
Probabilistic Models DALLE 2: conditional image generation

pθ(x) which enables
• Fitting to 

• Likelihood evaluation

• Sampling

pdata(x)

Trainable parameters

Gaussian distribution

x ∼ pθ(x)
pθ(xi)

What would I like from a model
• Expressivity

• Efficiency Can fit complicated pdata(x)

Fast sampling & likelihood evaluation

pθ(x) = 𝒩(x |μ, σ) =
1

σ 2π
exp (−

1
2 ( x − μ

σ )
2

)
μ, σParameters:

Not very expressive….
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Latent Variable Models DALLE 2: conditional image generationGaussian mixture model (discrete latent)

p(x) =
K

∑
i=1

pi 𝒩(x |μi, σi)

pi, μi, σiParameters:

Much better!

More expressive models by combining simple ones

Latent variable z p(x, z)
Dropping the    notation  θ

Interested only in marginal

p(x) = ∫𝒵
dz p(x, z) = ∫𝒵

dz p(z) p(x |z)

Sampling is still simple
z ∼ p(z)
x ∼ p(x |z)
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But doesn’t scale well to higher dims…2



Latent Variable Models DALLE 2: conditional image generationGaussian mixture model (discrete latent)

p(x) =
K

∑
i=1

pi 𝒩(x |μi, σi)

pi, μi, σiParameters:

Much better!

Marginal likelihood is usually intractable

p(x) = ∫𝒵
dz p(x, z) = ∫𝒵

dz p(z) p(x |z)

We would really like to have acces to the exact likelihood
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True
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But doesn’t scale well to higher dims…

Too hard to compute efficiently

• Training through maximum likelihood estimation

• Use for anomaly detection, likelihood-free inference, etc

Normalizing flows
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~b<latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit>

p<latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit>

✓<latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit> d�el

dt
=

1

4⇡ |Tel(s, t)|
2

<latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit>

t = �2p
2
(1� cos ✓)<latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit>with

Elastic scattering amplitude has a (small) real part

is the main building block of scattering theoryTel(s, t)<latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit>

⇢(s, t) =
ReTel(s, t)

ImTel(s, t)<latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit>

Coulomb scattering ~ strong interaction at
t0⇠1/(14�tot)<latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit> 10-4 GeV2 at √s=7 TeV   

Theory

3

RV: 2205.01697 

Other generative models actually also fit this latent variable description, 

and you can even combine then



Normalizing Flows

Fix intractability by removing stochastic component from

p(x) = ∫𝒵
dz p(x, z) = ∫𝒵

dz p(z) p(x |z)

Parametric bijection

p(x |z)

p(x |z) → δ(x − f(z))

7

√s

~b<latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit>

p<latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit>

✓<latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit> d�el

dt
=

1

4⇡ |Tel(s, t)|
2

<latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit>

t = �2p
2
(1� cos ✓)<latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit>with

Elastic scattering amplitude has a (small) real part

is the main building block of scattering theoryTel(s, t)<latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit>

⇢(s, t) =
ReTel(s, t)

ImTel(s, t)<latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit>

Coulomb scattering ~ strong interaction at
t0⇠1/(14�tot)<latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit> 10-4 GeV2 at √s=7 TeV   

Theory

log p(x) = log∫𝒵
dz p(z) δ(x − f(z)) = log p(z) + log |J(x) |

dim(z) = dim(x)

Flow: Repeat a few times

log p(x) = log p(z0) + ∑
i=1

log |Ji(zi) | .

