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Precision constraints on 
indirect effects of new physics

High-dimensional event data
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Precision constraints on 
indirect effects of new physics

High-dimensional event data

Parameterization in 
Effective Field Theory:

systematic expansion of 
new physics around 

Standard Model

10s to 1000s “universal” 
parameters to measure

. LEFT = LSM +
X

i

fi
⇤2

Oi + . . .
<latexit sha1_base64="I+md2VjSub8EBMhVmvVhHOUcYtc="></latexit><latexit sha1_base64="I+md2VjSub8EBMhVmvVhHOUcYtc="></latexit><latexit sha1_base64="I+md2VjSub8EBMhVmvVhHOUcYtc="></latexit><latexit sha1_base64="I+md2VjSub8EBMhVmvVhHOUcYtc="></latexit>
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High-dimensional 
event data     .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>

Constraints on 
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>
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High-dimensional 
event data     .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>

Constraints on 
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>

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

Likelihood function

Maximum-likelihood 
estimator

Confidence limits based 
on likelihood ratio tests
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High-dimensional 
event data     .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>

Constraints on 
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>

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

Likelihood function

Surprisingly, when we want to use high-dimensional 
data and have to deal with the detector response, 

we do not have a good way to calculate the likelihood.
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p(x|✓)
<latexit sha1_base64="QuWoOBx8PR8bscMW9B/LZSDW8hA="></latexit><latexit sha1_base64="yv+MEbSMN+jEbIKHlnwcZvvdm2s="></latexit><latexit sha1_base64="yv+MEbSMN+jEbIKHlnwcZvvdm2s="></latexit><latexit sha1_base64="cxl7jam4SZnnLymN+mpRSwQGbyk="></latexit>

Estimator of the 
likelihood            .

Machine learning

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

Physics insight: 
matrix element information

High-dimensional 
event data     .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>

Constraints on 
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>



LHC measurements as a 
likelihood-free inference problem



Modelling particle physics processes

 6/43
Evolution

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>



Modelling particle physics processes

 6/43
Evolution

Latent variables

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>



[F. Krauss]

Modelling particle physics processes
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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>



Modelling particle physics processes
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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]



Modelling particle physics processes
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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

Modelling particle physics processes
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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>



Modelling particle physics processes
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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>
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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>

It’s infeasible to calculate the 
integral over this enormous 

space! 

(More subtle: We cannot sample 
from                    efficiently.)p(z|x, ✓)

<latexit sha1_base64="++0j6S6sLYl4VCxPcili8UG5P0U="></latexit><latexit sha1_base64="++0j6S6sLYl4VCxPcili8UG5P0U="></latexit><latexit sha1_base64="++0j6S6sLYl4VCxPcili8UG5P0U="></latexit><latexit sha1_base64="++0j6S6sLYl4VCxPcili8UG5P0U="></latexit>
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Latent z
<latexit sha1_base64="f522LujoBhKn9wlOc7FFO313Co4="></latexit><latexit sha1_base64="fjMwXa8gvAwN8tU5xBLqLqzCMFk="></latexit><latexit sha1_base64="fjMwXa8gvAwN8tU5xBLqLqzCMFk="></latexit><latexit sha1_base64="hd/uooQ/cbmembZ0KbEOgsdBgnk="></latexit>

SimulatorParameters

✓
<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

• Well-understood mechanistic model 

• Simulator can generate samples

Prediction:



Likelihood-free inference / implicit models
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Latent z
<latexit sha1_base64="f522LujoBhKn9wlOc7FFO313Co4="></latexit><latexit sha1_base64="fjMwXa8gvAwN8tU5xBLqLqzCMFk="></latexit><latexit sha1_base64="fjMwXa8gvAwN8tU5xBLqLqzCMFk="></latexit><latexit sha1_base64="hd/uooQ/cbmembZ0KbEOgsdBgnk="></latexit>

SimulatorParameters

✓
<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

• Well-understood mechanistic model 

• Simulator can generate samples

Prediction:

• Likelihood function                is intractable 

• Inference based on estimator             .

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

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

Inference:
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Computer Science / Machine Learning / Statistics



Why has that not stopped us before?



Solve it with summary statistics
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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>High-dimensional event data

p(x|✓)
<latexit sha1_base64="d9AyTfXNdCHRDASCWc4F9I14QL8="></latexit><latexit sha1_base64="WNQiabwdkZcR9IOy/o4ZRmVHpQA="></latexit><latexit sha1_base64="WNQiabwdkZcR9IOy/o4ZRmVHpQA="></latexit><latexit sha1_base64="eZm6d4ryAci70j7skgtD8rceBRQ="></latexit>

cannot be calculated



Solve it with summary statistics
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[ATLA
S 1712.02304]

One or two 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>

p(x0|✓)
<latexit sha1_base64="lXHXCTIXwAiyr2tGZjSgmI4YUPE="></latexit><latexit sha1_base64="b0mRHAbp731PrqmVngLB6aSGP1Y="></latexit><latexit sha1_base64="b0mRHAbp731PrqmVngLB6aSGP1Y="></latexit><latexit sha1_base64="3Mh/LYaC+hV96mDhi7fb4S217rg="></latexit>

             can be estimated 
with histograms, KDE, …

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>High-dimensional event data

p(x|✓)
<latexit sha1_base64="d9AyTfXNdCHRDASCWc4F9I14QL8="></latexit><latexit sha1_base64="WNQiabwdkZcR9IOy/o4ZRmVHpQA="></latexit><latexit sha1_base64="WNQiabwdkZcR9IOy/o4ZRmVHpQA="></latexit><latexit sha1_base64="eZm6d4ryAci70j7skgtD8rceBRQ="></latexit>

cannot be calculated



Summary statistics for EFT measurements?
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• Choosing summary statistics       is 
difficult and problem-dependent 

