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[M. Yao, idea for analogy: K. Cranmer]
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4. The likelihood function of high-dimensional observables cannot be calculated

• Established data analysis methods struggle… 
New ideas can improve the sensitivity to new physics!



Likelihood-free inference
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The Galton board

 4/40

[F. Galton 1889]



Probabilities from integrating trajectories
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Sum over 
all trajectories 

(“latent variables”)

Probability of 
each path      

from start to x
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Probability of ending in bin     :x
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The generalized Galton board
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What if probability to go left at a nail is not always 0.5, but some (known) function of some parameters     ?  

• Prediction: given    , generate samples of 
observations         . 

 Simple: just drop balls!
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• Inference: given observations          , what are the 
most likely values for     ? 

 “Easy” problem if we can evaluate likelihood 
 
                                                                        . 
 
But the number of  possible paths     can be huge, 
and it becomes impossible to calculate the 
integral!

p(x|✓) =
Z

dz p(x, z|✓)
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• Simulator can generate samples

Prediction:
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Prediction:

• Likelihood function                is intractable 

• Inference needs estimator             .
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Galton board: metaphor for simulator-based science
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Galton board device  ⟶ Computer simulation 

Parameters ⟶ Model parameters 

Bins ⟶ Observables 

Path ⟶ Latent variables  
  (stochastic execution trace through simulator)
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Cosmological N-body simulations
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[Illustris 1405.2921][Planck 1502.01589]
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Epidemiology
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Particle physics
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Evolution

Theory 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Evolution

Latent variables

Parton-level 
momenta
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[F. Krauss]

Particle physics

 11/40
Evolution

Latent variables

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>



Particle physics

 11/40
Evolution

Latent variables

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>

[CMS]



Particle physics

 11/40
Evolution

Latent variables

[M. Cacciari, G. Salam, G. Soyez 0802.1189]

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>



Sample from

Particle physics

 11/40

Latent variables

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(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>

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>



Particle physics

 11/40

Latent variables

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(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>

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>

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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Latent variables

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(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>

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>

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!



Why has that not stopped us so far?



Solve it by histogramming summary statistics

 13/40

• Most physicists’ solution:

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

Latent

Simulator



Solve it by histogramming summary statistics

 13/40

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>

[ATLAS 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>

• Most physicists’ solution:

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

Latent

Simulator



Solve it by histogramming summary statistics

 13/40

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>

[ATLAS 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>

• Most physicists’ solution:

• How to choose       ? Standard variables often lose information 
[JB, K. Cranmer, F. Kling, T. Plehn 1612.05261; JB, F. Kling, T. Plehn, T. Tait 1712.02350] 

• “Curse of dimensionality”: Histograms don’t scale to high-dimensional    

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>

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

Latent

Simulator



Solve it by approximating the integral

 14/40

• Problem: high-dim. integral over shower / detector trajectories

p(x|✓) =
Z
dzd

Z
dzs

Z
dzp p(x|zd) p(zd|zs) p(zs|zp) p(zp|✓)

<latexit sha1_base64="AB87VeAIfsNPvxD+j8yhNv2oflc="></latexit><latexit sha1_base64="Ja8H9nSXeh8Omo0YOK1BAOcU9cA="></latexit><latexit sha1_base64="Ja8H9nSXeh8Omo0YOK1BAOcU9cA="></latexit><latexit sha1_base64="pNc/iuQqO/bssn9ywAKdkvoA6es="></latexit>

[C
M

S]



Solve it by approximating the integral

 14/40

• Problem: high-dim. integral over shower / detector trajectories

p(x|✓) =
Z
dzd

Z
dzs

Z
dzp p(x|zd) p(zd|zs) p(zs|zp) p(zp|✓)

<latexit sha1_base64="AB87VeAIfsNPvxD+j8yhNv2oflc="></latexit><latexit sha1_base64="Ja8H9nSXeh8Omo0YOK1BAOcU9cA="></latexit><latexit sha1_base64="Ja8H9nSXeh8Omo0YOK1BAOcU9cA="></latexit><latexit sha1_base64="pNc/iuQqO/bssn9ywAKdkvoA6es="></latexit>

[C
M

S]
[C

M
S 
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• Matrix Element Method: [K. Kondo 1988] 

• approximate shower + detector effects into transfer function 

• explicitly calculate remaining integral 
 
 

• Shower / Event Deconstruction [D. E. Soper, M. Spannowsky 1102.3480] 
extend explicit calculation to the shower

p̂(x|zp)
<latexit sha1_base64="xzs7+DawVswnI4B4oa6S0jvhFLs="></latexit><latexit sha1_base64="6/QD0riOV/GmQOBrU6EI5c2ZC5U="></latexit><latexit sha1_base64="6/QD0riOV/GmQOBrU6EI5c2ZC5U="></latexit><latexit sha1_base64="eJ49y0N+A0sA/o/VUpVYtWF3fGo="></latexit><latexit sha1_base64="dWShCnnILVkh4gMYuUrbxWVFUJ0="></latexit><latexit sha1_base64="dWShCnnILVkh4gMYuUrbxWVFUJ0="></latexit><latexit sha1_base64="evpgkFbQFUeQgatNV4Hv3ToVQfY="></latexit><latexit sha1_base64="evpgkFbQFUeQgatNV4Hv3ToVQfY="></latexit><latexit sha1_base64="6/QD0riOV/GmQOBrU6EI5c2ZC5U="></latexit><latexit sha1_base64="6/QD0riOV/GmQOBrU6EI5c2ZC5U="></latexit><latexit sha1_base64="6/QD0riOV/GmQOBrU6EI5c2ZC5U="></latexit><latexit sha1_base64="6/QD0riOV/GmQOBrU6EI5c2ZC5U="></latexit><latexit sha1_base64="evpgkFbQFUeQgatNV4Hv3ToVQfY="></latexit>

p̂(x|✓) =
Z
dzp p̂(x|zp) p(zp|✓)

<latexit sha1_base64="G+tPT8udyJm0adyTjJ/QTaHUXY8="></latexit><latexit sha1_base64="IakJHx8bYjErCuaJ9dupf62q6yI="></latexit><latexit sha1_base64="IakJHx8bYjErCuaJ9dupf62q6yI="></latexit><latexit sha1_base64="OmRNsts2QspGhURxinTNgZII91E="></latexit>



Solve it by approximating the integral

 14/40

• Problem: high-dim. integral over shower / detector trajectories

p(x|✓) =
Z
dzd

Z
dzs

Z
dzp p(x|zd) p(zd|zs) p(zs|zp) p(zp|✓)

<latexit sha1_base64="AB87VeAIfsNPvxD+j8yhNv2oflc="></latexit><latexit sha1_base64="Ja8H9nSXeh8Omo0YOK1BAOcU9cA="></latexit><latexit sha1_base64="Ja8H9nSXeh8Omo0YOK1BAOcU9cA="></latexit><latexit sha1_base64="pNc/iuQqO/bssn9ywAKdkvoA6es="></latexit>

• Uses matrix-element information, no summary statistics necessary, but: 

• ad-hoc transfer functions 

• evaluation still requires calculating an expensive integral

[C
M

S]
[C

M
S 

15
11

.0
61

70
]

• Matrix Element Method: [K. Kondo 1988] 

• approximate shower + detector effects into transfer function 

• explicitly calculate remaining integral 
 
 

