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Fundamental interactions and particles

- The SM is a gauge theory that describes 
elementary particles and their interactions in terms 
of relativistic quantum fields.

- The SM describes 3 of the 4 fundamental forces 
through gauge bosons, spin = 1 particles.

- Electromagnetism (photon)

- The strong force (gluons)

- The weak force (W and Z bosons)

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics
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High energy physics: the description of 
fundamental particles and their interactions. It is (very) 
well described by the Standard Model (SM).



Manuel Morales-Alvarado | Symbolic regression for precision LHC physics

Fundamental interactions and particles

- In the SM there are also quarks and leptons, 
spin = 1/2 fermions.

- Quarks carry colour charge and interact via the 
strong force, whereas leptons do not.

- In the SM we also have the Higgs boson, a spin = 
0 particle, responsible for giving mass to the 
elementary particles.
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Protons and partons
- At the LHC we collide protons.

- Proton are not elementary particles. They are QCD bound states of elementary particles called partons 
(quarks, gluons, …). 

- The parton model postulates that interactions between hadrons (protons, in particular) are interactions 
of point-like parton convolved with functions that parametrise the structure of the hadron: parton 
distribution functions (PDFs).

q
q q

g

g g
Proton
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Factorisation and hadronic observables
Consider a proton-proton collision:

p

p
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x1,2
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�̂ij
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fi(x)
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� =
X

i,j

Z 1

0
dx1

Z 1

0
dx2fi(x1)fj(x2)�̂ij(x1, x2)

: fraction of the hadron’s momentum that is 
carried by the hadron

: partonic cross section

: PDF of parton of type
<latexit sha1_base64="ZsOjcIhWDqBqfmcsAYZSucT5ekk=">AAACAXicbVDLTgJBEJzFF+IL9ehlIjHxItk1Bj0SvXiERB4JEDI79MKEmdnNzKzJuuHk0at+hDfj1S/xG/wJB9iDgJV0UqnqTneXH3Gmjet+O7m19Y3Nrfx2YWd3b/+geHjU1GGsKDRoyEPV9okGziQ0DDMc2pECInwOLX98N/Vbj6A0C+WDSSLoCTKULGCUGCvVWb9YcsvuDHiVeBkpoQy1fvGnOwhpLEAayonWHc+NTC8lyjDKYVLoxhoiQsdkCB1LJRGge+ns0Ak+s8oAB6GyJQ2eqX8nUiK0ToRvOwUxI73sTcX/vE5sgpteymQUG5B0viiIOTYhnn6NB0wBNTyxhFDF7K2Yjogi1NhsFrYYNn66CCCRgsiJTcdbzmKVNC/LXqVcqV+VqrdZTnl0gk7ROfLQNaqie1RDDUQRoBf0it6cZ+fd+XA+5605J5s5Rgtwvn4BtneX2A==</latexit>

i
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- Radiative corrections introduce IR singularities that have to be factorised:
<latexit sha1_base64="lYN3fiSf3NxshGJ9fqen0xw1ERA=">AAACFXicbVDLTsJAFJ36RHxVWbqZSEwgUdISgy6JblxCIo8EKpkOU5gwnTYzU0Nt+A6XbvUj3Bm3rv0Gf8IBuhDwJDc5Oefe3HuPGzIqlWV9G2vrG5tb25md7O7e/sGheXTclEEkMGnggAWi7SJJGOWkoahipB0KgnyXkZY7up36rUciJA34vYpD4vhowKlHMVJa6pk5rzAuwq4KoAcL43NYfygXe2beKlkzwFVipyQPUtR65k+3H+DIJ1xhhqTs2FaonAQJRTEjk2w3kiREeIQGpKMpRz6RTjI7fgLPtNKHXiB0cQVn6t+JBPlSxr6rO32khnLZm4r/eZ1IeddOQnkYKcLxfJEXMah/nSYB+1QQrFisCcKC6lshHiKBsNJ5LWxRdPR04ZGY+4hPdDr2charpFku2ZVSpX6Zr96kOWXACTgFBWCDK1AFd6AGGgCDGLyAV/BmPBvvxofxOW9dM9KZHFiA8fULqgSdfg==</latexit>

f(x) ! f(x,Q2)



- NNPDF4.0, Ball et al., 
2109.02653

- MSHT20, McGowan et al., 
2012.04684

- CT18, Hou et al., 1912.10053

PDF determination
PDFs cannot be calculated from first principles in perturbation theory, they have to be extracted from data.