• Often there is no single good 
standard variable — compressing 
to any       loses information!  
[JB, K. Cranmer, F. Kling, T. Plehn 1612.05261; 
JB, F. Kling, T. Plehn , T. Tait 1712.02350] 

• Ideally: analyze high-dimensional     
including all correlations  
(“fully differential cross section”)

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>

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>

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>



Summary statistics for EFT measurements?

 11/43

• Choosing summary statistics       is 
difficult and problem-dependent 

• Often there is no single good 
standard variable — compressing 
to any       loses information!  
[JB, K. Cranmer, F. Kling, T. Plehn 1612.05261; 
JB, F. Kling, T. Plehn , T. Tait 1712.02350] 

• Ideally: analyze high-dimensional     
including all correlations  
(“fully differential cross section”)

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>

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>

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>

[Bolognesi et al. 1208.4018]



Solve it by approximating the integral
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• 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]
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• 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 

15
11

.0
61

70
]

• Matrix Element Method (MEM): [K. Kondo 1988] 

• approximate shower + detector effects into transfer function 

• explicitly calculate remaining integral 
 

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
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• 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 (what about extra radiation?) 

• evaluation still requires calculating an expensive integral
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• Matrix Element Method (MEM): [K. Kondo 1988] 

• approximate shower + detector effects into transfer function 

• explicitly calculate remaining integral 
 

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>
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[K. Cranmer, J. Pavez, G. Louppe 1506.02169]

[M. Yao, idea for analogy: K. Cranmer]



Solve it with machine learning classifiers
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• Train neural network (BDT, …) to tell                          
from                           

• Classifier output            is closer to 0 for      -like events  
(closer to 1 for       -like events)

✓0
<latexit sha1_base64="y8BiQqITNKAugnVjNIcv5At10qo="></latexit><latexit sha1_base64="Ed6PluISOFwF1ah8iQCPOU6C3R0="></latexit><latexit sha1_base64="Ed6PluISOFwF1ah8iQCPOU6C3R0="></latexit><latexit sha1_base64="sPzr/BvhXCgfkDiq22QYrAGeRjo="></latexit>

✓1
<latexit sha1_base64="W2MvlOyIfA5trnGnA5KCEN5t/hk="></latexit><latexit sha1_base64="1JagkYVjirgiXmhwP2zXVko+Nb0="></latexit><latexit sha1_base64="1JagkYVjirgiXmhwP2zXVko+Nb0="></latexit><latexit sha1_base64="+PRh2maR9GtNR6awsn4Xj12u5eI="></latexit>

x ⇠ p(x|✓0)
<latexit sha1_base64="cYSlqqyKfyaYYKJi8VpVvsuoMWs="></latexit><latexit sha1_base64="2GsuVi1LBFaiTkJP2ymqxma1WlI="></latexit><latexit sha1_base64="2GsuVi1LBFaiTkJP2ymqxma1WlI="></latexit><latexit sha1_base64="9cb6a5WL2OCZXm5u3nMMbmbUmWs="></latexit>

x ⇠ p(x|✓1)
<latexit sha1_base64="2NECvKqlP8GxV4YZEkEIQf8f5Mk="></latexit><latexit sha1_base64="iT5++5rFA17Zj4LzD3dlSMUmWrA="></latexit><latexit sha1_base64="iT5++5rFA17Zj4LzD3dlSMUmWrA="></latexit><latexit sha1_base64="iDJYwhyprAPTJ+LUVh8ljuUGM1A="></latexit>

ŝ(x)
<latexit sha1_base64="S69FKHQqosYSsUahf5xFgKWi3X4="></latexit><latexit sha1_base64="j01n5XX3Yg40EtqBos0xkY72sWw="></latexit><latexit sha1_base64="j01n5XX3Yg40EtqBos0xkY72sWw="></latexit><latexit sha1_base64="jiqmxpSJ4+m8TjHoLEJJG3HjB84="></latexit>

[K. Cranmer, J. Pavez, G. Louppe 1506.02169]



Solve it with machine learning classifiers
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• Train neural network (BDT, …) to tell                          
from                           

• Classifier output            is closer to 0 for      -like events  
(closer to 1 for       -like events)

✓0
<latexit sha1_base64="y8BiQqITNKAugnVjNIcv5At10qo="></latexit><latexit sha1_base64="Ed6PluISOFwF1ah8iQCPOU6C3R0="></latexit><latexit sha1_base64="Ed6PluISOFwF1ah8iQCPOU6C3R0="></latexit><latexit sha1_base64="sPzr/BvhXCgfkDiq22QYrAGeRjo="></latexit>

