb4FDbEysqXsOI+kGgFR7J0dM69usfHjxmVyrI+jYXFpeWV1cxadn1jc2s7t7NblVEiMKngiEWi7iNJGOWkoqhipB4LgkKfkZrfuxz5tQciJI34rRrExAtRh9OAYqS0dNfs0/v02Bm2rlu5vGUWi+6560DLdFzr1CpqYtuOe+JA27TGyIMpyq3cV7Md4SQkXGGGpGzYVqy8FAlFMSPDbDORJEa4hzqkoSlHIZFeOk48hIdaacMgEvpxBcfq740UhVIOQl9Phkh15bw3Ev/0/HDmcqr6owNyLo4Kil5KeZwowvEkTZAwqCI46gi2qSBYsYEmCAuqPwRxFwmElW4yq5v6qQP+T6qOabtm4aaQL11MO8uAfXAAjoANzkAJXIEyqAAMOHgEz+DFeDJejTfjfTK6YEx39sAMjI9vyBWggA==</latexit>

⇠�2
L

Kitagawa & Ueda, PRA 47 5138 (1993)



Sensitivity Gain (log)

SCALING OF QUANTUM SENSITIVITY ENHANCEMENTS
<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="85PxhNBD164A9TL/zjdh5ct7MWE=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D2ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqXOdLg==</latexit>

N0
<latexit sha1_base64="n+v+f40ixXyVRCwrqM+Sl5ini/c=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D1ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqxydLw==</latexit>

N1

<latexit sha1_base64="NdrEzmJUzUgUe+rJFBm4IP4sR/o="></latexit>

max
X2O
⇠�2 =

|h[Jm, X]i|2

N(�X)2

<latexit sha1_base64="ZkDdwgl73ix0C+iLaSXf2gpitKg=">AAACFnicdVC7TsMwFHV4lvIqMLJYVEgsREkooWwVLAwMRaIP0YbKcZ3WquNEtoNaRf0LBhb4FDbEysqXsOI+kGgFR7J0dM69usfHjxmVyrI+jYXFpeWV1cxadn1jc2s7t7NblVEiMKngiEWi7iNJGOWkoqhipB4LgkKfkZrfuxz5tQciJI34rRrExAtRh9OAYqS0dNfs0/v02Bm2rlu5vGUWi+6560DLdFzr1CpqYtuOe+JA27TGyIMpyq3cV7Md4SQkXGGGpGzYVqy8FAlFMSPDbDORJEa4hzqkoSlHIZFeOk48hIdaacMgEvpxBcfq740UhVIOQl9Phkh15bw3Ev/0/HDmcqr6owNyLo4Kil5KeZwowvEkTZAwqCI46gi2qSBYsYEmCAuqPwRxFwmElW4yq5v6qQP+T6qOabtm4aaQL11MO8uAfXAAjoANzkAJXIEyqAAMOHgEz+DFeDJejTfjfTK6YEx39sAMjI9vyBWggA==</latexit>

⇠�2
L

Y. Baamara, A. Sinatra, and M. Gessner, 
Phys. Rev. Lett. 127, 160501 (2021); 

Comptes Rendus. Phys. 23, 1 (2022).

<latexit sha1_base64="FofaT0clE3pyqRUFvXPH9MzEXGw="></latexit>

X = mnJn + mxz{Jx, Jz}



Sensitivity Gain (log)

SCALING OF QUANTUM SENSITIVITY ENHANCEMENTS
<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="85PxhNBD164A9TL/zjdh5ct7MWE=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D2ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqXOdLg==</latexit>

N0
<latexit sha1_base64="n+v+f40ixXyVRCwrqM+Sl5ini/c=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D1ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqxydLw==</latexit>

N1

<latexit sha1_base64="NdrEzmJUzUgUe+rJFBm4IP4sR/o="></latexit>

max
X2O
⇠�2 =

|h[Jm, X]i|2

N(�X)2

<latexit sha1_base64="ZkDdwgl73ix0C+iLaSXf2gpitKg=">AAACFnicdVC7TsMwFHV4lvIqMLJYVEgsREkooWwVLAwMRaIP0YbKcZ3WquNEtoNaRf0LBhb4FDbEysqXsOI+kGgFR7J0dM69usfHjxmVyrI+jYXFpeWV1cxadn1jc2s7t7NblVEiMKngiEWi7iNJGOWkoqhipB4LgkKfkZrfuxz5tQciJI34rRrExAtRh9OAYqS0dNfs0/v02Bm2rlu5vGUWi+6560DLdFzr1CpqYtuOe+JA27TGyIMpyq3cV7Md4SQkXGGGpGzYVqy8FAlFMSPDbDORJEa4hzqkoSlHIZFeOk48hIdaacMgEvpxBcfq740UhVIOQl9Phkh15bw3Ev/0/HDmcqr6owNyLo4Kil5KeZwowvEkTZAwqCI46gi2qSBYsYEmCAuqPwRxFwmElW4yq5v6qQP+T6qOabtm4aaQL11MO8uAfXAAjoANzkAJXIEyqAAMOHgEz+DFeDJejTfjfTK6YEx39sAMjI9vyBWggA==</latexit>

⇠�2
L

Y. Baamara, A. Sinatra, and M. Gessner, 
Phys. Rev. Lett. 127, 160501 (2021); 

Comptes Rendus. Phys. 23, 1 (2022).

<latexit sha1_base64="FofaT0clE3pyqRUFvXPH9MzEXGw="></latexit>

X = mnJn + mxz{Jx, Jz}
<latexit sha1_base64="35C5vep0X2EKvLPfhRQqMBhF5rc=">AAACIXicbVDLTgIxFO34RHyNsnTTSEzciDOKjyXRjSuDiTwSBkmnFGhoZybtHSOZ8C0u3OinuDPujB/i1g6wEPAkTU7OuTf39PiR4Boc58taWFxaXlnNrGXXNza3tu2d3aoOY0VZhYYiVHWfaCZ4wCrAQbB6pBiRvmA1v3+d+rVHpjQPg3sYRKwpSTfgHU4JGKll5zza4xg8zSW+fUiOTo/Phi077xScEfA8cSckjyYot+wfrx3SWLIAqCBaN1wngmZCFHAq2DDrxZpFhPZJlzUMDYhkupmMwg/xgVHauBMq8wLAI/XvRkKk1gPpm0lJoKdnvVT81/Pl1OUEntIDeiYOdC6bCQ+iGFhAx2k6scAQ4rQu3OaKURADQwhV3HwI0x5RhIIpNWuacmd7mSfVk4J7XijeFfOlq0lnGbSH9tEhctEFKqEbVEYVRNEAPaNX9Ga9WO/Wh/U5Hl2wJjs5NAXr+xfC+aN0</latexit>

�t ⇠ N�3/5

<latexit sha1_base64="EAaZKFDR/BfaEktxOH9zzKIQUTo=">AAACJ3icbVDLSsNAFJ3UV62vqCtxM1gEN9ak1Mey6MaFlAr2AX2EyXTSDp1JwsxEWkLwa1y40U9xJ7r0K9w6fSxs64ELh3Pu5d573JBRqSzry0gtLa+srqXXMxubW9s75u5eVQaRwKSCAxaIuoskYdQnFUUVI/VQEMRdRmpu/2bk1x6JkDTwH9QwJC2Ouj71KEZKS4550BzQdnyaT5y4dJc0JeWw1I4LZ+eJY2atnDUGXCT2lGTBFGXH/Gl2Ahxx4ivMkJQN2wpVK0ZCUcxIkmlGkoQI91GXNDT1ESeyFY9fSOCxVjrQC4QuX8Gx+nciRlzKIXd1J0eqJ+e9kfiv5/KZzbEajBbIuXOUd9WKqR9Givh4co0XMagCOAoNdqggWLGhJggLqh+CuIcEwkpHm9FJ2fO5LJJqPmdf5Ar3hWzxeppZGhyCI3ACbHAJiuAWlEEFYPAEnsEreDNejHfjw/ictKaM6cw+mIHx/QscWqZD</latexit>

⇠�2
NL ⇠ N4/5



Sensitivity Gain (log)

SCALING OF QUANTUM SENSITIVITY ENHANCEMENTS
<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="85PxhNBD164A9TL/zjdh5ct7MWE=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D2ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqXOdLg==</latexit>

N0
<latexit sha1_base64="n+v+f40ixXyVRCwrqM+Sl5ini/c=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D1ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqxydLw==</latexit>

N1

<latexit sha1_base64="NdrEzmJUzUgUe+rJFBm4IP4sR/o="></latexit>

max
X2O
⇠�2 =

|h[Jm, X]i|2

N(�X)2

<latexit sha1_base64="ZkDdwgl73ix0C+iLaSXf2gpitKg=">AAACFnicdVC7TsMwFHV4lvIqMLJYVEgsREkooWwVLAwMRaIP0YbKcZ3WquNEtoNaRf0LBhb4FDbEysqXsOI+kGgFR7J0dM69usfHjxmVyrI+jYXFpeWV1cxadn1jc2s7t7NblVEiMKngiEWi7iNJGOWkoqhipB4LgkKfkZrfuxz5tQciJI34rRrExAtRh9OAYqS0dNfs0/v02Bm2rlu5vGUWi+6560DLdFzr1CpqYtuOe+JA27TGyIMpyq3cV7Md4SQkXGGGpGzYVqy8FAlFMSPDbDORJEa4hzqkoSlHIZFeOk48hIdaacMgEvpxBcfq740UhVIOQl9Phkh15bw3Ev/0/HDmcqr6owNyLo4Kil5KeZwowvEkTZAwqCI46gi2qSBYsYEmCAuqPwRxFwmElW4yq5v6qQP+T6qOabtm4aaQL11MO8uAfXAAjoANzkAJXIEyqAAMOHgEz+DFeDJejTfjfTK6YEx39sAMjI9vyBWggA==</latexit>

⇠�2
L

Y. Baamara, A. Sinatra, and M. Gessner, 
Phys. Rev. Lett. 127, 160501 (2021); 

Comptes Rendus. Phys. 23, 1 (2022).

<latexit sha1_base64="FofaT0clE3pyqRUFvXPH9MzEXGw="></latexit>

X = mnJn + mxz{Jx, Jz}
<latexit sha1_base64="35C5vep0X2EKvLPfhRQqMBhF5rc=">AAACIXicbVDLTgIxFO34RHyNsnTTSEzciDOKjyXRjSuDiTwSBkmnFGhoZybtHSOZ8C0u3OinuDPujB/i1g6wEPAkTU7OuTf39PiR4Boc58taWFxaXlnNrGXXNza3tu2d3aoOY0VZhYYiVHWfaCZ4wCrAQbB6pBiRvmA1v3+d+rVHpjQPg3sYRKwpSTfgHU4JGKll5zza4xg8zSW+fUiOTo/Phi077xScEfA8cSckjyYot+wfrx3SWLIAqCBaN1wngmZCFHAq2DDrxZpFhPZJlzUMDYhkupmMwg/xgVHauBMq8wLAI/XvRkKk1gPpm0lJoKdnvVT81/Pl1OUEntIDeiYOdC6bCQ+iGFhAx2k6scAQ4rQu3OaKURADQwhV3HwI0x5RhIIpNWuacmd7mSfVk4J7XijeFfOlq0lnGbSH9tEhctEFKqEbVEYVRNEAPaNX9Ga9WO/Wh/U5Hl2wJjs5NAXr+xfC+aN0</latexit>

�t ⇠ N�3/5

<latexit sha1_base64="EAaZKFDR/BfaEktxOH9zzKIQUTo=">AAACJ3icbVDLSsNAFJ3UV62vqCtxM1gEN9ak1Mey6MaFlAr2AX2EyXTSDp1JwsxEWkLwa1y40U9xJ7r0K9w6fSxs64ELh3Pu5d573JBRqSzry0gtLa+srqXXMxubW9s75u5eVQaRwKSCAxaIuoskYdQnFUUVI/VQEMRdRmpu/2bk1x6JkDTwH9QwJC2Ouj71KEZKS4550BzQdnyaT5y4dJc0JeWw1I4LZ+eJY2atnDUGXCT2lGTBFGXH/Gl2Ahxx4ivMkJQN2wpVK0ZCUcxIkmlGkoQI91GXNDT1ESeyFY9fSOCxVjrQC4QuX8Gx+nciRlzKIXd1J0eqJ+e9kfiv5/KZzbEajBbIuXOUd9WKqR9Givh4co0XMagCOAoNdqggWLGhJggLqh+CuIcEwkpHm9FJ2fO5LJJqPmdf5Ar3hWzxeppZGhyCI3ACbHAJiuAWlEEFYPAEnsEreDNejHfjw/ictKaM6cw+mIHx/QscWqZD</latexit>

⇠�2
NL ⇠ N4/5

<latexit sha1_base64="FLaBq1TfNxGe1CIqaO9O6B5GXqM=">AAACGXicdVDLSgMxFM3UV62vqks3wSK4cZhpp69d0Y0LkQr2Ae1YMmmmDc08TDLSMvQ7XLjRT3Enbl35JW5NH4IteiBwOOde7slxQkaFNIxPLbGyura+kdxMbW3v7O6l9w/qIog4JjUcsIA3HSQIoz6pSSoZaYacIM9hpOEMLiZ+44FwQQP/Vo5CYnuo51OXYiSVZLeH9C4+y4478fXVuJPOGHrJskqGBQ09nzWLhbIiRjFXzuWhqRtTZMAc1U76q90NcOQRX2KGhGiZRijtGHFJMSPjVDsSJER4gHqkpaiPPCLseBp6DE+U0oVuwNXzJZyqvzdi5Akx8hw16SHZF8veRPzTc7yFy7EcTg6IpTjSLdkx9cNIEh/P0rgRgzKAk5pgl3KCJRspgjCn6kMQ9xFHWKoyU6qpnzrg/6Se1c2Cbt1Ymcr5vLMkOALH4BSYoAgq4BJUQQ1gcA8ewTN40Z60V+1Ne5+NJrT5ziFYgPbxDXAooe4=</latexit>

⇠�2
NL



Sensitivity Gain (log)

SCALING OF QUANTUM SENSITIVITY ENHANCEMENTS
<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="85PxhNBD164A9TL/zjdh5ct7MWE=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D2ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqXOdLg==</latexit>

N0
<latexit sha1_base64="n+v+f40ixXyVRCwrqM+Sl5ini/c=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D1ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqxydLw==</latexit>

N1

<latexit sha1_base64="NdrEzmJUzUgUe+rJFBm4IP4sR/o="></latexit>

max
X2O
⇠�2 =

|h[Jm, X]i|2

N(�X)2

<latexit sha1_base64="ZkDdwgl73ix0C+iLaSXf2gpitKg=">AAACFnicdVC7TsMwFHV4lvIqMLJYVEgsREkooWwVLAwMRaIP0YbKcZ3WquNEtoNaRf0LBhb4FDbEysqXsOI+kGgFR7J0dM69usfHjxmVyrI+jYXFpeWV1cxadn1jc2s7t7NblVEiMKngiEWi7iNJGOWkoqhipB4LgkKfkZrfuxz5tQciJI34rRrExAtRh9OAYqS0dNfs0/v02Bm2rlu5vGUWi+6560DLdFzr1CpqYtuOe+JA27TGyIMpyq3cV7Md4SQkXGGGpGzYVqy8FAlFMSPDbDORJEa4hzqkoSlHIZFeOk48hIdaacMgEvpxBcfq740UhVIOQl9Phkh15bw3Ev/0/HDmcqr6owNyLo4Kil5KeZwowvEkTZAwqCI46gi2qSBYsYEmCAuqPwRxFwmElW4yq5v6qQP+T6qOabtm4aaQL11MO8uAfXAAjoANzkAJXIEyqAAMOHgEz+DFeDJejTfjfTK6YEx39sAMjI9vyBWggA==</latexit>

