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[ATLAS 1501.04943] 
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[M. Yao, idea for analogy: K. Cranmer]
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4. Intractable likelihood…



Particle physics processes: simulation
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Features Latent variables
Parameters 
of interest

Detector 
interactions

zd
<latexit sha1_base64="EDKt9LdLy9R/++mDIMye01isAeE="></latexit><latexit sha1_base64="721ieGLCEnuZOiyfL3mOnTI6RsA="></latexit><latexit sha1_base64="721ieGLCEnuZOiyfL3mOnTI6RsA="></latexit><latexit sha1_base64="5Za1bnXdAq0D5Yh76UOPibghhqg="></latexit>

Shower 
splittings

zs
<latexit sha1_base64="1I2pX4fPXZLKLCk7w+EzpatwEjA="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="U8vTltv5KZdCV8HuLyHS1c/9eY4="></latexit><latexit sha1_base64="j0eyL9T35JF/FavHcfV1GcjECwY="></latexit><latexit sha1_base64="j0eyL9T35JF/FavHcfV1GcjECwY="></latexit><latexit sha1_base64="uoj+4BfIMRlpJmYUpUkPxAkZedg="></latexit><latexit sha1_base64="uoj+4BfIMRlpJmYUpUkPxAkZedg="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="uoj+4BfIMRlpJmYUpUkPxAkZedg="></latexit>

Parton-level 
momenta

zp
<latexit sha1_base64="Y6bYONC/FI8mtoYtThcHyfdlXJY="></latexit><latexit sha1_base64="G06tPd/NEJReg4LdKiQ9hfLaZ5o="></latexit><latexit sha1_base64="G06tPd/NEJReg4LdKiQ9hfLaZ5o="></latexit><latexit sha1_base64="l7rUTklopd46f57TV6KrjEEz06U="></latexit>

Theory 
parameters

✓
<latexit sha1_base64="gOxbY2BemKdyH5YVIx4aYPw2eMs="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="njZaT3vZJU56mU3mgAu948A9vF0="></latexit>

Observables

x
<latexit sha1_base64="ImpIdiRfEO9YwGXTc8RVjB2itZI="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="gh/weeCnCJrJg53EY40GA+3L/Sc="></latexit>



Particle physics processes: simulation
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Features Latent variables
Parameters 
of interest

Prediction (simulation)

Detector 
interactions

zd
<latexit sha1_base64="EDKt9LdLy9R/++mDIMye01isAeE="></latexit><latexit sha1_base64="721ieGLCEnuZOiyfL3mOnTI6RsA="></latexit><latexit sha1_base64="721ieGLCEnuZOiyfL3mOnTI6RsA="></latexit><latexit sha1_base64="5Za1bnXdAq0D5Yh76UOPibghhqg="></latexit>

Shower 
splittings

zs
<latexit sha1_base64="1I2pX4fPXZLKLCk7w+EzpatwEjA="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="U8vTltv5KZdCV8HuLyHS1c/9eY4="></latexit><latexit sha1_base64="j0eyL9T35JF/FavHcfV1GcjECwY="></latexit><latexit sha1_base64="j0eyL9T35JF/FavHcfV1GcjECwY="></latexit><latexit sha1_base64="uoj+4BfIMRlpJmYUpUkPxAkZedg="></latexit><latexit sha1_base64="uoj+4BfIMRlpJmYUpUkPxAkZedg="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="uoj+4BfIMRlpJmYUpUkPxAkZedg="></latexit>

Parton-level 
momenta

zp
<latexit sha1_base64="Y6bYONC/FI8mtoYtThcHyfdlXJY="></latexit><latexit sha1_base64="G06tPd/NEJReg4LdKiQ9hfLaZ5o="></latexit><latexit sha1_base64="G06tPd/NEJReg4LdKiQ9hfLaZ5o="></latexit><latexit sha1_base64="l7rUTklopd46f57TV6KrjEEz06U="></latexit>

Theory 
parameters

✓
<latexit sha1_base64="gOxbY2BemKdyH5YVIx4aYPw2eMs="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="njZaT3vZJU56mU3mgAu948A9vF0="></latexit>

Observables

x
<latexit sha1_base64="ImpIdiRfEO9YwGXTc8RVjB2itZI="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="gh/weeCnCJrJg53EY40GA+3L/Sc="></latexit>

p(zp|✓)
<latexit sha1_base64="5XZhyHtejjMqMgiIIN2L2O+wiMY="></latexit><latexit sha1_base64="LuXbaU+9pl9dxBs+dHp/QY2q6Wg="></latexit><latexit sha1_base64="LuXbaU+9pl9dxBs+dHp/QY2q6Wg="></latexit><latexit sha1_base64="iLtpzU5Qtbu3d5ACu357ibh/9GQ="></latexit>

p(zd|zs)
<latexit sha1_base64="yv4Sl5alrEvm4zj2V/cmyBQEda8="></latexit><latexit sha1_base64="RAylO67N0BAAWnLwNaurwhIAmHw="></latexit><latexit sha1_base64="RAylO67N0BAAWnLwNaurwhIAmHw="></latexit><latexit sha1_base64="h6fZLEeOgR9JezE9EPC/oHVKqv0="></latexit>

p(x|zd)
<latexit sha1_base64="2iZ2BBRU3qPv9DaDQzzjI6vkMfo="></latexit><latexit sha1_base64="ojIkI6gA+tdaE1lVLxtDeM3Ri5g="></latexit><latexit sha1_base64="ojIkI6gA+tdaE1lVLxtDeM3Ri5g="></latexit><latexit sha1_base64="RsGmpl+IrMrENK4+ErVMuEiUvF0="></latexit>

p(zs|zp)
<latexit sha1_base64="i3egzG7Q1X9eYYMWAyJzVIIVD5o="></latexit><latexit sha1_base64="dEpbZjmSdH9aO4JUmSUQPoY75Vc="></latexit><latexit sha1_base64="dEpbZjmSdH9aO4JUmSUQPoY75Vc="></latexit><latexit sha1_base64="5iPtUPDYFUofcTi7pIurF8rU0DM="></latexit>

Sample from
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Features Latent variables
Parameters 
of interest

Inference

Detector 
interactions

zd
<latexit sha1_base64="EDKt9LdLy9R/++mDIMye01isAeE="></latexit><latexit sha1_base64="721ieGLCEnuZOiyfL3mOnTI6RsA="></latexit><latexit sha1_base64="721ieGLCEnuZOiyfL3mOnTI6RsA="></latexit><latexit sha1_base64="5Za1bnXdAq0D5Yh76UOPibghhqg="></latexit>

Shower 
splittings

zs
<latexit sha1_base64="1I2pX4fPXZLKLCk7w+EzpatwEjA="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="U8vTltv5KZdCV8HuLyHS1c/9eY4="></latexit><latexit sha1_base64="j0eyL9T35JF/FavHcfV1GcjECwY="></latexit><latexit sha1_base64="j0eyL9T35JF/FavHcfV1GcjECwY="></latexit><latexit sha1_base64="uoj+4BfIMRlpJmYUpUkPxAkZedg="></latexit><latexit sha1_base64="uoj+4BfIMRlpJmYUpUkPxAkZedg="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="uoj+4BfIMRlpJmYUpUkPxAkZedg="></latexit>

Parton-level 
momenta

zp
<latexit sha1_base64="Y6bYONC/FI8mtoYtThcHyfdlXJY="></latexit><latexit sha1_base64="G06tPd/NEJReg4LdKiQ9hfLaZ5o="></latexit><latexit sha1_base64="G06tPd/NEJReg4LdKiQ9hfLaZ5o="></latexit><latexit sha1_base64="l7rUTklopd46f57TV6KrjEEz06U="></latexit>

Theory 
parameters

✓
<latexit sha1_base64="gOxbY2BemKdyH5YVIx4aYPw2eMs="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="njZaT3vZJU56mU3mgAu948A9vF0="></latexit>