• Shower / Event Deconstruction [D. E. Soper, M. Spannowsky 1102.3480] 
extend explicit calculation to the shower

p̂(x|zp)
<latexit sha1_base64="xzs7+DawVswnI4B4oa6S0jvhFLs="></latexit><latexit sha1_base64="6/QD0riOV/GmQOBrU6EI5c2ZC5U="></latexit><latexit sha1_base64="6/QD0riOV/GmQOBrU6EI5c2ZC5U="></latexit><latexit sha1_base64="eJ49y0N+A0sA/o/VUpVYtWF3fGo="></latexit><latexit sha1_base64="dWShCnnILVkh4gMYuUrbxWVFUJ0="></latexit><latexit sha1_base64="dWShCnnILVkh4gMYuUrbxWVFUJ0="></latexit><latexit sha1_base64="evpgkFbQFUeQgatNV4Hv3ToVQfY="></latexit><latexit sha1_base64="evpgkFbQFUeQgatNV4Hv3ToVQfY="></latexit><latexit sha1_base64="6/QD0riOV/GmQOBrU6EI5c2ZC5U="></latexit><latexit sha1_base64="6/QD0riOV/GmQOBrU6EI5c2ZC5U="></latexit><latexit sha1_base64="6/QD0riOV/GmQOBrU6EI5c2ZC5U="></latexit><latexit sha1_base64="6/QD0riOV/GmQOBrU6EI5c2ZC5U="></latexit><latexit sha1_base64="evpgkFbQFUeQgatNV4Hv3ToVQfY="></latexit>

p̂(x|✓) =
Z
dzp p̂(x|zp) p(zp|✓)

<latexit sha1_base64="G+tPT8udyJm0adyTjJ/QTaHUXY8="></latexit><latexit sha1_base64="IakJHx8bYjErCuaJ9dupf62q6yI="></latexit><latexit sha1_base64="IakJHx8bYjErCuaJ9dupf62q6yI="></latexit><latexit sha1_base64="OmRNsts2QspGhURxinTNgZII91E="></latexit>



Likelihood-free inference methods

 15/40

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

 15/40

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, 
Shower Deconstruction, Event Deconstruction 
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

 15/40

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, …

• Mining gold from the simulator 
Leverage matrix-element information + machine learning

New!

Use latent structure: 

• Matrix Element Method, Optimal Observables, 
Shower Deconstruction, Event Deconstruction 
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>



A new approach: 
Mining gold from the simulator

[JB, K. Cranmer, G. Louppe, J. Pavez  1805.00013, 1805.00020, 1805.12244; 
with M. Stoye 1808.00973;  with F. Kling in progress]



Bird’s-eye view

 17/40

1. Simulation

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

Latent

Simulator

x
Observables

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

Parameters

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

“Mining gold”: Extract  
additional information 

from simulator



Bird’s-eye view

 17/40

<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>

2. Machine Learning1. Simulation

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

Latent

Simulator

x
Observables

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

Parameters

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

“Mining gold”: Extract  
additional information 

from simulator

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

Use this information to 
train estimator for likelihood ratio
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<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>

2. Machine Learning

✓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>

3. Inference1. Simulation

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

Latent

Simulator

x
Observables

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

Parameters

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

“Mining gold”: Extract  
additional information 

from simulator

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

Limit setting with 
standard hypothesis tests

Use this information to 
train estimator for likelihood ratio
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✓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>

3. Inference

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>

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<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]

2. Machine Learning

Augmented data

1. Simulation

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

Latent

Simulator

x
Observables

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

Parameters

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>
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Intractable integrals

Latent variables

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(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>

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>

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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Parton-level likelihood 
can be evaluated!

⇒ For each generated event, we can calculate the joint likelihood ratio conditional on its specific evolution:

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>

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(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>

Latent variables

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(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>

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>

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>



/40 20

✓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>

3. Inference

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>

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<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>

2. Machine Learning

Augmented data

1. Simulation

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

Latent

Simulator

x
Observables

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

Parameters

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>
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We can calculate the joint likelihood ratio

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

<latexit sha1_base64="463yInG468HTaq/5hM8/QIOaTM4="></latexit><latexit sha1_base64="hZQ4fgmN6lg8VcthOpfDa+MlHVU="></latexit><latexit sha1_base64="hZQ4fgmN6lg8VcthOpfDa+MlHVU="></latexit><latexit sha1_base64="s55NkSnOpLtKqmGahTE3PB77UQ8="></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 the likelihood ratio function
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We can calculate the joint likelihood ratio

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

<latexit sha1_base64="463yInG468HTaq/5hM8/QIOaTM4="></latexit><latexit sha1_base64="hZQ4fgmN6lg8VcthOpfDa+MlHVU="></latexit><latexit sha1_base64="hZQ4fgmN6lg8VcthOpfDa+MlHVU="></latexit><latexit sha1_base64="s55NkSnOpLtKqmGahTE3PB77UQ8="></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 the likelihood ratio function

                          are  
 scattered around 

                     r(x|✓0, ✓1)
<latexit sha1_base64="k59V76bLXyiH7OuukTPPHVZlof0="></latexit><latexit sha1_base64="k59V76bLXyiH7OuukTPPHVZlof0="></latexit><latexit sha1_base64="k59V76bLXyiH7OuukTPPHVZlof0="></latexit><latexit sha1_base64="k59V76bLXyiH7OuukTPPHVZlof0="></latexit>

r(x, z|✓0, ✓1)
<latexit sha1_base64="fl5Uy/UQaYszEkUPpCYIfsnLyrE="></latexit><latexit sha1_base64="0ofOSLz1PQ0X1AXUaAowo5LWSe4="></latexit><latexit sha1_base64="0ofOSLz1PQ0X1AXUaAowo5LWSe4="></latexit><latexit sha1_base64="Q2VD33WR+MOcBrvtoUBC3MrICLI="></latexit><latexit sha1_base64="BOVnZZ89dk2OF3HoTtFB/u1su8A="></latexit><latexit sha1_base64="BOVnZZ89dk2OF3HoTtFB/u1su8A="></latexit><latexit sha1_base64="FVvdpb+AE0O0VTTOcGKKoPgVoQ0="></latexit><latexit sha1_base64="FVvdpb+AE0O0VTTOcGKKoPgVoQ0="></latexit><latexit sha1_base64="0ofOSLz1PQ0X1AXUaAowo5LWSe4="></latexit><latexit sha1_base64="0ofOSLz1PQ0X1AXUaAowo5LWSe4="></latexit><latexit sha1_base64="0ofOSLz1PQ0X1AXUaAowo5LWSe4="></latexit><latexit sha1_base64="0ofOSLz1PQ0X1AXUaAowo5LWSe4="></latexit><latexit sha1_base64="FVvdpb+AE0O0VTTOcGKKoPgVoQ0="></latexit>



The value of gold

 21/40

We can calculate the joint likelihood ratio

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

<latexit sha1_base64="463yInG468HTaq/5hM8/QIOaTM4="></latexit><latexit sha1_base64="hZQ4fgmN6lg8VcthOpfDa+MlHVU="></latexit><latexit sha1_base64="hZQ4fgmN6lg8VcthOpfDa+MlHVU="></latexit><latexit sha1_base64="s55NkSnOpLtKqmGahTE3PB77UQ8="></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 the likelihood ratio function

With                            , we define the functional 
 

                                                                                                                                              .  
 

One can show it is minimized by  
 

                                                                        !

r(x, z|✓0, ✓1)
<latexit sha1_base64="fl5Uy/UQaYszEkUPpCYIfsnLyrE="></latexit><latexit sha1_base64="0ofOSLz1PQ0X1AXUaAowo5LWSe4="></latexit><latexit sha1_base64="0ofOSLz1PQ0X1AXUaAowo5LWSe4="></latexit><latexit sha1_base64="Q2VD33WR+MOcBrvtoUBC3MrICLI="></latexit><latexit sha1_base64="BOVnZZ89dk2OF3HoTtFB/u1su8A="></latexit><latexit sha1_base64="BOVnZZ89dk2OF3HoTtFB/u1su8A="></latexit><latexit sha1_base64="FVvdpb+AE0O0VTTOcGKKoPgVoQ0="></latexit><latexit sha1_base64="FVvdpb+AE0O0VTTOcGKKoPgVoQ0="></latexit><latexit sha1_base64="0ofOSLz1PQ0X1AXUaAowo5LWSe4="></latexit><latexit sha1_base64="0ofOSLz1PQ0X1AXUaAowo5LWSe4="></latexit><latexit sha1_base64="0ofOSLz1PQ0X1AXUaAowo5LWSe4="></latexit><latexit sha1_base64="0ofOSLz1PQ0X1AXUaAowo5LWSe4="></latexit><latexit sha1_base64="FVvdpb+AE0O0VTTOcGKKoPgVoQ0="></latexit>

r(x|✓0, ✓1) = argmin
r̂(x|✓0,✓1)