⇠�2
L

<latexit sha1_base64="FLaBq1TfNxGe1CIqaO9O6B5GXqM=">AAACGXicdVDLSgMxFM3UV62vqks3wSK4cZhpp69d0Y0LkQr2Ae1YMmmmDc08TDLSMvQ7XLjRT3Enbl35JW5NH4IteiBwOOde7slxQkaFNIxPLbGyura+kdxMbW3v7O6l9w/qIog4JjUcsIA3HSQIoz6pSSoZaYacIM9hpOEMLiZ+44FwQQP/Vo5CYnuo51OXYiSVZLeH9C4+y4478fXVuJPOGHrJskqGBQ09nzWLhbIiRjFXzuWhqRtTZMAc1U76q90NcOQRX2KGhGiZRijtGHFJMSPjVDsSJER4gHqkpaiPPCLseBp6DE+U0oVuwNXzJZyqvzdi5Akx8hw16SHZF8veRPzTc7yFy7EcTg6IpTjSLdkx9cNIEh/P0rgRgzKAk5pgl3KCJRspgjCn6kMQ9xFHWKoyU6qpnzrg/6Se1c2Cbt1Ymcr5vLMkOALH4BSYoAgq4BJUQQ1gcA8ewTN40Z60V+1Ne5+NJrT5ziFYgPbxDXAooe4=</latexit>

⇠�2
NL

<latexit sha1_base64="moU3u4XBWiQPZRvFIWNboG3iC84=">AAACU3icbVFNSwMxEE3XqrVarXr0EixSQSi7pajHogjiqYL9gLaWbJptQ5PsmmTFsuwv8td48KD+EA9ezLY9uK0DgTfvzTAzL27AqNK2/ZGx1rLrG5u5rfz2TmF3r7h/0FJ+KDFpYp/5suMiRRgVpKmpZqQTSIK4y0jbnVwnevuZSEV98aCnAelzNBLUoxhpQw2KN52eopw8QT6IehzpsetFIo7vUtlZSiyn1XL8WB0US3bFngVcBc4ClMAiGoPid2/o45AToTFDSnUdO9D9CElNMSNxvhcqEiA8QSPSNVAgTlQ/mp0bwxPDDKHnS/OEhjP2b0eEuFJT7prKZEu1rCXkv5rLU5Mj/ZIMUEvraO+yH1ERhJoIPN/GCxnUPkwMhkMqCdZsagDCkpqDIB4jibA235A3TjnLvqyCVrXinFdq97VS/WrhWQ4cgWNwChxwAergFjRAE2DwCt7AJ/jKvGd+LMvKzkutzKLnEKTCKvwCloS3sA==</latexit>

X ' mnJn + mn0 J2
n0

Y. Baamara, A. Sinatra, and M. Gessner, 
Phys. Rev. Lett. 127, 160501 (2021); 

Comptes Rendus. Phys. 23, 1 (2022).



Sensitivity Gain (log)

SCALING OF QUANTUM SENSITIVITY ENHANCEMENTS
<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="85PxhNBD164A9TL/zjdh5ct7MWE=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D2ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqXOdLg==</latexit>

N0
<latexit sha1_base64="n+v+f40ixXyVRCwrqM+Sl5ini/c=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D1ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqxydLw==</latexit>

N1

<latexit sha1_base64="NdrEzmJUzUgUe+rJFBm4IP4sR/o="></latexit>

max
X2O
⇠�2 =

|h[Jm, X]i|2

N(�X)2

<latexit sha1_base64="ZkDdwgl73ix0C+iLaSXf2gpitKg=">AAACFnicdVC7TsMwFHV4lvIqMLJYVEgsREkooWwVLAwMRaIP0YbKcZ3WquNEtoNaRf0LBhb4FDbEysqXsOI+kGgFR7J0dM69usfHjxmVyrI+jYXFpeWV1cxadn1jc2s7t7NblVEiMKngiEWi7iNJGOWkoqhipB4LgkKfkZrfuxz5tQciJI34rRrExAtRh9OAYqS0dNfs0/v02Bm2rlu5vGUWi+6560DLdFzr1CpqYtuOe+JA27TGyIMpyq3cV7Md4SQkXGGGpGzYVqy8FAlFMSPDbDORJEa4hzqkoSlHIZFeOk48hIdaacMgEvpxBcfq740UhVIOQl9Phkh15bw3Ev/0/HDmcqr6owNyLo4Kil5KeZwowvEkTZAwqCI46gi2qSBYsYEmCAuqPwRxFwmElW4yq5v6qQP+T6qOabtm4aaQL11MO8uAfXAAjoANzkAJXIEyqAAMOHgEz+DFeDJejTfjfTK6YEx39sAMjI9vyBWggA==</latexit>

⇠�2
L

<latexit sha1_base64="FLaBq1TfNxGe1CIqaO9O6B5GXqM=">AAACGXicdVDLSgMxFM3UV62vqks3wSK4cZhpp69d0Y0LkQr2Ae1YMmmmDc08TDLSMvQ7XLjRT3Enbl35JW5NH4IteiBwOOde7slxQkaFNIxPLbGyura+kdxMbW3v7O6l9w/qIog4JjUcsIA3HSQIoz6pSSoZaYacIM9hpOEMLiZ+44FwQQP/Vo5CYnuo51OXYiSVZLeH9C4+y4478fXVuJPOGHrJskqGBQ09nzWLhbIiRjFXzuWhqRtTZMAc1U76q90NcOQRX2KGhGiZRijtGHFJMSPjVDsSJER4gHqkpaiPPCLseBp6DE+U0oVuwNXzJZyqvzdi5Akx8hw16SHZF8veRPzTc7yFy7EcTg6IpTjSLdkx9cNIEh/P0rgRgzKAk5pgl3KCJRspgjCn6kMQ9xFHWKoyU6qpnzrg/6Se1c2Cbt1Ymcr5vLMkOALH4BSYoAgq4BJUQQ1gcA8ewTN40Z60V+1Ne5+NJrT5ziFYgPbxDXAooe4=</latexit>

⇠�2
NL

<latexit sha1_base64="moU3u4XBWiQPZRvFIWNboG3iC84=">AAACU3icbVFNSwMxEE3XqrVarXr0EixSQSi7pajHogjiqYL9gLaWbJptQ5PsmmTFsuwv8td48KD+EA9ezLY9uK0DgTfvzTAzL27AqNK2/ZGx1rLrG5u5rfz2TmF3r7h/0FJ+KDFpYp/5suMiRRgVpKmpZqQTSIK4y0jbnVwnevuZSEV98aCnAelzNBLUoxhpQw2KN52eopw8QT6IehzpsetFIo7vUtlZSiyn1XL8WB0US3bFngVcBc4ClMAiGoPid2/o45AToTFDSnUdO9D9CElNMSNxvhcqEiA8QSPSNVAgTlQ/mp0bwxPDDKHnS/OEhjP2b0eEuFJT7prKZEu1rCXkv5rLU5Mj/ZIMUEvraO+yH1ERhJoIPN/GCxnUPkwMhkMqCdZsagDCkpqDIB4jibA235A3TjnLvqyCVrXinFdq97VS/WrhWQ4cgWNwChxwAergFjRAE2DwCt7AJ/jKvGd+LMvKzkutzKLnEKTCKvwCloS3sA==</latexit>

X ' mnJn + mn0 J2
n0

<latexit sha1_base64="lJNjmQ5CViPMzC/M9l16hVhu3Ho=">AAACJnicbVDLTsJAFJ3iC/FVdWPiZiIxcSO2hIBLohtXBhJ5JBTIdBhgwkzbzEwNpKlf48KNfoo7Y9z5F26dAgsBT3KTk3Puzb33uAGjUlnWl5FaW9/Y3EpvZ3Z29/YPzMOjuvRDgUkN+8wXTRdJwqhHaooqRpqBIIi7jDTc0W3iNx6JkNT3HtQkIG2OBh7tU4yUlrrmiTOmnegyH3ejauxIyuF9JypeleKumbVy1hRwldhzkgVzVLrmj9PzcciJpzBDUrZsK1DtCAlFMSNxxgklCRAeoQFpaeohTmQ7mn4Qw3Ot9GDfF7o8Bafq34kIcSkn3NWdHKmhXPYS8V/P5QubIzVOFsilc1T/uh1RLwgV8fDsmn7IoPJhkhnsUUGwYhNNEBZUPwTxEAmElU42o5Oyl3NZJfV8zi7mCtVCtnwzzywNTsEZuAA2KIEyuAMVUAMYPIFn8ArejBfj3fgwPmetKWM+cwwWYHz/AnyhpfQ=</latexit>

⇠�2
Q ⇠ N6/7

<latexit sha1_base64="XBzXP+oEDFmwPo2CBbA8BKIaOzc=">AAACIXicbVDLTgIxFO3gC/GFsnTTSEzciDOGiEuiG1cGE3kkzEg6pUBDOzNp7xjJhG9x4UY/xZ1xZ/wQt3aAhYAnaXJyzr25p8ePBNdg219WZmV1bX0ju5nb2t7Z3cvvHzR0GCvK6jQUoWr5RDPBA1YHDoK1IsWI9AVr+sPr1G8+MqV5GNzDKGKeJP2A9zglYKROvuDSAcfgai7x7UNyWj6rjDv5ol2yJ8DLxJmRIpqh1sn/uN2QxpIFQAXRuu3YEXgJUcCpYOOcG2sWETokfdY2NCCSaS+ZhB/jY6N0cS9U5gWAJ+rfjYRIrUfSN5OSwEAveqn4r+fLucsJPKUH9EIc6F16CQ+iGFhAp2l6scAQ4rQu3OWKURAjQwhV3HwI0wFRhIIpNWeachZ7WSaN85JzUSrflYvVq1lnWXSIjtAJclAFVdENqqE6omiEntErerNerHfrw/qcjmas2U4BzcH6/gXH+aN3</latexit>

�t ⇠ N�4/7

Y. Baamara, A. Sinatra, and M. Gessner, 
Phys. Rev. Lett. 127, 160501 (2021); 

Comptes Rendus. Phys. 23, 1 (2022).



Sensitivity Gain (log)

SCALING OF QUANTUM SENSITIVITY ENHANCEMENTS
<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="85PxhNBD164A9TL/zjdh5ct7MWE=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D2ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqXOdLg==</latexit>

N0
<latexit sha1_base64="n+v+f40ixXyVRCwrqM+Sl5ini/c=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D1ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqxydLw==</latexit>

N1

<latexit sha1_base64="NdrEzmJUzUgUe+rJFBm4IP4sR/o="></latexit>

max
X2O
⇠�2 =

|h[Jm, X]i|2

N(�X)2

<latexit sha1_base64="ZkDdwgl73ix0C+iLaSXf2gpitKg=">AAACFnicdVC7TsMwFHV4lvIqMLJYVEgsREkooWwVLAwMRaIP0YbKcZ3WquNEtoNaRf0LBhb4FDbEysqXsOI+kGgFR7J0dM69usfHjxmVyrI+jYXFpeWV1cxadn1jc2s7t7NblVEiMKngiEWi7iNJGOWkoqhipB4LgkKfkZrfuxz5tQciJI34rRrExAtRh9OAYqS0dNfs0/v02Bm2rlu5vGUWi+6560DLdFzr1CpqYtuOe+JA27TGyIMpyq3cV7Md4SQkXGGGpGzYVqy8FAlFMSPDbDORJEa4hzqkoSlHIZFeOk48hIdaacMgEvpxBcfq740UhVIOQl9Phkh15bw3Ev/0/HDmcqr6owNyLo4Kil5KeZwowvEkTZAwqCI46gi2qSBYsYEmCAuqPwRxFwmElW4yq5v6qQP+T6qOabtm4aaQL11MO8uAfXAAjoANzkAJXIEyqAAMOHgEz+DFeDJejTfjfTK6YEx39sAMjI9vyBWggA==</latexit>

⇠�2
L

<latexit sha1_base64="FLaBq1TfNxGe1CIqaO9O6B5GXqM=">AAACGXicdVDLSgMxFM3UV62vqks3wSK4cZhpp69d0Y0LkQr2Ae1YMmmmDc08TDLSMvQ7XLjRT3Enbl35JW5NH4IteiBwOOde7slxQkaFNIxPLbGyura+kdxMbW3v7O6l9w/qIog4JjUcsIA3HSQIoz6pSSoZaYacIM9hpOEMLiZ+44FwQQP/Vo5CYnuo51OXYiSVZLeH9C4+y4478fXVuJPOGHrJskqGBQ09nzWLhbIiRjFXzuWhqRtTZMAc1U76q90NcOQRX2KGhGiZRijtGHFJMSPjVDsSJER4gHqkpaiPPCLseBp6DE+U0oVuwNXzJZyqvzdi5Akx8hw16SHZF8veRPzTc7yFy7EcTg6IpTjSLdkx9cNIEh/P0rgRgzKAk5pgl3KCJRspgjCn6kMQ9xFHWKoyU6qpnzrg/6Se1c2Cbt1Ymcr5vLMkOALH4BSYoAgq4BJUQQ1gcA8ewTN40Z60V+1Ne5+NJrT5ziFYgPbxDXAooe4=</latexit>

⇠�2
NL

<latexit sha1_base64="moU3u4XBWiQPZRvFIWNboG3iC84=">AAACU3icbVFNSwMxEE3XqrVarXr0EixSQSi7pajHogjiqYL9gLaWbJptQ5PsmmTFsuwv8td48KD+EA9ezLY9uK0DgTfvzTAzL27AqNK2/ZGx1rLrG5u5rfz2TmF3r7h/0FJ+KDFpYp/5suMiRRgVpKmpZqQTSIK4y0jbnVwnevuZSEV98aCnAelzNBLUoxhpQw2KN52eopw8QT6IehzpsetFIo7vUtlZSiyn1XL8WB0US3bFngVcBc4ClMAiGoPid2/o45AToTFDSnUdO9D9CElNMSNxvhcqEiA8QSPSNVAgTlQ/mp0bwxPDDKHnS/OEhjP2b0eEuFJT7prKZEu1rCXkv5rLU5Mj/ZIMUEvraO+yH1ERhJoIPN/GCxnUPkwMhkMqCdZsagDCkpqDIB4jibA235A3TjnLvqyCVrXinFdq97VS/WrhWQ4cgWNwChxwAergFjRAE2DwCt7AJ/jKvGd+LMvKzkutzKLnEKTCKvwCloS3sA==</latexit>

X ' mnJn + mn0 J2
n0

<latexit sha1_base64="lJNjmQ5CViPMzC/M9l16hVhu3Ho=">AAACJnicbVDLTsJAFJ3iC/FVdWPiZiIxcSO2hIBLohtXBhJ5JBTIdBhgwkzbzEwNpKlf48KNfoo7Y9z5F26dAgsBT3KTk3Puzb33uAGjUlnWl5FaW9/Y3EpvZ3Z29/YPzMOjuvRDgUkN+8wXTRdJwqhHaooqRpqBIIi7jDTc0W3iNx6JkNT3HtQkIG2OBh7tU4yUlrrmiTOmnegyH3ejauxIyuF9JypeleKumbVy1hRwldhzkgVzVLrmj9PzcciJpzBDUrZsK1DtCAlFMSNxxgklCRAeoQFpaeohTmQ7mn4Qw3Ot9GDfF7o8Bafq34kIcSkn3NWdHKmhXPYS8V/P5QubIzVOFsilc1T/uh1RLwgV8fDsmn7IoPJhkhnsUUGwYhNNEBZUPwTxEAmElU42o5Oyl3NZJfV8zi7mCtVCtnwzzywNTsEZuAA2KIEyuAMVUAMYPIFn8ArejBfj3fgwPmetKWM+cwwWYHz/AnyhpfQ=</latexit>

