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Simulation and Calibration for the Charge Signal
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Calibration with Conventional Approaches
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JINST 15, P03022 (2020)

• Challenging for conventional calibration methods 
• Led to development of a differentiable simulation for high dimensional calibration 

‣ Simultaneous optimization for multiple model parameters 
‣ Straightforward application of the calibration

https://doi.org/10.1088/1748-0221/15/03/P03022


Calibration with a Differentiable Simulation
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• Challenging for conventional calibration methods 
• Led to development of a differentiable simulation for high dimensional calibration 

‣ Simultaneous optimization for multiple model parameters 
‣ Straightforward application of the calibration

Gradient-based optimization

Target data
<latexit sha1_base64="5+nyS8hU2hxnqdw8c1v+IWfwmYw=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1l048JFBfuA6VAyaaYNzSRDckcoQz/DjQtF3Po17vwbM+0stPVA4HDOveTcEyaCG3Ddb6e0srq2vlHerGxt7+zuVfcP2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vs39zhPThiv5CJOEBTEZSh5xSsBKfi8mMKJEZPfTfrXm1t0Z8DLxClJDBZr96ldvoGgaMwlUEGN8z00gyIgGTgWbVnqpYQmhYzJkvqWSxMwE2SzyFJ9YZYAjpe2TgGfq742MxMZM4tBO5hHNopeL/3l+CtF1kHGZpMAknX8UpQKDwvn9eMA1oyAmlhCquc2K6YhoQsG2VLEleIsnL5P2Wd27rF88nNcaN0UdZXSEjtEp8tAVaqA71EQtRJFCz+gVvTngvDjvzsd8tOQUO4foD5zPH4RFkWw=</latexit>

L

<latexit sha1_base64="Z2ZsBH2eMnw4O241KryVIG7r0Q4=">AAACA3icbVBNS8NAEN34WetX1JtegkXwVBLx61j04sFDBfsBTSiT7bZdutmE3YlQQsGLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLE8E1uu63tbC4tLyyWlgrrm9sbm3bO7t1HaeKshqNRayaIWgmuGQ15ChYM1EMolCwRji4HvuNB6Y0j+U9DhMWRNCTvMspoJHa9r4vIRTQznzsM4SRHwH2KYjsdtS2S27ZncCZJ15OSiRHtW1/+Z2YphGTSAVo3fLcBIMMFHIq2Kjop5olQAfQYy1DJURMB9nkh5FzZJSO042VKYnORP09kUGk9TAKTef4RD3rjcX/vFaK3csg4zJJkUk6XdRNhYOxMw7E6XDFKIqhIUAVN7c6tA8KKJrYiiYEb/bleVI/KXvn5bO701LlKo+jQA7IITkmHrkgFXJDqqRGKHkkz+SVvFlP1ov1bn1MWxesfGaP/IH1+QPjxJhW</latexit>

r✓L

<latexit sha1_base64="RnyzIg4Iy64zhhoBANN9EcBOI5Y=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmY2Z1lplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo1hwZXUul2wAxIEUMDBUpoJxpYFEhoBaPbqd96Am2Eih9wnIAfsUEsQsEZWqnZxSEg65UrbtWdgS4TLycVkqPeK391+4qnEcTIJTOm47kJ+hnTKLiESambGkgYH7EBdCyNWQTGz2bXTuiJVfo0VNpWjHSm/p7IWGTMOApsZ8RwaBa9qfif10kxvPYzEScpQszni8JUUlR0+jrtCw0c5dgSxrWwt1I+ZJpxtAGVbAje4svLpHlW9S6rF/fnldpNHkeRHJFjcko8ckVq5I7USYNw8kieySt5c5Tz4rw7H/PWgpPPHJI/cD5/AKc3jzI=</latexit>

✓Model parameter

<latexit sha1_base64="RnyzIg4Iy64zhhoBANN9EcBOI5Y=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmY2Z1lplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo1hwZXUul2wAxIEUMDBUpoJxpYFEhoBaPbqd96Am2Eih9wnIAfsUEsQsEZWqnZxSEg65UrbtWdgS4TLycVkqPeK391+4qnEcTIJTOm47kJ+hnTKLiESambGkgYH7EBdCyNWQTGz2bXTuiJVfo0VNpWjHSm/p7IWGTMOApsZ8RwaBa9qfif10kxvPYzEScpQszni8JUUlR0+jrtCw0c5dgSxrWwt1I+ZJpxtAGVbAje4svLpHlW9S6rF/fnldpNHkeRHJFjcko8ckVq5I7USYNw8kieySt5c5Tz4rw7H/PWgpPPHJI/cD5/AKc3jzI=</latexit>

✓Update
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Starting with a Default Simulation: larnd-sim
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• Applicable for DUNE near detector 
LArTPC and all of its prototypes 