✓1
<latexit sha1_base64="W2MvlOyIfA5trnGnA5KCEN5t/hk="></latexit><latexit sha1_base64="1JagkYVjirgiXmhwP2zXVko+Nb0="></latexit><latexit sha1_base64="1JagkYVjirgiXmhwP2zXVko+Nb0="></latexit><latexit sha1_base64="+PRh2maR9GtNR6awsn4Xj12u5eI="></latexit>

x ⇠ p(x|✓0)
<latexit sha1_base64="cYSlqqyKfyaYYKJi8VpVvsuoMWs="></latexit><latexit sha1_base64="2GsuVi1LBFaiTkJP2ymqxma1WlI="></latexit><latexit sha1_base64="2GsuVi1LBFaiTkJP2ymqxma1WlI="></latexit><latexit sha1_base64="9cb6a5WL2OCZXm5u3nMMbmbUmWs="></latexit>

x ⇠ p(x|✓1)
<latexit sha1_base64="2NECvKqlP8GxV4YZEkEIQf8f5Mk="></latexit><latexit sha1_base64="iT5++5rFA17Zj4LzD3dlSMUmWrA="></latexit><latexit sha1_base64="iT5++5rFA17Zj4LzD3dlSMUmWrA="></latexit><latexit sha1_base64="iDJYwhyprAPTJ+LUVh8ljuUGM1A="></latexit>

ŝ(x)
<latexit sha1_base64="S69FKHQqosYSsUahf5xFgKWi3X4="></latexit><latexit sha1_base64="j01n5XX3Yg40EtqBos0xkY72sWw="></latexit><latexit sha1_base64="j01n5XX3Yg40EtqBos0xkY72sWw="></latexit><latexit sha1_base64="jiqmxpSJ4+m8TjHoLEJJG3HjB84="></latexit>

• CARL: Transform classifier output function          
into estimator for the likelihood ratio 
 
 
(calibrate estimator with histograms of NN output)

⇒ No summary statistics necessary, very fast evaluation… but may require large training samples

r(x) ⌘ p(x|✓0)/p(x|✓1)
<latexit sha1_base64="h7qIKwIZrLXzwPDv4IpTHM4b5gQ="></latexit><latexit sha1_base64="h7qIKwIZrLXzwPDv4IpTHM4b5gQ="></latexit><latexit sha1_base64="h7qIKwIZrLXzwPDv4IpTHM4b5gQ="></latexit><latexit sha1_base64="h7qIKwIZrLXzwPDv4IpTHM4b5gQ="></latexit>

ŝ(x)
<latexit sha1_base64="S69FKHQqosYSsUahf5xFgKWi3X4="></latexit><latexit sha1_base64="j01n5XX3Yg40EtqBos0xkY72sWw="></latexit><latexit sha1_base64="j01n5XX3Yg40EtqBos0xkY72sWw="></latexit><latexit sha1_base64="jiqmxpSJ4+m8TjHoLEJJG3HjB84="></latexit>

[K. Cranmer, J. Pavez, G. Louppe 1506.02169]



An incomplete list of likelihood-free inference methods
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Treat simulator as black box: 

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

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



An incomplete list of likelihood-free inference methods

 14/43

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 physics insights (matrix elements): 

• 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>



An incomplete list of likelihood-free inference methods

 14/43

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 physics insights (matrix elements): 

• 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]



What if we could estimate the likelihood…

• for high-dimensional observables, including correlations? 
 like MEM: no need to pick summary statistics   

• including state-of-the-art shower and detector models?  
 allowing for extra radiation, no need for transfer functions 

• in microseconds? 
 amortized inference: train once, then always evaluate fast 

• requiring less training examples than established machine learning methods?  
 using matrix element information: “ML version of MEM”

 16/43



Bird’s-eye view
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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
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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 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 
is given by matrix element 

and can be evaluated!

⇒ For each simulated event, we can calculate the joint likelihood ratio which depends on the specific 
evolution of the simulation:

⇠ |M(zp|✓0)|2

|M(zp|✓1)|2
<latexit sha1_base64="RC+PX+oaHLpOToqjgCuuOTKpSZM="></latexit><latexit sha1_base64="Mc2PGzpgz3ABIsYbYE20JNpiLAQ="></latexit><latexit sha1_base64="Mc2PGzpgz3ABIsYbYE20JNpiLAQ="></latexit><latexit sha1_base64="EB0QQVnA67g1kEdHvwWZ4sT5ucI="></latexit>

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

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

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

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

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

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

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>
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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

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

(“How much more likely is this simulated event, including 
all intermediate states, for       compared to     ?”)✓0

<latexit sha1_base64="lXng0UMlnxthqJcbliEOfeCa+5k="></latexit><latexit sha1_base64="ft9WEP3FmuDu0fGwWaXc/qKqUlI="></latexit><latexit sha1_base64="ft9WEP3FmuDu0fGwWaXc/qKqUlI="></latexit><latexit sha1_base64="2Jhpjwm5OO2iOntVb/AATFtHqMk="></latexit>

✓1
<latexit sha1_base64="QBW9IHfilXFLfeii1rh3+TtrEJ8="></latexit><latexit sha1_base64="wuQS9YJg71zQuMKp75Q0eJ0Vcf0="></latexit><latexit sha1_base64="wuQS9YJg71zQuMKp75Q0eJ0Vcf0="></latexit><latexit sha1_base64="xk8R2dIL8ighdtejz+7Oj+2OaYQ="></latexit>