4
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Jacobian            must be easy to evaluate|Ji(x) |Two Normalizing Flow Architectures
Coupling layers Autoregressive layers

Forward Inverse

p(z) =
D

∏
j=1

p (zj |z1:j−1)
Split into two pieces z → zA, zB

zi

zA
i

zB
i

fi(zB; θ(zA))
zB
i+1

zA
i+1

zi+1
θ(zA

i )

p(z) = p(zA)p(zB |zA)

Split into D 1-d transforms

• Fast in both directions • Fast in only one direction
• Lower-triangular Jacobian

7

√s

~b<latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit>

p<latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit>

✓<latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit> d�el

dt
=

1

4⇡ |Tel(s, t)|
2

<latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit>

t = �2p
2
(1� cos ✓)<latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit>with

Elastic scattering amplitude has a (small) real part

is the main building block of scattering theoryTel(s, t)<latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit>

⇢(s, t) =
ReTel(s, t)

ImTel(s, t)<latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit>

Coulomb scattering ~ strong interaction at
t0⇠1/(14�tot)<latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit> 10-4 GeV2 at √s=7 TeV   

Theory

𝒪(d) 𝒪(d3)instead of determinant
|J | =

dzi+1

dzi
=

⃗1 ⃗0
dfi
dθ

dθ
dzB

i

dfi
dzB

i

=
dfi
dzB

i

• Simple Jacobian
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Flow Transforms

Rational Quadratic Spline

Some requirements:

• Bijective functions fi(z) ↔ f −1
i (x)

• As expressive as possible



Example Application: Negative Weights
Common in ME/PS matching (MC@NLO)

Fraction of events with negative weight (f)

Re
la

tiv
e 

co
st

0.25 0.5

1

Require more events for same statistics

7

√s

~b<latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit>

p<latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit>

✓<latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit> d�el

dt
=

1

4⇡ |Tel(s, t)|
2

<latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit>

t = �2p
2
(1� cos ✓)<latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit>with

Elastic scattering amplitude has a (small) real part

is the main building block of scattering theoryTel(s, t)<latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit>

⇢(s, t) =
ReTel(s, t)

ImTel(s, t)<latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit>

Coulomb scattering ~ strong interaction at
t0⇠1/(14�tot)<latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit> 10-4 GeV2 at √s=7 TeV   

Theory

10

Stienen, RV: 2011.13445

1/(1 − 2f )2

• Train normalizing flow on weighted events

• Generate unweighted events

pp → tt̄, f = 0.239

7



Example Application: Anomaly Detection
Search for out-of-distribution events

7

√s

~b<latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit>

p<latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit>

✓<latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit> d�el

dt
=

1

4⇡ |Tel(s, t)|
2

<latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit>

t = �2p
2
(1� cos ✓)<latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit>with

Elastic scattering amplitude has a (small) real part

is the main building block of scattering theoryTel(s, t)<latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit>

⇢(s, t) =
ReTel(s, t)

ImTel(s, t)<latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit>

Coulomb scattering ~ strong interaction at
t0⇠1/(14�tot)<latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit> 10-4 GeV2 at √s=7 TeV   

Theory

Identify regions of phase space for further study

log p(x)

Background (SM)

Signal (BSM)

Cutoff Flow trained on SM
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Dark Machines Anomaly Detection Challenge
> 1B SM events:

Max SI = max
ϵB

ϵS(ϵB)/ ϵB

Figure of merit:

ϵB ∈ {10−2,10−3,10−4}where 

1.

2. Validation set:
Events from various BSM models (Z’, SUSY, etc.)

3. Test set:
Secret dataset with labels not known to model authors

Four channels
• Channel 1: Hadronic activity with lots of missing energy (214k events)

• Channel 2a: At least three identified leptons (20k events)

• Channel 2b: At least two identified leptons (340k events)

• Channel 3: Inclusive with moderate missing energy (8.5M events)
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Discussion 
• Applications in physics

- Event generation/numerical integration
- Anomaly detection
- Likelihood-free inference
- ???

• Differences with other generative models
- Easy to train
- Not as flexible

• How to obtain the best performance?
- Architecture/loss function
- Discriminator-assisted training

• Not nearly as flexible as a MC event generator
- Cuts/sharp features in phase space
- Physical parameters