• Using Numba (a JIT compiler) with 
CUDA kernels (highly parallelized)

https://github.com/DUNE/larnd-sim
JINST 18 (2023) 04, P04034 

larnd-sim

https://inspirehep.net/files/d73e4dad716c4d6f9d490da39ca897f5
https://github.com/DUNE/larnd-sim
https://github.com/DUNE/larnd-sim


Make larnd-sim Differentiable
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• Rewrote using EagerPy (agnostic to automatic differentiation backend) 
• Used PyTorch for this demonstration 
• Wrote in a vectorized way to benefit from these frameworks 
• Drawbacks: 

‣ Operations with dense tensors 
‣ Dropped from CUDA JIT compiled kernels

Differentiable relaxation 
Important for parameter related operations 

• Integer operations → floating point 
• Discrete sampling → interpolation 
• Conditional operation (hard mask) → sigmoid threshold

https://github.com/ynashed/larnd-sim

https://github.com/ynashed/larnd-sim


Fidelity of the Differentiable Simulation to larnd-sim
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Average deviation: 0.04 ADC counts per pixel 
Far below the typical noise level of a few ADC counts



Calibration: Optimization of the Model Parameters
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Input particle segments (position and energy deposition): 
Model parameters:  
Differentiable simulation: 
Target data:

<latexit sha1_base64="hPoZg3rjQZLTUOJFGmHpUAYH2vI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKxhbaUDbbTbt0swm7E6GU/gYvHhTx6g/y5r9x0+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRbe63nrg2IlEPOE55ENOBEpFgFK3kd9lQVHrVmlt3ZyDLxCtIDQo0e9Wvbj9hWcwVMkmN6XhuisGEahRM8mmlmxmeUjaiA96xVNGYm2AyO3ZKTqzSJ1GibSkkM/X3xITGxozj0HbGFIdm0cvF/7xOhtF1MBEqzZArNl8UZZJgQvLPSV9ozlCOLaFMC3srYUOqKUObTx6Ct/jyMnk8q3uX9Yv781rjpoijDEdwDKfgwRU04A6a4AMDAc/wCm+Ocl6cd+dj3lpyiplD+APn8wc4nI5Q</latexit>�
<latexit sha1_base64="PxH+vCKGKbQRo/VglEghOJCeic0=">AAAB73icbVBNS8NAEN3Urxq/qh69BIvgqSTi17HoxWMF+wFtKJvtpF262cTdiVBC/4QXD4p49e9489+4aXPQ1gcDj/dmmJkXJIJrdN1vq7Syura+Ud60t7Z3dvcq+wctHaeKQZPFIladgGoQXEITOQroJApoFAhoB+Pb3G8/gdI8lg84ScCP6FDykDOKRur0cARIbbtfqbo1dwZnmXgFqZICjX7lqzeIWRqBRCao1l3PTdDPqELOBEztXqohoWxMh9A1VNIItJ/N7p06J0YZOGGsTEl0ZurviYxGWk+iwHRGFEd60cvF/7xuiuG1n3GZpAiSzReFqXAwdvLnnQFXwFBMDKFMcXOrw0ZUUYYmojwEb/HlZdI6q3mXtYv782r9poijTI7IMTklHrkidXJHGqRJGBHkmbySN+vRerHerY95a8kqZg7JH1ifPxRij1o=</latexit>

✓
<latexit sha1_base64="e3R/sUBPQH0hlbybVLron6o1oFg=">AAAB+nicbVDLSsNQEL2prxpfqS7dBIvgqiTia1kUxGUF+4A2hJvbSXvpzYN7J2qJ/RQ3LhRx65e4829M2iy09cDA4ZwZZuZ4seAKLetbKy0tr6yuldf1jc2t7R2jsttSUSIZNFkkItnxqALBQ2giRwGdWAINPAFtb3SV++17kIpH4R2OY3ACOgi5zxnFTHKNyrXbQ3jEFKkcAE503TWqVs2awlwkdkGqpEDDNb56/YglAYTIBFWqa1sxOimVyJmAid5LFMSUjegAuhkNaQDKSaenT8zDTOmbfiSzCtGcqr8nUhooNQ68rDOgOFTzXi7+53UT9C+clIdxghCy2SI/ESZGZp6D2ecSGIpxRiiTPLvVZEMqKcMsrTwEe/7lRdI6rtlntdPbk2r9soijTPbJATkiNjkndXJDGqRJGHkgz+SVvGlP2ov2rn3MWktaMbNH/kD7/AHQ2pO4</latexit>