Lr[r̂(x|✓0, ✓1)]
<latexit sha1_base64="SRkO9GOrtrOtmUSNsdPuJ0MDqQU="></latexit><latexit sha1_base64="8yRocSOec05lxpp932DldWiXwbA="></latexit><latexit sha1_base64="8yRocSOec05lxpp932DldWiXwbA="></latexit><latexit sha1_base64="dm6ZaQXmwM2PQcxGe/4yN7YudwY="></latexit>

Lr[r̂(x|✓0, ✓1)] =
Z

dx

Z
dz p(x, z|✓1)

h
(r̂(x|✓0, ✓1)� r(x, z|✓0, ✓1))2

i

<latexit sha1_base64="GyugbT1NogCabgcd72+Zdw4fp4Q="></latexit><latexit sha1_base64="4Q+fE2uaX7Bnj1xHO7g3lR5nRdg="></latexit><latexit sha1_base64="4Q+fE2uaX7Bnj1xHO7g3lR5nRdg="></latexit><latexit sha1_base64="AMxtivrgnprdONRPLVfL25UAznM="></latexit>



Machine learning = applied calculus of variatios

We can get a precise estimator of the likelihood ratio by numerically mimimizing a functional:
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r̂(x|✓0, ✓1) = argmin
r̂(x|✓0,✓1)

Z
dx

Z
dz p(x, z|✓1)

h
r̂(x|✓0, ✓1)� r(x, z|✓0, ✓1)

i2

| {z }
Lr[r̂(x|✓0,✓1)]

<latexit sha1_base64="S/gk5V3QNCDlSPRUHm+AdUqi2JI="></latexit><latexit sha1_base64="TROX+lHq22+OSiZmseoO2ZWhVeQ="></latexit><latexit sha1_base64="TROX+lHq22+OSiZmseoO2ZWhVeQ="></latexit><latexit sha1_base64="zUUVuuZZ+6D31mqFslOaEK16CP0="></latexit>



Machine learning = applied calculus of variatios

We can get a precise estimator of the likelihood ratio by numerically mimimizing a functional:
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r̂(x|✓0, ✓1) = argmin
r̂(x|✓0,✓1)

Z
dx

Z
dz p(x, z|✓1)

h
r̂(x|✓0, ✓1)� r(x, z|✓0, ✓1)

i2

| {z }
Lr[r̂(x|✓0,✓1)]

<latexit sha1_base64="S/gk5V3QNCDlSPRUHm+AdUqi2JI="></latexit><latexit sha1_base64="TROX+lHq22+OSiZmseoO2ZWhVeQ="></latexit><latexit sha1_base64="TROX+lHq22+OSiZmseoO2ZWhVeQ="></latexit><latexit sha1_base64="zUUVuuZZ+6D31mqFslOaEK16CP0="></latexit>

We do this through machine learning: 

• Functional ⟶ Loss function 
 

• Variational family ⟶ Flexible parametric function (e.g. neural network)  

• Exact minimization ⟶ Numerical optimization algorithm (e.g. stochastic gradient descent)

L̂r[r̂(x|✓0, ✓1)] =
1

N

X

(xi,zi)⇠p(x,z|✓1)

h
r̂(xi|✓0, ✓1)� r(xi, zi|✓0, ✓1)

i2

<latexit sha1_base64="4OhZIXThs7g54qqTxNEnhYj4bPI="></latexit><latexit sha1_base64="qCWTwhKKr589bEWpoM6KniznCHc="></latexit><latexit sha1_base64="qCWTwhKKr589bEWpoM6KniznCHc="></latexit><latexit sha1_base64="kd590jRlnHwgUsnB5Lrun/yHqIY="></latexit>

Lr
<latexit sha1_base64="GzggRXL8i8fFbRNi9+a5cdVeAVA="></latexit><latexit sha1_base64="0QyG2F0gbOgtXX0dWK7MAAISuf0="></latexit><latexit sha1_base64="0QyG2F0gbOgtXX0dWK7MAAISuf0="></latexit><latexit sha1_base64="cgxBlK2sdreiOBiETQpiqSNIwtQ="></latexit><latexit sha1_base64="5rTAVzTJRcMo88nTPef0RxECjDk="></latexit><latexit sha1_base64="5rTAVzTJRcMo88nTPef0RxECjDk="></latexit><latexit sha1_base64="ZCGuY+2lZDde57P2SWO+lPKIEYA="></latexit><latexit sha1_base64="ZCGuY+2lZDde57P2SWO+lPKIEYA="></latexit><latexit sha1_base64="0QyG2F0gbOgtXX0dWK7MAAISuf0="></latexit><latexit sha1_base64="0QyG2F0gbOgtXX0dWK7MAAISuf0="></latexit><latexit sha1_base64="0QyG2F0gbOgtXX0dWK7MAAISuf0="></latexit><latexit sha1_base64="0QyG2F0gbOgtXX0dWK7MAAISuf0="></latexit><latexit sha1_base64="ZCGuY+2lZDde57P2SWO+lPKIEYA="></latexit>

r̂(x|✓0, ✓1)
<latexit sha1_base64="spsWlseaTOdfxie90GFXeQEwITw="></latexit><latexit sha1_base64="UPW+f8cLCqGmaxTcatpoBxzcGQE="></latexit><latexit sha1_base64="UPW+f8cLCqGmaxTcatpoBxzcGQE="></latexit><latexit sha1_base64="GqomK2nmaY7xHFVNVBs5otXyhDA="></latexit>
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✓0

x

log r̂
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✓0

x

log r̂

h(n)
i = f

 
X

k

w(n)
ik h(n�1)

k + b(n)i

!

<latexit sha1_base64="jlq4ElMfyk/Jny2pWwa/EAmYti8="></latexit><latexit sha1_base64="DaPHpKKv4CNIFFzHeJzujcjGJ5k="></latexit><latexit sha1_base64="DaPHpKKv4CNIFFzHeJzujcjGJ5k="></latexit><latexit sha1_base64="RV05ojf5MM5YDjltMEj80pMyPWg="></latexit>

where the weights          ,          are 
parameters “trained” by the optimizer

w(n)
ik

<latexit sha1_base64="wHElJ6xm+H2/DjV3KYIOC8ahX78="></latexit><latexit sha1_base64="NhR31GSBU/QrkKbvOQyfGwBT+9o="></latexit><latexit sha1_base64="NhR31GSBU/QrkKbvOQyfGwBT+9o="></latexit><latexit sha1_base64="ym1K0layzuBRVDjonf5Lkzq02Qc="></latexit>

b(n)i
<latexit sha1_base64="w6INgHza6l9qu+7ZBaoXvp7eBow="></latexit><latexit sha1_base64="KJb/qAUklEeZnq+eb6FSgqN4/5U="></latexit><latexit sha1_base64="KJb/qAUklEeZnq+eb6FSgqN4/5U="></latexit><latexit sha1_base64="ZiK3fMYUPIKTj125sWteeSXkeMw="></latexit>
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✓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>

3. Inference

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>

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<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]

2. Machine Learning

Augmented data

1. Simulation

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

Latent

Simulator

x
Observables

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

Parameters

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>
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✓
<latexit sha1_base64="lofVpoLiG29VG+7Ls9pBUVlnk8A="></latexit><latexit sha1_base64="nSAXgH3ZOdpkAmf/j2Yu7Zk+Sz0="></latexit><latexit sha1_base64="nSAXgH3ZOdpkAmf/j2Yu7Zk+Sz0="></latexit><latexit sha1_base64="XbATlMp4T516GB6gNgo1PqUIfS8="></latexit>

✓ref
<latexit sha1_base64="N/hxK3Ctq2oUfBX/C9fyn40iLdQ="></latexit><latexit sha1_base64="cycjQu406qZra1i0cFdpEaSvvF8="></latexit><latexit sha1_base64="cycjQu406qZra1i0cFdpEaSvvF8="></latexit><latexit sha1_base64="/GQrc308NlJXQje01XAZLohf+Io="></latexit>