<latexit sha1_base64="QQdeiW+gv3qrsMWJg/w7Kon+TeM=">AAACCXicbVDLTgIxFO3gC/GFunTTSEwwUTJDDLokunEJiTwMjKRTOtDQdiZtxzhO+AKXbvUj3Bm3foXf4E9YcBYCnuQmJ+fcm3vv8UJGlbbtLyuztLyyupZdz21sbm3v5Hf3miqIJCYNHLBAtj2kCKOCNDTVjLRDSRD3GGl5o6uJ37onUtFA3Og4JC5HA0F9ipE20q1ffDiB9bvycS9fsEv2FHCROCkpgBS1Xv672w9wxInQmCGlOo4dajdBUlPMyDjXjRQJER6hAekYKhAnyk2mB4/hkVH60A+kKaHhVP07kSCuVMw908mRHqp5byL+53Ui7V+4CRVhpInAv4v8iEEdwMn3sE8lwZrFhiAsqbkV4iGSCGuT0cwWTUePpz6JBUdibNJx5rNYJM1yyamUKvWzQvUyzSkLDsAhKAIHnIMquAY10AAYcPAMXsCr9WS9We/Wx29rxkpn9sEMrM8fDj6aGw==</latexit>

f(x,Q2)
Some recent PDF fits include:

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics
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NNPDF4.0
- PDFs are parametrised by neural 

networks (NNs): 

<latexit sha1_base64="If1vn0HMFtUGy3VRSoU7CXtliIQ=">AAACHHicbVDLSgNBEJz1/TbqTS+DQUhAw66IehGCXjwFA0aFJIbZSa8OmZ1dZnolcQn4JR696kd4E6+C3+BPOHkcNFrQUFR1093lx1IYdN1PZ2x8YnJqemZ2bn5hcWk5s7J6YaJEc6jwSEb6ymcGpFBQQYESrmINLPQlXPqtk55/eQfaiEidYyeGeshulAgEZ2ilRmY9yLW3abnhXu/m6RGtIbQxLZW6uXa+kcm6BbcP+pd4Q5IlQ5w1Ml+1ZsSTEBRyyYypem6M9ZRpFFxCd66WGIgZb7EbqFqqWAimnvZ/6NItqzRpEGlbCmlf/TmRstCYTujbzpDhrRn1euJ/XjXB4LCeChUnCIoPFgWJpBjRXiC0KTRwlB1LGNfC3kr5LdOMo43t1xYUrfudADoqZKpr0/FGs/hLLnYL3n5hv7yXLR4Pc5ohG2ST5IhHDkiRnJIzUiGcPJAn8kxenEfn1Xlz3getY85wZo38gvPxDUPWoIA=</latexit>

f(x,Q2
0) = NN(x)
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✓ = ✓opt

- The optimal weights of the NN are found by 
minimising a loss function:

- Uncertainty is propagated via de Monte Carlo 
replica method.

2109.02653, 2404.10056
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NNPDF4.0
- PDFs are parametrised by neural 

networks (NNs): 
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f(x,Q2
0) = NN(x)
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✓ = ✓opt

- The optimal weights of the NN are found by 
minimising a loss function:

- Uncertainty is propagated via de Monte Carlo 
replica method.

2109.02653, 2404.10056

Other parametrisations are possible. For example, in the case of 
MSHT20, PDFs are parametrised with fixed functional forms of 
the type:

<latexit sha1_base64="SWsAyl1/oRvOhgK6jo/3XpTT4Zk=">AAACEXicbVDLSsNAFJ3UV62PVl26CRbBjSURqS6L3bis0Be0sUymN+3QySTM3Igx9CtcutWPcCdu/QK/wZ8wfSxs64ELh3Pu5VyOGwqu0bK+jcza+sbmVnY7t7O7t58vHBw2dRApBg0WiEC1XapBcAkN5CigHSqgviug5Y6qE7/1AErzQNYxDsHx6UByjzOKqdQr5Os9fp90ER4xqQ7H416haJWsKcxVYs9JkcxR6xV+uv2ART5IZIJq3bGtEJ2EKuRMwDjXjTSElI3oADopldQH7STTx8fmaar0TS9Q6Ug0p+rfi4T6Wse+m276FId62ZuI/3mdCL1rJ+EyjBAkmwV5kTAxMCctmH2ugKGIU0KZ4umvJhtSRRmmXS2kIB89nXsQS5/KSTv2cherpHlRssul8t1lsXIz7ylLjskJOSM2uSIVcktqpEEYicgLeSVvxrPxbnwYn7PVjDG/OSILML5+Ab4QnmI=</latexit>

TCh
i

where  

: Chebyshev polynomials
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Is that it?
All that we have discussed so far is in the context of the SM, but we know that it cannot be the whole story …

Gravity

Dark Matter Neutrino masses

Strong CP

Many more…

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics
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Beyond the SM
We can look for physics beyond the SM (BSM)!