Observables

x
<latexit sha1_base64="ImpIdiRfEO9YwGXTc8RVjB2itZI="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="gh/weeCnCJrJg53EY40GA+3L/Sc="></latexit>

p(zp|✓)
<latexit sha1_base64="5XZhyHtejjMqMgiIIN2L2O+wiMY="></latexit><latexit sha1_base64="LuXbaU+9pl9dxBs+dHp/QY2q6Wg="></latexit><latexit sha1_base64="LuXbaU+9pl9dxBs+dHp/QY2q6Wg="></latexit><latexit sha1_base64="iLtpzU5Qtbu3d5ACu357ibh/9GQ="></latexit>

p(zd|zs)
<latexit sha1_base64="yv4Sl5alrEvm4zj2V/cmyBQEda8="></latexit><latexit sha1_base64="RAylO67N0BAAWnLwNaurwhIAmHw="></latexit><latexit sha1_base64="RAylO67N0BAAWnLwNaurwhIAmHw="></latexit><latexit sha1_base64="h6fZLEeOgR9JezE9EPC/oHVKqv0="></latexit>

p(x|zd)
<latexit sha1_base64="2iZ2BBRU3qPv9DaDQzzjI6vkMfo="></latexit><latexit sha1_base64="ojIkI6gA+tdaE1lVLxtDeM3Ri5g="></latexit><latexit sha1_base64="ojIkI6gA+tdaE1lVLxtDeM3Ri5g="></latexit><latexit sha1_base64="RsGmpl+IrMrENK4+ErVMuEiUvF0="></latexit>

p(zs|zp)
<latexit sha1_base64="i3egzG7Q1X9eYYMWAyJzVIIVD5o="></latexit><latexit sha1_base64="dEpbZjmSdH9aO4JUmSUQPoY75Vc="></latexit><latexit sha1_base64="dEpbZjmSdH9aO4JUmSUQPoY75Vc="></latexit><latexit sha1_base64="5iPtUPDYFUofcTi7pIurF8rU0DM="></latexit>

Z
dzd

Z
dzs

Z
dzp

<latexit sha1_base64="3QqUXkjI/9W5HgMcIsL03s1lYzU="></latexit><latexit sha1_base64="rrhuo25pDQmFFfnQD77+NF3PuLg="></latexit><latexit sha1_base64="rrhuo25pDQmFFfnQD77+NF3PuLg="></latexit><latexit sha1_base64="FpObNG65Uc+0rDaOyXieyCj+f20="></latexit>

p(x|✓) =
<latexit sha1_base64="AcNV+p6EfcfqicL9caw7jS+EafQ="></latexit><latexit sha1_base64="bf19Ta+X6X7Mu2uYa2LMUAhNP6A="></latexit><latexit sha1_base64="bf19Ta+X6X7Mu2uYa2LMUAhNP6A="></latexit><latexit sha1_base64="jApDs7na6jNuX+U748CZyoN/x9g="></latexit>
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Features Latent variables
Parameters 
of interest

Inference

Detector 
interactions

zd
<latexit sha1_base64="EDKt9LdLy9R/++mDIMye01isAeE="></latexit><latexit sha1_base64="721ieGLCEnuZOiyfL3mOnTI6RsA="></latexit><latexit sha1_base64="721ieGLCEnuZOiyfL3mOnTI6RsA="></latexit><latexit sha1_base64="5Za1bnXdAq0D5Yh76UOPibghhqg="></latexit>

Shower 
splittings

zs
<latexit sha1_base64="1I2pX4fPXZLKLCk7w+EzpatwEjA="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="U8vTltv5KZdCV8HuLyHS1c/9eY4="></latexit><latexit sha1_base64="j0eyL9T35JF/FavHcfV1GcjECwY="></latexit><latexit sha1_base64="j0eyL9T35JF/FavHcfV1GcjECwY="></latexit><latexit sha1_base64="uoj+4BfIMRlpJmYUpUkPxAkZedg="></latexit><latexit sha1_base64="uoj+4BfIMRlpJmYUpUkPxAkZedg="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="uoj+4BfIMRlpJmYUpUkPxAkZedg="></latexit>

Parton-level 
momenta

zp
<latexit sha1_base64="Y6bYONC/FI8mtoYtThcHyfdlXJY="></latexit><latexit sha1_base64="G06tPd/NEJReg4LdKiQ9hfLaZ5o="></latexit><latexit sha1_base64="G06tPd/NEJReg4LdKiQ9hfLaZ5o="></latexit><latexit sha1_base64="l7rUTklopd46f57TV6KrjEEz06U="></latexit>

Theory 
parameters

✓
<latexit sha1_base64="gOxbY2BemKdyH5YVIx4aYPw2eMs="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="njZaT3vZJU56mU3mgAu948A9vF0="></latexit>

Observables

x
<latexit sha1_base64="ImpIdiRfEO9YwGXTc8RVjB2itZI="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="gh/weeCnCJrJg53EY40GA+3L/Sc="></latexit>

p(zp|✓)
<latexit sha1_base64="5XZhyHtejjMqMgiIIN2L2O+wiMY="></latexit><latexit sha1_base64="LuXbaU+9pl9dxBs+dHp/QY2q6Wg="></latexit><latexit sha1_base64="LuXbaU+9pl9dxBs+dHp/QY2q6Wg="></latexit><latexit sha1_base64="iLtpzU5Qtbu3d5ACu357ibh/9GQ="></latexit>

p(zd|zs)
<latexit sha1_base64="yv4Sl5alrEvm4zj2V/cmyBQEda8="></latexit><latexit sha1_base64="RAylO67N0BAAWnLwNaurwhIAmHw="></latexit><latexit sha1_base64="RAylO67N0BAAWnLwNaurwhIAmHw="></latexit><latexit sha1_base64="h6fZLEeOgR9JezE9EPC/oHVKqv0="></latexit>

p(x|zd)
<latexit sha1_base64="2iZ2BBRU3qPv9DaDQzzjI6vkMfo="></latexit><latexit sha1_base64="ojIkI6gA+tdaE1lVLxtDeM3Ri5g="></latexit><latexit sha1_base64="ojIkI6gA+tdaE1lVLxtDeM3Ri5g="></latexit><latexit sha1_base64="RsGmpl+IrMrENK4+ErVMuEiUvF0="></latexit>

p(zs|zp)
<latexit sha1_base64="i3egzG7Q1X9eYYMWAyJzVIIVD5o="></latexit><latexit sha1_base64="dEpbZjmSdH9aO4JUmSUQPoY75Vc="></latexit><latexit sha1_base64="dEpbZjmSdH9aO4JUmSUQPoY75Vc="></latexit><latexit sha1_base64="5iPtUPDYFUofcTi7pIurF8rU0DM="></latexit>

Z
dzd

Z
dzs

Z
dzp

<latexit sha1_base64="3QqUXkjI/9W5HgMcIsL03s1lYzU="></latexit><latexit sha1_base64="rrhuo25pDQmFFfnQD77+NF3PuLg="></latexit><latexit sha1_base64="rrhuo25pDQmFFfnQD77+NF3PuLg="></latexit><latexit sha1_base64="FpObNG65Uc+0rDaOyXieyCj+f20="></latexit>

p(x|✓) =
<latexit sha1_base64="AcNV+p6EfcfqicL9caw7jS+EafQ="></latexit><latexit sha1_base64="bf19Ta+X6X7Mu2uYa2LMUAhNP6A="></latexit><latexit sha1_base64="bf19Ta+X6X7Mu2uYa2LMUAhNP6A="></latexit><latexit sha1_base64="jApDs7na6jNuX+U748CZyoN/x9g="></latexit>

Infeasible to calculate 
the integral over this 

enormous space



Likelihood-free inference
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• Well-understood mechanistic model 

• Simulator can generate samples

Prediction (simulation):

• Likelihood function                is intractable 

• Goal: estimator             .