Parameter space to constrain

xobserved
<latexit sha1_base64="z/6HNkmiSs+cG+GEYYgLeELvEnA="></latexit><latexit sha1_base64="vz77RE+bl3z1r87U9OVyDeclzuM="></latexit><latexit sha1_base64="vz77RE+bl3z1r87U9OVyDeclzuM="></latexit><latexit sha1_base64="DUSG4oXy0f34C4DugNhoOhxf/pc="></latexit>

Observed data
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✓
<latexit sha1_base64="lofVpoLiG29VG+7Ls9pBUVlnk8A="></latexit><latexit sha1_base64="nSAXgH3ZOdpkAmf/j2Yu7Zk+Sz0="></latexit><latexit sha1_base64="nSAXgH3ZOdpkAmf/j2Yu7Zk+Sz0="></latexit><latexit sha1_base64="XbATlMp4T516GB6gNgo1PqUIfS8="></latexit>

✓ref
<latexit sha1_base64="N/hxK3Ctq2oUfBX/C9fyn40iLdQ="></latexit><latexit sha1_base64="cycjQu406qZra1i0cFdpEaSvvF8="></latexit><latexit sha1_base64="cycjQu406qZra1i0cFdpEaSvvF8="></latexit><latexit sha1_base64="/GQrc308NlJXQje01XAZLohf+Io="></latexit>

Parameter space to constrain

{xtoy}
<latexit sha1_base64="Ob+XZEgwBMzpV9ck5YFUlaLb5Vc="></latexit><latexit sha1_base64="IA/tR5CTWwffVuRlEkCwC6pGtyQ="></latexit><latexit sha1_base64="IA/tR5CTWwffVuRlEkCwC6pGtyQ="></latexit><latexit sha1_base64="Nv2wJvvHAGGq0ZHRRgCWntaBSY8="></latexit>

p(log r̂|✓)
<latexit sha1_base64="ZSoEnHonsrW+R/6Na0GzcHQ78Es="></latexit><latexit sha1_base64="2fxTOsjRs6DSM6OnuFg6A3/eEfE="></latexit><latexit sha1_base64="2fxTOsjRs6DSM6OnuFg6A3/eEfE="></latexit><latexit sha1_base64="J17Ezgp+1vRrwfk1aOfth47NvaY="></latexit>

{log r̂(xtoy|✓, ✓ref)}
<latexit sha1_base64="sMjc2NGzb/jJMKz+YQ+XAevfqag="></latexit><latexit sha1_base64="c6iBhvo3KlJphnM7x4s2rJ5R0ek="></latexit><latexit sha1_base64="c6iBhvo3KlJphnM7x4s2rJ5R0ek="></latexit><latexit sha1_base64="ifjRW20IsI9g8RlhAYpiYGoxcgY="></latexit>

log r̂(x|✓, ✓ref)
<latexit sha1_base64="/Sj4En1PIDnQB1hJ9cEXZv0W4GM="></latexit><latexit sha1_base64="Lj23vZUKmcGMCTbsSwreL+UPwOI="></latexit><latexit sha1_base64="Lj23vZUKmcGMCTbsSwreL+UPwOI="></latexit><latexit sha1_base64="Nz1hQcNbel8pER8TiBFv+e5Qu7Y="></latexit>

xobserved
<latexit sha1_base64="z/6HNkmiSs+cG+GEYYgLeELvEnA="></latexit><latexit sha1_base64="vz77RE+bl3z1r87U9OVyDeclzuM="></latexit><latexit sha1_base64="vz77RE+bl3z1r87U9OVyDeclzuM="></latexit><latexit sha1_base64="DUSG4oXy0f34C4DugNhoOhxf/pc="></latexit>

Observed data



Limit setting (most LHC physicists are frequentists)

 25/40

✓
<latexit sha1_base64="lofVpoLiG29VG+7Ls9pBUVlnk8A="></latexit><latexit sha1_base64="nSAXgH3ZOdpkAmf/j2Yu7Zk+Sz0="></latexit><latexit sha1_base64="nSAXgH3ZOdpkAmf/j2Yu7Zk+Sz0="></latexit><latexit sha1_base64="XbATlMp4T516GB6gNgo1PqUIfS8="></latexit>

✓ref
<latexit sha1_base64="N/hxK3Ctq2oUfBX/C9fyn40iLdQ="></latexit><latexit sha1_base64="cycjQu406qZra1i0cFdpEaSvvF8="></latexit><latexit sha1_base64="cycjQu406qZra1i0cFdpEaSvvF8="></latexit><latexit sha1_base64="/GQrc308NlJXQje01XAZLohf+Io="></latexit>

Parameter space to constrain

{xtoy}
<latexit sha1_base64="Ob+XZEgwBMzpV9ck5YFUlaLb5Vc="></latexit><latexit sha1_base64="IA/tR5CTWwffVuRlEkCwC6pGtyQ="></latexit><latexit sha1_base64="IA/tR5CTWwffVuRlEkCwC6pGtyQ="></latexit><latexit sha1_base64="Nv2wJvvHAGGq0ZHRRgCWntaBSY8="></latexit>

p(log r̂|✓)
<latexit sha1_base64="ZSoEnHonsrW+R/6Na0GzcHQ78Es="></latexit><latexit sha1_base64="2fxTOsjRs6DSM6OnuFg6A3/eEfE="></latexit><latexit sha1_base64="2fxTOsjRs6DSM6OnuFg6A3/eEfE="></latexit><latexit sha1_base64="J17Ezgp+1vRrwfk1aOfth47NvaY="></latexit>

{log r̂(xtoy|✓, ✓ref)}
<latexit sha1_base64="sMjc2NGzb/jJMKz+YQ+XAevfqag="></latexit><latexit sha1_base64="c6iBhvo3KlJphnM7x4s2rJ5R0ek="></latexit><latexit sha1_base64="c6iBhvo3KlJphnM7x4s2rJ5R0ek="></latexit><latexit sha1_base64="ifjRW20IsI9g8RlhAYpiYGoxcgY="></latexit>

log r̂(x|✓, ✓ref)
<latexit sha1_base64="/Sj4En1PIDnQB1hJ9cEXZv0W4GM="></latexit><latexit sha1_base64="Lj23vZUKmcGMCTbsSwreL+UPwOI="></latexit><latexit sha1_base64="Lj23vZUKmcGMCTbsSwreL+UPwOI="></latexit><latexit sha1_base64="Nz1hQcNbel8pER8TiBFv+e5Qu7Y="></latexit>

Asymptotic properties 
of likelihood ratio

xobserved
<latexit sha1_base64="z/6HNkmiSs+cG+GEYYgLeELvEnA="></latexit><latexit sha1_base64="vz77RE+bl3z1r87U9OVyDeclzuM="></latexit><latexit sha1_base64="vz77RE+bl3z1r87U9OVyDeclzuM="></latexit><latexit sha1_base64="DUSG4oXy0f34C4DugNhoOhxf/pc="></latexit>

Observed data



Limit setting (most LHC physicists are frequentists)
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✓
<latexit sha1_base64="lofVpoLiG29VG+7Ls9pBUVlnk8A="></latexit><latexit sha1_base64="nSAXgH3ZOdpkAmf/j2Yu7Zk+Sz0="></latexit><latexit sha1_base64="nSAXgH3ZOdpkAmf/j2Yu7Zk+Sz0="></latexit><latexit sha1_base64="XbATlMp4T516GB6gNgo1PqUIfS8="></latexit>

✓ref
<latexit sha1_base64="N/hxK3Ctq2oUfBX/C9fyn40iLdQ="></latexit><latexit sha1_base64="cycjQu406qZra1i0cFdpEaSvvF8="></latexit><latexit sha1_base64="cycjQu406qZra1i0cFdpEaSvvF8="></latexit><latexit sha1_base64="/GQrc308NlJXQje01XAZLohf+Io="></latexit>