<latexit sha1_base64="YpMKJrRYZEww0XWWOhoJ8gWtuHo=">AAACA3icbVC7TgMxEPTxDOEVoKSxiJBoiO4QrzKChjKIvKTkFPkcX2LF9p3sPaQjSklJCx9Bh2j5EL6Bn8BJriAJI600mtnV7k4QC27Adb+dpeWV1bX13EZ+c2t7Z7ewt183UaIpq9FIRLoZEMMEV6wGHARrxpoRGQjWCAa3Y7/xyLThkapCGjNfkp7iIacErPQgO9VOoeiW3AnwIvEyUkQZKp3CT7sb0UQyBVQQY1qeG4M/JBo4FWyUbyeGxYQOSI+1LFVEMuMPJ6eO8LFVujiMtC0FeKL+nRgSaUwqA9spCfTNvDcW//NaCYTX/pCrOAGm6HRRmAgMER7/jbtcMwoitYRQze2tmPaJJhRsOjNbgA+eTkOWKknUyKbjzWexSOpnJe+ydHF/XizfZDnl0CE6QifIQ1eojO5QBdUQRT30gl7Rm/PsvDsfzue0dcnJZg7QDJyvXyizmKI=</latexit>mT

SM

Events

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics
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<latexit sha1_base64="YpMKJrRYZEww0XWWOhoJ8gWtuHo=">AAACA3icbVC7TgMxEPTxDOEVoKSxiJBoiO4QrzKChjKIvKTkFPkcX2LF9p3sPaQjSklJCx9Bh2j5EL6Bn8BJriAJI600mtnV7k4QC27Adb+dpeWV1bX13EZ+c2t7Z7ewt183UaIpq9FIRLoZEMMEV6wGHARrxpoRGQjWCAa3Y7/xyLThkapCGjNfkp7iIacErPQgO9VOoeiW3AnwIvEyUkQZKp3CT7sb0UQyBVQQY1qeG4M/JBo4FWyUbyeGxYQOSI+1LFVEMuMPJ6eO8LFVujiMtC0FeKL+nRgSaUwqA9spCfTNvDcW//NaCYTX/pCrOAGm6HRRmAgMER7/jbtcMwoitYRQze2tmPaJJhRsOjNbgA+eTkOWKknUyKbjzWexSOpnJe+ydHF/XizfZDnl0CE6QifIQ1eojO5QBdUQRT30gl7Rm/PsvDsfzue0dcnJZg7QDJyvXyizmKI=</latexit>mT

SM

BSMEvents

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics

Beyond the SM
We can look for physics beyond the SM (BSM)!
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<latexit sha1_base64="YpMKJrRYZEww0XWWOhoJ8gWtuHo=">AAACA3icbVC7TgMxEPTxDOEVoKSxiJBoiO4QrzKChjKIvKTkFPkcX2LF9p3sPaQjSklJCx9Bh2j5EL6Bn8BJriAJI600mtnV7k4QC27Adb+dpeWV1bX13EZ+c2t7Z7ewt183UaIpq9FIRLoZEMMEV6wGHARrxpoRGQjWCAa3Y7/xyLThkapCGjNfkp7iIacErPQgO9VOoeiW3AnwIvEyUkQZKp3CT7sb0UQyBVQQY1qeG4M/JBo4FWyUbyeGxYQOSI+1LFVEMuMPJ6eO8LFVujiMtC0FeKL+nRgSaUwqA9spCfTNvDcW//NaCYTX/pCrOAGm6HRRmAgMER7/jbtcMwoitYRQze2tmPaJJhRsOjNbgA+eTkOWKknUyKbjzWexSOpnJe+ydHF/XizfZDnl0CE6QifIQ1eojO5QBdUQRT30gl7Rm/PsvDsfzue0dcnJZg7QDJyvXyizmKI=</latexit>mT

SM

BSM

EFT

Events

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics

Beyond the SM
We can look for physics beyond the SM (BSM)!

Effective field theories
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SM effective field theory

- The deviations from the SM predictions can be parametrised in terms of the SM effective field 
theory (SMEFT).