⇠�2
Q ⇠ N6/7

<latexit sha1_base64="XBzXP+oEDFmwPo2CBbA8BKIaOzc=">AAACIXicbVDLTgIxFO3gC/GFsnTTSEzciDOGiEuiG1cGE3kkzEg6pUBDOzNp7xjJhG9x4UY/xZ1xZ/wQt3aAhYAnaXJyzr25p8ePBNdg219WZmV1bX0ju5nb2t7Z3cvvHzR0GCvK6jQUoWr5RDPBA1YHDoK1IsWI9AVr+sPr1G8+MqV5GNzDKGKeJP2A9zglYKROvuDSAcfgai7x7UNyWj6rjDv5ol2yJ8DLxJmRIpqh1sn/uN2QxpIFQAXRuu3YEXgJUcCpYOOcG2sWETokfdY2NCCSaS+ZhB/jY6N0cS9U5gWAJ+rfjYRIrUfSN5OSwEAveqn4r+fLucsJPKUH9EIc6F16CQ+iGFhAp2l6scAQ4rQu3OWKURAjQwhV3HwI0wFRhIIpNWeachZ7WSaN85JzUSrflYvVq1lnWXSIjtAJclAFVdENqqE6omiEntErerNerHfrw/qcjmas2U4BzcH6/gXH+aN3</latexit>

�t ⇠ N�4/7

<latexit sha1_base64="DC+TwqAitugKCznr2hlopx6C3bA=">AAACGHicdVDLSgMxFM3UV62vqks3wSK4cZhph2mXRTcuW7APaMeSSdM2NJkZkoy0DPMbLtzop7gTt+78EremD8EWPRA4nHMv9+T4EaNSWdankdnY3Nreye7m9vYPDo/yxydNGcYCkwYOWSjaPpKE0YA0FFWMtCNBEPcZafnjm5nfeiBC0jC4U9OIeBwNAzqgGCktdbsTep9cFdNeUk97+YJlOpVKuWxBy3Qdy3ZdTexSsVgqQ9u05iiAJWq9/Fe3H+KYk0BhhqTs2FakvAQJRTEjaa4bSxIhPEZD0tE0QJxIL5lnTuGFVvpwEAr9AgXn6u+NBHEpp9zXkxypkVz3ZuKfns9XLidqMjsg1+KoQcVLaBDFigR4kWYQM6hCOGsJ9qkgWLGpJggLqj8E8QgJhJXuMqeb+qkD/k+aRdN2TafuFKrXy86y4Aycg0tggzKogltQAw2AQQQewTN4MZ6MV+PNeF+MZozlzilYgfHxDb4KoZE=</latexit>

⇠�2
Q

Y. Baamara, A. Sinatra, and M. Gessner, 
Phys. Rev. Lett. 127, 160501 (2021); 

Comptes Rendus. Phys. 23, 1 (2022).



IMPLEMENTING NONLINEAR MEASUREMENTS

Nonlinear evolution

<latexit sha1_base64="BEbds8HthzaEUm1pMOBt/qTYpvA=">AAACIXicbVDLSgMxFM34rPU12qWbYBHcWGZKUZdFN+Kqgn1AX2TStA1NZobkjliHfosLN/op7sSd+CFuzbSzsK0HAodz7uWeHC8UXIPjfFkrq2vrG5uZrez2zu7evn1wWNNBpCir0kAEquERzQT3WRU4CNYIFSPSE6zuja4Tv/7AlOaBfw/jkLUlGfi8zykBI3XtHOvEZxzfdp86RdyiQ45h0rXzTsGZAi8TNyV5lKLStX9avYBGkvlABdG66TohtGOigFPBJtlWpFlI6IgMWNNQn0im2/E0/ASfGKWH+4Eyzwc8Vf9uxERqPZaemZQEhnrRS8R/PU/OXY7hMTmgF+JA/7Idcz+MgPl0lqYfCQwBTurCPa4YBTE2hFDFzYcwHRJFKJhSs6Ypd7GXZVIrFtzzQumulC9fpZ1l0BE6RqfIRReojG5QBVURRWP0jF7Rm/VivVsf1udsdMVKd3JoDtb3L+XDo4s=</latexit>

e�iJ2
z �t

rotationstate preparation measurement



IMPLEMENTING NONLINEAR MEASUREMENTS

Nonlinear evolution

<latexit sha1_base64="BEbds8HthzaEUm1pMOBt/qTYpvA=">AAACIXicbVDLSgMxFM34rPU12qWbYBHcWGZKUZdFN+Kqgn1AX2TStA1NZobkjliHfosLN/op7sSd+CFuzbSzsK0HAodz7uWeHC8UXIPjfFkrq2vrG5uZrez2zu7evn1wWNNBpCir0kAEquERzQT3WRU4CNYIFSPSE6zuja4Tv/7AlOaBfw/jkLUlGfi8zykBI3XtHOvEZxzfdp86RdyiQ45h0rXzTsGZAi8TNyV5lKLStX9avYBGkvlABdG66TohtGOigFPBJtlWpFlI6IgMWNNQn0im2/E0/ASfGKWH+4Eyzwc8Vf9uxERqPZaemZQEhnrRS8R/PU/OXY7hMTmgF+JA/7Idcz+MgPl0lqYfCQwBTurCPa4YBTE2hFDFzYcwHRJFKJhSs6Ypd7GXZVIrFtzzQumulC9fpZ1l0BE6RqfIRReojG5QBVURRWP0jF7Rm/VivVsf1udsdMVKd3JoDtb3L+XDo4s=</latexit>

e�iJ2
z �t

Nonlinear observable

rotationstate preparation measurement



IMPLEMENTING NONLINEAR MEASUREMENTS

Nonlinear evolution

<latexit sha1_base64="BEbds8HthzaEUm1pMOBt/qTYpvA=">AAACIXicbVDLSgMxFM34rPU12qWbYBHcWGZKUZdFN+Kqgn1AX2TStA1NZobkjliHfosLN/op7sSd+CFuzbSzsK0HAodz7uWeHC8UXIPjfFkrq2vrG5uZrez2zu7evn1wWNNBpCir0kAEquERzQT3WRU4CNYIFSPSE6zuja4Tv/7AlOaBfw/jkLUlGfi8zykBI3XtHOvEZxzfdp86RdyiQ45h0rXzTsGZAi8TNyV5lKLStX9avYBGkvlABdG66TohtGOigFPBJtlWpFlI6IgMWNNQn0im2/E0/ASfGKWH+4Eyzwc8Vf9uxERqPZaemZQEhnrRS8R/PU/OXY7hMTmgF+JA/7Idcz+MgPl0lqYfCQwBTurCPa4YBTE2hFDFzYcwHRJFKJhSs6Ypd7GXZVIrFtzzQumulC9fpZ1l0BE6RqfIRReojG5QBVURRWP0jF7Rm/VivVsf1udsdMVKd3JoDtb3L+XDo4s=</latexit>

e�iJ2
z �t

rotationstate preparation measurement

Nonlinear evolution

<latexit sha1_base64="37CRC7x/forkWXD5L2fgI/+2+TI=">AAACIHicbVC7TgJBFJ31ifhasbSZSEysyC4hakm0MVaYyCOBZTM7DDBh9pGZuwbc8CsWNvopdsZSf8TWWdhCwJNMcnLOvblnjhcJrsCyvoy19Y3Nre3cTn53b//g0DwqNFQYS8rqNBShbHlEMcEDVgcOgrUiyYjvCdb0Rjep33xkUvEweIBJxByfDALe55SAllyzwLoJx3fuU7eMO3TIMUxds2iVrBnwKrEzUkQZaq750+mFNPZZAFQQpdq2FYGTEAmcCjbNd2LFIkJHZMDamgbEZ8pJZtmn+EwrPdwPpX4B4Jn6dyMhvlIT39OTPoGhWvZS8V/P8xcuJzBOD6ilONC/chIeRDGwgM7T9GOBIcRpW7jHJaMgJpoQKrn+EKZDIgkF3WleN2Uv97JKGuWSfVGq3FeK1eussxw6QafoHNnoElXRLaqhOqJojJ7RK3ozXox348P4nI+uGdnOMVqA8f0LceOjVA==</latexit>

eiJ2
z �t



IMPLEMENTING NONLINEAR MEASUREMENTS

Nonlinear evolution

<latexit sha1_base64="BEbds8HthzaEUm1pMOBt/qTYpvA=">AAACIXicbVDLSgMxFM34rPU12qWbYBHcWGZKUZdFN+Kqgn1AX2TStA1NZobkjliHfosLN/op7sSd+CFuzbSzsK0HAodz7uWeHC8UXIPjfFkrq2vrG5uZrez2zu7evn1wWNNBpCir0kAEquERzQT3WRU4CNYIFSPSE6zuja4Tv/7AlOaBfw/jkLUlGfi8zykBI3XtHOvEZxzfdp86RdyiQ45h0rXzTsGZAi8TNyV5lKLStX9avYBGkvlABdG66TohtGOigFPBJtlWpFlI6IgMWNNQn0im2/E0/ASfGKWH+4Eyzwc8Vf9uxERqPZaemZQEhnrRS8R/PU/OXY7hMTmgF+JA/7Idcz+MgPl0lqYfCQwBTurCPa4YBTE2hFDFzYcwHRJFKJhSs6Ypd7GXZVIrFtzzQumulC9fpZ1l0BE6RqfIRReojG5QBVURRWP0jF7Rm/VivVsf1udsdMVKd3JoDtb3L+XDo4s=</latexit>

e�iJ2
z �t

rotationstate preparation measurement

Nonlinear evolution

<latexit sha1_base64="37CRC7x/forkWXD5L2fgI/+2+TI=">AAACIHicbVC7TgJBFJ31ifhasbSZSEysyC4hakm0MVaYyCOBZTM7DDBh9pGZuwbc8CsWNvopdsZSf8TWWdhCwJNMcnLOvblnjhcJrsCyvoy19Y3Nre3cTn53b//g0DwqNFQYS8rqNBShbHlEMcEDVgcOgrUiyYjvCdb0Rjep33xkUvEweIBJxByfDALe55SAllyzwLoJx3fuU7eMO3TIMUxds2iVrBnwKrEzUkQZaq750+mFNPZZAFQQpdq2FYGTEAmcCjbNd2LFIkJHZMDamgbEZ8pJZtmn+EwrPdwPpX4B4Jn6dyMhvlIT39OTPoGhWvZS8V/P8xcuJzBOD6ilONC/chIeRDGwgM7T9GOBIcRpW7jHJaMgJpoQKrn+EKZDIgkF3WleN2Uv97JKGuWSfVGq3FeK1eussxw6QafoHNnoElXRLaqhOqJojJ7RK3ozXox348P4nI+uGdnOMVqA8f0LceOjVA==</latexit>

eiJ2
z �t

Measurement-after-interaction (MAI)

<latexit sha1_base64="CUHpWpiLDhWdtUgZGXCH1te+TlQ="></latexit>

XMAI = e�iJ2
z �t JneiJ2

z �t

"Squeezing echo" 
“Interaction-based readout”

E. Davis et al. PRL 116, 053601 (2016). 
F. Fröwis et al. PRL 116, 090801 (2016). 
T. Macrì et al. PRA 94, 010102(R) (2016). 
S. P. Nolan et al. PRL 119, 193601 (2017). 
M. Schulte et al. Quantum 4, 268 (2020).



Sensitivity Gain (log)

SCALING OF QUANTUM SENSITIVITY ENHANCEMENTS
<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="85PxhNBD164A9TL/zjdh5ct7MWE=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D2ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqXOdLg==</latexit>

N0
<latexit sha1_base64="n+v+f40ixXyVRCwrqM+Sl5ini/c=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D1ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqxydLw==</latexit>

N1

<latexit sha1_base64="NdrEzmJUzUgUe+rJFBm4IP4sR/o="></latexit>

max
X2O
⇠�2 =

|h[Jm, X]i|2

N(�X)2

<latexit sha1_base64="L6rw8k9Df5Fut20jlpyKZdzVRxs=">AAACKXicbVA9SwNBEN3zM8avqGWaxSDYGO4kqI0QtLGSCOYDcjHMbTbJ4u7dsTsnhiOFv8bCRn+Kndr6I2zdfBQafTDweG+GmXlBLIVB13135uYXFpeWMyvZ1bX1jc3c1nbNRIlmvMoiGelGAIZLEfIqCpS8EWsOKpC8Htyej/z6HddGROE1DmLeUtALRVcwQCu1c3mf9QVFekp9I3oK6OVNeuCDjPswbOcKbtEdg/4l3pQUyBSVdu7L70QsUTxEJsGYpufG2EpBo2CSD7N+YngM7BZ6vGlpCIqbVjp+Ykj3rNKh3UjbCpGO1Z8TKShjBiqwnQqwb2a9kfivF6hfm1O8Hy0wM+dg96SVijBOkIdsck03kRQjOoqNdoTmDOXAEmBa2Ico64MGhjbcrE3Km83lL6kdFr2jYumqVCifTTPLkDzZJfvEI8ekTC5IhVQJIw/kkTyTF+fJeXXenI9J65wzndkhv+B8fgM7WabU</latexit>

�t = �N�↵
<latexit sha1_base64="zGXPyP3fkxSFyJ043ianNXntQss=">AAACGHicbVDLSgMxFM34rPVVdekmWIS6qTOlqCspunFZwT6gM5RMmrahSSYkGbEM/Q0XbvRT3Ilbd36JWzPtLGzrgcDhnHu5JyeUjGrjut/Oyura+sZmbiu/vbO7t184OGzqKFaYNHDEItUOkSaMCtIw1DDSloogHjLSCke3qd96JErTSDyYsSQBRwNB+xQjYyW/5CMmh+jaO6+cdQtFt+xOAZeJl5EiyFDvFn78XoRjToTBDGnd8VxpggQpQzEjk7wfayIRHqEB6VgqECc6SKaZJ/DUKj3Yj5R9wsCp+ncjQVzrMQ/tJEdmqBe9VPzXC/nc5cQ8pQf0QhzTvwoSKmRsiMCzNP2YQRPBtCXYo4pgw8aWIKyo/RDEQ6QQNrbLvG3KW+xlmTQrZe+iXL2vFms3WWc5cAxOQAl44BLUwB2ogwbAQIJn8ArenBfn3flwPmejK062cwTm4Hz9AnNooC8=</latexit>

(↵ > 1/2)

Y. Baamara, A. Sinatra, and M. Gessner, Phys. Rev. Lett. 127, 160501 (2021).



Sensitivity Gain (log)

SCALING OF QUANTUM SENSITIVITY ENHANCEMENTS
<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="85PxhNBD164A9TL/zjdh5ct7MWE=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D2ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqXOdLg==</latexit>

N0
<latexit sha1_base64="n+v+f40ixXyVRCwrqM+Sl5ini/c=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D1ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqxydLw==</latexit>