(“How much more likely is the observation     
for      compared to      ?”)✓0

<latexit sha1_base64="lXng0UMlnxthqJcbliEOfeCa+5k="></latexit><latexit sha1_base64="ft9WEP3FmuDu0fGwWaXc/qKqUlI="></latexit><latexit sha1_base64="ft9WEP3FmuDu0fGwWaXc/qKqUlI="></latexit><latexit sha1_base64="2Jhpjwm5OO2iOntVb/AATFtHqMk="></latexit>

✓1
<latexit sha1_base64="QBW9IHfilXFLfeii1rh3+TtrEJ8="></latexit><latexit sha1_base64="wuQS9YJg71zQuMKp75Q0eJ0Vcf0="></latexit><latexit sha1_base64="wuQS9YJg71zQuMKp75Q0eJ0Vcf0="></latexit><latexit sha1_base64="xk8R2dIL8ighdtejz+7Oj+2OaYQ="></latexit>

x
<latexit sha1_base64="ucUAa12ci+AO52M/P1m6qrxfxrw="></latexit><latexit sha1_base64="VpyWxqhlKGZN458SAkKgWeCTxKQ="></latexit><latexit sha1_base64="VpyWxqhlKGZN458SAkKgWeCTxKQ="></latexit><latexit sha1_base64="01+M5Iy9GQQBcCBvxLGYq3VjAHA="></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

                          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>
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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

With                            , we define a functional like 
 

                                                                                                                                              .  
 

It is minimized by 
 

                                                                        ! 
 

(And we can sample from                    by running the simulator.)

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>

p(x, z|✓)
<latexit sha1_base64="pvv1szQrwLDVdXQvYCUXNeqRnhY="></latexit><latexit sha1_base64="pvv1szQrwLDVdXQvYCUXNeqRnhY="></latexit><latexit sha1_base64="pvv1szQrwLDVdXQvYCUXNeqRnhY="></latexit><latexit sha1_base64="pvv1szQrwLDVdXQvYCUXNeqRnhY="></latexit>
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So to get a good estimator of the likelihood ratio, 
we need to mimimize a functional numerically:

Variational family
Extremization

Functional with integral

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>
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So to get a good estimator of the likelihood ratio, 
we need to mimimize a functional numerically:

This is where machine learning comes in!

Neural network
Stochastic gradient descent

Loss function with 
finite sum over samples

Variational family
Extremization

Functional with integral

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>
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So to get a good estimator of the likelihood ratio, 
we need to mimimize a functional numerically:

This is where machine learning comes in!

Neural network
Stochastic gradient descent

Loss function with 
finite sum over samples

Variational family
Extremization

Functional with integral

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>

A sufficiently expressive neural network 
efficiently trained in this way 
with enough data will learn 
the likelihood ratio function                      !r(x|✓0, ✓1)

<latexit sha1_base64="OOK/VjSgNFYV2Aly/8HlQFHQmos="></latexit><latexit sha1_base64="OOK/VjSgNFYV2Aly/8HlQFHQmos="></latexit><latexit sha1_base64="OOK/VjSgNFYV2Aly/8HlQFHQmos="></latexit><latexit sha1_base64="OOK/VjSgNFYV2Aly/8HlQFHQmos="></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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✓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>



One more piece: the score

 25/43

• Knowing derivative often helps fitting:



One more piece: the score

 25/43

• In our case, the relevant quantity is the score                                                         . 

• 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>

• 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|✓)

�����
✓0

<latexit sha1_base64="6Ffpbj4ccHGLdXxwFP3kLvo84S4="></latexit><latexit sha1_base64="bBJ4bRYZS4AYtD02eI1HQpEs0sc="></latexit><latexit sha1_base64="bBJ4bRYZS4AYtD02eI1HQpEs0sc="></latexit><latexit sha1_base64="8SEohTHXZMjst2B9rpPnPadcfkE="></latexit>
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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|✓)

�����
✓0

<latexit sha1_base64="6Ffpbj4ccHGLdXxwFP3kLvo84S4="></latexit><latexit sha1_base64="bBJ4bRYZS4AYtD02eI1HQpEs0sc="></latexit><latexit sha1_base64="bBJ4bRYZS4AYtD02eI1HQpEs0sc="></latexit><latexit sha1_base64="8SEohTHXZMjst2B9rpPnPadcfkE="></latexit>

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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<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
Observables

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>

“The machine learning version of the Matrix Element Method”

Putting the pieces together: RASCAL (Ratio and score approximate 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]

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
Observables

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>

“The machine learning version of the Matrix Element Method”

Putting the pieces together: RASCAL (Ratio and score approximate likelihood ratio)

RASCAL combines three orthogonal 
pieces of information

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
Observables

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>



Learning optimal observables
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[see also  J. Alsing, B. Wandelt 1712.00012; J. Alsing, B. Wandelt. S. Freeney 1801.01497; 
P. de Castro, T. Dorigo 1806.04743; J. Alsing, B. Wandelt 1903.01473]