p(x|✓)
<latexit sha1_base64="QuWoOBx8PR8bscMW9B/LZSDW8hA="></latexit><latexit sha1_base64="yv+MEbSMN+jEbIKHlnwcZvvdm2s="></latexit><latexit sha1_base64="yv+MEbSMN+jEbIKHlnwcZvvdm2s="></latexit><latexit sha1_base64="cxl7jam4SZnnLymN+mpRSwQGbyk="></latexit>

p̂(x|✓)
<latexit sha1_base64="tWcO6VvvUKp9ga39pftLEoVfZjY="></latexit><latexit sha1_base64="KF0x6oUvr7t9wkWAFFG6mtarkvc="></latexit><latexit sha1_base64="KF0x6oUvr7t9wkWAFFG6mtarkvc="></latexit><latexit sha1_base64="sgpUCWXLSqa5ApEy0sED1ld/mu8="></latexit>

Inference:

z
<latexit sha1_base64="f522LujoBhKn9wlOc7FFO313Co4="></latexit><latexit sha1_base64="fjMwXa8gvAwN8tU5xBLqLqzCMFk="></latexit><latexit sha1_base64="fjMwXa8gvAwN8tU5xBLqLqzCMFk="></latexit><latexit sha1_base64="hd/uooQ/cbmembZ0KbEOgsdBgnk="></latexit>

Parameters
✓

<latexit sha1_base64="gOxbY2BemKdyH5YVIx4aYPw2eMs="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="njZaT3vZJU56mU3mgAu948A9vF0="></latexit>

x
<latexit sha1_base64="ImpIdiRfEO9YwGXTc8RVjB2itZI="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="gh/weeCnCJrJg53EY40GA+3L/Sc="></latexit>

Observables



Why has that not stopped us so far?

 6/17

z
<latexit sha1_base64="f522LujoBhKn9wlOc7FFO313Co4="></latexit><latexit sha1_base64="fjMwXa8gvAwN8tU5xBLqLqzCMFk="></latexit><latexit sha1_base64="fjMwXa8gvAwN8tU5xBLqLqzCMFk="></latexit><latexit sha1_base64="hd/uooQ/cbmembZ0KbEOgsdBgnk="></latexit>

Parameters
✓

<latexit sha1_base64="gOxbY2BemKdyH5YVIx4aYPw2eMs="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="njZaT3vZJU56mU3mgAu948A9vF0="></latexit>

x
<latexit sha1_base64="ImpIdiRfEO9YwGXTc8RVjB2itZI="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="gh/weeCnCJrJg53EY40GA+3L/Sc="></latexit>

Observables Summary statistics
x0

<latexit sha1_base64="LK7X1C5AuV1dVtVKvRoWRpua7U0="></latexit><latexit sha1_base64="ZHYCcwvXCFioA2mwjF5/7cRLmjo="></latexit><latexit sha1_base64="ZHYCcwvXCFioA2mwjF5/7cRLmjo="></latexit><latexit sha1_base64="x+xQznYK0+J1+V8MObTE08lrfqk="></latexit>

• The physicist’s way:
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x0
<latexit sha1_base64="LK7X1C5AuV1dVtVKvRoWRpua7U0="></latexit><latexit sha1_base64="ZHYCcwvXCFioA2mwjF5/7cRLmjo="></latexit><latexit sha1_base64="ZHYCcwvXCFioA2mwjF5/7cRLmjo="></latexit><latexit sha1_base64="x+xQznYK0+J1+V8MObTE08lrfqk="></latexit>

[ATLA
S 1712.02304]

Run simulator for 
different    , 

fill histograms
✓

<latexit sha1_base64="gOxbY2BemKdyH5YVIx4aYPw2eMs="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="njZaT3vZJU56mU3mgAu948A9vF0="></latexit>

p̂(x|✓) = p(x0|✓) =
<latexit sha1_base64="Vk2MR9gVmecwkoCbbUrSpJEKjsc="></latexit><latexit sha1_base64="0fcDF0mNZ3DqL9xsSZIa0+G5acE="></latexit><latexit sha1_base64="0fcDF0mNZ3DqL9xsSZIa0+G5acE="></latexit><latexit sha1_base64="sADUxcrpkR4JLpcwjCi86TnnROI="></latexit>

z
<latexit sha1_base64="f522LujoBhKn9wlOc7FFO313Co4="></latexit><latexit sha1_base64="fjMwXa8gvAwN8tU5xBLqLqzCMFk="></latexit><latexit sha1_base64="fjMwXa8gvAwN8tU5xBLqLqzCMFk="></latexit><latexit sha1_base64="hd/uooQ/cbmembZ0KbEOgsdBgnk="></latexit>

Parameters
✓

<latexit sha1_base64="gOxbY2BemKdyH5YVIx4aYPw2eMs="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="njZaT3vZJU56mU3mgAu948A9vF0="></latexit>

x
<latexit sha1_base64="ImpIdiRfEO9YwGXTc8RVjB2itZI="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="gh/weeCnCJrJg53EY40GA+3L/Sc="></latexit>

Observables Summary statistics
x0

<latexit sha1_base64="LK7X1C5AuV1dVtVKvRoWRpua7U0="></latexit><latexit sha1_base64="ZHYCcwvXCFioA2mwjF5/7cRLmjo="></latexit><latexit sha1_base64="ZHYCcwvXCFioA2mwjF5/7cRLmjo="></latexit><latexit sha1_base64="x+xQznYK0+J1+V8MObTE08lrfqk="></latexit>

• The physicist’s way:
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x0
<latexit sha1_base64="LK7X1C5AuV1dVtVKvRoWRpua7U0="></latexit><latexit sha1_base64="ZHYCcwvXCFioA2mwjF5/7cRLmjo="></latexit><latexit sha1_base64="ZHYCcwvXCFioA2mwjF5/7cRLmjo="></latexit><latexit sha1_base64="x+xQznYK0+J1+V8MObTE08lrfqk="></latexit>

[ATLA
S 1712.02304]

Run simulator for 
different    , 

fill histograms
✓

<latexit sha1_base64="gOxbY2BemKdyH5YVIx4aYPw2eMs="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="njZaT3vZJU56mU3mgAu948A9vF0="></latexit>

p̂(x|✓) = p(x0|✓) =
<latexit sha1_base64="Vk2MR9gVmecwkoCbbUrSpJEKjsc="></latexit><latexit sha1_base64="0fcDF0mNZ3DqL9xsSZIa0+G5acE="></latexit><latexit sha1_base64="0fcDF0mNZ3DqL9xsSZIa0+G5acE="></latexit><latexit sha1_base64="sADUxcrpkR4JLpcwjCi86TnnROI="></latexit>

z
<latexit sha1_base64="f522LujoBhKn9wlOc7FFO313Co4="></latexit><latexit sha1_base64="fjMwXa8gvAwN8tU5xBLqLqzCMFk="></latexit><latexit sha1_base64="fjMwXa8gvAwN8tU5xBLqLqzCMFk="></latexit><latexit sha1_base64="hd/uooQ/cbmembZ0KbEOgsdBgnk="></latexit>

Parameters
✓

<latexit sha1_base64="gOxbY2BemKdyH5YVIx4aYPw2eMs="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="njZaT3vZJU56mU3mgAu948A9vF0="></latexit>

x
<latexit sha1_base64="ImpIdiRfEO9YwGXTc8RVjB2itZI="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="gh/weeCnCJrJg53EY40GA+3L/Sc="></latexit>

Observables Summary statistics
x0

<latexit sha1_base64="LK7X1C5AuV1dVtVKvRoWRpua7U0="></latexit><latexit sha1_base64="ZHYCcwvXCFioA2mwjF5/7cRLmjo="></latexit><latexit sha1_base64="ZHYCcwvXCFioA2mwjF5/7cRLmjo="></latexit><latexit sha1_base64="x+xQznYK0+J1+V8MObTE08lrfqk="></latexit>

• The physicist’s way:

• But how to choose     ? Standard variables lose information,  
analysis of high-dimensional     (including correlations) often more powerful

x0
<latexit sha1_base64="LK7X1C5AuV1dVtVKvRoWRpua7U0="></latexit><latexit sha1_base64="ZHYCcwvXCFioA2mwjF5/7cRLmjo="></latexit><latexit sha1_base64="ZHYCcwvXCFioA2mwjF5/7cRLmjo="></latexit><latexit sha1_base64="x+xQznYK0+J1+V8MObTE08lrfqk="></latexit>

x
<latexit sha1_base64="ImpIdiRfEO9YwGXTc8RVjB2itZI="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="gh/weeCnCJrJg53EY40GA+3L/Sc="></latexit>
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Treat simulator as black box: 

• Histograms of observables,  
Approximate Bayesian Computation  
Rely on summary statistics 

• Machine learning techniques 
Density networks, CARL, autoregressive 
models, normalizing flows, …



Likelihood-free inference methods

 7/17

Treat simulator as black box: 

• Histograms of observables,  
Approximate Bayesian Computation  
Rely on summary statistics 

• Machine learning techniques 
Density networks, CARL, autoregressive 
models, normalizing flows, …

Use latent structure: 

• Matrix Element Method / Optimal 
Observables  
Neglect or approximate shower + 
detector, explicitly calculate     integralz

<latexit sha1_base64="uAFnWmXDQkIa6LhIxXXOTE0BxD4="></latexit><latexit sha1_base64="40rKjV9PwgGrK9+w3T/nrjgiL90="></latexit><latexit sha1_base64="40rKjV9PwgGrK9+w3T/nrjgiL90="></latexit><latexit sha1_base64="rTFTyN6xhPwt0Ij4F2fxZALEljo="></latexit>



Likelihood-free inference methods
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Treat simulator as black box: 

• Histograms of observables,  
Approximate Bayesian Computation  
Rely on summary statistics 

• Machine learning techniques 
Density networks, CARL, autoregressive 
models, normalizing flows, …

Use latent structure: 

• Matrix Element Method / Optimal 
Observables  
Neglect or approximate shower + 
detector, explicitly calculate     integralz

<latexit sha1_base64="uAFnWmXDQkIa6LhIxXXOTE0BxD4="></latexit><latexit sha1_base64="40rKjV9PwgGrK9+w3T/nrjgiL90="></latexit><latexit sha1_base64="40rKjV9PwgGrK9+w3T/nrjgiL90="></latexit><latexit sha1_base64="rTFTyN6xhPwt0Ij4F2fxZALEljo="></latexit>

• Mining gold from the simulator  
Leverage matrix-element information  
+ machine learning 
‣ stronger limits 
‣ scales to many parameters + 

observables 
‣ no approximations on physics 

necessary 
‣ evaluation in microseconds

New!
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1. Simulation

zlatent x
observable

✓
<latexit sha1_base64="uKih3q81UG5Y39UkSUDmaMgSwo0="></latexit><latexit sha1_base64="sg4BK8w5ytAcXmQyQ0tWWWn7/Y0="></latexit><latexit sha1_base64="sg4BK8w5ytAcXmQyQ0tWWWn7/Y0="></latexit><latexit sha1_base64="cLB/gHcLXKsvdN1Ss3kTuhimZm0="></latexit>

parameter

r(x, z|✓)
<latexit sha1_base64="n4ECwTYdCfuLwJXCZl6+ybiKm1E="></latexit><latexit sha1_base64="yfNfOs7ZyWqkNT8RpYmkj2bn/mA="></latexit><latexit sha1_base64="yfNfOs7ZyWqkNT8RpYmkj2bn/mA="></latexit><latexit sha1_base64="kQLQGJ4Xe+WRfsBc6Tu8qUqoqpg="></latexit>

t(x, z|✓)
<latexit sha1_base64="BMHppIHEY/0iNNG8Fhs+Hd4wokw="></latexit><latexit sha1_base64="WhfdL6HX9XmJ7WXSrLsNwv05onI="></latexit><latexit sha1_base64="WhfdL6HX9XmJ7WXSrLsNwv05onI="></latexit><latexit sha1_base64="GuTW9do3dzdd+I9ZbAmjhvNlqcg="></latexit>

augmented data (“gold”)

“Mining gold”: Extract  
additional information  

from simulator 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2. Machine Learning

<latexit sha1_base64="HjZ6RxRDdZu139wdkhmGLAXlGyY="></latexit><latexit sha1_base64="N0otbztN+sjGy9xqdVKMRIGUlNA="></latexit><latexit sha1_base64="N0otbztN+sjGy9xqdVKMRIGUlNA="></latexit><latexit sha1_base64="KGKYmyKWjUVupNzZY8DVUShrvqU="></latexit>

argmin
g

L[g]
<latexit sha1_base64="K5zdKfNQlfWV+Iu2lZ+kbdAR2qQ="></latexit><latexit sha1_base64="ApOBYqsfgOriMeFGC7CAo7I3urI="></latexit><latexit sha1_base64="ApOBYqsfgOriMeFGC7CAo7I3urI="></latexit><latexit sha1_base64="Y+642ZFyiyZWQmFYdFZi+qnOJts="></latexit>

1. Simulation

zlatent x
observable

✓
<latexit sha1_base64="uKih3q81UG5Y39UkSUDmaMgSwo0="></latexit><latexit sha1_base64="sg4BK8w5ytAcXmQyQ0tWWWn7/Y0="></latexit><latexit sha1_base64="sg4BK8w5ytAcXmQyQ0tWWWn7/Y0="></latexit><latexit sha1_base64="cLB/gHcLXKsvdN1Ss3kTuhimZm0="></latexit>

parameter

r(x, z|✓)
<latexit sha1_base64="n4ECwTYdCfuLwJXCZl6+ybiKm1E="></latexit><latexit sha1_base64="yfNfOs7ZyWqkNT8RpYmkj2bn/mA="></latexit><latexit sha1_base64="yfNfOs7ZyWqkNT8RpYmkj2bn/mA="></latexit><latexit sha1_base64="kQLQGJ4Xe+WRfsBc6Tu8qUqoqpg="></latexit>

t(x, z|✓)
<latexit sha1_base64="BMHppIHEY/0iNNG8Fhs+Hd4wokw="></latexit><latexit sha1_base64="WhfdL6HX9XmJ7WXSrLsNwv05onI="></latexit><latexit sha1_base64="WhfdL6HX9XmJ7WXSrLsNwv05onI="></latexit><latexit sha1_base64="GuTW9do3dzdd+I9ZbAmjhvNlqcg="></latexit>

augmented data (“gold”)

“Mining gold”: Extract  
additional information  

from simulator 

Use this information to  
train precise estimator for  

likelihood ratio

observables model parameters

r(x|✓0, ✓1) ⌘
p(x|✓0)
p(x|✓1)

<latexit sha1_base64="VTPU+NFs61ATgx8CaThbVBSZNs4="></latexit><latexit sha1_base64="VTPU+NFs61ATgx8CaThbVBSZNs4="></latexit><latexit sha1_base64="VTPU+NFs61ATgx8CaThbVBSZNs4="></latexit><latexit sha1_base64="VTPU+NFs61ATgx8CaThbVBSZNs4="></latexit>

r̂(x|✓)
<latexit sha1_base64="NPA37tSEX6NJZFS7lgnMywc24Uw="></latexit><latexit sha1_base64="OWtH3yFwQxlgBBM8LzzB+Kr7/wE="></latexit><latexit sha1_base64="OWtH3yFwQxlgBBM8LzzB+Kr7/wE="></latexit><latexit sha1_base64="8WBmztmqRcTSWIh+NwhKhjUiPqA="></latexit>

approximate 
likelihood 

ratio
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2. Machine Learning

<latexit sha1_base64="HjZ6RxRDdZu139wdkhmGLAXlGyY="></latexit><latexit sha1_base64="N0otbztN+sjGy9xqdVKMRIGUlNA="></latexit><latexit sha1_base64="N0otbztN+sjGy9xqdVKMRIGUlNA="></latexit><latexit sha1_base64="KGKYmyKWjUVupNzZY8DVUShrvqU="></latexit>

argmin
g

L[g]
<latexit sha1_base64="K5zdKfNQlfWV+Iu2lZ+kbdAR2qQ="></latexit><latexit sha1_base64="ApOBYqsfgOriMeFGC7CAo7I3urI="></latexit><latexit sha1_base64="ApOBYqsfgOriMeFGC7CAo7I3urI="></latexit><latexit sha1_base64="Y+642ZFyiyZWQmFYdFZi+qnOJts="></latexit>