Parameter space to constrain

{xtoy}
<latexit sha1_base64="Ob+XZEgwBMzpV9ck5YFUlaLb5Vc="></latexit><latexit sha1_base64="IA/tR5CTWwffVuRlEkCwC6pGtyQ="></latexit><latexit sha1_base64="IA/tR5CTWwffVuRlEkCwC6pGtyQ="></latexit><latexit sha1_base64="Nv2wJvvHAGGq0ZHRRgCWntaBSY8="></latexit>

p(log r̂|✓)
<latexit sha1_base64="ZSoEnHonsrW+R/6Na0GzcHQ78Es="></latexit><latexit sha1_base64="2fxTOsjRs6DSM6OnuFg6A3/eEfE="></latexit><latexit sha1_base64="2fxTOsjRs6DSM6OnuFg6A3/eEfE="></latexit><latexit sha1_base64="J17Ezgp+1vRrwfk1aOfth47NvaY="></latexit>

{log r̂(xtoy|✓, ✓ref)}
<latexit sha1_base64="sMjc2NGzb/jJMKz+YQ+XAevfqag="></latexit><latexit sha1_base64="c6iBhvo3KlJphnM7x4s2rJ5R0ek="></latexit><latexit sha1_base64="c6iBhvo3KlJphnM7x4s2rJ5R0ek="></latexit><latexit sha1_base64="ifjRW20IsI9g8RlhAYpiYGoxcgY="></latexit>

log r̂(x|✓, ✓ref)
<latexit sha1_base64="/Sj4En1PIDnQB1hJ9cEXZv0W4GM="></latexit><latexit sha1_base64="Lj23vZUKmcGMCTbsSwreL+UPwOI="></latexit><latexit sha1_base64="Lj23vZUKmcGMCTbsSwreL+UPwOI="></latexit><latexit sha1_base64="Nz1hQcNbel8pER8TiBFv+e5Qu7Y="></latexit>

Asymptotic properties 
of likelihood ratio

log r̂(xobserved|✓, ✓ref)
<latexit sha1_base64="9WPCoHWrNVKO0bVdRKhH2QSdg5A="></latexit><latexit sha1_base64="W9X3gZeSIYRv2HLPKmoxJA/vtWI="></latexit><latexit sha1_base64="W9X3gZeSIYRv2HLPKmoxJA/vtWI="></latexit><latexit sha1_base64="89Kgrc4B3ZmGRq6wjH+GKaY4YtI="></latexit>

xobserved
<latexit sha1_base64="z/6HNkmiSs+cG+GEYYgLeELvEnA="></latexit><latexit sha1_base64="vz77RE+bl3z1r87U9OVyDeclzuM="></latexit><latexit sha1_base64="vz77RE+bl3z1r87U9OVyDeclzuM="></latexit><latexit sha1_base64="DUSG4oXy0f34C4DugNhoOhxf/pc="></latexit>

Observed data



Limit setting (most LHC physicists are frequentists)
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✓
<latexit sha1_base64="lofVpoLiG29VG+7Ls9pBUVlnk8A="></latexit><latexit sha1_base64="nSAXgH3ZOdpkAmf/j2Yu7Zk+Sz0="></latexit><latexit sha1_base64="nSAXgH3ZOdpkAmf/j2Yu7Zk+Sz0="></latexit><latexit sha1_base64="XbATlMp4T516GB6gNgo1PqUIfS8="></latexit>

✓ref
<latexit sha1_base64="N/hxK3Ctq2oUfBX/C9fyn40iLdQ="></latexit><latexit sha1_base64="cycjQu406qZra1i0cFdpEaSvvF8="></latexit><latexit sha1_base64="cycjQu406qZra1i0cFdpEaSvvF8="></latexit><latexit sha1_base64="/GQrc308NlJXQje01XAZLohf+Io="></latexit>

Parameter space to constrain

{xtoy}
<latexit sha1_base64="Ob+XZEgwBMzpV9ck5YFUlaLb5Vc="></latexit><latexit sha1_base64="IA/tR5CTWwffVuRlEkCwC6pGtyQ="></latexit><latexit sha1_base64="IA/tR5CTWwffVuRlEkCwC6pGtyQ="></latexit><latexit sha1_base64="Nv2wJvvHAGGq0ZHRRgCWntaBSY8="></latexit>

p(log r̂|✓)
<latexit sha1_base64="ZSoEnHonsrW+R/6Na0GzcHQ78Es="></latexit><latexit sha1_base64="2fxTOsjRs6DSM6OnuFg6A3/eEfE="></latexit><latexit sha1_base64="2fxTOsjRs6DSM6OnuFg6A3/eEfE="></latexit><latexit sha1_base64="J17Ezgp+1vRrwfk1aOfth47NvaY="></latexit>

{log r̂(xtoy|✓, ✓ref)}
<latexit sha1_base64="sMjc2NGzb/jJMKz+YQ+XAevfqag="></latexit><latexit sha1_base64="c6iBhvo3KlJphnM7x4s2rJ5R0ek="></latexit><latexit sha1_base64="c6iBhvo3KlJphnM7x4s2rJ5R0ek="></latexit><latexit sha1_base64="ifjRW20IsI9g8RlhAYpiYGoxcgY="></latexit>

log r̂(x|✓, ✓ref)
<latexit sha1_base64="/Sj4En1PIDnQB1hJ9cEXZv0W4GM="></latexit><latexit sha1_base64="Lj23vZUKmcGMCTbsSwreL+UPwOI="></latexit><latexit sha1_base64="Lj23vZUKmcGMCTbsSwreL+UPwOI="></latexit><latexit sha1_base64="Nz1hQcNbel8pER8TiBFv+e5Qu7Y="></latexit>

Asymptotic properties 
of likelihood ratio

p-value
<latexit sha1_base64="KRdAgDk6p1v8KJIwRoXQdCfqHqk="></latexit><latexit sha1_base64="KRdAgDk6p1v8KJIwRoXQdCfqHqk="></latexit><latexit sha1_base64="KRdAgDk6p1v8KJIwRoXQdCfqHqk="></latexit><latexit sha1_base64="KRdAgDk6p1v8KJIwRoXQdCfqHqk="></latexit>

log r̂(xobserved|✓, ✓ref)
<latexit sha1_base64="9WPCoHWrNVKO0bVdRKhH2QSdg5A="></latexit><latexit sha1_base64="W9X3gZeSIYRv2HLPKmoxJA/vtWI="></latexit><latexit sha1_base64="W9X3gZeSIYRv2HLPKmoxJA/vtWI="></latexit><latexit sha1_base64="89Kgrc4B3ZmGRq6wjH+GKaY4YtI="></latexit>

xobserved
<latexit sha1_base64="z/6HNkmiSs+cG+GEYYgLeELvEnA="></latexit><latexit sha1_base64="vz77RE+bl3z1r87U9OVyDeclzuM="></latexit><latexit sha1_base64="vz77RE+bl3z1r87U9OVyDeclzuM="></latexit><latexit sha1_base64="DUSG4oXy0f34C4DugNhoOhxf/pc="></latexit>

Observed data



Limit setting (most LHC physicists are frequentists)
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✓
<latexit sha1_base64="lofVpoLiG29VG+7Ls9pBUVlnk8A="></latexit><latexit sha1_base64="nSAXgH3ZOdpkAmf/j2Yu7Zk+Sz0="></latexit><latexit sha1_base64="nSAXgH3ZOdpkAmf/j2Yu7Zk+Sz0="></latexit><latexit sha1_base64="XbATlMp4T516GB6gNgo1PqUIfS8="></latexit>

✓ref
<latexit sha1_base64="N/hxK3Ctq2oUfBX/C9fyn40iLdQ="></latexit><latexit sha1_base64="cycjQu406qZra1i0cFdpEaSvvF8="></latexit><latexit sha1_base64="cycjQu406qZra1i0cFdpEaSvvF8="></latexit><latexit sha1_base64="/GQrc308NlJXQje01XAZLohf+Io="></latexit>

Parameter space to constrain

{xtoy}
<latexit sha1_base64="Ob+XZEgwBMzpV9ck5YFUlaLb5Vc="></latexit><latexit sha1_base64="IA/tR5CTWwffVuRlEkCwC6pGtyQ="></latexit><latexit sha1_base64="IA/tR5CTWwffVuRlEkCwC6pGtyQ="></latexit><latexit sha1_base64="Nv2wJvvHAGGq0ZHRRgCWntaBSY8="></latexit>

p(log r̂|✓)
<latexit sha1_base64="ZSoEnHonsrW+R/6Na0GzcHQ78Es="></latexit><latexit sha1_base64="2fxTOsjRs6DSM6OnuFg6A3/eEfE="></latexit><latexit sha1_base64="2fxTOsjRs6DSM6OnuFg6A3/eEfE="></latexit><latexit sha1_base64="J17Ezgp+1vRrwfk1aOfth47NvaY="></latexit>