- The SMEFT supplements the SM Lagrangian with higher dimensional operators whose action is 
suppressed by a new physics scale:

<latexit sha1_base64="oTypmSR7HA9OOOfGbdu9oloyObU="></latexit>

LSMEFT = LSM +
X

i

ci
⇤2

Q(6)
i + · · ·

<latexit sha1_base64="mfdMvma/7TZvD6IDogBDJ2eDa2A=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1iEuimJlOqy6MZlC/YBTQyT6aQdOnkwMxFq6Je4caGIWz/FnX/jtM1CWw9cOJxzL/fe4yecSWVZ30ZhY3Nre6e4W9rbPzgsm0fHXRmngtAOiXks+j6WlLOIdhRTnPYTQXHoc9rzJ7dzv/dIhWRxdK+mCXVDPIpYwAhWWvLMspOhtscesmrjYoacmWdWrJq1AFondk4qkKPlmV/OMCZpSCNFOJZyYFuJcjMsFCOczkpOKmmCyQSP6EDTCIdUutni8Bk618oQBbHQFSm0UH9PZDiUchr6ujPEaixXvbn4nzdIVXDtZixKUkUjslwUpBypGM1TQEMmKFF8qgkmgulbERljgYnSWZV0CPbqy+uke1mzG7V6u15p3uRxFOEUzqAKNlxBE+6gBR0gkMIzvMKb8WS8GO/Gx7K1YOQzJ/AHxucPQAOSMA==</latexit>

{Q(6)
i }

<latexit sha1_base64="czBxziAoqChpX+oAJwD/LQCrNYs=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS1DJoY2ERwTwgWcLd2dlkyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTFHWpIlIVCdAzQSXrGm4EayTKoZxIFg7GN3O/PYTU5on8tGMU+bHOJA84hSNldq9exsNsV+uuFV3DrJKvJxUIEejX/7qhQnNYiYNFah113NT409QGU4Fm5Z6mWYp0hEOWNdSiTHT/mS+7pScWSUkUaLsk4bM1d8TE4y1HseBTcZohnrZm4n/ed3MRNf+hMs0M0zSxUdRJohJyOx2EnLFqBFjS5AqbncldIgKqbENlWwJ3vLJq6R1UfUuq7WHWqV+k9dRhBM4hXPw4ArqcAcNaAKFETzDK7w5qfPivDsfi2jByWeO4Q+czx8Ok49m</latexit>

⇤

: Wilson coefficients

: Dimension-6 operators

: New physics scale 

<latexit sha1_base64="fSlv+vFlme2ez/M8y/1FgbeTBi8=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwY0nE17LoxmUF+5AmlMn0ph06MwkzEyGGfoFLt/oR7sStX+E3+BMmbRe29cCFwzn3cu89fsSZNrb9bRWWlldW14rrpY3Nre2d8u5eU4exotCgIQ9V2ycaOJPQMMxwaEcKiPA5tPzhTe63HkFpFsp7k0TgCdKXLGCUmEx6cFNMuwy7o265YlftMfAicaakgqaod8s/bi+ksQBpKCdadxw7Ml5KlGGUw6jkxhoiQoekD52MSiJAe+n44BE+ypQeDkKVlTR4rP6dSInQOhF+1imIGeh5Lxf/8zqxCa68lMkoNiDpZFEQc2xCnH+Pe0wBNTzJCKGKZbdiOiCKUJNlNLPFsOHTSQCJFETm6TjzWSyS5mnVuaie351VatfTnIroAB2iY+SgS1RDt6iOGogigV7QK3qznq1368P6nLQWrOnMPpqB9fULRAia2Q==</latexit>

{ci}

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics
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SMEFT fits
Precision is essential! 

<latexit sha1_base64="Yub4/NpGEdxNHKkz+Dbj0pca5iI="></latexit>

�O = O
exp

�O
SM =

X

i

ciAi

⇤2
+O

✓
1

⇤3

◆

But here is the problem …

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics

- The mismatch between the SM and the experiment is:

- For BSM searches we are interested in measuring the  coefficients as best as we can:

- We need a global dataset.

- We need precise and accurate experimental measurements and theory predictions.

ci

16

Linear in the  coefficients!ci



PDF-BSM interplay
The problem is that PDF and BSM worlds do not usually talk to each other.

<latexit sha1_base64="rsKPdDLB+NflgrFzsFLfnN93lu0=">AAACBnicbVC5TsNAEF2HK4QrQEljESHRENmIq4ygoQwSOaTEitabcbJkvbZ2x0jGSk9JCx9Bh2j5Db6Bn2BzFCThSSM9vTejmXl+LLhGx/m2ckvLK6tr+fXCxubW9k5xd6+uo0QxqLFIRKrpUw2CS6ghRwHNWAENfQENf3Az8huPoDSP5D2mMXgh7UkecEbRSPU29gFpp1hyys4Y9iJxp6REpqh2ij/tbsSSECQyQbVuuU6MXkYVciZgWGgnGmLKBrQHLUMlDUF72fjaoX1klK4dRMqURHus/p3IaKh1GvqmM6TY1/PeSPzPayUYXHkZl3GCINlkUZAIGyN79Lrd5QoYitQQyhQ3t9qsTxVlaAKa2YJ88HQSQCpDKocmHXc+i0VSPy27F+Xzu7NS5XqaU54ckENyTFxySSrkllRJjTDyQF7IK3mznq1368P6nLTmrOnMPpmB9fULvf2aEg==</latexit>