3. Inference

✓i
<latexit sha1_base64="l7N+1zwpgVSD9LHyu2N3Zdptxos="></latexit><latexit sha1_base64="A0803SRxkfT9iDkUxwV/3t5Rbms="></latexit><latexit sha1_base64="A0803SRxkfT9iDkUxwV/3t5Rbms="></latexit><latexit sha1_base64="wu6Hts1TOb3rsEaGlT7xgnbYqiA="></latexit>

✓j
<latexit sha1_base64="I43qAb/N9+gEleDQ88LUjU6gBUM="></latexit><latexit sha1_base64="caXfti+QmnIlgO/vw7RCZ7mPWrs="></latexit><latexit sha1_base64="caXfti+QmnIlgO/vw7RCZ7mPWrs="></latexit><latexit sha1_base64="isTL59a2OifKddQT14KzRD58m1M="></latexit>

1. Simulation

zlatent x
observable

✓
<latexit sha1_base64="uKih3q81UG5Y39UkSUDmaMgSwo0="></latexit><latexit sha1_base64="sg4BK8w5ytAcXmQyQ0tWWWn7/Y0="></latexit><latexit sha1_base64="sg4BK8w5ytAcXmQyQ0tWWWn7/Y0="></latexit><latexit sha1_base64="cLB/gHcLXKsvdN1Ss3kTuhimZm0="></latexit>

parameter

r(x, z|✓)
<latexit sha1_base64="n4ECwTYdCfuLwJXCZl6+ybiKm1E="></latexit><latexit sha1_base64="yfNfOs7ZyWqkNT8RpYmkj2bn/mA="></latexit><latexit sha1_base64="yfNfOs7ZyWqkNT8RpYmkj2bn/mA="></latexit><latexit sha1_base64="kQLQGJ4Xe+WRfsBc6Tu8qUqoqpg="></latexit>

t(x, z|✓)
<latexit sha1_base64="BMHppIHEY/0iNNG8Fhs+Hd4wokw="></latexit><latexit sha1_base64="WhfdL6HX9XmJ7WXSrLsNwv05onI="></latexit><latexit sha1_base64="WhfdL6HX9XmJ7WXSrLsNwv05onI="></latexit><latexit sha1_base64="GuTW9do3dzdd+I9ZbAmjhvNlqcg="></latexit>

augmented data (“gold”)

“Mining gold”: Extract  
additional information  

from simulator 

Limit setting 
with standard 

hypothesis tests

Use this information to  
train precise estimator for  

likelihood ratio

r̂(x|✓)
<latexit sha1_base64="NPA37tSEX6NJZFS7lgnMywc24Uw="></latexit><latexit sha1_base64="OWtH3yFwQxlgBBM8LzzB+Kr7/wE="></latexit><latexit sha1_base64="OWtH3yFwQxlgBBM8LzzB+Kr7/wE="></latexit><latexit sha1_base64="8WBmztmqRcTSWIh+NwhKhjUiPqA="></latexit>

approximate 
likelihood 

ratio
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Features Latent variables
Parameters 
of interest

Detector 
interactions

zd
<latexit sha1_base64="EDKt9LdLy9R/++mDIMye01isAeE="></latexit><latexit sha1_base64="721ieGLCEnuZOiyfL3mOnTI6RsA="></latexit><latexit sha1_base64="721ieGLCEnuZOiyfL3mOnTI6RsA="></latexit><latexit sha1_base64="5Za1bnXdAq0D5Yh76UOPibghhqg="></latexit>

Shower 
splittings

zs
<latexit sha1_base64="1I2pX4fPXZLKLCk7w+EzpatwEjA="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="U8vTltv5KZdCV8HuLyHS1c/9eY4="></latexit><latexit sha1_base64="j0eyL9T35JF/FavHcfV1GcjECwY="></latexit><latexit sha1_base64="j0eyL9T35JF/FavHcfV1GcjECwY="></latexit><latexit sha1_base64="uoj+4BfIMRlpJmYUpUkPxAkZedg="></latexit><latexit sha1_base64="uoj+4BfIMRlpJmYUpUkPxAkZedg="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="uoj+4BfIMRlpJmYUpUkPxAkZedg="></latexit>

Parton-level 
momenta

zp
<latexit sha1_base64="Y6bYONC/FI8mtoYtThcHyfdlXJY="></latexit><latexit sha1_base64="G06tPd/NEJReg4LdKiQ9hfLaZ5o="></latexit><latexit sha1_base64="G06tPd/NEJReg4LdKiQ9hfLaZ5o="></latexit><latexit sha1_base64="l7rUTklopd46f57TV6KrjEEz06U="></latexit>

Theory 
parameters

✓
<latexit sha1_base64="gOxbY2BemKdyH5YVIx4aYPw2eMs="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="njZaT3vZJU56mU3mgAu948A9vF0="></latexit>

Observables

x
<latexit sha1_base64="ImpIdiRfEO9YwGXTc8RVjB2itZI="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="gh/weeCnCJrJg53EY40GA+3L/Sc="></latexit>

p(zp|✓)
<latexit sha1_base64="5XZhyHtejjMqMgiIIN2L2O+wiMY="></latexit><latexit sha1_base64="LuXbaU+9pl9dxBs+dHp/QY2q6Wg="></latexit><latexit sha1_base64="LuXbaU+9pl9dxBs+dHp/QY2q6Wg="></latexit><latexit sha1_base64="iLtpzU5Qtbu3d5ACu357ibh/9GQ="></latexit>

p(zd|zs)
<latexit sha1_base64="yv4Sl5alrEvm4zj2V/cmyBQEda8="></latexit><latexit sha1_base64="RAylO67N0BAAWnLwNaurwhIAmHw="></latexit><latexit sha1_base64="RAylO67N0BAAWnLwNaurwhIAmHw="></latexit><latexit sha1_base64="h6fZLEeOgR9JezE9EPC/oHVKqv0="></latexit>

p(x|zd)
<latexit sha1_base64="2iZ2BBRU3qPv9DaDQzzjI6vkMfo="></latexit><latexit sha1_base64="ojIkI6gA+tdaE1lVLxtDeM3Ri5g="></latexit><latexit sha1_base64="ojIkI6gA+tdaE1lVLxtDeM3Ri5g="></latexit><latexit sha1_base64="RsGmpl+IrMrENK4+ErVMuEiUvF0="></latexit>

p(zs|zp)
<latexit sha1_base64="i3egzG7Q1X9eYYMWAyJzVIIVD5o="></latexit><latexit sha1_base64="dEpbZjmSdH9aO4JUmSUQPoY75Vc="></latexit><latexit sha1_base64="dEpbZjmSdH9aO4JUmSUQPoY75Vc="></latexit><latexit sha1_base64="5iPtUPDYFUofcTi7pIurF8rU0DM="></latexit>

Z
dzd

Z
dzs

Z
dzp

<latexit sha1_base64="3QqUXkjI/9W5HgMcIsL03s1lYzU="></latexit><latexit sha1_base64="rrhuo25pDQmFFfnQD77+NF3PuLg="></latexit><latexit sha1_base64="rrhuo25pDQmFFfnQD77+NF3PuLg="></latexit><latexit sha1_base64="FpObNG65Uc+0rDaOyXieyCj+f20="></latexit>

p(x|✓) =
<latexit sha1_base64="AcNV+p6EfcfqicL9caw7jS+EafQ="></latexit><latexit sha1_base64="bf19Ta+X6X7Mu2uYa2LMUAhNP6A="></latexit><latexit sha1_base64="bf19Ta+X6X7Mu2uYa2LMUAhNP6A="></latexit><latexit sha1_base64="jApDs7na6jNuX+U748CZyoN/x9g="></latexit>