Taylor expansion of                      around        :✓ref
<latexit sha1_base64="1JcgRyaKH+fPLMBIRzb6uvzh97o="></latexit><latexit sha1_base64="JCJs49/J8T9Semr+DtOHafKBhDM="></latexit><latexit sha1_base64="JCJs49/J8T9Semr+DtOHafKBhDM="></latexit><latexit sha1_base64="mygKJqBrr2MWHXUiRkxR4pqzg2I="></latexit>

log p(x|✓)
<latexit sha1_base64="oHFLE/VlnASpkB7gkzrujt77Ao0="></latexit><latexit sha1_base64="kKQvC9hRI5KA3MJGSEgYtp7JH1E="></latexit><latexit sha1_base64="kKQvC9hRI5KA3MJGSEgYtp7JH1E="></latexit><latexit sha1_base64="iUAnM/eS3aNL5QeJazO4Vxk94MU="></latexit>

log p(x|✓) = log p(x|✓ref)

+r✓ log p(x|✓)
���
✓ref| {z }

⌘t(x|✓ref)

·(✓ � ✓ref)

+O
�
(✓ � ✓ref)

2
�

<latexit sha1_base64="R7tIe+kHzUOF/ukSCNztk9FCa1E="></latexit><latexit sha1_base64="R7tIe+kHzUOF/ukSCNztk9FCa1E="></latexit><latexit sha1_base64="R7tIe+kHzUOF/ukSCNztk9FCa1E="></latexit><latexit sha1_base64="R7tIe+kHzUOF/ukSCNztk9FCa1E="></latexit>

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

✓ref
<latexit sha1_base64="1JcgRyaKH+fPLMBIRzb6uvzh97o="></latexit><latexit sha1_base64="JCJs49/J8T9Semr+DtOHafKBhDM="></latexit><latexit sha1_base64="JCJs49/J8T9Semr+DtOHafKBhDM="></latexit><latexit sha1_base64="mygKJqBrr2MWHXUiRkxR4pqzg2I="></latexit>
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[see also  J. Alsing, B. Wandelt 1712.00012; J. Alsing, B. Wandelt. S. Freeney 1801.01497; 
P. de Castro, T. Dorigo 1806.04743; J. Alsing, B. Wandelt 1903.01473]

Taylor expansion of                      around        :✓ref
<latexit sha1_base64="1JcgRyaKH+fPLMBIRzb6uvzh97o="></latexit><latexit sha1_base64="JCJs49/J8T9Semr+DtOHafKBhDM="></latexit><latexit sha1_base64="JCJs49/J8T9Semr+DtOHafKBhDM="></latexit><latexit sha1_base64="mygKJqBrr2MWHXUiRkxR4pqzg2I="></latexit>

log p(x|✓)
<latexit sha1_base64="oHFLE/VlnASpkB7gkzrujt77Ao0="></latexit><latexit sha1_base64="kKQvC9hRI5KA3MJGSEgYtp7JH1E="></latexit><latexit sha1_base64="kKQvC9hRI5KA3MJGSEgYtp7JH1E="></latexit><latexit sha1_base64="iUAnM/eS3aNL5QeJazO4Vxk94MU="></latexit>

log p(x|✓) = log p(x|✓ref)

+r✓ log p(x|✓)
���
✓ref| {z }

⌘t(x|✓ref)

·(✓ � ✓ref)

+O
�
(✓ � ✓ref)

2
�

<latexit sha1_base64="R7tIe+kHzUOF/ukSCNztk9FCa1E="></latexit><latexit sha1_base64="R7tIe+kHzUOF/ukSCNztk9FCa1E="></latexit><latexit sha1_base64="R7tIe+kHzUOF/ukSCNztk9FCa1E="></latexit><latexit sha1_base64="R7tIe+kHzUOF/ukSCNztk9FCa1E="></latexit>

In the neighborhood of           (e.g. close to the SM): 

• the score vector                  is the sufficient statistics 

• knowing                  is just as powerful as knowing the full 
function                      

•                  is the most powerful observable 

The score itself is intractable. But we can use the same 
trick as for the likelihood ratio!

t(x|✓ref)
<latexit sha1_base64="xu6Q/AeYgIW4ppU3273zmVq/5wg="></latexit><latexit sha1_base64="XHEJ5nGf11I89tN8/PF8GDCWCok="></latexit><latexit sha1_base64="XHEJ5nGf11I89tN8/PF8GDCWCok="></latexit><latexit sha1_base64="/dnYXfu0PRuXRBAIfHn72JRWrj4="></latexit>

✓ref
<latexit sha1_base64="1JcgRyaKH+fPLMBIRzb6uvzh97o="></latexit><latexit sha1_base64="JCJs49/J8T9Semr+DtOHafKBhDM="></latexit><latexit sha1_base64="JCJs49/J8T9Semr+DtOHafKBhDM="></latexit><latexit sha1_base64="mygKJqBrr2MWHXUiRkxR4pqzg2I="></latexit>

t(x|✓ref)
<latexit sha1_base64="xu6Q/AeYgIW4ppU3273zmVq/5wg="></latexit><latexit sha1_base64="XHEJ5nGf11I89tN8/PF8GDCWCok="></latexit><latexit sha1_base64="XHEJ5nGf11I89tN8/PF8GDCWCok="></latexit><latexit sha1_base64="/dnYXfu0PRuXRBAIfHn72JRWrj4="></latexit>

log p(x|✓)
<latexit sha1_base64="oHFLE/VlnASpkB7gkzrujt77Ao0="></latexit><latexit sha1_base64="kKQvC9hRI5KA3MJGSEgYtp7JH1E="></latexit><latexit sha1_base64="kKQvC9hRI5KA3MJGSEgYtp7JH1E="></latexit><latexit sha1_base64="iUAnM/eS3aNL5QeJazO4Vxk94MU="></latexit>

t(x|✓ref)
<latexit sha1_base64="xu6Q/AeYgIW4ppU3273zmVq/5wg="></latexit><latexit sha1_base64="XHEJ5nGf11I89tN8/PF8GDCWCok="></latexit><latexit sha1_base64="XHEJ5nGf11I89tN8/PF8GDCWCok="></latexit><latexit sha1_base64="/dnYXfu0PRuXRBAIfHn72JRWrj4="></latexit>