✓ : PDF parameters
<latexit sha1_base64="nnKhRjcrlGAiBTvsOj4JFVljPpA=">AAACAXicbVDLTgJBEJzFF+IL9ehlIjHxItk1vo5ELx4hkUcCGzI79MKEmdnNzKzJSjh59Kof4c149Uv8Bn/CAfYgYCWdVKq6090VxJxp47rfTm5ldW19I79Z2Nre2d0r7h80dJQoCnUa8Ui1AqKBMwl1wwyHVqyAiIBDMxjeTfzmIyjNIvlg0hh8QfqShYwSY6Ua7RZLbtmdAi8TLyMllKHaLf50ehFNBEhDOdG67bmx8UdEGUY5jAudRENM6JD0oW2pJAK0P5oeOsYnVunhMFK2pMFT9e/EiAitUxHYTkHMQC96E/E/r52Y8MYfMRknBiSdLQoTjk2EJ1/jHlNADU8tIVQxeyumA6IINTabuS2GDZ/OQkilIHJs0/EWs1gmjfOyd1W+rF2UKrdZTnl0hI7RKfLQNaqge1RFdUQRoBf0it6cZ+fd+XA+Z605J5s5RHNwvn4BrHeX0Q==</latexit>

c : BSM parameters

PDF coefficients are kept fixed

<latexit sha1_base64="225GVEuyoHrdBqqCeiqayXLSmDc="></latexit>

�(✓, c) = PDF(✓)⌦ �̂(c)

PDF fits EFT fits
BSM coefficient are kept fixed 

<latexit sha1_base64="Zbw7Kod9zRFn2zDq0dm/vk6oGNo=">AAACEnicbVDLSgMxFM34rPU16tJNsAhuLDPiayMU3bisYB/QlpJJM21oHkOSKYxD/8KlW/0Id+LWH/Ab/Akz7Sxs64HA4Zxzcy8niBjVxvO+naXlldW19cJGcXNre2fX3duvaxkrTGpYMqmaAdKEUUFqhhpGmpEiiAeMNILhXeY3RkRpKsWjSSLS4agvaEgxMlbqui6GN7AtbST7IcXjrlvyyt4EcJH4OSmBHNWu+9PuSRxzIgxmSOuW70WmkyJlKGZkXGzHmkQID1GftCwViBPdSSeXj+GxVXowlMo+YeBE/TuRIq51wgOb5MgM9LyXif95rdiE152Uiig2RODpojBm0EiY1QB7VBFsWGIJworaWyEeIIWwsWXNbDF0+HQakkRwJLJ2/PkuFkn9rOxfli8ezkuV27ynAjgER+AE+OAKVMA9qIIawGAEXsAreHOenXfnw/mcRpecfOYAzMD5+gWBlJ4w</latexit>

c = c
<latexit sha1_base64="lcFiMdH7r/HchjrJ/2YxCk3GPjI=">AAACHHicbVDLSgMxFM34rO+qO90Ei+DGMiO+NkLRjUsFq0KnlEx6x4ZmMkNyRxiHgl/i0q1+hDtxK/gN/oSZtgtrPRA4nHNubnKCRAqDrvvlTExOTc/MlubmFxaXllfKq2vXJk41hzqPZaxvA2ZACgV1FCjhNtHAokDCTdA9K/ybe9BGxOoKswSaEbtTIhScoZVa5Q0fO4CMnlA/trnimnwg9Vrlilt1+6DjxBuSChniolX+9tsxTyNQyCUzpuG5CTZzplFwCb15PzWQMN5ld9CwVLEITDPv/6FHt63SpmGs7VFI++rviZxFxmRRYJMRw4756xXif14jxfC4mQuVpAiKDxaFqaQY06IQ2hYaOMrMEsa1sG+lvMM042hrG9mCovuwG0KmIqaKdry/XYyT672qd1g9uNyv1E6HPZXIJtkiO8QjR6RGzskFqRNOHskzeSGvzpPz5rw7H4PohDOcWScjcD5/AOv2orI=</latexit>

✓ = ✓
<latexit sha1_base64="PWZlV27LHs1plCcDc6ah7TjqYr0="></latexit>

�(✓, c) = PDF(✓)⌦ �̂(c)

Need a simultaneous determination! 