Intractable integrals
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Features Latent variables
Parameters 
of interest

Detector 
interactions

zd
<latexit sha1_base64="EDKt9LdLy9R/++mDIMye01isAeE="></latexit><latexit sha1_base64="721ieGLCEnuZOiyfL3mOnTI6RsA="></latexit><latexit sha1_base64="721ieGLCEnuZOiyfL3mOnTI6RsA="></latexit><latexit sha1_base64="5Za1bnXdAq0D5Yh76UOPibghhqg="></latexit>

Shower 
splittings

zs
<latexit sha1_base64="1I2pX4fPXZLKLCk7w+EzpatwEjA="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="U8vTltv5KZdCV8HuLyHS1c/9eY4="></latexit><latexit sha1_base64="j0eyL9T35JF/FavHcfV1GcjECwY="></latexit><latexit sha1_base64="j0eyL9T35JF/FavHcfV1GcjECwY="></latexit><latexit sha1_base64="uoj+4BfIMRlpJmYUpUkPxAkZedg="></latexit><latexit sha1_base64="uoj+4BfIMRlpJmYUpUkPxAkZedg="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="dQq/jih9ze6IJb+8BeM8YI/5bs0="></latexit><latexit sha1_base64="uoj+4BfIMRlpJmYUpUkPxAkZedg="></latexit>

Parton-level 
momenta

zp
<latexit sha1_base64="Y6bYONC/FI8mtoYtThcHyfdlXJY="></latexit><latexit sha1_base64="G06tPd/NEJReg4LdKiQ9hfLaZ5o="></latexit><latexit sha1_base64="G06tPd/NEJReg4LdKiQ9hfLaZ5o="></latexit><latexit sha1_base64="l7rUTklopd46f57TV6KrjEEz06U="></latexit>

Theory 
parameters

✓
<latexit sha1_base64="gOxbY2BemKdyH5YVIx4aYPw2eMs="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="njZaT3vZJU56mU3mgAu948A9vF0="></latexit>

Observables

x
<latexit sha1_base64="ImpIdiRfEO9YwGXTc8RVjB2itZI="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="gh/weeCnCJrJg53EY40GA+3L/Sc="></latexit>

p(zp|✓)
<latexit sha1_base64="5XZhyHtejjMqMgiIIN2L2O+wiMY="></latexit><latexit sha1_base64="LuXbaU+9pl9dxBs+dHp/QY2q6Wg="></latexit><latexit sha1_base64="LuXbaU+9pl9dxBs+dHp/QY2q6Wg="></latexit><latexit sha1_base64="iLtpzU5Qtbu3d5ACu357ibh/9GQ="></latexit>

p(zd|zs)
<latexit sha1_base64="yv4Sl5alrEvm4zj2V/cmyBQEda8="></latexit><latexit sha1_base64="RAylO67N0BAAWnLwNaurwhIAmHw="></latexit><latexit sha1_base64="RAylO67N0BAAWnLwNaurwhIAmHw="></latexit><latexit sha1_base64="h6fZLEeOgR9JezE9EPC/oHVKqv0="></latexit>

p(x|zd)
<latexit sha1_base64="2iZ2BBRU3qPv9DaDQzzjI6vkMfo="></latexit><latexit sha1_base64="ojIkI6gA+tdaE1lVLxtDeM3Ri5g="></latexit><latexit sha1_base64="ojIkI6gA+tdaE1lVLxtDeM3Ri5g="></latexit><latexit sha1_base64="RsGmpl+IrMrENK4+ErVMuEiUvF0="></latexit>

p(zs|zp)
<latexit sha1_base64="i3egzG7Q1X9eYYMWAyJzVIIVD5o="></latexit><latexit sha1_base64="dEpbZjmSdH9aO4JUmSUQPoY75Vc="></latexit><latexit sha1_base64="dEpbZjmSdH9aO4JUmSUQPoY75Vc="></latexit><latexit sha1_base64="5iPtUPDYFUofcTi7pIurF8rU0DM="></latexit>

Z
dzd

Z
dzs

Z
dzp

<latexit sha1_base64="3QqUXkjI/9W5HgMcIsL03s1lYzU="></latexit><latexit sha1_base64="rrhuo25pDQmFFfnQD77+NF3PuLg="></latexit><latexit sha1_base64="rrhuo25pDQmFFfnQD77+NF3PuLg="></latexit><latexit sha1_base64="FpObNG65Uc+0rDaOyXieyCj+f20="></latexit>

p(x|✓) =
<latexit sha1_base64="AcNV+p6EfcfqicL9caw7jS+EafQ="></latexit><latexit sha1_base64="bf19Ta+X6X7Mu2uYa2LMUAhNP6A="></latexit><latexit sha1_base64="bf19Ta+X6X7Mu2uYa2LMUAhNP6A="></latexit><latexit sha1_base64="jApDs7na6jNuX+U748CZyoN/x9g="></latexit>

This parton-level 
likelihood can be 

evaluated!
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Features Latent variables
Parameters 
of interest

Detector 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Parton-level 
momenta

zp
<latexit sha1_base64="Y6bYONC/FI8mtoYtThcHyfdlXJY="></latexit><latexit sha1_base64="G06tPd/NEJReg4LdKiQ9hfLaZ5o="></latexit><latexit sha1_base64="G06tPd/NEJReg4LdKiQ9hfLaZ5o="></latexit><latexit sha1_base64="l7rUTklopd46f57TV6KrjEEz06U="></latexit>

Theory 
parameters

✓
<latexit sha1_base64="gOxbY2BemKdyH5YVIx4aYPw2eMs="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="BDVqxhN/K6hNbXEaJvFj/k5ikI4="></latexit><latexit sha1_base64="njZaT3vZJU56mU3mgAu948A9vF0="></latexit>

Observables

x
<latexit sha1_base64="ImpIdiRfEO9YwGXTc8RVjB2itZI="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="fS2+ycIeBxlBBIIIMX3w+bblHd4="></latexit><latexit sha1_base64="gh/weeCnCJrJg53EY40GA+3L/Sc="></latexit>

p(zp|✓)
<latexit sha1_base64="5XZhyHtejjMqMgiIIN2L2O+wiMY="></latexit><latexit sha1_base64="LuXbaU+9pl9dxBs+dHp/QY2q6Wg="></latexit><latexit sha1_base64="LuXbaU+9pl9dxBs+dHp/QY2q6Wg="></latexit><latexit sha1_base64="iLtpzU5Qtbu3d5ACu357ibh/9GQ="></latexit>

p(zd|zs)
<latexit sha1_base64="yv4Sl5alrEvm4zj2V/cmyBQEda8="></latexit><latexit sha1_base64="RAylO67N0BAAWnLwNaurwhIAmHw="></latexit><latexit sha1_base64="RAylO67N0BAAWnLwNaurwhIAmHw="></latexit><latexit sha1_base64="h6fZLEeOgR9JezE9EPC/oHVKqv0="></latexit>

p(x|zd)
<latexit sha1_base64="2iZ2BBRU3qPv9DaDQzzjI6vkMfo="></latexit><latexit sha1_base64="ojIkI6gA+tdaE1lVLxtDeM3Ri5g="></latexit><latexit sha1_base64="ojIkI6gA+tdaE1lVLxtDeM3Ri5g="></latexit><latexit sha1_base64="RsGmpl+IrMrENK4+ErVMuEiUvF0="></latexit>

p(zs|zp)
<latexit sha1_base64="i3egzG7Q1X9eYYMWAyJzVIIVD5o="></latexit><latexit sha1_base64="dEpbZjmSdH9aO4JUmSUQPoY75Vc="></latexit><latexit sha1_base64="dEpbZjmSdH9aO4JUmSUQPoY75Vc="></latexit><latexit sha1_base64="5iPtUPDYFUofcTi7pIurF8rU0DM="></latexit>

Z
dzd

Z
dzs

Z
dzp

<latexit sha1_base64="3QqUXkjI/9W5HgMcIsL03s1lYzU="></latexit><latexit sha1_base64="rrhuo25pDQmFFfnQD77+NF3PuLg="></latexit><latexit sha1_base64="rrhuo25pDQmFFfnQD77+NF3PuLg="></latexit><latexit sha1_base64="FpObNG65Uc+0rDaOyXieyCj+f20="></latexit>

p(x|✓) =
<latexit sha1_base64="AcNV+p6EfcfqicL9caw7jS+EafQ="></latexit><latexit sha1_base64="bf19Ta+X6X7Mu2uYa2LMUAhNP6A="></latexit><latexit sha1_base64="bf19Ta+X6X7Mu2uYa2LMUAhNP6A="></latexit><latexit sha1_base64="jApDs7na6jNuX+U748CZyoN/x9g="></latexit>

This parton-level 
likelihood can be 

evaluated!