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

✓ref
<latexit sha1_base64="1JcgRyaKH+fPLMBIRzb6uvzh97o="></latexit><latexit sha1_base64="JCJs49/J8T9Semr+DtOHafKBhDM="></latexit><latexit sha1_base64="JCJs49/J8T9Semr+DtOHafKBhDM="></latexit><latexit sha1_base64="mygKJqBrr2MWHXUiRkxR4pqzg2I="></latexit>
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SALLY (Score approximates likelihood locally)

Approximate 
local score
t̂(x|✓ref)

<latexit sha1_base64="1QF8UTI+9TaXO7Xuv9U+VBAHztc="></latexit><latexit sha1_base64="Uvy5PXJivtbQEAxKE9XzaK6H/9o="></latexit><latexit sha1_base64="Uvy5PXJivtbQEAxKE9XzaK6H/9o="></latexit><latexit sha1_base64="Qf6o3phwfRSWvEjYSq2BWvQn+yk="></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
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

1. Simulation

x
Observables

Parameter

t(x, z|✓ref)
<latexit sha1_base64="VUrCzQmfiHdF9q+4G0fuasgJ7Fo="></latexit><latexit sha1_base64="t2CHSQkgx2zbrMDGLQ41uNg0s4I="></latexit><latexit sha1_base64="t2CHSQkgx2zbrMDGLQ41uNg0s4I="></latexit><latexit sha1_base64="BNtgO/Tpb21s7Jn11p2rbmJw6Sw="></latexit>

✓ref
<latexit sha1_base64="LBhi4NonGdwlOredMZSo+zrEhEA="></latexit><latexit sha1_base64="WiMvP6PuoB/uQnDqOai7zZ0hzgc="></latexit><latexit sha1_base64="WiMvP6PuoB/uQnDqOai7zZ0hzgc="></latexit><latexit sha1_base64="aIchGye0GLZXxlE1uRvJpRkGxhE="></latexit>
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SALLY (Score approximates likelihood locally)

Approximate 
local score
t̂(x|✓ref)

<latexit sha1_base64="1QF8UTI+9TaXO7Xuv9U+VBAHztc="></latexit><latexit sha1_base64="Uvy5PXJivtbQEAxKE9XzaK6H/9o="></latexit><latexit sha1_base64="Uvy5PXJivtbQEAxKE9XzaK6H/9o="></latexit><latexit sha1_base64="Qf6o3phwfRSWvEjYSq2BWvQn+yk="></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
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

1. Simulation

x
Observables

Parameter

t(x, z|✓ref)
<latexit sha1_base64="VUrCzQmfiHdF9q+4G0fuasgJ7Fo="></latexit><latexit sha1_base64="t2CHSQkgx2zbrMDGLQ41uNg0s4I="></latexit><latexit sha1_base64="t2CHSQkgx2zbrMDGLQ41uNg0s4I="></latexit><latexit sha1_base64="BNtgO/Tpb21s7Jn11p2rbmJw6Sw="></latexit>

✓ref
<latexit sha1_base64="LBhi4NonGdwlOredMZSo+zrEhEA="></latexit><latexit sha1_base64="WiMvP6PuoB/uQnDqOai7zZ0hzgc="></latexit><latexit sha1_base64="WiMvP6PuoB/uQnDqOai7zZ0hzgc="></latexit><latexit sha1_base64="aIchGye0GLZXxlE1uRvJpRkGxhE="></latexit>

3. Density estimation

t̂(x|✓ref)
<latexit sha1_base64="1QF8UTI+9TaXO7Xuv9U+VBAHztc="></latexit><latexit sha1_base64="Uvy5PXJivtbQEAxKE9XzaK6H/9o="></latexit><latexit sha1_base64="Uvy5PXJivtbQEAxKE9XzaK6H/9o="></latexit><latexit sha1_base64="Qf6o3phwfRSWvEjYSq2BWvQn+yk="></latexit>

Likelihood  
in score space

p(t̂(x)|✓)
<latexit sha1_base64="8g1l5X3qlfZif4rPaD0krBbGNxA="></latexit><latexit sha1_base64="8g1l5X3qlfZif4rPaD0krBbGNxA="></latexit><latexit sha1_base64="8g1l5X3qlfZif4rPaD0krBbGNxA="></latexit><latexit sha1_base64="BkGKrqRU1k+iBhkkBx5IWmak3VA="></latexit><latexit sha1_base64="3uFgvcn1NCW0upJZBQdbQgVE6e4="></latexit><latexit sha1_base64="3uFgvcn1NCW0upJZBQdbQgVE6e4="></latexit><latexit sha1_base64="oFkNXKB1nMUGklL/Nf0cy9o5urU="></latexit><latexit sha1_base64="8g1l5X3qlfZif4rPaD0krBbGNxA="></latexit><latexit sha1_base64="8g1l5X3qlfZif4rPaD0krBbGNxA="></latexit><latexit sha1_base64="8g1l5X3qlfZif4rPaD0krBbGNxA="></latexit><latexit sha1_base64="8g1l5X3qlfZif4rPaD0krBbGNxA="></latexit><latexit sha1_base64="8g1l5X3qlfZif4rPaD0krBbGNxA="></latexit><latexit sha1_base64="8g1l5X3qlfZif4rPaD0krBbGNxA="></latexit>
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SALLY (Score approximates likelihood locally)