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics
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Outline

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics

<latexit sha1_base64="McqjOHcQRl2FarqYntrzXMFNy/M=">AAAB/nicbVDLSsNAFL2pr1pfUXHlJlgEVyUpRV0W3bhwUcE+oIlhMp20QyeTMDMRSgj4K25cKOLW73Dn3zhts9DWAwOHc+7h3jlBwqhUtv1tlFZW19Y3ypuVre2d3T1z/6Aj41Rg0sYxi0UvQJIwyklbUcVILxEERQEj3WB8PfW7j0RIGvN7NUmIF6EhpyHFSGnJN4/cUCCcYZ/mmXurcwP0UM99s2rX7BmsZeIUpAoFWr755Q5inEaEK8yQlH3HTpSXIaEoZiSvuKkkCcJjNCR9TTmKiPSy2fm5daqVgRXGQj+urJn6O5GhSMpJFOjJCKmRXPSm4n9eP1XhpZdRnqSKcDxfFKbMUrE17cIaUEGwYhNNEBZU32rhEdJ9KN1YRZfgLH55mXTqNee81rhrVJtXRR1lOIYTOAMHLqAJN9CCNmDI4Ble4c14Ml6Md+NjPloyiswh/IHx+QNlQJXG</latexit> ci
⇤2

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

Some high 
energy physics

Precision: deep learning the 
structure of hadrons and new 

physics

Symbolic regression

18



SIMUnet

proton 
structure

new 
physics

We can explore the structure of the proton and potential signals 
of BSM physics simultaneously with deep learning

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics

2201.07240, 2402.03308
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SIMUnet

- SIMUnet: NNPDF architecture 
supplemented with a SMEFT layer.

- PDF and BSM parameters are optimised 
simultaneously.

<latexit sha1_base64="yLmTz1al315TDEt5o60YtZSvocg=">AAACKHicbZDLSsNAFIYnXuu96tLNYFHcWBLxthFENy4rWBWaUk6mJ3boZBJmToQa8gY+iUu3+hDuxK1bX8L0srDqDwMf/zmHc+YPEiUtue6HMzE5NT0zW5qbX1hcWl4pr65d2zg1AusiVrG5DcCikhrrJEnhbWIQokDhTdA979dv7tFYGesr6iXYjOBOy1AKoMJqlbf9DlDmUwcJcn7Ch8R9kSbcz7hoZTLnft4qV9yqOxD/C94IKmykWqv85bdjkUaoSSiwtuG5CTUzMCSFwnzeTy0mILpwh40CNURom9ngPznfKpw2D2NTPE184P6cyCCythcFRWcE1LG/a33zv1ojpfC4mUmdpIRaDBeFqeIU8344vC0NClK9AkAYWdzKRQcMCCoiHNtCsvuwG2JPR6D76Xi/s/gL13tV77B6cLlfOT0b5VRiG2yT7TCPHbFTdsFqrM4Ee2TP7IW9Ok/Om/PufAxbJ5zRzDobk/P5DWCRpvo=</latexit>

✓̂ = ✓ [ {ci}

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics
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SIMUnet: simultaneous PDF + BSM coefficients

Here we perform a fit in the top-quark sector. 

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics

PDFs BSM

2303.06159
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SIMUnet: simultaneous PDF + BSM coefficients

Here we perform a fit in the top-quark sector. 

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics

PDFs BSM

2303.06159

Neglecting the PDF-BSM interplay can lead to an overestimate of the 
constraints on BSM physics in other sectors.

2104.02723
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SIMUnet: BSM physics absorption

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics

- Both PDFs and potential BSM physics are extracted from fits to data. 

- Can PDFs absorb potential BSM physics?

- We will work in a setting where we know the law of Nature: we will generate pseudodata according to our 
model, perform a fit, and see what comes out.

Let us suppose that the law of Nature is given by the SM plus some new physics (NP) contributions
<latexit sha1_base64="erJn6qxsKYo4QTO3wtfowROKVFs="></latexit>

T ⌘ T (✓SM, ✓NP)

True value of the observable 
<latexit sha1_base64="WhM8NqDgUFX8O9t9OyQ+VQUJJ44="></latexit>

T ⇤ ⌘ T (✓⇤SM, ✓⇤NP)

The observed data
<latexit sha1_base64="+AFgCgMaKBi6Q0v26pVxwI0ID0U=">AAACFnicbVDLSgNBEJz1Gd/xcfMyGARRDLvi6yIE9eBRwWggiWF20psMmZ1dZnqFZNn/8OhVP8KbePXqN/gTTmIORi1oKKq6qab8WAqDrvvhjI1PTE5N52Zm5+YXFpfyyys3Jko0hzKPZKQrPjMghYIyCpRQiTWw0Jdw63fO+v7tPWgjInWN3RjqIWspEQjO0EqN/Np5I3UzekKv79LtjO7QGiBr5Atu0R2A/iXekBTIEJeN/GetGfEkBIVcMmOqnhtjPWUaBZeQzdYSAzHjHdaCqqWKhWDq6eD7jG5apUmDSNtRSAfqz4uUhcZ0Q99uhgzb5rfXF//zqgkGx/VUqDhBUPw7KEgkxYj2q6BNoYGj7FrCuBb2V8rbTDOOtrCRFBSd3m4AXRUyldl2vN9d/CU3e0XvsHhwtV8onQ57ypF1skG2iEeOSIlckEtSJpz0yCN5Is/Og/PivDpv36tjzvBmlYzAef8CXxCeeg==</latexit>