{log r̂(xtoy|✓, ✓ref)}
<latexit sha1_base64="sMjc2NGzb/jJMKz+YQ+XAevfqag="></latexit><latexit sha1_base64="c6iBhvo3KlJphnM7x4s2rJ5R0ek="></latexit><latexit sha1_base64="c6iBhvo3KlJphnM7x4s2rJ5R0ek="></latexit><latexit sha1_base64="ifjRW20IsI9g8RlhAYpiYGoxcgY="></latexit>

log r̂(x|✓, ✓ref)
<latexit sha1_base64="/Sj4En1PIDnQB1hJ9cEXZv0W4GM="></latexit><latexit sha1_base64="Lj23vZUKmcGMCTbsSwreL+UPwOI="></latexit><latexit sha1_base64="Lj23vZUKmcGMCTbsSwreL+UPwOI="></latexit><latexit sha1_base64="Nz1hQcNbel8pER8TiBFv+e5Qu7Y="></latexit>

Asymptotic properties 
of likelihood ratio

p-value
<latexit sha1_base64="KRdAgDk6p1v8KJIwRoXQdCfqHqk="></latexit><latexit sha1_base64="KRdAgDk6p1v8KJIwRoXQdCfqHqk="></latexit><latexit sha1_base64="KRdAgDk6p1v8KJIwRoXQdCfqHqk="></latexit><latexit sha1_base64="KRdAgDk6p1v8KJIwRoXQdCfqHqk="></latexit>

log r̂(xobserved|✓, ✓ref)
<latexit sha1_base64="9WPCoHWrNVKO0bVdRKhH2QSdg5A="></latexit><latexit sha1_base64="W9X3gZeSIYRv2HLPKmoxJA/vtWI="></latexit><latexit sha1_base64="W9X3gZeSIYRv2HLPKmoxJA/vtWI="></latexit><latexit sha1_base64="89Kgrc4B3ZmGRq6wjH+GKaY4YtI="></latexit>

Exclusion contours 
at given confidence level

xobserved
<latexit sha1_base64="z/6HNkmiSs+cG+GEYYgLeELvEnA="></latexit><latexit sha1_base64="vz77RE+bl3z1r87U9OVyDeclzuM="></latexit><latexit sha1_base64="vz77RE+bl3z1r87U9OVyDeclzuM="></latexit><latexit sha1_base64="DUSG4oXy0f34C4DugNhoOhxf/pc="></latexit>

Observed data



The likelihood ratio is the most powerful test statistic
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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>
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✓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>

3. Inference

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>

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<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>

2. Machine Learning

Augmented data

1. Simulation

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

Latent

Simulator

x
Observables

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

Parameters



One more piece: the score
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• Knowing derivative often helps fitting:



One more piece: the score
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• In our case, the relevant quantity is the score                                                         . 

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

• The score itself is intractable. But…

t(x|✓0) ⌘ r✓ log p(x|✓)

�����
✓0

<latexit sha1_base64="QtlRdQi33eBaOvIecj1CuQuhgf4="></latexit><latexit sha1_base64="QtlRdQi33eBaOvIecj1CuQuhgf4="></latexit><latexit sha1_base64="QtlRdQi33eBaOvIecj1CuQuhgf4="></latexit><latexit sha1_base64="QtlRdQi33eBaOvIecj1CuQuhgf4="></latexit>

✓0
<latexit sha1_base64="N82sJAH0TuCQfNzS0IgDwARJt0A="></latexit><latexit sha1_base64="ykTz+5FPOMO2XWZIzV6REC3cb5k="></latexit><latexit sha1_base64="ykTz+5FPOMO2XWZIzV6REC3cb5k="></latexit><latexit sha1_base64="7pgGLq/dsf83Xup2Gvz5vcYunGk="></latexit>

• Knowing derivative often helps fitting:
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We want the score

t(x|✓0) ⌘ r✓ log p(x|✓)

�����
✓0

<latexit sha1_base64="QtlRdQi33eBaOvIecj1CuQuhgf4="></latexit><latexit sha1_base64="QtlRdQi33eBaOvIecj1CuQuhgf4="></latexit><latexit sha1_base64="QtlRdQi33eBaOvIecj1CuQuhgf4="></latexit><latexit sha1_base64="QtlRdQi33eBaOvIecj1CuQuhgf4="></latexit>

Similar to the joint likelihood ratio, from the 
simulator we can extract the  joint score

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

�����
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Given                    ,  
we define the functional 

 
                                                                                                                               .  

 
One can show it is minimized by  

 
                                                                    ! 

 
Again, we implement this minimization 

through machine learning

Lt[t̂(x|✓0)] =
Z

dx

Z
dz p(x, z|✓0)

h�
t̂(x|✓0)� t(x, z|✓0)

�2i

<latexit sha1_base64="Ht3+2rc6PvuZQYzwIMzC5JW+fn0="></latexit><latexit sha1_base64="Mcb2lNMDmnT45VGb1S+nACdMWus="></latexit><latexit sha1_base64="Mcb2lNMDmnT45VGb1S+nACdMWus="></latexit><latexit sha1_base64="nsdsT3/tJyjDjWS+okRkh7KFaKU="></latexit>

t(x, z|✓0)
<latexit sha1_base64="KeHXn6nsvQYsAVa1BS86Ge3LTmw="></latexit><latexit sha1_base64="rfVNZj17H0GwchWVwnhzdOn/38s="></latexit><latexit sha1_base64="rfVNZj17H0GwchWVwnhzdOn/38s="></latexit><latexit sha1_base64="MaSaETinwioQS3s2awjOGFAvk0M="></latexit>

t(x|✓0) = argmin
t̂(x|✓0)

Lt[t̂(x|✓0)]
<latexit sha1_base64="hl6rLvS4HEntvLEYqUn7bAE/FIc="></latexit><latexit sha1_base64="eKRChSZrYDkO1o42G1PxuGHzs0k="></latexit><latexit sha1_base64="eKRChSZrYDkO1o42G1PxuGHzs0k="></latexit><latexit sha1_base64="s6JuRkdrjnaGtTZJqBbl7NVOqck="></latexit>
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Putting the pieces together: RASCAL (Ratio and score approximate likelihood ratio)

<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>

2. Machine Learning

✓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>

3. Inference1. Simulation

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

Latent

Simulator

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

Parameters

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
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>

x
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Augmented data
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>
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<latexit sha1_base64="BMHppIHEY/0iNNG8Fhs+Hd4wokw="></latexit><latexit sha1_base64="WhfdL6HX9XmJ7WXSrLsNwv05onI="></latexit><latexit sha1_base64="WhfdL6HX9XmJ7WXSrLsNwv05onI="></latexit><latexit sha1_base64="GuTW9do3dzdd+I9ZbAmjhvNlqcg="></latexit>

Combining ratio and score information: 
• If ratio estimator is differentiable, we can calculate the estimated score 

• Minimize combined loss function:

LRASCAL[r̂(x|✓0, ✓1)] = Lr[r̂(x|✓0, ✓1)] + ↵ Lt[r✓0 log r̂(x|✓0, ✓1)]
<latexit sha1_base64="yj9kGOEtGNtEcTl00Y6+eFflY9s="></latexit><latexit sha1_base64="7rDKWoi1ULROL0zCCqKC+szzuWw="></latexit><latexit sha1_base64="7rDKWoi1ULROL0zCCqKC+szzuWw="></latexit><latexit sha1_base64="HZp83eAFLalwv7nNqxjlYAa4czo="></latexit>

t̂(x|✓0) = r✓0 log r̂(x|✓0, ✓1)
<latexit sha1_base64="S38A9n67L90uJvWi+U7bsGeCb4U="></latexit><latexit sha1_base64="em7ZOdtqS4wYz4lMaTLTWgDW0mM="></latexit><latexit sha1_base64="em7ZOdtqS4wYz4lMaTLTWgDW0mM="></latexit><latexit sha1_base64="uCYfzFQmBH7Ifc8uF/OON1i0tEA="></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>
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RASCAL combines three orthogonal 
pieces of information

r(x, z|✓)
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Alternatives and extensions

• More than one way to the likelihood (ratio)!  