N1

<latexit sha1_base64="NdrEzmJUzUgUe+rJFBm4IP4sR/o="></latexit>

max
X2O
⇠�2 =

|h[Jm, X]i|2

N(�X)2

<latexit sha1_base64="L6rw8k9Df5Fut20jlpyKZdzVRxs=">AAACKXicbVA9SwNBEN3zM8avqGWaxSDYGO4kqI0QtLGSCOYDcjHMbTbJ4u7dsTsnhiOFv8bCRn+Kndr6I2zdfBQafTDweG+GmXlBLIVB13135uYXFpeWMyvZ1bX1jc3c1nbNRIlmvMoiGelGAIZLEfIqCpS8EWsOKpC8Htyej/z6HddGROE1DmLeUtALRVcwQCu1c3mf9QVFekp9I3oK6OVNeuCDjPswbOcKbtEdg/4l3pQUyBSVdu7L70QsUTxEJsGYpufG2EpBo2CSD7N+YngM7BZ6vGlpCIqbVjp+Ykj3rNKh3UjbCpGO1Z8TKShjBiqwnQqwb2a9kfivF6hfm1O8Hy0wM+dg96SVijBOkIdsck03kRQjOoqNdoTmDOXAEmBa2Ico64MGhjbcrE3Km83lL6kdFr2jYumqVCifTTPLkDzZJfvEI8ekTC5IhVQJIw/kkTyTF+fJeXXenI9J65wzndkhv+B8fgM7WabU</latexit>

�t = �N�↵
<latexit sha1_base64="zGXPyP3fkxSFyJ043ianNXntQss=">AAACGHicbVDLSgMxFM34rPVVdekmWIS6qTOlqCspunFZwT6gM5RMmrahSSYkGbEM/Q0XbvRT3Ilbd36JWzPtLGzrgcDhnHu5JyeUjGrjut/Oyura+sZmbiu/vbO7t184OGzqKFaYNHDEItUOkSaMCtIw1DDSloogHjLSCke3qd96JErTSDyYsSQBRwNB+xQjYyW/5CMmh+jaO6+cdQtFt+xOAZeJl5EiyFDvFn78XoRjToTBDGnd8VxpggQpQzEjk7wfayIRHqEB6VgqECc6SKaZJ/DUKj3Yj5R9wsCp+ncjQVzrMQ/tJEdmqBe9VPzXC/nc5cQ8pQf0QhzTvwoSKmRsiMCzNP2YQRPBtCXYo4pgw8aWIKyo/RDEQ6QQNrbLvG3KW+xlmTQrZe+iXL2vFms3WWc5cAxOQAl44BLUwB2ogwbAQIJn8ArenBfn3flwPmejK062cwTm4Hz9AnNooC8=</latexit>

(↵ > 1/2)

Y. Baamara, A. Sinatra, and M. Gessner, Phys. Rev. Lett. 127, 160501 (2021).



<latexit sha1_base64="MwatUF+u4O2ABaUWPvYwOGEICEw="></latexit>

⇠�2
MAI = �

2N2�2↵

Sensitivity Gain (log)

SCALING OF QUANTUM SENSITIVITY ENHANCEMENTS
<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="85PxhNBD164A9TL/zjdh5ct7MWE=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D2ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqXOdLg==</latexit>

N0
<latexit sha1_base64="n+v+f40ixXyVRCwrqM+Sl5ini/c=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D1ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqxydLw==</latexit>

N1

<latexit sha1_base64="NdrEzmJUzUgUe+rJFBm4IP4sR/o="></latexit>

max
X2O
⇠�2 =

|h[Jm, X]i|2

N(�X)2

<latexit sha1_base64="L6rw8k9Df5Fut20jlpyKZdzVRxs=">AAACKXicbVA9SwNBEN3zM8avqGWaxSDYGO4kqI0QtLGSCOYDcjHMbTbJ4u7dsTsnhiOFv8bCRn+Kndr6I2zdfBQafTDweG+GmXlBLIVB13135uYXFpeWMyvZ1bX1jc3c1nbNRIlmvMoiGelGAIZLEfIqCpS8EWsOKpC8Htyej/z6HddGROE1DmLeUtALRVcwQCu1c3mf9QVFekp9I3oK6OVNeuCDjPswbOcKbtEdg/4l3pQUyBSVdu7L70QsUTxEJsGYpufG2EpBo2CSD7N+YngM7BZ6vGlpCIqbVjp+Ykj3rNKh3UjbCpGO1Z8TKShjBiqwnQqwb2a9kfivF6hfm1O8Hy0wM+dg96SVijBOkIdsck03kRQjOoqNdoTmDOXAEmBa2Ico64MGhjbcrE3Km83lL6kdFr2jYumqVCifTTPLkDzZJfvEI8ekTC5IhVQJIw/kkTyTF+fJeXXenI9J65wzndkhv+B8fgM7WabU</latexit>

�t = �N�↵
<latexit sha1_base64="zGXPyP3fkxSFyJ043ianNXntQss=">AAACGHicbVDLSgMxFM34rPVVdekmWIS6qTOlqCspunFZwT6gM5RMmrahSSYkGbEM/Q0XbvRT3Ilbd36JWzPtLGzrgcDhnHu5JyeUjGrjut/Oyura+sZmbiu/vbO7t184OGzqKFaYNHDEItUOkSaMCtIw1DDSloogHjLSCke3qd96JErTSDyYsSQBRwNB+xQjYyW/5CMmh+jaO6+cdQtFt+xOAZeJl5EiyFDvFn78XoRjToTBDGnd8VxpggQpQzEjk7wfayIRHqEB6VgqECc6SKaZJ/DUKj3Yj5R9wsCp+ncjQVzrMQ/tJEdmqBe9VPzXC/nc5cQ8pQf0QhzTvwoSKmRsiMCzNP2YQRPBtCXYo4pgw8aWIKyo/RDEQ6QQNrbLvG3KW+xlmTQrZe+iXL2vFms3WWc5cAxOQAl44BLUwB2ogwbAQIJn8ArenBfn3flwPmejK062cwTm4Hz9AnNooC8=</latexit>

(↵ > 1/2)

Y. Baamara, A. Sinatra, and M. Gessner, Phys. Rev. Lett. 127, 160501 (2021).



<latexit sha1_base64="MwatUF+u4O2ABaUWPvYwOGEICEw="></latexit>

⇠�2
MAI = �

2N2�2↵

Sensitivity Gain (log)

SCALING OF QUANTUM SENSITIVITY ENHANCEMENTS
<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="85PxhNBD164A9TL/zjdh5ct7MWE=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D2ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqXOdLg==</latexit>

N0
<latexit sha1_base64="n+v+f40ixXyVRCwrqM+Sl5ini/c=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D1ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqxydLw==</latexit>

N1

<latexit sha1_base64="NdrEzmJUzUgUe+rJFBm4IP4sR/o="></latexit>

max
X2O
⇠�2 =

|h[Jm, X]i|2

N(�X)2

<latexit sha1_base64="lJNjmQ5CViPMzC/M9l16hVhu3Ho=">AAACJnicbVDLTsJAFJ3iC/FVdWPiZiIxcSO2hIBLohtXBhJ5JBTIdBhgwkzbzEwNpKlf48KNfoo7Y9z5F26dAgsBT3KTk3Puzb33uAGjUlnWl5FaW9/Y3EpvZ3Z29/YPzMOjuvRDgUkN+8wXTRdJwqhHaooqRpqBIIi7jDTc0W3iNx6JkNT3HtQkIG2OBh7tU4yUlrrmiTOmnegyH3ejauxIyuF9JypeleKumbVy1hRwldhzkgVzVLrmj9PzcciJpzBDUrZsK1DtCAlFMSNxxgklCRAeoQFpaeohTmQ7mn4Qw3Ot9GDfF7o8Bafq34kIcSkn3NWdHKmhXPYS8V/P5QubIzVOFsilc1T/uh1RLwgV8fDsmn7IoPJhkhnsUUGwYhNNEBZUPwTxEAmElU42o5Oyl3NZJfV8zi7mCtVCtnwzzywNTsEZuAA2KIEyuAMVUAMYPIFn8ArejBfj3fgwPmetKWM+cwwWYHz/AnyhpfQ=</latexit>

⇠�2
Q ⇠ N6/7<latexit sha1_base64="XBzXP+oEDFmwPo2CBbA8BKIaOzc=">AAACIXicbVDLTgIxFO3gC/GFsnTTSEzciDOGiEuiG1cGE3kkzEg6pUBDOzNp7xjJhG9x4UY/xZ1xZ/wQt3aAhYAnaXJyzr25p8ePBNdg219WZmV1bX0ju5nb2t7Z3cvvHzR0GCvK6jQUoWr5RDPBA1YHDoK1IsWI9AVr+sPr1G8+MqV5GNzDKGKeJP2A9zglYKROvuDSAcfgai7x7UNyWj6rjDv5ol2yJ8DLxJmRIpqh1sn/uN2QxpIFQAXRuu3YEXgJUcCpYOOcG2sWETokfdY2NCCSaS+ZhB/jY6N0cS9U5gWAJ+rfjYRIrUfSN5OSwEAveqn4r+fLucsJPKUH9EIc6F16CQ+iGFhAp2l6scAQ4rQu3OWKURAjQwhV3HwI0wFRhIIpNWeachZ7WSaN85JzUSrflYvVq1lnWXSIjtAJclAFVdENqqE6omiEntErerNerHfrw/qcjmas2U4BzcH6/gXH+aN3</latexit>

�t ⇠ N�4/7

<latexit sha1_base64="35C5vep0X2EKvLPfhRQqMBhF5rc=">AAACIXicbVDLTgIxFO34RHyNsnTTSEzciDOKjyXRjSuDiTwSBkmnFGhoZybtHSOZ8C0u3OinuDPujB/i1g6wEPAkTU7OuTf39PiR4Boc58taWFxaXlnNrGXXNza3tu2d3aoOY0VZhYYiVHWfaCZ4wCrAQbB6pBiRvmA1v3+d+rVHpjQPg3sYRKwpSTfgHU4JGKll5zza4xg8zSW+fUiOTo/Phi077xScEfA8cSckjyYot+wfrx3SWLIAqCBaN1wngmZCFHAq2DDrxZpFhPZJlzUMDYhkupmMwg/xgVHauBMq8wLAI/XvRkKk1gPpm0lJoKdnvVT81/Pl1OUEntIDeiYOdC6bCQ+iGFhAx2k6scAQ4rQu3OaKURADQwhV3HwI0x5RhIIpNWuacmd7mSfVk4J7XijeFfOlq0lnGbSH9tEhctEFKqEbVEYVRNEAPaNX9Ga9WO/Wh/U5Hl2wJjs5NAXr+xfC+aN0</latexit>

�t ⇠ N�3/5
<latexit sha1_base64="EAaZKFDR/BfaEktxOH9zzKIQUTo=">AAACJ3icbVDLSsNAFJ3UV62vqCtxM1gEN9ak1Mey6MaFlAr2AX2EyXTSDp1JwsxEWkLwa1y40U9xJ7r0K9w6fSxs64ELh3Pu5d573JBRqSzry0gtLa+srqXXMxubW9s75u5eVQaRwKSCAxaIuoskYdQnFUUVI/VQEMRdRmpu/2bk1x6JkDTwH9QwJC2Ouj71KEZKS4550BzQdnyaT5y4dJc0JeWw1I4LZ+eJY2atnDUGXCT2lGTBFGXH/Gl2Ahxx4ivMkJQN2wpVK0ZCUcxIkmlGkoQI91GXNDT1ESeyFY9fSOCxVjrQC4QuX8Gx+nciRlzKIXd1J0eqJ+e9kfiv5/KZzbEajBbIuXOUd9WKqR9Givh4co0XMagCOAoNdqggWLGhJggLqh+CuIcEwkpHm9FJ2fO5LJJqPmdf5Ar3hWzxeppZGhyCI3ACbHAJiuAWlEEFYPAEnsEreDNejHfjw/ictKaM6cw+mIHx/QscWqZD</latexit>

⇠�2
NL ⇠ N4/5

<latexit sha1_base64="vcjnLwTTEFDFpX2Meono+QUqLdg=">AAACJHicbVC7TsMwFHXKq5RXAImFxaJCYqEkpQLGChYGhIpEH1LTVo7rtlbtJLId1CrkZxhY4FPYEAMLv8GK02aghSNZOjrnXt3j4waMSmVZn0ZmYXFpeSW7mltb39jcMrd3atIPBSZV7DNfNFwkCaMeqSqqGGkEgiDuMlJ3h1eJX38gQlLfu1fjgLQ46nu0RzFSWuqYe86ItqPjYty5cSTl8LYdFU9O446ZtwrWBPAvsVOSBykqHfPb6fo45MRTmCEpm7YVqFaEhKKYkTjnhJIECA9RnzQ19RAnshVN8sfwUCtd2POFfp6CE/X3RoS4lGPu6kmO1EDOe4n4r+fymcuRGiUH5Fwc1btoRdQLQkU8PE3TCxlUPkwag10qCFZsrAnCguoPQTxAAmGle83ppuz5Xv6SWrFgnxVKd6V8+TLtLAv2wQE4AjY4B2VwDSqgCjB4BE/gBbwaz8ab8W58TEczRrqzC2ZgfP0AbLuk2w==</latexit>

⇠�2
L ⇠ N2/3

<latexit sha1_base64="HIXxRUk43Gmby+e9z/xLsLXyxd8=">AAACIXicbVDLSgMxFM34rPU12qWbYBHcWGdqUZdFN66kgn1AZyyZNG1Dk5khuSOWod/iwo1+ijtxJ36IW9PHwrYeCBzOuZd7coJYcA2O82UtLa+srq1nNrKbW9s7u/befk1HiaKsSiMRqUZANBM8ZFXgIFgjVozIQLB60L8e+fVHpjSPwnsYxMyXpBvyDqcEjNSycx7tcQye5hLfPqQnxdOzYcvOOwVnDLxI3CnJoykqLfvHa0c0kSwEKojWTdeJwU+JAk4FG2a9RLOY0D7psqahIZFM++k4/BAfGaWNO5EyLwQ8Vv9upERqPZCBmZQEenreG4n/eoGcuZzC0+iAnosDnUs/5WGcAAvpJE0nERgiPKoLt7liFMTAEEIVNx/CtEcUoWBKzZqm3PleFkmtWHDPC6W7Ur58Ne0sgw7QITpGLrpAZXSDKqiKKBqgZ/SK3qwX6936sD4no0vWdCeHZmB9/wK9+aNx</latexit>

�t ⇠ N�2/3

<latexit sha1_base64="L6rw8k9Df5Fut20jlpyKZdzVRxs=">AAACKXicbVA9SwNBEN3zM8avqGWaxSDYGO4kqI0QtLGSCOYDcjHMbTbJ4u7dsTsnhiOFv8bCRn+Kndr6I2zdfBQafTDweG+GmXlBLIVB13135uYXFpeWMyvZ1bX1jc3c1nbNRIlmvMoiGelGAIZLEfIqCpS8EWsOKpC8Htyej/z6HddGROE1DmLeUtALRVcwQCu1c3mf9QVFekp9I3oK6OVNeuCDjPswbOcKbtEdg/4l3pQUyBSVdu7L70QsUTxEJsGYpufG2EpBo2CSD7N+YngM7BZ6vGlpCIqbVjp+Ykj3rNKh3UjbCpGO1Z8TKShjBiqwnQqwb2a9kfivF6hfm1O8Hy0wM+dg96SVijBOkIdsck03kRQjOoqNdoTmDOXAEmBa2Ico64MGhjbcrE3Km83lL6kdFr2jYumqVCifTTPLkDzZJfvEI8ekTC5IhVQJIw/kkTyTF+fJeXXenI9J65wzndkhv+B8fgM7WabU</latexit>