D0 = T ⇤ + ⌘
<latexit sha1_base64="eacC1ow+8O3x/I8kIpzV7EGLE8I="></latexit>

⌘ ⇠ N (0,⌃)

Now, we move on to a different potential problem.

We have 

23



Pseudodata generation

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics

- We perform two kinds of fits:

- NP is injected into the pseudodata via K-factor

* NB: now we are not focusing on simultaneous fits: our goal is to assess the absorption of the NP effects in a 
purely SM fit

24



NP absorption

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics

- How can we assess if PDFs have been contaminated by NP?

- If there is a considerable number of data that enter the fit that are not affected NP, and some that data 
that are affected by NP,  they could appear inconsistent and poorly described in the global fit.

-  PDFs have absorbed NP if the fit quality is good i.e., for each dataset, 

- Alternatively, we say that the PDFs would be “contaminated”.

<latexit sha1_base64="UCe+Abp8XEPjGIobFMz/pzyxwBw="></latexit>

n� =
�2 � 1

��2

<latexit sha1_base64="XRTWOlvbkMV3aUADpQqilZ/hq+c=">AAACA3icbVC7TsNAEDyHVwivACXNiQiJhsiOUKCgiKChDII8pMSKzpd1csr5bN2dkYyVkpIWPoIO0fIhfAM/wSVxQRJGWmk0s6vdHS/iTGnb/rZyK6tr6xv5zcLW9s7uXnH/oKnCWFJo0JCHsu0RBZwJaGimObQjCSTwOLS80c3Ebz2CVCwUDzqJwA3IQDCfUaKNdH+FK71iyS7bU+Bl4mSkhDLUe8Wfbj+kcQBCU06U6jh2pN2USM0oh3GhGyuICB2RAXQMFSQA5abTU8f4xCh97IfSlNB4qv6dSEmgVBJ4pjMgeqgWvYn4n9eJtX/ppkxEsQZBZ4v8mGMd4snfuM8kUM0TQwiVzNyK6ZBIQrVJZ26LZqOnMx8SERAxNuk4i1ksk2al7FTL1bvzUu06yymPjtAxOkUOukA1dIvqqIEoGqAX9IrerGfr3fqwPmetOSubOURzsL5+ATzLmBE=</latexit>

< 2

25
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New physics model

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics

- We work with a W’ NP model and see its effects in LHC processes with respect to the SM.

- This NP model affects Drell-Yan and deep inelastic scattering datasets.

2307.10370
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PDF fit quality summary

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics

* Slide by M. Madigan!
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Effects of using a contaminated PDF set

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics

What happens is we unknowingly use contaminated PDFs? 

Data: “True” PDF x SM
Theory: “Cont” PDF x SM

- Consider the results of  W+ H production 
(not affected by NP).

- There is an apparent but spurious tension 
with the SM. 

@ HL-LHC
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SIMUnet: summary and comments

- A open-source deep learning methodology to study precision in the PDF-BSM interplay.

- It allows the simultaneous determination of PDFs and BSM coefficients.

- It allows for the assessment of NP absorption by the PDFs (which can also lead to apparent but spurious 
tensions).

- There are several directions in which to extend the analysis (quad. SMEFT, running effects, inclusion of 
new data in the analysis, etc).

- Recently, there has been increasing interest in comparing and stress testing different PDF fitting 
methodologies, comparing directly NN v/s fixed-form parametrisations, etc.

- Could ML techniques help in these cases?