⇒ We can calculate the “joint” likelihood ratio conditional on a specific evolution:

r(x, z|✓0, ✓1) ⌘
p(x, zd, zs, zp|✓0)
p(x, zd, zs, zp|✓1)

=
<latexit sha1_base64="YWKZYr+QiuwPdqNf89isSGDDVK8="></latexit><latexit sha1_base64="uGj6YU4Lw59CtoVMoy0a4sktgvo="></latexit><latexit sha1_base64="uGj6YU4Lw59CtoVMoy0a4sktgvo="></latexit><latexit sha1_base64="iq89MXBlRX2ssDrimzL89CLlSQY="></latexit>

p(x|zd)
p(x|zd)

<latexit sha1_base64="ZnJVBGDf5JIbvQBk19LqOorkyuY="></latexit><latexit sha1_base64="gBkPAiH6hMuS7AAeojX4NU34PEk="></latexit><latexit sha1_base64="gBkPAiH6hMuS7AAeojX4NU34PEk="></latexit><latexit sha1_base64="VK/Rq1EYvyB+uNNZMpENI68fL74="></latexit>

p(zd|zs)
p(zd|zs)

<latexit sha1_base64="fcav2XQoZdzgw55snaTgQg7LRNs="></latexit><latexit sha1_base64="7V7loxqwH7oMtNW+bz/SaMtr+48="></latexit><latexit sha1_base64="7V7loxqwH7oMtNW+bz/SaMtr+48="></latexit><latexit sha1_base64="VS6vjCThBZUEkG/DUJkjQJL2S7A="></latexit>

p(zs|zp)
p(zs|zp)

<latexit sha1_base64="cLF6kSj0Adq08zhBJ/MomXTQVSw="></latexit><latexit sha1_base64="DEfrXqTe1xl1gJxbMIxhG2HdHdM="></latexit><latexit sha1_base64="DEfrXqTe1xl1gJxbMIxhG2HdHdM="></latexit><latexit sha1_base64="8LVS92A/Zoix03FOxPA+Dp5dv+M="></latexit>

p(zp|✓0)
p(zp|✓1)

<latexit sha1_base64="TchZ3l13UnvFBNqtHJcwqFupabo="></latexit><latexit sha1_base64="gQdgk++ocrmk4Ghq1bO9pgmMjVw="></latexit><latexit sha1_base64="gQdgk++ocrmk4Ghq1bO9pgmMjVw="></latexit><latexit sha1_base64="/gJ7+TJselJZhUfL1KMaquIale0="></latexit>
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We have joint likelihood ratio

r(x, z|✓0, ✓1) ⌘
p(x, zd, zs, zp|✓0)
p(x, zd, zs, zp|✓1)

<latexit sha1_base64="KWd46GFlqEo9asv8Q83A0kg16RQ=">AAAfe3icpVnrb9y4Ed9cX1f32uZatF+KNrwaSe2Dst6113kdXFxzCa4Fkl6a16W17AUlUStiJVEhqfWudSr6b/Zzgf4XBTpDSbaePqN1EC7F+c1wNDMcDiknCbnSk8k/b3zwne9+7/s/+PCHWz/66Mc/+enNj3/2VolUuuyNK0Ih3zlUsZDH7I3mOmTvEslo5ITsa2f5BdK/XjGpuIhf603CTiK6iLnPXaphaH7zH7Zma23kZB </latexit><latexit sha1_base64="KWd46GFlqEo9asv8Q83A0kg16RQ=">AAAfe3icpVnrb9y4Ed9cX1f32uZatF+KNrwaSe2Dst6113kdXFxzCa4Fkl6a16W17AUlUStiJVEhqfWudSr6b/Zzgf4XBTpDSbaePqN1EC7F+c1wNDMcDiknCbnSk8k/b3zwne9+7/s/+PCHWz/66Mc/+enNj3/2VolUuuyNK0Ih3zlUsZDH7I3mOmTvEslo5ITsa2f5BdK/XjGpuIhf603CTiK6iLnPXaphaH7zH7Zma23kZB </latexit><latexit sha1_base64="KWd46GFlqEo9asv8Q83A0kg16RQ=">AAAfe3icpVnrb9y4Ed9cX1f32uZatF+KNrwaSe2Dst6113kdXFxzCa4Fkl6a16W17AUlUStiJVEhqfWudSr6b/Zzgf4XBTpDSbaePqN1EC7F+c1wNDMcDiknCbnSk8k/b3zwne9+7/s/+PCHWz/66Mc/+enNj3/2VolUuuyNK0Ih3zlUsZDH7I3mOmTvEslo5ITsa2f5BdK/XjGpuIhf603CTiK6iLnPXaphaH7zH7Zma23kZB </latexit><latexit sha1_base64="KWd46GFlqEo9asv8Q83A0kg16RQ=">AAAfe3icpVnrb9y4Ed9cX1f32uZatF+KNrwaSe2Dst6113kdXFxzCa4Fkl6a16W17AUlUStiJVEhqfWudSr6b/Zzgf4XBTpDSbaePqN1EC7F+c1wNDMcDiknCbnSk8k/b3zwne9+7/s/+PCHWz/66Mc/+enNj3/2VolUuuyNK0Ih3zlUsZDH7I3mOmTvEslo5ITsa2f5BdK/XjGpuIhf603CTiK6iLnPXaphaH7zH7Zma23kZB </latexit>

r(x|✓0, ✓1) ⌘
p(x|✓0)
p(x|✓1)

<latexit sha1_base64="8D0GD/lJ8rZvga/S7dCpoKfvORM="></latexit><latexit sha1_base64="8D0GD/lJ8rZvga/S7dCpoKfvORM="></latexit><latexit sha1_base64="8D0GD/lJ8rZvga/S7dCpoKfvORM="></latexit><latexit sha1_base64="8D0GD/lJ8rZvga/S7dCpoKfvORM="></latexit>