Approximate 
local score
t̂(x|✓ref)

<latexit sha1_base64="1QF8UTI+9TaXO7Xuv9U+VBAHztc="></latexit><latexit sha1_base64="Uvy5PXJivtbQEAxKE9XzaK6H/9o="></latexit><latexit sha1_base64="Uvy5PXJivtbQEAxKE9XzaK6H/9o="></latexit><latexit sha1_base64="Qf6o3phwfRSWvEjYSq2BWvQn+yk="></latexit>
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SALLY (Score approximates likelihood locally)

“The machine learning version of Optimal Observables”: 
• Simpler & more robust than RASCAL 

• Just as powerful close to        , but can lead to suboptimal limits further away✓ref
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A family of new inference techniques
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Method Simulate
Extract

NN estimates Asympt. exact Generative
r(x, z) t(x, z)

ROLR ✓0 ⇠ ⇡(✓), ✓1 X r̂(x|✓0, ✓1) X
CASCAL ✓0 ⇠ ⇡(✓), ✓1 X r̂(x|✓0, ✓1) X
ALICE ✓0 ⇠ ⇡(✓), ✓1 X r̂(x|✓0, ✓1) X
RASCAL ✓0 ⇠ ⇡(✓), ✓1 X X r̂(x|✓0, ✓1) X
ALICES ✓0 ⇠ ⇡(✓), ✓1 X X r̂(x|✓0, ✓1) X

SCANDAL ✓ ⇠ ⇡(✓) X p̂(x|✓) X X

SALLY ✓ref X t̂(x|✓ref) in local approx.
SALLINO ✓ref X t̂(x|✓ref) in local approx.
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Performance gains with 
cross-entropy-based loss 
[M. Stoye, JB, K. Cranmer, G. 

Louppe, J. Pavez 1808.00973] 
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[everything by G. Papamakarios: 
G. Papamakarios, T. Pavlakou, I. 

Murray 1705.07057; 
G. Papamakarios, D. Sterratt, 

I. Murray 1805.07226; …]

Combination with state-of-
the-art conditional neural 

density estimators, e.g. 
normalizing flows



Systematics

 32/43

Don’t fully trust the simulator? 
• Nuisance parameters to model systematic 

uncertainties 

• Methods learn dependence both on parameters of 
interest and nuisance parameters. Then we can 
construct profile likelihood and “nuisance-hardened” 
score 
[J. Alsing, B. Wandelt 1903.01473; 
see also P. de Castro, T. Dorigo 1806.04743] 

• Alternatively: Robustness to nuisance with 
adversarial training  
[G. Louppe, M. Kagan, K. Cranmer 1611.01046]
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Don’t fully trust the simulator? 
• Nuisance parameters to model systematic 

uncertainties 

• Methods learn dependence both on parameters of 
interest and nuisance parameters. Then we can 
construct profile likelihood and “nuisance-hardened” 
score 
[J. Alsing, B. Wandelt 1903.01473; 
see also P. de Castro, T. Dorigo 1806.04743] 

• Alternatively: Robustness to nuisance with 
adversarial training  
[G. Louppe, M. Kagan, K. Cranmer 1611.01046]

Don’t blindly trust the neural network? 
• Diagnostic cross checks: known expectation values, 

“critic” tests 

• Calibration / Neyman construction with toys: 
badly trained network can lead to suboptimal limits, 
but not to wrong limits
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Perfect match for EFT measurements
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• Good for subtle kinematic 
effects 
(Subtle point: Large overlap of 
kinematic distributions reduces 
variance of joint likelihood ratio / 
joint score)
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• Interference effects can be 
isolated using SALLY at the SM 
(SMALLY?)
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2
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• Good for subtle kinematic 
effects 
(Subtle point: Large overlap of 
kinematic distributions reduces 
variance of joint likelihood ratio / 
joint score)

• Morphing techniques allow fast 
reweighting to any parameter 
points 
[e.g. ATL-PHYS-PUB-2015-047]



MadMiner

[JB, F. Kling, I. Espejo, K. Cranmer doi: 10.5281/zenodo.1489147]



Automization
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We are developing MadMiner, which makes it straightforward to 
apply the new techniques to LHC problems 

• Out of the box: Pheno-level analyses 
• MadGraph, Pythia, Delphes 

• Systematic uncertainties from PDF / scale variation 

• Scalable to state-of-the-art experimental tools 
• Mostly requires bookkeeping of fully differential cross sections 

• Modular interface 
• Extensive documentation 

• Embedded into Python / ML ecosystem
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Documentation: 
madminer.readthedocs.io