�t = �N�↵
<latexit sha1_base64="zGXPyP3fkxSFyJ043ianNXntQss=">AAACGHicbVDLSgMxFM34rPVVdekmWIS6qTOlqCspunFZwT6gM5RMmrahSSYkGbEM/Q0XbvRT3Ilbd36JWzPtLGzrgcDhnHu5JyeUjGrjut/Oyura+sZmbiu/vbO7t184OGzqKFaYNHDEItUOkSaMCtIw1DDSloogHjLSCke3qd96JErTSDyYsSQBRwNB+xQjYyW/5CMmh+jaO6+cdQtFt+xOAZeJl5EiyFDvFn78XoRjToTBDGnd8VxpggQpQzEjk7wfayIRHqEB6VgqECc6SKaZJ/DUKj3Yj5R9wsCp+ncjQVzrMQ/tJEdmqBe9VPzXC/nc5cQ8pQf0QhzTvwoSKmRsiMCzNP2YQRPBtCXYo4pgw8aWIKyo/RDEQ6QQNrbLvG3KW+xlmTQrZe+iXL2vFms3WWc5cAxOQAl44BLUwB2ogwbAQIJn8ArenBfn3flwPmejK062cwTm4Hz9AnNooC8=</latexit>

(↵ > 1/2)

Y. Baamara, A. Sinatra, and M. Gessner, Phys. Rev. Lett. 127, 160501 (2021).



<latexit sha1_base64="MwatUF+u4O2ABaUWPvYwOGEICEw="></latexit>

⇠�2
MAI = �

2N2�2↵

Sensitivity Gain (log)

SCALING OF QUANTUM SENSITIVITY ENHANCEMENTS
<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="85PxhNBD164A9TL/zjdh5ct7MWE=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D2ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqXOdLg==</latexit>

N0
<latexit sha1_base64="n+v+f40ixXyVRCwrqM+Sl5ini/c=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D1ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqxydLw==</latexit>

N1

<latexit sha1_base64="NdrEzmJUzUgUe+rJFBm4IP4sR/o="></latexit>

max
X2O
⇠�2 =

|h[Jm, X]i|2

N(�X)2

<latexit sha1_base64="lJNjmQ5CViPMzC/M9l16hVhu3Ho=">AAACJnicbVDLTsJAFJ3iC/FVdWPiZiIxcSO2hIBLohtXBhJ5JBTIdBhgwkzbzEwNpKlf48KNfoo7Y9z5F26dAgsBT3KTk3Puzb33uAGjUlnWl5FaW9/Y3EpvZ3Z29/YPzMOjuvRDgUkN+8wXTRdJwqhHaooqRpqBIIi7jDTc0W3iNx6JkNT3HtQkIG2OBh7tU4yUlrrmiTOmnegyH3ejauxIyuF9JypeleKumbVy1hRwldhzkgVzVLrmj9PzcciJpzBDUrZsK1DtCAlFMSNxxgklCRAeoQFpaeohTmQ7mn4Qw3Ot9GDfF7o8Bafq34kIcSkn3NWdHKmhXPYS8V/P5QubIzVOFsilc1T/uh1RLwgV8fDsmn7IoPJhkhnsUUGwYhNNEBZUPwTxEAmElU42o5Oyl3NZJfV8zi7mCtVCtnwzzywNTsEZuAA2KIEyuAMVUAMYPIFn8ArejBfj3fgwPmetKWM+cwwWYHz/AnyhpfQ=</latexit>

⇠�2
Q ⇠ N6/7<latexit sha1_base64="XBzXP+oEDFmwPo2CBbA8BKIaOzc=">AAACIXicbVDLTgIxFO3gC/GFsnTTSEzciDOGiEuiG1cGE3kkzEg6pUBDOzNp7xjJhG9x4UY/xZ1xZ/wQt3aAhYAnaXJyzr25p8ePBNdg219WZmV1bX0ju5nb2t7Z3cvvHzR0GCvK6jQUoWr5RDPBA1YHDoK1IsWI9AVr+sPr1G8+MqV5GNzDKGKeJP2A9zglYKROvuDSAcfgai7x7UNyWj6rjDv5ol2yJ8DLxJmRIpqh1sn/uN2QxpIFQAXRuu3YEXgJUcCpYOOcG2sWETokfdY2NCCSaS+ZhB/jY6N0cS9U5gWAJ+rfjYRIrUfSN5OSwEAveqn4r+fLucsJPKUH9EIc6F16CQ+iGFhAp2l6scAQ4rQu3OWKURAjQwhV3HwI0wFRhIIpNWeachZ7WSaN85JzUSrflYvVq1lnWXSIjtAJclAFVdENqqE6omiEntErerNerHfrw/qcjmas2U4BzcH6/gXH+aN3</latexit>

�t ⇠ N�4/7

<latexit sha1_base64="35C5vep0X2EKvLPfhRQqMBhF5rc=">AAACIXicbVDLTgIxFO34RHyNsnTTSEzciDOKjyXRjSuDiTwSBkmnFGhoZybtHSOZ8C0u3OinuDPujB/i1g6wEPAkTU7OuTf39PiR4Boc58taWFxaXlnNrGXXNza3tu2d3aoOY0VZhYYiVHWfaCZ4wCrAQbB6pBiRvmA1v3+d+rVHpjQPg3sYRKwpSTfgHU4JGKll5zza4xg8zSW+fUiOTo/Phi077xScEfA8cSckjyYot+wfrx3SWLIAqCBaN1wngmZCFHAq2DDrxZpFhPZJlzUMDYhkupmMwg/xgVHauBMq8wLAI/XvRkKk1gPpm0lJoKdnvVT81/Pl1OUEntIDeiYOdC6bCQ+iGFhAx2k6scAQ4rQu3OaKURADQwhV3HwI0x5RhIIpNWuacmd7mSfVk4J7XijeFfOlq0lnGbSH9tEhctEFKqEbVEYVRNEAPaNX9Ga9WO/Wh/U5Hl2wJjs5NAXr+xfC+aN0</latexit>

�t ⇠ N�3/5
<latexit sha1_base64="EAaZKFDR/BfaEktxOH9zzKIQUTo=">AAACJ3icbVDLSsNAFJ3UV62vqCtxM1gEN9ak1Mey6MaFlAr2AX2EyXTSDp1JwsxEWkLwa1y40U9xJ7r0K9w6fSxs64ELh3Pu5d573JBRqSzry0gtLa+srqXXMxubW9s75u5eVQaRwKSCAxaIuoskYdQnFUUVI/VQEMRdRmpu/2bk1x6JkDTwH9QwJC2Ouj71KEZKS4550BzQdnyaT5y4dJc0JeWw1I4LZ+eJY2atnDUGXCT2lGTBFGXH/Gl2Ahxx4ivMkJQN2wpVK0ZCUcxIkmlGkoQI91GXNDT1ESeyFY9fSOCxVjrQC4QuX8Gx+nciRlzKIXd1J0eqJ+e9kfiv5/KZzbEajBbIuXOUd9WKqR9Givh4co0XMagCOAoNdqggWLGhJggLqh+CuIcEwkpHm9FJ2fO5LJJqPmdf5Ar3hWzxeppZGhyCI3ACbHAJiuAWlEEFYPAEnsEreDNejHfjw/ictKaM6cw+mIHx/QscWqZD</latexit>

⇠�2
NL ⇠ N4/5

<latexit sha1_base64="vcjnLwTTEFDFpX2Meono+QUqLdg=">AAACJHicbVC7TsMwFHXKq5RXAImFxaJCYqEkpQLGChYGhIpEH1LTVo7rtlbtJLId1CrkZxhY4FPYEAMLv8GK02aghSNZOjrnXt3j4waMSmVZn0ZmYXFpeSW7mltb39jcMrd3atIPBSZV7DNfNFwkCaMeqSqqGGkEgiDuMlJ3h1eJX38gQlLfu1fjgLQ46nu0RzFSWuqYe86ItqPjYty5cSTl8LYdFU9O446ZtwrWBPAvsVOSBykqHfPb6fo45MRTmCEpm7YVqFaEhKKYkTjnhJIECA9RnzQ19RAnshVN8sfwUCtd2POFfp6CE/X3RoS4lGPu6kmO1EDOe4n4r+fymcuRGiUH5Fwc1btoRdQLQkU8PE3TCxlUPkwag10qCFZsrAnCguoPQTxAAmGle83ppuz5Xv6SWrFgnxVKd6V8+TLtLAv2wQE4AjY4B2VwDSqgCjB4BE/gBbwaz8ab8W58TEczRrqzC2ZgfP0AbLuk2w==</latexit>

⇠�2
L ⇠ N2/3

<latexit sha1_base64="HIXxRUk43Gmby+e9z/xLsLXyxd8=">AAACIXicbVDLSgMxFM34rPU12qWbYBHcWGdqUZdFN66kgn1AZyyZNG1Dk5khuSOWod/iwo1+ijtxJ36IW9PHwrYeCBzOuZd7coJYcA2O82UtLa+srq1nNrKbW9s7u/befk1HiaKsSiMRqUZANBM8ZFXgIFgjVozIQLB60L8e+fVHpjSPwnsYxMyXpBvyDqcEjNSycx7tcQye5hLfPqQnxdOzYcvOOwVnDLxI3CnJoykqLfvHa0c0kSwEKojWTdeJwU+JAk4FG2a9RLOY0D7psqahIZFM++k4/BAfGaWNO5EyLwQ8Vv9upERqPZCBmZQEenreG4n/eoGcuZzC0+iAnosDnUs/5WGcAAvpJE0nERgiPKoLt7liFMTAEEIVNx/CtEcUoWBKzZqm3PleFkmtWHDPC6W7Ur58Ne0sgw7QITpGLrpAZXSDKqiKKBqgZ/SK3qwX6936sD4no0vWdCeHZmB9/wK9+aNx</latexit>

�t ⇠ N�2/3

<latexit sha1_base64="L6rw8k9Df5Fut20jlpyKZdzVRxs=">AAACKXicbVA9SwNBEN3zM8avqGWaxSDYGO4kqI0QtLGSCOYDcjHMbTbJ4u7dsTsnhiOFv8bCRn+Kndr6I2zdfBQafTDweG+GmXlBLIVB13135uYXFpeWMyvZ1bX1jc3c1nbNRIlmvMoiGelGAIZLEfIqCpS8EWsOKpC8Htyej/z6HddGROE1DmLeUtALRVcwQCu1c3mf9QVFekp9I3oK6OVNeuCDjPswbOcKbtEdg/4l3pQUyBSVdu7L70QsUTxEJsGYpufG2EpBo2CSD7N+YngM7BZ6vGlpCIqbVjp+Ykj3rNKh3UjbCpGO1Z8TKShjBiqwnQqwb2a9kfivF6hfm1O8Hy0wM+dg96SVijBOkIdsck03kRQjOoqNdoTmDOXAEmBa2Ico64MGhjbcrE3Km83lL6kdFr2jYumqVCifTTPLkDzZJfvEI8ekTC5IhVQJIw/kkTyTF+fJeXXenI9J65wzndkhv+B8fgM7WabU</latexit>

�t = �N�↵

<latexit sha1_base64="9vxPBdpD6oQkhNsSywfGUljECbE="></latexit>

⇠�2
QFI = �

2N2�2↵<latexit sha1_base64="L6rw8k9Df5Fut20jlpyKZdzVRxs=">AAACKXicbVA9SwNBEN3zM8avqGWaxSDYGO4kqI0QtLGSCOYDcjHMbTbJ4u7dsTsnhiOFv8bCRn+Kndr6I2zdfBQafTDweG+GmXlBLIVB13135uYXFpeWMyvZ1bX1jc3c1nbNRIlmvMoiGelGAIZLEfIqCpS8EWsOKpC8Htyej/z6HddGROE1DmLeUtALRVcwQCu1c3mf9QVFekp9I3oK6OVNeuCDjPswbOcKbtEdg/4l3pQUyBSVdu7L70QsUTxEJsGYpufG2EpBo2CSD7N+YngM7BZ6vGlpCIqbVjp+Ykj3rNKh3UjbCpGO1Z8TKShjBiqwnQqwb2a9kfivF6hfm1O8Hy0wM+dg96SVijBOkIdsck03kRQjOoqNdoTmDOXAEmBa2Ico64MGhjbcrE3Km83lL6kdFr2jYumqVCifTTPLkDzZJfvEI8ekTC5IhVQJIw/kkTyTF+fJeXXenI9J65wzndkhv+B8fgM7WabU</latexit>

�t = �N�↵

<latexit sha1_base64="zGXPyP3fkxSFyJ043ianNXntQss=">AAACGHicbVDLSgMxFM34rPVVdekmWIS6qTOlqCspunFZwT6gM5RMmrahSSYkGbEM/Q0XbvRT3Ilbd36JWzPtLGzrgcDhnHu5JyeUjGrjut/Oyura+sZmbiu/vbO7t184OGzqKFaYNHDEItUOkSaMCtIw1DDSloogHjLSCke3qd96JErTSDyYsSQBRwNB+xQjYyW/5CMmh+jaO6+cdQtFt+xOAZeJl5EiyFDvFn78XoRjToTBDGnd8VxpggQpQzEjk7wfayIRHqEB6VgqECc6SKaZJ/DUKj3Yj5R9wsCp+ncjQVzrMQ/tJEdmqBe9VPzXC/nc5cQ8pQf0QhzTvwoSKmRsiMCzNP2YQRPBtCXYo4pgw8aWIKyo/RDEQ6QQNrbLvG3KW+xlmTQrZe+iXL2vFms3WWc5cAxOQAl44BLUwB2ogwbAQIJn8ArenBfn3flwPmejK062cwTm4Hz9AnNooC8=</latexit>

(↵ > 1/2)

Y. Baamara, A. Sinatra, and M. Gessner, Phys. Rev. Lett. 127, 160501 (2021).



<latexit sha1_base64="MwatUF+u4O2ABaUWPvYwOGEICEw="></latexit>

⇠�2
MAI = �

2N2�2↵

Sensitivity Gain (log)

SCALING OF QUANTUM SENSITIVITY ENHANCEMENTS
<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="y8SYoGoHl98SKlSBqlbAz89p3Wo=">AAACFHicbVC7TsMwFHXKq5RXgZHFokJioUqqChgrWBiLRB9SGyrHdVqrjhPZN6hV1J9gYIFPYUOs7HwJK06bgbYcydLROffqHh8vElyDbX9bubX1jc2t/HZhZ3dv/6B4eNTUYawoa9BQhKrtEc0El6wBHARrR4qRwBOs5Y1uU7/1xJTmoXyAScTcgAwk9zklYKR2d8wfk4vKtFcs2WV7BrxKnIyUUIZ6r/jT7Yc0DpgEKojWHceOwE2IAk4Fmxa6sWYRoSMyYB1DJQmYdpNZ3ik+M0of+6EyTwKeqX83EhJoPQk8MxkQGOplLxX/9bxg4XIC4/SAXooD/rWbcBnFwCSdp/FjgSHEaUO4zxWjICaGEKq4+RCmQ6IIBdNjwTTlLPeySpqVsnNZrt5XS7WbrLM8OkGn6Bw56ArV0B2qowaiSKBn9IrerBfr3fqwPuejOSvbOUYLsL5+AeNmn3Y=</latexit>

⇠�2

<latexit sha1_base64="85PxhNBD164A9TL/zjdh5ct7MWE=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D2ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqXOdLg==</latexit>