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics

Costantini et al., 2404.10056, MSHT, 2407.07944
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Outline

Some high 
energy physics

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics

<latexit sha1_base64="McqjOHcQRl2FarqYntrzXMFNy/M=">AAAB/nicbVDLSsNAFL2pr1pfUXHlJlgEVyUpRV0W3bhwUcE+oIlhMp20QyeTMDMRSgj4K25cKOLW73Dn3zhts9DWAwOHc+7h3jlBwqhUtv1tlFZW19Y3ypuVre2d3T1z/6Aj41Rg0sYxi0UvQJIwyklbUcVILxEERQEj3WB8PfW7j0RIGvN7NUmIF6EhpyHFSGnJN4/cUCCcYZ/mmXurcwP0UM99s2rX7BmsZeIUpAoFWr755Q5inEaEK8yQlH3HTpSXIaEoZiSvuKkkCcJjNCR9TTmKiPSy2fm5daqVgRXGQj+urJn6O5GhSMpJFOjJCKmRXPSm4n9eP1XhpZdRnqSKcDxfFKbMUrE17cIaUEGwYhNNEBZU32rhEdJ9KN1YRZfgLH55mXTqNee81rhrVJtXRR1lOIYTOAMHLqAJN9CCNmDI4Ble4c14Ml6Md+NjPloyiswh/IHx+QNlQJXG</latexit> ci
⇤2

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+
Precision: deep learning the 

structure of hadrons and new 
physics

Symbolic regression
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Symbolic regression
- Symbolic regression (SR) is a supervised learning technique.

- It seeks to find closed-form analytical expressions (equations) to map inputs to output without completely 
predefining the functional form of the mapping. 

- It has been used in high energy physics in multiple contexts (e.g. 2109.10414, 2206.08901, 2211.08420).

- It can provide interpretable and simpler results (a domain scientist can find connections between a SR result 
and existing knowledge)

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics
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Symbolic regression
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- We make use of the PySR library (2305.01582). 

- Our aim is to find analytic formulas for quantities that do not have them yet. However, in precision physics it is 
essential that SR is able to recover what we know from first principles so:

- We will study if well-known QED cross sections can be recovered.

- We will study how the binning of an observable and different levels of noise affect the result.

- We will discuss how SR can help with current and future challenges (angular coefficients).
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Symbolic regression
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- Formulas are described by expression trees (Fig. 1). They have a complexity c associated to their number of 
nodes.

- The fitness of a set (or many sets) of trees is evaluated.

- Mutations and crossover between trees happen through an evolutionary algorithm (Fig. 2). 

- The cycle above is iterated. 
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Selection criteria
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- Trees can optimise different selection criteria. In PySR these are 
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QED through SR
Can SR rediscover QED cross sections?

Manuel Morales-Alvarado | Symbolic regression for precision LHC physics

We simulate
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QED through SR
Can SR rediscover QED cross sections?
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We simulate
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-  are spherical harmonics (they encode the angular dependence).

-  are angular coefficients (they encode the dependence on the other kinematics) for which there is no 
analytical formula.

- Finding a formula for these coefficients would be useful for experiment and theory.

Pi

Ai

Angular coefficients through SR
SR can also be applied to more complex process (W/Z production at NLO/NNLO):
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Angular coefficients through SR
On our way to the full set of angular coefficients, there are intermediate scenarios that have to be studied.
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E.g. leading order Drell-Yan via Z boson (only the  coefficient is non-zero).A4
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PDFs through SR
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The scaling in x of the PDFs is dictated by Regge theory:
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lim
x!1

f(x,Q2) = 0
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f(x,Q2) = x↵(1� x)�NN(x,Q2)

<latexit sha1_base64="70feOG11fE2EZ9fnjaQcAmz+OGY="></latexit>
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We can integrate these requirements in the parametrisations we discussed:

Could SR be of help?

Corrections from Regge theory?

Simpler functional forms 
with flexibility?

NN/analytical comparison?

What about uncertainty?
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Conclusion

- Precision interpretations and calculations are playing an important role in the search for BSM physics.

- Deep learning is allowing us to explore the interplay between the PDFs (that parametrise the structure of the 
proton) and BSM physics.

- SR can bring new insights to our studies. We find pure accuracy not be a good selection criterion, model 
complexity is also relevant.

- A careful assessment of the robustness and stability of the SR results is necessary in the era of precision physics.
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Thank you for your attention!
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Backup slides
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Warsaw basis
In the SMEFT, we supplement the SM Lagrangian with towers of higher dimensional operators

Up to dimension 6, these operators can be parametrised in the Warsaw basis 

<latexit sha1_base64="oTypmSR7HA9OOOfGbdu9oloyObU="></latexit>

LSMEFT = LSM +
X

i

ci
⇤2

Q(6)
i + · · ·

1008.4884
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How to disentangle the contamination
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We can disentangle NP effects with ratio 
observables that probe the same lumi channels.

However, one cannot determine if NP is present 
in DY or diboson datasets. 

Large-x antiquark PDFs were mostly responsible 
for accommodating NP.  More low energy 
measurements could help to flag inconsistencies. 
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MC Replica vs Bayesian analysis [2404.10056]
PDF: DIS case
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PDF: Hadronic case
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MC Replica vs Bayesian analysis
Wilson coefficients
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