Repository and tutorials: 
github.com/johannbrehmer/madminer

Installation: 
 pip install madminer 

Deployment with Docker, yadage, REANA: 
github.com/irinaespejo/workflow-madminer

http://madminer.readthedocs.io
http://github.com/johannbrehmer/madminer
https://github.com/irinaespejo/workflow-madminer


In the wild



Proof of concept: Higgs production in weak boson fusion

 38/43

at least 16-dimensional 
observable space

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

[JB, K. Cranmer, G. Louppe, J. Pavez  
1805.00013, 1805.00020]



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

[JB, K. Cranmer, G. Louppe, J. Pavez  
1805.00013, 1805.00020]



Proof of concept: Stronger constraints with less training data
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SALLY and RASCAL 
require less data than  
existing ML method

Baseline: 
2D histogram 

(based on large 
training sample)

Expected exclusion limits 
at 68%, 99.7% CL

Limits from RASCAL 
indistinguishable 

from 
true likelihood

RASCAL and SALLY 
enable stronger 
constraints than 

2D histogram



Diboson production
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• In inclusive observables, the interference between SM and new 
physics amplitudes vanishes 

⇒Reduced sensitivity to new physics 

• “Diboson interference resurrection”: 
an angular variable      can be constructed to be sensitive to this 
interference 
[G. Panico, F. Riva, A. Wulzer 1708.07823; 
A. Azatov, D. Barducci, E. Venturini 1901.04821]

'
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Very preliminary results

Diboson production
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• In inclusive observables, the interference between SM and new 
physics amplitudes vanishes 

⇒Reduced sensitivity to new physics 

• “Diboson interference resurrection”: 
an angular variable      can be constructed to be sensitive to this 
interference 
[G. Panico, F. Riva, A. Wulzer 1708.07823; 
A. Azatov, D. Barducci, E. Venturini 1901.04821]
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• We test the ML approach in EFT measurements in                          
[JB, K. Cranmer, M. Farina, F. Kling, D. Pappadopulo, J. Ruderman in progress] 

• Preliminary results: we can extract more information  
when we analyze events with SALLY 
than with histograms of      and standard observables
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[JB, F. Kling, I. Espejo, K. Cranmer in progress] [JB, S. Dawson, S. Homiller, F. Kling, T. Plehn in progress] 

Preliminary results Preliminary results



A new approach to LHC measurements
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• LHC measurements with high-dimensional 
observations have “likelihood-free” structure

• New multivariate inference techniques: 
Leverage information in matrix elements  
+ power of machine learning to… 

• estimate the full likelihood function 

• learn optimal summary statistics

• First tests show potential to substantially 
increase sensitivity to new physics



References

JB, KC, GL, JP: Constraining Effective Field Theories with machine learning [PRL, 1805.00013] 

JB, KC, GL, JP: A guide to constraining Effective Field Theories with machine learning [PRD, 1805.00020] 

JB, GL, JP, KC: Mining gold from implicit models to improve likelihood-free inference [1805.12244] 

MS, JB, GL, JP, KC: Likelihood-free inference with an improved cross-entropy estimator [1808.00973] 

JB, KC, IE, FK, GL, JP: Effective LHC measurements with matrix elements and machine learning [ACAT, 1906.01578] 

JB, FK, IE, KC: MadMiner: An inference toolkit for particle physics [doi: 10.5281/zenodo.1489147]

 43/43

Kyle Cranmer Gilles Louppe Juan Pavez Felix KlingMarkus Stoye Irina Espejo



Bonus material



Effective field theory

 45/43

Effective field theory

LEFT = LSM +
X
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[STFC / Ben Gililand, Sean Carroll, Friedrich Justin Bertuch 1806, symmetry]
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measurements LEP Flavour …

Matching

Measurements
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LEFT = LSM +
X
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Wilson coefficients 

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

• can be translated to high-energy 
physics parameters

Higher-order terms 

• suppressed by additional 
factors of E2 /⇤2
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Operators 

• all possible interactions between SM particles 
mediated by new physics 

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

• affect rates + kinematics
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Approximate Bayesian Computation (ABC)
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• How to choose      ?  “Curse of dimensionality”  

• How to choose    ?  Precision vs efficiency tradeoff 

• No tractable posterior 

• Need to run new simulations for new data or new prior
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[D. Rubin 1984]
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• The probabilities of each branching                              are 
often clearly defined in the code: 
 
if random() > 0.1 + 2.5 * model_parameter:  
    do_one_thing()  
else:  
    do_another_thing()
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Extracting the joint likelihood ratio from any simulation

• Computer simulation typically evolve along a tree-like 
structure of successive random branchings
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Extracting the joint likelihood ratio from any simulation

• For each run of the simulator, we can calculate the 
probability of the chosen path for different values 
of the parameters, and the “joint likelihood ratio”:
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• Computer simulation typically evolve along a tree-like 
structure of successive random branchings



Limit setting (frequentist, standard ATLAS / CMS practice)
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<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 (frequentist, standard ATLAS / CMS practice)

 49/43

✓
<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 (frequentist, standard ATLAS / CMS practice)
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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 (frequentist, standard ATLAS / CMS practice)
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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 (frequentist, standard ATLAS / CMS practice)
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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



Two types of likelihood ratio estimators
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B) Parameterized: 

• 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>

[K. Cranmer, J. Pavez, G. Louppe 1506.02169; 
P. Baldi et al. 1601.07913]

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>



WBF Higgs to four leptons with detector effects
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