N0
<latexit sha1_base64="n+v+f40ixXyVRCwrqM+Sl5ini/c=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dS0T6gHUsmTdvQJDMkGbEM/QQXbvRT3IlbP8EvcWumnYVtPRA4nHMv9+QEEWfauO63k1taXlldy68XNja3tneKu3t1HcaK0BoJeaiaAdaUM0lrhhlOm5GiWAScNoLhVeo3HqnSLJT3ZhRRX+C+ZD1GsLHS3c2D1ymW3LI7AVokXkZKkKHaKf60uyGJBZWGcKx1y3Mj4ydYGUY4HRfasaYRJkPcpy1LJRZU+8kk6hgdWaWLeqGyTxo0Uf9uJFhoPRKBnRTYDPS8l4r/eoGYuZyYp/SAnotjehd+wmQUGyrJNE0v5siEKC0HdZmixPCRJZgoZj+EyAArTIytsGCb8uZ7WST1k7J3Vj69PS1VLrPO8nAAh3AMHpxDBa6hCjUg0IdneIU358V5dz6cz+lozsl29mEGztcvqxydLw==</latexit>

N1

<latexit sha1_base64="NdrEzmJUzUgUe+rJFBm4IP4sR/o="></latexit>

max
X2O
⇠�2 =

|h[Jm, X]i|2

N(�X)2

<latexit sha1_base64="lJNjmQ5CViPMzC/M9l16hVhu3Ho=">AAACJnicbVDLTsJAFJ3iC/FVdWPiZiIxcSO2hIBLohtXBhJ5JBTIdBhgwkzbzEwNpKlf48KNfoo7Y9z5F26dAgsBT3KTk3Puzb33uAGjUlnWl5FaW9/Y3EpvZ3Z29/YPzMOjuvRDgUkN+8wXTRdJwqhHaooqRpqBIIi7jDTc0W3iNx6JkNT3HtQkIG2OBh7tU4yUlrrmiTOmnegyH3ejauxIyuF9JypeleKumbVy1hRwldhzkgVzVLrmj9PzcciJpzBDUrZsK1DtCAlFMSNxxgklCRAeoQFpaeohTmQ7mn4Qw3Ot9GDfF7o8Bafq34kIcSkn3NWdHKmhXPYS8V/P5QubIzVOFsilc1T/uh1RLwgV8fDsmn7IoPJhkhnsUUGwYhNNEBZUPwTxEAmElU42o5Oyl3NZJfV8zi7mCtVCtnwzzywNTsEZuAA2KIEyuAMVUAMYPIFn8ArejBfj3fgwPmetKWM+cwwWYHz/AnyhpfQ=</latexit>

⇠�2
Q ⇠ N6/7<latexit sha1_base64="XBzXP+oEDFmwPo2CBbA8BKIaOzc=">AAACIXicbVDLTgIxFO3gC/GFsnTTSEzciDOGiEuiG1cGE3kkzEg6pUBDOzNp7xjJhG9x4UY/xZ1xZ/wQt3aAhYAnaXJyzr25p8ePBNdg219WZmV1bX0ju5nb2t7Z3cvvHzR0GCvK6jQUoWr5RDPBA1YHDoK1IsWI9AVr+sPr1G8+MqV5GNzDKGKeJP2A9zglYKROvuDSAcfgai7x7UNyWj6rjDv5ol2yJ8DLxJmRIpqh1sn/uN2QxpIFQAXRuu3YEXgJUcCpYOOcG2sWETokfdY2NCCSaS+ZhB/jY6N0cS9U5gWAJ+rfjYRIrUfSN5OSwEAveqn4r+fLucsJPKUH9EIc6F16CQ+iGFhAp2l6scAQ4rQu3OWKURAjQwhV3HwI0wFRhIIpNWeachZ7WSaN85JzUSrflYvVq1lnWXSIjtAJclAFVdENqqE6omiEntErerNerHfrw/qcjmas2U4BzcH6/gXH+aN3</latexit>

�t ⇠ N�4/7

<latexit sha1_base64="35C5vep0X2EKvLPfhRQqMBhF5rc=">AAACIXicbVDLTgIxFO34RHyNsnTTSEzciDOKjyXRjSuDiTwSBkmnFGhoZybtHSOZ8C0u3OinuDPujB/i1g6wEPAkTU7OuTf39PiR4Boc58taWFxaXlnNrGXXNza3tu2d3aoOY0VZhYYiVHWfaCZ4wCrAQbB6pBiRvmA1v3+d+rVHpjQPg3sYRKwpSTfgHU4JGKll5zza4xg8zSW+fUiOTo/Phi077xScEfA8cSckjyYot+wfrx3SWLIAqCBaN1wngmZCFHAq2DDrxZpFhPZJlzUMDYhkupmMwg/xgVHauBMq8wLAI/XvRkKk1gPpm0lJoKdnvVT81/Pl1OUEntIDeiYOdC6bCQ+iGFhAx2k6scAQ4rQu3OaKURADQwhV3HwI0x5RhIIpNWuacmd7mSfVk4J7XijeFfOlq0lnGbSH9tEhctEFKqEbVEYVRNEAPaNX9Ga9WO/Wh/U5Hl2wJjs5NAXr+xfC+aN0</latexit>

�t ⇠ N�3/5
<latexit sha1_base64="EAaZKFDR/BfaEktxOH9zzKIQUTo=">AAACJ3icbVDLSsNAFJ3UV62vqCtxM1gEN9ak1Mey6MaFlAr2AX2EyXTSDp1JwsxEWkLwa1y40U9xJ7r0K9w6fSxs64ELh3Pu5d573JBRqSzry0gtLa+srqXXMxubW9s75u5eVQaRwKSCAxaIuoskYdQnFUUVI/VQEMRdRmpu/2bk1x6JkDTwH9QwJC2Ouj71KEZKS4550BzQdnyaT5y4dJc0JeWw1I4LZ+eJY2atnDUGXCT2lGTBFGXH/Gl2Ahxx4ivMkJQN2wpVK0ZCUcxIkmlGkoQI91GXNDT1ESeyFY9fSOCxVjrQC4QuX8Gx+nciRlzKIXd1J0eqJ+e9kfiv5/KZzbEajBbIuXOUd9WKqR9Givh4co0XMagCOAoNdqggWLGhJggLqh+CuIcEwkpHm9FJ2fO5LJJqPmdf5Ar3hWzxeppZGhyCI3ACbHAJiuAWlEEFYPAEnsEreDNejHfjw/ictKaM6cw+mIHx/QscWqZD</latexit>

⇠�2
NL ⇠ N4/5

<latexit sha1_base64="vcjnLwTTEFDFpX2Meono+QUqLdg=">AAACJHicbVC7TsMwFHXKq5RXAImFxaJCYqEkpQLGChYGhIpEH1LTVo7rtlbtJLId1CrkZxhY4FPYEAMLv8GK02aghSNZOjrnXt3j4waMSmVZn0ZmYXFpeSW7mltb39jcMrd3atIPBSZV7DNfNFwkCaMeqSqqGGkEgiDuMlJ3h1eJX38gQlLfu1fjgLQ46nu0RzFSWuqYe86ItqPjYty5cSTl8LYdFU9O446ZtwrWBPAvsVOSBykqHfPb6fo45MRTmCEpm7YVqFaEhKKYkTjnhJIECA9RnzQ19RAnshVN8sfwUCtd2POFfp6CE/X3RoS4lGPu6kmO1EDOe4n4r+fymcuRGiUH5Fwc1btoRdQLQkU8PE3TCxlUPkwag10qCFZsrAnCguoPQTxAAmGle83ppuz5Xv6SWrFgnxVKd6V8+TLtLAv2wQE4AjY4B2VwDSqgCjB4BE/gBbwaz8ab8W58TEczRrqzC2ZgfP0AbLuk2w==</latexit>

⇠�2
L ⇠ N2/3

<latexit sha1_base64="HIXxRUk43Gmby+e9z/xLsLXyxd8=">AAACIXicbVDLSgMxFM34rPU12qWbYBHcWGdqUZdFN66kgn1AZyyZNG1Dk5khuSOWod/iwo1+ijtxJ36IW9PHwrYeCBzOuZd7coJYcA2O82UtLa+srq1nNrKbW9s7u/befk1HiaKsSiMRqUZANBM8ZFXgIFgjVozIQLB60L8e+fVHpjSPwnsYxMyXpBvyDqcEjNSycx7tcQye5hLfPqQnxdOzYcvOOwVnDLxI3CnJoykqLfvHa0c0kSwEKojWTdeJwU+JAk4FG2a9RLOY0D7psqahIZFM++k4/BAfGaWNO5EyLwQ8Vv9upERqPZCBmZQEenreG4n/eoGcuZzC0+iAnosDnUs/5WGcAAvpJE0nERgiPKoLt7liFMTAEEIVNx/CtEcUoWBKzZqm3PleFkmtWHDPC6W7Ur58Ne0sgw7QITpGLrpAZXSDKqiKKBqgZ/SK3qwX6936sD4no0vWdCeHZmB9/wK9+aNx</latexit>

�t ⇠ N�2/3

<latexit sha1_base64="L6rw8k9Df5Fut20jlpyKZdzVRxs=">AAACKXicbVA9SwNBEN3zM8avqGWaxSDYGO4kqI0QtLGSCOYDcjHMbTbJ4u7dsTsnhiOFv8bCRn+Kndr6I2zdfBQafTDweG+GmXlBLIVB13135uYXFpeWMyvZ1bX1jc3c1nbNRIlmvMoiGelGAIZLEfIqCpS8EWsOKpC8Htyej/z6HddGROE1DmLeUtALRVcwQCu1c3mf9QVFekp9I3oK6OVNeuCDjPswbOcKbtEdg/4l3pQUyBSVdu7L70QsUTxEJsGYpufG2EpBo2CSD7N+YngM7BZ6vGlpCIqbVjp+Ykj3rNKh3UjbCpGO1Z8TKShjBiqwnQqwb2a9kfivF6hfm1O8Hy0wM+dg96SVijBOkIdsck03kRQjOoqNdoTmDOXAEmBa2Ico64MGhjbcrE3Km83lL6kdFr2jYumqVCifTTPLkDzZJfvEI8ekTC5IhVQJIw/kkTyTF+fJeXXenI9J65wzndkhv+B8fgM7WabU</latexit>

�t = �N�↵

<latexit sha1_base64="9vxPBdpD6oQkhNsSywfGUljECbE="></latexit>

⇠�2
QFI = �

2N2�2↵<latexit sha1_base64="L6rw8k9Df5Fut20jlpyKZdzVRxs=">AAACKXicbVA9SwNBEN3zM8avqGWaxSDYGO4kqI0QtLGSCOYDcjHMbTbJ4u7dsTsnhiOFv8bCRn+Kndr6I2zdfBQafTDweG+GmXlBLIVB13135uYXFpeWMyvZ1bX1jc3c1nbNRIlmvMoiGelGAIZLEfIqCpS8EWsOKpC8Htyej/z6HddGROE1DmLeUtALRVcwQCu1c3mf9QVFekp9I3oK6OVNeuCDjPswbOcKbtEdg/4l3pQUyBSVdu7L70QsUTxEJsGYpufG2EpBo2CSD7N+YngM7BZ6vGlpCIqbVjp+Ykj3rNKh3UjbCpGO1Z8TKShjBiqwnQqwb2a9kfivF6hfm1O8Hy0wM+dg96SVijBOkIdsck03kRQjOoqNdoTmDOXAEmBa2Ico64MGhjbcrE3Km83lL6kdFr2jYumqVCifTTPLkDzZJfvEI8ekTC5IhVQJIw/kkTyTF+fJeXXenI9J65wzndkhv+B8fgM7WabU</latexit>

�t = �N�↵

<latexit sha1_base64="zGXPyP3fkxSFyJ043ianNXntQss=">AAACGHicbVDLSgMxFM34rPVVdekmWIS6qTOlqCspunFZwT6gM5RMmrahSSYkGbEM/Q0XbvRT3Ilbd36JWzPtLGzrgcDhnHu5JyeUjGrjut/Oyura+sZmbiu/vbO7t184OGzqKFaYNHDEItUOkSaMCtIw1DDSloogHjLSCke3qd96JErTSDyYsSQBRwNB+xQjYyW/5CMmh+jaO6+cdQtFt+xOAZeJl5EiyFDvFn78XoRjToTBDGnd8VxpggQpQzEjk7wfayIRHqEB6VgqECc6SKaZJ/DUKj3Yj5R9wsCp+ncjQVzrMQ/tJEdmqBe9VPzXC/nc5cQ8pQf0QhzTvwoSKmRsiMCzNP2YQRPBtCXYo4pgw8aWIKyo/RDEQ6QQNrbLvG3KW+xlmTQrZe+iXL2vFms3WWc5cAxOQAl44BLUwB2ogwbAQIJn8ArenBfn3flwPmejK062cwTm4Hz9AnNooC8=</latexit>

(↵ > 1/2)

Y. Baamara, A. Sinatra, and M. Gessner, Phys. Rev. Lett. 127, 160501 (2021).

Optimal strategy? 
➡ Depends on the noise!



DECOHERENCE

Y. Baamara, A. Sinatra, and M. Gessner, Phys. Rev. Lett. 127, 160501 (2021).

<latexit sha1_base64="MwatUF+u4O2ABaUWPvYwOGEICEw="></latexit>

⇠�2
MAI = �

2N2�2↵
Noiseless evolution:

Quantum enhancement
<latexit sha1_base64="L6rw8k9Df5Fut20jlpyKZdzVRxs=">AAACKXicbVA9SwNBEN3zM8avqGWaxSDYGO4kqI0QtLGSCOYDcjHMbTbJ4u7dsTsnhiOFv8bCRn+Kndr6I2zdfBQafTDweG+GmXlBLIVB13135uYXFpeWMyvZ1bX1jc3c1nbNRIlmvMoiGelGAIZLEfIqCpS8EWsOKpC8Htyej/z6HddGROE1DmLeUtALRVcwQCu1c3mf9QVFekp9I3oK6OVNeuCDjPswbOcKbtEdg/4l3pQUyBSVdu7L70QsUTxEJsGYpufG2EpBo2CSD7N+YngM7BZ6vGlpCIqbVjp+Ykj3rNKh3UjbCpGO1Z8TKShjBiqwnQqwb2a9kfivF6hfm1O8Hy0wM+dg96SVijBOkIdsck03kRQjOoqNdoTmDOXAEmBa2Ico64MGhjbcrE3Km83lL6kdFr2jYumqVCifTTPLkDzZJfvEI8ekTC5IhVQJIw/kkTyTF+fJeXXenI9J65wzndkhv+B8fgM7WabU</latexit>

�t = �N�↵Preparation time



DECOHERENCE

Y. Baamara, A. Sinatra, and M. Gessner, Phys. Rev. Lett. 127, 160501 (2021).

<latexit sha1_base64="MwatUF+u4O2ABaUWPvYwOGEICEw="></latexit>

⇠�2
MAI = �

2N2�2↵
Noiseless evolution:

Quantum enhancement

Lindblad Master Equation
<latexit sha1_base64="KK0iEt/23z0A2eAg1nhDh5trNRk="></latexit>

@⇢

@t
= �i[�J2

z , ⇢] + �C

 
Jz⇢Jz �

1
2
{J2

z , ⇢}
!