• ALICE: use cross entropy instead of squared error loss 

• SCANDAL: combine with neural density estimators, 
 e.g. Masked Autoregressive Flows 
 [G. Papamakarios, T. Pavlakou, I. Murray 1705.07057] 

• SALLY / SALLINO: use estimated score as “optimal observable”

 31/40

[A
le

x 
M

or
dv

in
ts

ev
]



Alternatives and extensions

• More than one way to the likelihood (ratio)!  

• ALICE: use cross entropy instead of squared error loss 

• SCANDAL: combine with neural density estimators, 
 e.g. Masked Autoregressive Flows 
 [G. Papamakarios, T. Pavlakou, I. Murray 1705.07057] 

• SALLY / SALLINO: use estimated score as “optimal observable”

 31/40

• What if we don’t fully trust the simulator? 

• Nuisance parameters to model systematic uncertainties 

• Learn robustness with adversarial training 
[G. Louppe, M. Kagan, K. Cranmer 1611.01046] 

• More general than particle physics 

• Currently being adapted to cosmology and epidemiology

[N
AS

A,
 N

IA
ID

]
[A

le
x 

M
or

dv
in

ts
ev

]



.

  Histograms, ABC Neural density est.  Matrix-Element Method RASCAL etc 

 High-dimensional observables  ✓ ✓ ✓ 

 Realistic shower, detector sim. ✓ ✓ transfer fns. ✓ 

 Uses matrix element information   ✓ ✓ 

 Evaluation fast fast expensive fast 
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EFT example

[JB, K. Cranmer, G. Louppe, J. Pavez  1805.00013, 1805.00020, 1805.12244; 
with M. Stoye 1808.00973]



Proof of concept

Higgs production in weak boson fusion:
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at least 16-dimensional 
observable space

Exciting new physics might hide here! 
We parameterize it with two EFT coefficients: 

• Goal: constrain the two EFT 
parameters 

• new inference methods 

• baseline: 2d histogram analysis of 
jet momenta & angular correlations 

• Two scenarios: 

• Simplified setup in which we can 
compare to true likelihood 

• “Realistic” simulation with 
approximate detector effects 

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



More precise likelihood ratio estimates with less training data

 35/40

True log likelihood ratio 
(usually don’t have this)
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True log likelihood ratio 
(usually don’t have this)
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Training sample size

New techniques 
require less data than  
generic ML method 

[CARL, K. Cranmer, 
G. Louppe, J. Pavez 

1506.02169]

Baseline: 
2D histogram 

(based on large 
training sample)



Better sensitivity to new physics
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Slice through parameter space

-2
 lo

g 
lik

el
ih

oo
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Likelihood function

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

Limits from RASCAL 
indistinguishable from  

true likelihood 
(usually we don’t have that)

RASCAL 
enables stronger 

limits than 
2D histogram

Results are based on 36 observed events,  assuming SM



MadMiner

[JB, K. Cranmer, F. Kling in progress]



Can I use any of this?
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Yes! To make that as painless as possible, we’re working on 
the python package MadMiner: 

• “Mining gold” from MadGraph + Pythia 
+ detector simulation 

• Morphing: reconstruct full dependence on model  
parameters from few MC runs 

• Likelihood ratio estimation with RASCAL and friends 

• Calculate Fisher information (truth or reco level) 

Come visit us soon at github.com/johannbrehmer/madminer!

http://github.com/johannbrehmer/madminer


A new approach to simulator-based inference
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• Many LHC analyses (and much of modern 
science) are based on simulations, 
“likelihood-free”
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A new approach to simulator-based inference
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• Many LHC analyses (and much of modern 
science) are based on simulations, 
“likelihood-free”

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

• First application to LHC physics: 
Stronger EFT constraints with less simulations
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JB, KC, FK: MadMiner In preparation 

+ new projects with Sally Dawson, Irina Espejo, Sam Homiller, Marvin Meng, Duccio Pappadopulo, Josh Rudermann… 
 

Thanks to Kyle and Gilles for inspiring many slides!
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Bonus material



Effective field theory
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Effective field theory

LEFT = LSM +
X

i

fi
⇤2

Oi + . . .
<latexit sha1_base64="fTfUwX95ATip1IuCWJsOcpTtErs="></latexit><latexit sha1_base64="UcDZ8YkxZ9fDxzkFLjW00Av4T84="></latexit><latexit sha1_base64="UcDZ8YkxZ9fDxzkFLjW00Av4T84="></latexit><latexit sha1_base64="z7dW/qMQCp9v6vMpTK+3T2ECj9I="></latexit>

Dragons?
Extra dimensions?

Supersymmetry?
Composite Higgs?

En
er

gy

E ⌧ ⇤
<latexit sha1_base64="XBf0TeotKlSW+2+j1Jum/DG2KbA="></latexit><latexit sha1_base64="V4d5H6z3YE94ZJv/Le3FGS2QpXI="></latexit><latexit sha1_base64="V4d5H6z3YE94ZJv/Le3FGS2QpXI="></latexit><latexit sha1_base64="OUTNGEim0Za+tbmXKtWRPZfuZYA="></latexit>

⇤
<latexit sha1_base64="8oEJj2BsIVDbNMufrp3hVscvQsY="></latexit><latexit sha1_base64="qi3djfjLyw7AKaWjhsl+dfLcU2o="></latexit><latexit sha1_base64="qi3djfjLyw7AKaWjhsl+dfLcU2o="></latexit><latexit sha1_base64="OIO56BefOEptuPBTh9gTnk2qMtQ="></latexit><latexit sha1_base64="zejHsJaE9hfAawSS+AVLZAOK5iw="></latexit><latexit sha1_base64="zejHsJaE9hfAawSS+AVLZAOK5iw="></latexit><latexit sha1_base64="7ilkv3MUiwmGF8q5Pt6+T+g8VQE="></latexit><latexit sha1_base64="7ilkv3MUiwmGF8q5Pt6+T+g8VQE="></latexit><latexit sha1_base64="qi3djfjLyw7AKaWjhsl+dfLcU2o="></latexit><latexit sha1_base64="qi3djfjLyw7AKaWjhsl+dfLcU2o="></latexit><latexit sha1_base64="qi3djfjLyw7AKaWjhsl+dfLcU2o="></latexit><latexit sha1_base64="qi3djfjLyw7AKaWjhsl+dfLcU2o="></latexit><latexit sha1_base64="7ilkv3MUiwmGF8q5Pt6+T+g8VQE="></latexit> …

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

LHC Higgs Other LHC 
measurements LEP Flavour …

Matching

Measurements



Variational calculus
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Two types of likelihood ratio estimators
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A) Point by point: 
• first, define grid of parameter points 

• for each combination                  ,  
create separate estimator  

• final results can be interpolated between grid points

(✓0, ✓1)
<latexit sha1_base64="drGpta+LmA9BiftZP84oZ5kSWE0="></latexit><latexit sha1_base64="Uf5GNne7HXr4uUp9WuHzv51b7dE="></latexit><latexit sha1_base64="Uf5GNne7HXr4uUp9WuHzv51b7dE="></latexit><latexit sha1_base64="g3T0Y4y6zKLPOYx1iOsmhQwbNVM="></latexit>

{(✓0, ✓1)}
<latexit sha1_base64="4nxk8KT8aeuW/nzuOfbH0kEfZCc="></latexit><latexit sha1_base64="qyMGM1fuJD6idR9G+zQuQds01NE="></latexit><latexit sha1_base64="qyMGM1fuJD6idR9G+zQuQds01NE="></latexit><latexit sha1_base64="s9faOBGXMJTWyvgB7sFlAf/zW/8="></latexit>

r̂✓0,✓1(x)
<latexit sha1_base64="EZYdkjBHOrJu/L1D9sT6ftwKKEM="></latexit><latexit sha1_base64="zPO1G/qQRT7FhgGiJ0gHC/qdDT0="></latexit><latexit sha1_base64="zPO1G/qQRT7FhgGiJ0gHC/qdDT0="></latexit><latexit sha1_base64="6V2H+5LcNSxl4V7GtgY7MvWtZRM="></latexit>