We want likelihood ratio
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<latexit sha1_base64="KWd46GFlqEo9asv8Q83A0kg16RQ=">AAAfe3icpVnrb9y4Ed9cX1f32uZatF+KNrwaSe2Dst6113kdXFxzCa4Fkl6a16W17AUlUStiJVEhqfWudSr6b/Zzgf4XBTpDSbaePqN1EC7F+c1wNDMcDiknCbnSk8k/b3zwne9+7/s/+PCHWz/66Mc/+enNj3/2VolUuuyNK0Ih3zlUsZDH7I3mOmTvEslo5ITsa2f5BdK/XjGpuIhf603CTiK6iLnPXaphaH7zH7Zma23kZB </latexit><latexit sha1_base64="KWd46GFlqEo9asv8Q83A0kg16RQ=">AAAfe3icpVnrb9y4Ed9cX1f32uZatF+KNrwaSe2Dst6113kdXFxzCa4Fkl6a16W17AUlUStiJVEhqfWudSr6b/Zzgf4XBTpDSbaePqN1EC7F+c1wNDMcDiknCbnSk8k/b3zwne9+7/s/+PCHWz/66Mc/+enNj3/2VolUuuyNK0Ih3zlUsZDH7I3mOmTvEslo5ITsa2f5BdK/XjGpuIhf603CTiK6iLnPXaphaH7zH7Zma23kZB </latexit><latexit sha1_base64="KWd46GFlqEo9asv8Q83A0kg16RQ=">AAAfe3icpVnrb9y4Ed9cX1f32uZatF+KNrwaSe2Dst6113kdXFxzCa4Fkl6a16W17AUlUStiJVEhqfWudSr6b/Zzgf4XBTpDSbaePqN1EC7F+c1wNDMcDiknCbnSk8k/b3zwne9+7/s/+PCHWz/66Mc/+enNj3/2VolUuuyNK0Ih3zlUsZDH7I3mOmTvEslo5ITsa2f5BdK/XjGpuIhf603CTiK6iLnPXaphaH7zH7Zma23kZB </latexit><latexit sha1_base64="KWd46GFlqEo9asv8Q83A0kg16RQ=">AAAfe3icpVnrb9y4Ed9cX1f32uZatF+KNrwaSe2Dst6113kdXFxzCa4Fkl6a16W17AUlUStiJVEhqfWudSr6b/Zzgf4XBTpDSbaePqN1EC7F+c1wNDMcDiknCbnSk8k/b3zwne9+7/s/+PCHWz/66Mc/+enNj3/2VolUuuyNK0Ih3zlUsZDH7I3mOmTvEslo5ITsa2f5BdK/XjGpuIhf603CTiK6iLnPXaphaH7zH7Zma23kZB </latexit>
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We have joint likelihood ratio
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We want likelihood ratio

With                             , 
we define the functional  

 
                                                                                                   .  

 
One can show it is minimized by 

 
                                                                   !argmin

r̂(x)
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Need to minimize a functional:

Variational family

Extremization Functional

r(x|✓0, ✓1) = argmin
r̂(x)

Lr[r̂(x)]
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Need to minimize a functional:

This is exactly what 
machine learning does!

Neural network
Stochastic gradient descent

Loss function

Variational family

Extremization Functional

We implement  
as a neural network trained on the 
data available from the simulator 
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2. Machine Learning
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Proof of concept
• Higgs production in 

weak boson fusion:

 13

• Two setups: 

• Simplified setup in which we can compare to true likelihood 

• “Realistic” simulation with approximate detector effects 

• Simulation: MadGraph [J. Alwall et al. 1405.0301] + MadMax 
[K. Cranmer, T. Plehn hep-ph/0605268; T. Plehn, P. Schichtel, D. Wiegand 1311.2591]

/17

at least 16-dimensional  
observable space

Exciting physics!

• Goal: constraints on two EFT parameters
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New techniques 
require less data than  
generic ML method 

[CARL, see K. Cranmer, G. Louppe, 
J. Pavez 1506.02169]
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36 events,  assuming SM
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Stronger bounds
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New technique 
enables stronger 

limits than 
traditional histogram

Limits from new technique 
virtually indistinguishable 

from true likelihood 
(usually we don’t have that)

Expected exclusion limits at 68%, 95%, 99.7% CL

36 events,  assuming SM
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• Many LHC analyses (and much of 
modern science) are based on 
simulations, “likelihood-free” 

• Established inference methods 
treat simulator as black box

• New inference techniques: 
Leverage more information from 
simulator + power of machine 
learning

• First application to Higgs physics: 
Stronger EFT constraints with less 
data



References

JB, K. Cranmer, G. Louppe, and J. Pavez [1805.00013]  
Constraining Effective Field Theories with Machine Learning 

JB, K. Cranmer, G. Louppe, and J. Pavez [1805.00020]  
A Guide to Constraining Effective Field Theories with Machine Learning 

JB, G. Louppe, J. Pavez, and K. Cranmer [1805.12244]  
Mining gold from implicit models to improve likelihood-free inference 

M. Stoye, JB, G. Louppe, J. Pavez, and K. Cranmer In preparation  
Likelihood-free inference with augmented cross-entropy estimators 

JB, K. Cranmer, and F. Kling In preparation  
MadMiner

 17/17

Kyle Cranmer 
ATLAS

Gilles Louppe 
ML

Juan Pavez 
ML

Felix Kling 
Pheno

Markus Stoye 
CMS



Bonus material



Can I use this?

 19/17

Yes! 

To make that easier, we’re 
working on MadMiner: 

• “Mining gold” from 
MadGraph + Pythia 
+ detector simulation  
(Delphes … full sim) 

• Likelihood ratio estimation 
with new algorithms 

• User-friendly Python 
interface
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Effective field theory

LEFT = LSM +
X

i

fi
⇤2

Oi + . . .
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Dragons?

Extra dimensions?
Supersymmetry?

Composite Higgs?
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…

[Image sources: STFC / Ben Gililand, Sean Carroll, 
Friedrich Justin Bertuch 1806, symmetry]

LHC Higgs Other LHC 
measurements

LEP Flavour …

Matching

Measurements
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Operators 

• all possible interactions between SM particles 
mediated by new physics 

• fixed by SM particles + SM symmetries + 
expansion in          ,  
independent of high-energy physics 

• affect rates + kinematics
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[W. Buchmuller, D. Wyler 85; 
B. Grzadkowski, M. Iskrzynski, M. Misiak, 
J. Rosiek 1008.4884; …]
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Wilson coefficients 

• precise measurement of these 
parameters is one of the most 
important goals of the LHC

Higher-order terms 

• suppressed by additional 
factors of E2 /⇤2
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Operators 

• all possible interactions between SM particles 
mediated by new physics 

• fixed by SM particles + SM symmetries + 
expansion in          ,  
independent of high-energy physics 

• affect rates + kinematics
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[W. Buchmuller, D. Wyler 85; 
B. Grzadkowski, M. Iskrzynski, M. Misiak, 
J. Rosiek 1008.4884; …]

• can be translated to high-
energy physics parameters



Variational calculus
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Point by point
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(Agnostic) parameterized estimators
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Morphing-aware parameterized estimators
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Morphing coefficients
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The score

• Inference just based on the joint 
likelihood ratio works well, but there 
is another powerful piece of 
information 

• The score 
 
 
 
 
fully characterizes the likelihood 
function in the neighborhood of 

• The score itself is intractable. But…
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t(x|✓0) ⌘ r✓ log p(x|✓)
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Learning the score
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We want score

t(x|✓0) ⌘ r✓ log p(x|✓)
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Similar to the joint likelihood ratio, 
we can calculate the  joint score

t(x, z|✓0) ⌘ r✓ log p(x, zd, zs, z|✓)
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We want score

t(x|✓0) ⌘ r✓ log p(x|✓)
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Similar to the joint likelihood ratio, 
we can calculate the  joint score

t(x, z|✓0) ⌘ r✓ log p(x, zd, zs, z|✓)
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Given                       , 
we define the functional  

 
                                                                                      . 

 
One can show it is minimized by 

 
                                                      . 

 
Again, we implement this 

with machine learning

Lt[t̂(x)] = Ep(x,z|✓0)

⇣
t̂(x)� t(x, z|✓0)

⌘2
�
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argmin
t̂(x)

Lt[t̂(x)] = t(x|✓0)
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Putting the pieces together
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2. Machine Learning
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g

L[g]
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approximate 
likelihood 

ratio

3. Inference
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1. Simulation
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augmented data (“gold”)



A family of likelihood-free inference strategies
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Different strategies to combine the different pieces of information:
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Different strategies to combine the different pieces of information:

RASCAL loss function: 

LRASCAL[r̂(x|✓0, ✓1)] = Lr[r̂(x|✓0, ✓1)] + ↵ Lt[r✓0 log r̂(x|✓0, ✓1)]
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Distributions
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Score vs observables
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Results
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Precision of estimates

 34/17



Expected limits (truth level)
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Detector effects
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Expected limits (with detector effects)
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