“Diffusive dephasing"

<latexit sha1_base64="nhZd6SeUuQgbkrouuqeRAXTRlMM="></latexit>

⇠�2
MAI,dif = �

2N1�↵

<latexit sha1_base64="L6rw8k9Df5Fut20jlpyKZdzVRxs=">AAACKXicbVA9SwNBEN3zM8avqGWaxSDYGO4kqI0QtLGSCOYDcjHMbTbJ4u7dsTsnhiOFv8bCRn+Kndr6I2zdfBQafTDweG+GmXlBLIVB13135uYXFpeWMyvZ1bX1jc3c1nbNRIlmvMoiGelGAIZLEfIqCpS8EWsOKpC8Htyej/z6HddGROE1DmLeUtALRVcwQCu1c3mf9QVFekp9I3oK6OVNeuCDjPswbOcKbtEdg/4l3pQUyBSVdu7L70QsUTxEJsGYpufG2EpBo2CSD7N+YngM7BZ6vGlpCIqbVjp+Ykj3rNKh3UjbCpGO1Z8TKShjBiqwnQqwb2a9kfivF6hfm1O8Hy0wM+dg96SVijBOkIdsck03kRQjOoqNdoTmDOXAEmBa2Ico64MGhjbcrE3Km83lL6kdFr2jYumqVCifTTPLkDzZJfvEI8ekTC5IhVQJIw/kkTyTF+fJeXXenI9J65wzndkhv+B8fgM7WabU</latexit>

�t = �N�↵Preparation time



DECOHERENCE

Y. Baamara, A. Sinatra, and M. Gessner, Phys. Rev. Lett. 127, 160501 (2021).

<latexit sha1_base64="MwatUF+u4O2ABaUWPvYwOGEICEw="></latexit>

⇠�2
MAI = �

2N2�2↵
Noiseless evolution:

Quantum enhancement

Lindblad Master Equation
<latexit sha1_base64="KK0iEt/23z0A2eAg1nhDh5trNRk="></latexit>

@⇢

@t
= �i[�J2

z , ⇢] + �C

 
Jz⇢Jz �

1
2
{J2

z , ⇢}
!

“Diffusive dephasing"

<latexit sha1_base64="nhZd6SeUuQgbkrouuqeRAXTRlMM="></latexit>

⇠�2
MAI,dif = �

2N1�↵

Fluctuating Hamiltonian

<latexit sha1_base64="cnc+FFB2GmPsQm1uZdB2SXWCFpY=">AAACI3icbVDLSgMxFM3UV62vUXHlJliEilBmSlE3QlEXxVUF+4B2HDJp2oZmMkOSEevQj3HhRj/Fnbhx4Xe4NdPOwlYPBA7n3Ms9OV7IqFSW9WlkFhaXlleyq7m19Y3NLXN7pyGDSGBSxwELRMtDkjDKSV1RxUgrFAT5HiNNb3iZ+M17IiQN+K0ahcTxUZ/THsVIack196rnHTygsHDtPt6V4DG80uTINfNW0ZoA/iV2SvIgRc01vzvdAEc+4QozJGXbtkLlxEgoihkZ5zqRJCHCQ9QnbU058ol04kn8MTzUShf2AqEfV3Ci/t6IkS/lyPf0pI/UQM57ifiv5/kzl2P1kByQc3FU78yJKQ8jRTiepulFDKoAJoXBLhUEKzbSBGFB9YcgHiCBsNK15nRT9nwvf0mjVLRPiuWbcr5ykXaWBfvgABSADU5BBVRBDdQBBjF4Ai/g1Xg23ox342M6mjHSnV0wA+PrB5uyo0I=</latexit>

H = �(J
2
z
+ DJz)

<latexit sha1_base64="djsaGcjDm7gr6ViLbvNDuYFSFc8=">AAACNnicbVA9SwNBEN2L3/ErammzGASrcBdEbQRRCytRMCbgxTC3mSSLu3vH7p4YjvwFf42Fjf4PGzuxtbN181GY6IOBx3szzMyLEsGN9f03Lzc1PTM7N7+QX1xaXlktrK1fmzjVDCssFrGuRWBQcIUVy63AWqIRZCSwGt2d9P3qPWrDY3VluwnWJbQVb3EG1kmNwk4oQLUF0tPbcqiH9JCGmBguYkXPb7OwDVJCr1Eo+iV/APqXBCNSJCNcNArfYTNmqURlmQBjbgI/sfUMtOVMYC8fpgYTYHfQxhtHFUg09WzwUY9uO6VJW7F2pSwdqL8nMpDGdGXkOiXYjpn0+uK/XiTHNmf2ob/ATJxjWwf1jKsktajY8JpWKqiNaT9D2uQamRVdR4Bp7h6irAMamHVJ511SwWQuf8l1uRTslXYvd4tHx6PM5skm2SI7JCD75IickQtSIYw8kifyQl69Z+/d+/A+h605bzSzQcbgff0AWvisgw==</latexit>

hD2i = ✏N�Gaussian random variable

“Ballistic dephasing"
<latexit sha1_base64="URYxpYTNGT/ckxKbJHEAaWZrGaA="></latexit>

⇠�2
MAI,bal =

�2N2�2↵

1 + 4✏�2N1+��2↵

<latexit sha1_base64="L6rw8k9Df5Fut20jlpyKZdzVRxs=">AAACKXicbVA9SwNBEN3zM8avqGWaxSDYGO4kqI0QtLGSCOYDcjHMbTbJ4u7dsTsnhiOFv8bCRn+Kndr6I2zdfBQafTDweG+GmXlBLIVB13135uYXFpeWMyvZ1bX1jc3c1nbNRIlmvMoiGelGAIZLEfIqCpS8EWsOKpC8Htyej/z6HddGROE1DmLeUtALRVcwQCu1c3mf9QVFekp9I3oK6OVNeuCDjPswbOcKbtEdg/4l3pQUyBSVdu7L70QsUTxEJsGYpufG2EpBo2CSD7N+YngM7BZ6vGlpCIqbVjp+Ykj3rNKh3UjbCpGO1Z8TKShjBiqwnQqwb2a9kfivF6hfm1O8Hy0wM+dg96SVijBOkIdsck03kRQjOoqNdoTmDOXAEmBa2Ico64MGhjbcrE3Km83lL6kdFr2jYumqVCifTTPLkDzZJfvEI8ekTC5IhVQJIw/kkTyTF+fJeXXenI9J65wzndkhv+B8fgM7WabU</latexit>

�t = �N�↵Preparation time



BALLISTIC DEPHASING

Y. Baamara, A. Sinatra, and M. Gessner, Phys. Rev. Lett. 127, 160501 (2021).

<latexit sha1_base64="IoFd/+P6e2bOFHRtKSHoNEdr74g=">AAACKXicbVBNS8NAEN34WetX1WMvi0UQhJKUol6EohePFewHNKVMtpt26W4SdjdiCTn4azx40Z/iTb36I7y6aXuwrQ8GHu/NMDPPizhT2rY/rZXVtfWNzdxWfntnd2+/cHDYVGEsCW2QkIey7YGinAW0oZnmtB1JCsLjtOWNbjK/9UClYmFwr8cR7QoYBMxnBLSReoWiCzwaQo9cub4Ekjhn7gCEgDSppL1CyS7bE+Bl4sxICc1Q7xV+3H5IYkEDTTgo1XHsSHcTkJoRTtO8GysaARnBgHYMDUBQ1U0mT6T4xCh97IfSVKDxRP07kYBQaiw80ylAD9Wil4n/ep6Y25zox2yBWjhH+5fdhAVRrGlAptf4Mcc6xFlsuM8kJZqPDQEimXkIkyGYxLQJN2+SchZzWSbNStk5L1fvqqXa9SyzHCqiY3SKHHSBaugW1VEDEfSEntErerNerHfrw/qatq5Ys5kjNAfr+xetAaep</latexit>

↵c =
1 + �

2
Critical preparation time

<latexit sha1_base64="L6rw8k9Df5Fut20jlpyKZdzVRxs=">AAACKXicbVA9SwNBEN3zM8avqGWaxSDYGO4kqI0QtLGSCOYDcjHMbTbJ4u7dsTsnhiOFv8bCRn+Kndr6I2zdfBQafTDweG+GmXlBLIVB13135uYXFpeWMyvZ1bX1jc3c1nbNRIlmvMoiGelGAIZLEfIqCpS8EWsOKpC8Htyej/z6HddGROE1DmLeUtALRVcwQCu1c3mf9QVFekp9I3oK6OVNeuCDjPswbOcKbtEdg/4l3pQUyBSVdu7L70QsUTxEJsGYpufG2EpBo2CSD7N+YngM7BZ6vGlpCIqbVjp+Ykj3rNKh3UjbCpGO1Z8TKShjBiqwnQqwb2a9kfivF6hfm1O8Hy0wM+dg96SVijBOkIdsck03kRQjOoqNdoTmDOXAEmBa2Ico64MGhjbcrE3Km83lL6kdFr2jYumqVCifTTPLkDzZJfvEI8ekTC5IhVQJIw/kkTyTF+fJeXXenI9J65wzndkhv+B8fgM7WabU</latexit>

�t = �N�↵Preparation time

<latexit sha1_base64="cnc+FFB2GmPsQm1uZdB2SXWCFpY=">AAACI3icbVDLSgMxFM3UV62vUXHlJliEilBmSlE3QlEXxVUF+4B2HDJp2oZmMkOSEevQj3HhRj/Fnbhx4Xe4NdPOwlYPBA7n3Ms9OV7IqFSW9WlkFhaXlleyq7m19Y3NLXN7pyGDSGBSxwELRMtDkjDKSV1RxUgrFAT5HiNNb3iZ+M17IiQN+K0ahcTxUZ/THsVIack196rnHTygsHDtPt6V4DG80uTINfNW0ZoA/iV2SvIgRc01vzvdAEc+4QozJGXbtkLlxEgoihkZ5zqRJCHCQ9QnbU058ol04kn8MTzUShf2AqEfV3Ci/t6IkS/lyPf0pI/UQM57ifiv5/kzl2P1kByQc3FU78yJKQ8jRTiepulFDKoAJoXBLhUEKzbSBGFB9YcgHiCBsNK15nRT9nwvf0mjVLRPiuWbcr5ykXaWBfvgABSADU5BBVRBDdQBBjF4Ai/g1Xg23ox342M6mjHSnV0wA+PrB5uyo0I=</latexit>

H = �(J
2
z
+ DJz)

<latexit sha1_base64="djsaGcjDm7gr6ViLbvNDuYFSFc8=">AAACNnicbVA9SwNBEN2L3/ErammzGASrcBdEbQRRCytRMCbgxTC3mSSLu3vH7p4YjvwFf42Fjf4PGzuxtbN181GY6IOBx3szzMyLEsGN9f03Lzc1PTM7N7+QX1xaXlktrK1fmzjVDCssFrGuRWBQcIUVy63AWqIRZCSwGt2d9P3qPWrDY3VluwnWJbQVb3EG1kmNwk4oQLUF0tPbcqiH9JCGmBguYkXPb7OwDVJCr1Eo+iV/APqXBCNSJCNcNArfYTNmqURlmQBjbgI/sfUMtOVMYC8fpgYTYHfQxhtHFUg09WzwUY9uO6VJW7F2pSwdqL8nMpDGdGXkOiXYjpn0+uK/XiTHNmf2ob/ATJxjWwf1jKsktajY8JpWKqiNaT9D2uQamRVdR4Bp7h6irAMamHVJ511SwWQuf8l1uRTslXYvd4tHx6PM5skm2SI7JCD75IickQtSIYw8kifyQl69Z+/d+/A+h605bzSzQcbgff0AWvisgw==</latexit>

hD2i = ✏N�Gaussian random variable

<latexit sha1_base64="URYxpYTNGT/ckxKbJHEAaWZrGaA="></latexit>

⇠�2
MAI,bal =

�2N2�2↵

1 + 4✏�2N1+��2↵



BALLISTIC DEPHASING

Y. Baamara, A. Sinatra, and M. Gessner, Phys. Rev. Lett. 127, 160501 (2021).

<latexit sha1_base64="IoFd/+P6e2bOFHRtKSHoNEdr74g=">AAACKXicbVBNS8NAEN34WetX1WMvi0UQhJKUol6EohePFewHNKVMtpt26W4SdjdiCTn4azx40Z/iTb36I7y6aXuwrQ8GHu/NMDPPizhT2rY/rZXVtfWNzdxWfntnd2+/cHDYVGEsCW2QkIey7YGinAW0oZnmtB1JCsLjtOWNbjK/9UClYmFwr8cR7QoYBMxnBLSReoWiCzwaQo9cub4Ekjhn7gCEgDSppL1CyS7bE+Bl4sxICc1Q7xV+3H5IYkEDTTgo1XHsSHcTkJoRTtO8GysaARnBgHYMDUBQ1U0mT6T4xCh97IfSVKDxRP07kYBQaiw80ylAD9Wil4n/ep6Y25zox2yBWjhH+5fdhAVRrGlAptf4Mcc6xFlsuM8kJZqPDQEimXkIkyGYxLQJN2+SchZzWSbNStk5L1fvqqXa9SyzHCqiY3SKHHSBaugW1VEDEfSEntErerNerHfrw/qatq5Ys5kjNAfr+xetAaep</latexit>

↵c =
1 + �

2
Critical preparation time

<latexit sha1_base64="/XfJ2FGf1YHDtSR0acrcm6Zz2v4=">AAACInicbVC7TsMwFHV4lvIKj43FokJiqhJUAWMFC2OR6ENqoshxndaq7QTbQZSo/8LAAp/ChpiQ+A9WnDYDbTmSpaNz7tU9PmHCqNKO82UtLa+srq2XNsqbW9s7u/befkvFqcSkiWMWy06IFGFUkKammpFOIgniISPtcHid++0HIhWNxZ0eJcTnqC9oRDHSRgrsQw+xZICg1yf3cMoDHNgVp+pMABeJW5AKKNAI7B+vF+OUE6ExQ0p1XSfRfoakppiRcdlLFUkQHqI+6RoqECfKzybpx/DEKD0YxdI8oeFE/buRIa7UiIdmkiM9UPNeLv7rhXzmcqYf8wNqLo6OLv2MiiTVROBpmihlUMcw7wv2qCRYs5EhCEtqPgTxAEmEtWm1bJpy53tZJK2zqnterd3WKvWrorMSOALH4BS44ALUwQ1ogCbA4Ak8g1fwZr1Y79aH9TkdXbKKnQMwA+v7F7H9pIw=</latexit>

↵ � ↵cShorter times

<latexit sha1_base64="wTi2POdckR5qtgjZi+dVARBZ5Yw="></latexit>

⇠�2
MAI,bal = �

2N2�2↵

<latexit sha1_base64="L6rw8k9Df5Fut20jlpyKZdzVRxs=">AAACKXicbVA9SwNBEN3zM8avqGWaxSDYGO4kqI0QtLGSCOYDcjHMbTbJ4u7dsTsnhiOFv8bCRn+Kndr6I2zdfBQafTDweG+GmXlBLIVB13135uYXFpeWMyvZ1bX1jc3c1nbNRIlmvMoiGelGAIZLEfIqCpS8EWsOKpC8Htyej/z6HddGROE1DmLeUtALRVcwQCu1c3mf9QVFekp9I3oK6OVNeuCDjPswbOcKbtEdg/4l3pQUyBSVdu7L70QsUTxEJsGYpufG2EpBo2CSD7N+YngM7BZ6vGlpCIqbVjp+Ykj3rNKh3UjbCpGO1Z8TKShjBiqwnQqwb2a9kfivF6hfm1O8Hy0wM+dg96SVijBOkIdsck03kRQjOoqNdoTmDOXAEmBa2Ico64MGhjbcrE3Km83lL6kdFr2jYumqVCifTTPLkDzZJfvEI8ekTC5IhVQJIw/kkTyTF+fJeXXenI9J65wzndkhv+B8fgM7WabU</latexit>