(✓0, ✓1)
<latexit sha1_base64="drGpta+LmA9BiftZP84oZ5kSWE0="></latexit><latexit sha1_base64="Uf5GNne7HXr4uUp9WuHzv51b7dE="></latexit><latexit sha1_base64="Uf5GNne7HXr4uUp9WuHzv51b7dE="></latexit><latexit sha1_base64="g3T0Y4y6zKLPOYx1iOsmhQwbNVM="></latexit>

r̂✓0,✓1(x)
<latexit sha1_base64="qAKj74VtAoCLK3q07ygvs+2jz9A="></latexit><latexit sha1_base64="vUQcpf85v3Ve4OsvzdJqzO3NP3Y="></latexit><latexit sha1_base64="vUQcpf85v3Ve4OsvzdJqzO3NP3Y="></latexit><latexit sha1_base64="VESuMR/X/Ku1/ecbvs60aDGQAI8="></latexit>

r̂✓0,✓1(x)
<latexit sha1_base64="qAKj74VtAoCLK3q07ygvs+2jz9A="></latexit><latexit sha1_base64="vUQcpf85v3Ve4OsvzdJqzO3NP3Y="></latexit><latexit sha1_base64="vUQcpf85v3Ve4OsvzdJqzO3NP3Y="></latexit><latexit sha1_base64="VESuMR/X/Ku1/ecbvs60aDGQAI8="></latexit>

r̂✓0,✓1(x)
<latexit sha1_base64="qAKj74VtAoCLK3q07ygvs+2jz9A="></latexit><latexit sha1_base64="vUQcpf85v3Ve4OsvzdJqzO3NP3Y="></latexit><latexit sha1_base64="vUQcpf85v3Ve4OsvzdJqzO3NP3Y="></latexit><latexit sha1_base64="VESuMR/X/Ku1/ecbvs60aDGQAI8="></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>

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>

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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B) Parameterized:  [P. Baldi et al. 1506.02169] 

• create one estimator  
that is a function of         and  

• no further interpolation necessary 

• “borrows information” from close points

r̂(x|✓0, ✓1)
<latexit sha1_base64="kPJqmP6B4h1Rqt44FWV+rSQzstE="></latexit><latexit sha1_base64="kPJqmP6B4h1Rqt44FWV+rSQzstE="></latexit><latexit sha1_base64="kPJqmP6B4h1Rqt44FWV+rSQzstE="></latexit><latexit sha1_base64="kPJqmP6B4h1Rqt44FWV+rSQzstE="></latexit>

✓0
<latexit sha1_base64="N82sJAH0TuCQfNzS0IgDwARJt0A="></latexit><latexit sha1_base64="ykTz+5FPOMO2XWZIzV6REC3cb5k="></latexit><latexit sha1_base64="ykTz+5FPOMO2XWZIzV6REC3cb5k="></latexit><latexit sha1_base64="7pgGLq/dsf83Xup2Gvz5vcYunGk="></latexit>

✓1
<latexit sha1_base64="oR21j4n2oHmb86lTNWCh8Z4edNE="></latexit><latexit sha1_base64="Qk8+1u/khqPjLymxMjrErwpzAPg="></latexit><latexit sha1_base64="Qk8+1u/khqPjLymxMjrErwpzAPg="></latexit><latexit sha1_base64="apC1eRTEvjv09mwn84w2ZWRuBlQ="></latexit>

A) Point by point: 
• first, define grid of parameter points 

• for each combination                  ,  
create separate estimator  

• final results can be interpolated between grid points

(✓0, ✓1)
<latexit sha1_base64="drGpta+LmA9BiftZP84oZ5kSWE0="></latexit><latexit sha1_base64="Uf5GNne7HXr4uUp9WuHzv51b7dE="></latexit><latexit sha1_base64="Uf5GNne7HXr4uUp9WuHzv51b7dE="></latexit><latexit sha1_base64="g3T0Y4y6zKLPOYx1iOsmhQwbNVM="></latexit>

{(✓0, ✓1)}
<latexit sha1_base64="4nxk8KT8aeuW/nzuOfbH0kEfZCc="></latexit><latexit sha1_base64="qyMGM1fuJD6idR9G+zQuQds01NE="></latexit><latexit sha1_base64="qyMGM1fuJD6idR9G+zQuQds01NE="></latexit><latexit sha1_base64="s9faOBGXMJTWyvgB7sFlAf/zW/8="></latexit>

r̂✓0,✓1(x)
<latexit sha1_base64="EZYdkjBHOrJu/L1D9sT6ftwKKEM="></latexit><latexit sha1_base64="zPO1G/qQRT7FhgGiJ0gHC/qdDT0="></latexit><latexit sha1_base64="zPO1G/qQRT7FhgGiJ0gHC/qdDT0="></latexit><latexit sha1_base64="6V2H+5LcNSxl4V7GtgY7MvWtZRM="></latexit>

(✓0, ✓1)
<latexit sha1_base64="drGpta+LmA9BiftZP84oZ5kSWE0="></latexit><latexit sha1_base64="Uf5GNne7HXr4uUp9WuHzv51b7dE="></latexit><latexit sha1_base64="Uf5GNne7HXr4uUp9WuHzv51b7dE="></latexit><latexit sha1_base64="g3T0Y4y6zKLPOYx1iOsmhQwbNVM="></latexit>

r̂✓0,✓1(x)
<latexit sha1_base64="qAKj74VtAoCLK3q07ygvs+2jz9A="></latexit><latexit sha1_base64="vUQcpf85v3Ve4OsvzdJqzO3NP3Y="></latexit><latexit sha1_base64="vUQcpf85v3Ve4OsvzdJqzO3NP3Y="></latexit><latexit sha1_base64="VESuMR/X/Ku1/ecbvs60aDGQAI8="></latexit>

r̂✓0,✓1(x)
<latexit sha1_base64="qAKj74VtAoCLK3q07ygvs+2jz9A="></latexit><latexit sha1_base64="vUQcpf85v3Ve4OsvzdJqzO3NP3Y="></latexit><latexit sha1_base64="vUQcpf85v3Ve4OsvzdJqzO3NP3Y="></latexit><latexit sha1_base64="VESuMR/X/Ku1/ecbvs60aDGQAI8="></latexit>

r̂✓0,✓1(x)
<latexit sha1_base64="qAKj74VtAoCLK3q07ygvs+2jz9A="></latexit><latexit sha1_base64="vUQcpf85v3Ve4OsvzdJqzO3NP3Y="></latexit><latexit sha1_base64="vUQcpf85v3Ve4OsvzdJqzO3NP3Y="></latexit><latexit sha1_base64="VESuMR/X/Ku1/ecbvs60aDGQAI8="></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>

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>

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>

(✓0, ✓1)
<latexit sha1_base64="drGpta+LmA9BiftZP84oZ5kSWE0="></latexit><latexit sha1_base64="Uf5GNne7HXr4uUp9WuHzv51b7dE="></latexit><latexit sha1_base64="Uf5GNne7HXr4uUp9WuHzv51b7dE="></latexit><latexit sha1_base64="g3T0Y4y6zKLPOYx1iOsmhQwbNVM="></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>

r̂(x|✓0, ✓1)
<latexit sha1_base64="8I2gWYc3kMLykJOd/JLDncwnXWw="></latexit><latexit sha1_base64="3htj2L4F+JdaW8tZI0dM+MPd6rE="></latexit><latexit sha1_base64="3htj2L4F+JdaW8tZI0dM+MPd6rE="></latexit><latexit sha1_base64="BFCgSuaHbDwl/e+RT13e8ScOfYI="></latexit>



Point by point
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(Agnostic) parameterized estimators
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Morphing-aware parameterized estimators
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Detector effects
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