�t = �N�↵Preparation time

<latexit sha1_base64="cnc+FFB2GmPsQm1uZdB2SXWCFpY=">AAACI3icbVDLSgMxFM3UV62vUXHlJliEilBmSlE3QlEXxVUF+4B2HDJp2oZmMkOSEevQj3HhRj/Fnbhx4Xe4NdPOwlYPBA7n3Ms9OV7IqFSW9WlkFhaXlleyq7m19Y3NLXN7pyGDSGBSxwELRMtDkjDKSV1RxUgrFAT5HiNNb3iZ+M17IiQN+K0ahcTxUZ/THsVIack196rnHTygsHDtPt6V4DG80uTINfNW0ZoA/iV2SvIgRc01vzvdAEc+4QozJGXbtkLlxEgoihkZ5zqRJCHCQ9QnbU058ol04kn8MTzUShf2AqEfV3Ci/t6IkS/lyPf0pI/UQM57ifiv5/kzl2P1kByQc3FU78yJKQ8jRTiepulFDKoAJoXBLhUEKzbSBGFB9YcgHiCBsNK15nRT9nwvf0mjVLRPiuWbcr5ykXaWBfvgABSADU5BBVRBDdQBBjF4Ai/g1Xg23ox342M6mjHSnV0wA+PrB5uyo0I=</latexit>

H = �(J
2
z
+ DJz)

<latexit sha1_base64="djsaGcjDm7gr6ViLbvNDuYFSFc8=">AAACNnicbVA9SwNBEN2L3/ErammzGASrcBdEbQRRCytRMCbgxTC3mSSLu3vH7p4YjvwFf42Fjf4PGzuxtbN181GY6IOBx3szzMyLEsGN9f03Lzc1PTM7N7+QX1xaXlktrK1fmzjVDCssFrGuRWBQcIUVy63AWqIRZCSwGt2d9P3qPWrDY3VluwnWJbQVb3EG1kmNwk4oQLUF0tPbcqiH9JCGmBguYkXPb7OwDVJCr1Eo+iV/APqXBCNSJCNcNArfYTNmqURlmQBjbgI/sfUMtOVMYC8fpgYTYHfQxhtHFUg09WzwUY9uO6VJW7F2pSwdqL8nMpDGdGXkOiXYjpn0+uK/XiTHNmf2ob/ATJxjWwf1jKsktajY8JpWKqiNaT9D2uQamRVdR4Bp7h6irAMamHVJ511SwWQuf8l1uRTslXYvd4tHx6PM5skm2SI7JCD75IickQtSIYw8kifyQl69Z+/d+/A+h605bzSzQcbgff0AWvisgw==</latexit>

hD2i = ✏N�Gaussian random variable

<latexit sha1_base64="URYxpYTNGT/ckxKbJHEAaWZrGaA="></latexit>

⇠�2
MAI,bal =

�2N2�2↵

1 + 4✏�2N1+��2↵



BALLISTIC DEPHASING

Y. Baamara, A. Sinatra, and M. Gessner, Phys. Rev. Lett. 127, 160501 (2021).

<latexit sha1_base64="IoFd/+P6e2bOFHRtKSHoNEdr74g=">AAACKXicbVBNS8NAEN34WetX1WMvi0UQhJKUol6EohePFewHNKVMtpt26W4SdjdiCTn4azx40Z/iTb36I7y6aXuwrQ8GHu/NMDPPizhT2rY/rZXVtfWNzdxWfntnd2+/cHDYVGEsCW2QkIey7YGinAW0oZnmtB1JCsLjtOWNbjK/9UClYmFwr8cR7QoYBMxnBLSReoWiCzwaQo9cub4Ekjhn7gCEgDSppL1CyS7bE+Bl4sxICc1Q7xV+3H5IYkEDTTgo1XHsSHcTkJoRTtO8GysaARnBgHYMDUBQ1U0mT6T4xCh97IfSVKDxRP07kYBQaiw80ylAD9Wil4n/ep6Y25zox2yBWjhH+5fdhAVRrGlAptf4Mcc6xFlsuM8kJZqPDQEimXkIkyGYxLQJN2+SchZzWSbNStk5L1fvqqXa9SyzHCqiY3SKHHSBaugW1VEDEfSEntErerNerHfrw/qatq5Ys5kjNAfr+xetAaep</latexit>

↵c =
1 + �

2
Critical preparation time

<latexit sha1_base64="/XfJ2FGf1YHDtSR0acrcm6Zz2v4=">AAACInicbVC7TsMwFHV4lvIKj43FokJiqhJUAWMFC2OR6ENqoshxndaq7QTbQZSo/8LAAp/ChpiQ+A9WnDYDbTmSpaNz7tU9PmHCqNKO82UtLa+srq2XNsqbW9s7u/befkvFqcSkiWMWy06IFGFUkKammpFOIgniISPtcHid++0HIhWNxZ0eJcTnqC9oRDHSRgrsQw+xZICg1yf3cMoDHNgVp+pMABeJW5AKKNAI7B+vF+OUE6ExQ0p1XSfRfoakppiRcdlLFUkQHqI+6RoqECfKzybpx/DEKD0YxdI8oeFE/buRIa7UiIdmkiM9UPNeLv7rhXzmcqYf8wNqLo6OLv2MiiTVROBpmihlUMcw7wv2qCRYs5EhCEtqPgTxAEmEtWm1bJpy53tZJK2zqnterd3WKvWrorMSOALH4BS44ALUwQ1ogCbA4Ak8g1fwZr1Y79aH9TkdXbKKnQMwA+v7F7H9pIw=</latexit>

↵ � ↵cShorter times

<latexit sha1_base64="wTi2POdckR5qtgjZi+dVARBZ5Yw="></latexit>

⇠�2
MAI,bal = �

2N2�2↵

<latexit sha1_base64="++j9xJJzNst+NRdbq6jrD63hLX0=">AAACH3icbVC7TsMwFHXKq5RXCiOLRYXEVCUIAQNDBQtjkehDaqPIcd3Wqp1E9g1QRf0UBhb4FDbE2i9hxWkz0JYjWTo6517d4xPEgmtwnKlVWFvf2Nwqbpd2dvf2D+zyYVNHiaKsQSMRqXZANBM8ZA3gIFg7VozIQLBWMLrL/NYTU5pH4SOMY+ZJMgh5n1MCRvLtcpeIeEjwDZ4Tn/p2xak6M+BV4uakgnLUffun24toIlkIVBCtO64Tg5cSBZwKNil1E81iQkdkwDqGhkQy7aWz6BN8apQe7kfKvBDwTP27kRKp9VgGZlISGOplLxP/9QK5cDmFl+yAXooD/Wsv5WGcAAvpPE0/ERginJWFe1wxCmJsCKGKmw9hOiSKUDCVlkxT7nIvq6R5XnUvqxcPF5Xabd5ZER2jE3SGXHSFauge1VEDUfSMXtE7+rDerE/ry/qejxasfOcILcCa/gLoe6MR</latexit>↵ < ↵cLonger times
<latexit sha1_base64="Yrk7SaHzirhDuPb+rLDFi2FVlR4="></latexit>

⇠�2
MAI,bal =

1
4✏

N1��

<latexit sha1_base64="L6rw8k9Df5Fut20jlpyKZdzVRxs=">AAACKXicbVA9SwNBEN3zM8avqGWaxSDYGO4kqI0QtLGSCOYDcjHMbTbJ4u7dsTsnhiOFv8bCRn+Kndr6I2zdfBQafTDweG+GmXlBLIVB13135uYXFpeWMyvZ1bX1jc3c1nbNRIlmvMoiGelGAIZLEfIqCpS8EWsOKpC8Htyej/z6HddGROE1DmLeUtALRVcwQCu1c3mf9QVFekp9I3oK6OVNeuCDjPswbOcKbtEdg/4l3pQUyBSVdu7L70QsUTxEJsGYpufG2EpBo2CSD7N+YngM7BZ6vGlpCIqbVjp+Ykj3rNKh3UjbCpGO1Z8TKShjBiqwnQqwb2a9kfivF6hfm1O8Hy0wM+dg96SVijBOkIdsck03kRQjOoqNdoTmDOXAEmBa2Ico64MGhjbcrE3Km83lL6kdFr2jYumqVCifTTPLkDzZJfvEI8ekTC5IhVQJIw/kkTyTF+fJeXXenI9J65wzndkhv+B8fgM7WabU</latexit>

�t = �N�↵Preparation time

<latexit sha1_base64="cnc+FFB2GmPsQm1uZdB2SXWCFpY=">AAACI3icbVDLSgMxFM3UV62vUXHlJliEilBmSlE3QlEXxVUF+4B2HDJp2oZmMkOSEevQj3HhRj/Fnbhx4Xe4NdPOwlYPBA7n3Ms9OV7IqFSW9WlkFhaXlleyq7m19Y3NLXN7pyGDSGBSxwELRMtDkjDKSV1RxUgrFAT5HiNNb3iZ+M17IiQN+K0ahcTxUZ/THsVIack196rnHTygsHDtPt6V4DG80uTINfNW0ZoA/iV2SvIgRc01vzvdAEc+4QozJGXbtkLlxEgoihkZ5zqRJCHCQ9QnbU058ol04kn8MTzUShf2AqEfV3Ci/t6IkS/lyPf0pI/UQM57ifiv5/kzl2P1kByQc3FU78yJKQ8jRTiepulFDKoAJoXBLhUEKzbSBGFB9YcgHiCBsNK15nRT9nwvf0mjVLRPiuWbcr5ykXaWBfvgABSADU5BBVRBDdQBBjF4Ai/g1Xg23ox342M6mjHSnV0wA+PrB5uyo0I=</latexit>

H = �(J
2
z
+ DJz)

<latexit sha1_base64="djsaGcjDm7gr6ViLbvNDuYFSFc8=">AAACNnicbVA9SwNBEN2L3/ErammzGASrcBdEbQRRCytRMCbgxTC3mSSLu3vH7p4YjvwFf42Fjf4PGzuxtbN181GY6IOBx3szzMyLEsGN9f03Lzc1PTM7N7+QX1xaXlktrK1fmzjVDCssFrGuRWBQcIUVy63AWqIRZCSwGt2d9P3qPWrDY3VluwnWJbQVb3EG1kmNwk4oQLUF0tPbcqiH9JCGmBguYkXPb7OwDVJCr1Eo+iV/APqXBCNSJCNcNArfYTNmqURlmQBjbgI/sfUMtOVMYC8fpgYTYHfQxhtHFUg09WzwUY9uO6VJW7F2pSwdqL8nMpDGdGXkOiXYjpn0+uK/XiTHNmf2ob/ATJxjWwf1jKsktajY8JpWKqiNaT9D2uQamRVdR4Bp7h6irAMamHVJ511SwWQuf8l1uRTslXYvd4tHx6PM5skm2SI7JCD75IickQtSIYw8kifyQl69Z+/d+/A+h605bzSzQcbgff0AWvisgw==</latexit>

hD2i = ✏N�Gaussian random variable

<latexit sha1_base64="URYxpYTNGT/ckxKbJHEAaWZrGaA="></latexit>

⇠�2
MAI,bal =

�2N2�2↵

1 + 4✏�2N1+��2↵



PARTICLE LOSS

• Sensitivity gain is limited by lost fraction.



PARTICLE LOSS
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<latexit sha1_base64="A3r7arurWFCbHcelkmSWQCKDB/Y="></latexit>

⇠�2
Loss 

3
�(1)t fraction 

of lost atoms



PARTICLE LOSS

<latexit sha1_base64="yiCJ6ttOaspcn8qWvq/dF/GOwjg=">AAACEnicbVDLSgMxFM34rPVVdelmsAiuyoxodSMU3biSCvYB7VgyaaaNTTJDckcsQ//BhRv9FHfi1h/wS9yaaWdhWw8EDufcyz05fsSZBsf5thYWl5ZXVnNr+fWNza3tws5uXYexIrRGQh6qpo815UzSGjDgtBkpioXPacMfXKV+45EqzUJ5B8OIegL3JAsYwWCk+s2F69yXO4WiU3LGsOeJm5EiylDtFH7a3ZDEgkogHGvdcp0IvAQrYITTUb4daxphMsA92jJUYkG1l4zTjuxDo3TtIFTmSbDH6t+NBAuth8I3kwJDX896qfiv54upywk8pQf0TBwIzr2EySgGKskkTRBzG0I77cfuMkUJ8KEhmChmPmSTPlaYgGkxb5pyZ3uZJ/Xjklsund6eFCuXWWc5tI8O0BFy0RmqoGtURTVE0AN6Rq/ozXqx3q0P63MyumBlO3toCtbXLywlnfE=</latexit>

N = 106

<latexit sha1_base64="GF/X3pf+PtIUYM2/fyNktKofo58=">AAACInicbVC7TsMwFHXKq5RXeGwsFhVSWUpS8VqQKlgYi0QfUhMqx3Vaq3YS2Q6iRP0XBhb4FDbEhMR/sOK0GWjLkSwdnXOv7vHxIkalsqwvI7ewuLS8kl8trK1vbG6Z2zsNGcYCkzoOWShaHpKE0YDUFVWMtCJBEPcYaXqD69RvPhAhaRjcqWFEXI56AfUpRkpLHXPP6SHO0X1Sso9Gxw7u08uK1TGLVtkaA84TOyNFkKHWMX+cbohjTgKFGZKybVuRchMkFMWMjApOLEmE8AD1SFvTAHEi3WScfgQPtdKFfij0CxQcq383EsSlHHJPT3Kk+nLWS8V/PY9PXU7UY3pAzsRR/oWb0CCKFQnwJI0fM6hCmPYFu1QQrNhQE4QF1R+CuI8Ewkq3WtBN2bO9zJNGpWyflU9vT4rVq6yzPNgHB6AEbHAOquAG1EAdYPAEnsEreDNejHfjw/icjOaMbGcXTMH4/gVg16PD</latexit>

�(1)/� = 20
<latexit sha1_base64="Ns78PHE4hyy7kzBE3ExyODK3vkQ=">AAACJHicbVC7TsMwFHXKq5RXAImFxaJCKktJEAUWpAoWxiLRh9SEynGd1qqdRLaDqEJ/hoEFPoUNMbDwG6w4bQbaciXLR+fcq3vu8SJGpbKsLyO3sLi0vJJfLaytb2xumds7DRnGApM6DlkoWh6ShNGA1BVVjLQiQRD3GGl6g+tUbz4QIWkY3KlhRFyOegH1KUZKUx1zz+khztF9UrKPRscO7tNLq2xVOmZRf+OC88DOQBFkVeuYP043xDEngcIMSdm2rUi5CRKKYkZGBSeWJEJ4gHqkrWGAOJFuMvY/goea6UI/FPoFCo7ZvxMJ4lIOuac7OVJ9Oaul5L+ax6c2J+oxXSBn7Cj/wk1oEMWKBHjixo8ZVCFME4NdKghWbKgBwoLqgyDuI4Gw0rkWdFL2bC7zoHFSts/KldvTYvUqyywP9sEBKAEbnIMquAE1UAcYPIFn8ArejBfj3fgwPietOSOb2QVTZXz/AlndpDg=</latexit>

�(1)/� = 0.05

• Sensitivity gain is limited by lost fraction.
• Nonlinear squeezing can still improve the precision 

if linear squeezing does not reach the limit.

<latexit sha1_base64="A3r7arurWFCbHcelkmSWQCKDB/Y="></latexit>

⇠�2
Loss 

3
�(1)t fraction 

of lost atoms
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• Optimal implementations depend on the noise
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