Ftarget

<latexit sha1_base64="xEjbMPSQf8uGtPfBphD401UT3Vg=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSxCBSmJ+FoW3bisYB/QhDKZTpqhk0mYuRFq6Je4caGIWz/FnX9j0mahrQcuHM65l3vv8WLBNVjWt1FaWV1b3yhvVra2d3ar5t5+R0eJoqxNIxGpnkc0E1yyNnAQrBcrRkJPsK43vs397iNTmkfyASYxc0MyktznlEAmDcyqX3dowE8dCBiQk8rArFkNawa8TOyC1FCB1sD8coYRTUImgQqidd+2YnBTooBTwaYVJ9EsJnRMRqyfUUlCpt10dvgUH2fKEPuRykoCnqm/J1ISaj0JvawzJBDoRS8X//P6CfjXbsplnACTdL7ITwSGCOcp4CFXjIKYZIRQxbNbMQ2IIhSyrPIQ7MWXl0nnrGFfNi7uz2vNmyKOMjpER6iObHSFmugOtVAbUZSgZ/SK3own48V4Nz7mrSWjmDlAf2B8/gBPu5I6</latexit>

f(�, ✓)

1. Choose the initial parameter values 
2. Run the forward simulation 
3. Compare the simulation output and the 

target data with a loss function 

4. Calculate gradients for the parameters 

5. Update parameter values  
to minimize the loss 
Iterate step 2. to 5.

<latexit sha1_base64="4vrCQKZaUjmYPfE+MFN0rLVzQS8=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5iHJEmYnk2TIzOwy0yuEJV/hxYMiXv0cb/6Ns8keNLGgoajqprsrjAU36HnfTmFldW19o7hZ2tre2d0r7x80TZRoyho0EpFuh8QwwRVrIEfB2rFmRIaCtcLxbea3npg2PFIPOIlZIMlQ8QGnBK302MURQ9LzSr1yxat6M7jLxM9JBXLUe+Wvbj+iiWQKqSDGdHwvxiAlGjkVbFrqJobFhI7JkHUsVUQyE6Szg6fuiVX67iDSthS6M/X3REqkMRMZ2k5JcGQWvUz8z+skOLgOUq7iBJmi80WDRLgYudn3bp9rRlFMLCFUc3urS0dEE4o2oywEf/HlZdI8q/qX1Yv780rtJo+jCEdwDKfgwxXU4A7q0AAKEp7hFd4c7bw4787HvLXg5DOH8AfO5w8GTY/p</latexit>

✓0

<latexit sha1_base64="MgeQDQlZ6SS4ObdS6K2ydQZ+Mjg=">AAACBXicbVDLSsNAFJ34rPUVdamLYBFclUR8LYtuXFawD2hCmEwnzdDJTJi5UUroxo2/4saFIm79B3f+jUmbhbYeuHA4517uvSdIONNg29/GwuLS8spqZa26vrG5tW3u7La1TBWhLSK5VN0Aa8qZoC1gwGk3URTHAaedYHhd+J17qjST4g5GCfViPBAsZARDLvnmgQsRBezbrmKDCLBS8qGUWNU3a3bdnsCaJ05JaqhE0ze/3L4kaUwFEI617jl2Al6GFTDC6bjqppommAzxgPZyKnBMtZdNvhhbR7nSt0Kp8hJgTdTfExmOtR7FQd4ZY4j0rFeI/3m9FMJLL2MiSYEKMl0UptwCaRWRWH2mKAE+ygkmiuW3WiTCChPIgytCcGZfniftk7pzXj+7Pa01rso4KmgfHaJj5KAL1EA3qIlaiKBH9Ixe0ZvxZLwY78bHtHXBKGf20B8Ynz+155i3</latexit>

✓0 ! ✓i

<latexit sha1_base64="PN/dYVsY+tekh+BL0sMfYOQARAs=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQQUoivpZFNy4r2Ac0IUymk3bo5MHMjVhCf8WNC0Xc+iPu/BsnbRbaeuDC4Zx7ufcePxFcgWV9G6WV1bX1jfJmZWt7Z3fP3K92VJxKyto0FrHs+UQxwSPWBg6C9RLJSOgL1vXHt7nffWRS8Th6gEnC3JAMIx5wSkBLnlkN6g4d8VPswIgB8ayTimfWrIY1A14mdkFqqEDLM7+cQUzTkEVABVGqb1sJuBmRwKlg04qTKpYQOiZD1tc0IiFTbja7fYqPtTLAQSx1RYBn6u+JjIRKTUJfd4YERmrRy8X/vH4KwbWb8ShJgUV0vihIBYYY50HgAZeMgphoQqjk+lZMR0QSCjquPAR78eVl0jlr2JeNi/vzWvOmiKOMDtERqiMbXaEmukMt1EYUPaFn9IrejKnxYrwbH/PWklHMHKA/MD5/ANbokwc=</latexit>

f(�, ✓0)

<latexit sha1_base64="jQbk5BRhoG1hBX4GlMPH7lAmgKc=">AAACGHicbVDLSgNBEJz1bXxFPXoZDEIEibvi6ygK4sFDBKNCNiy9k95kcPbBTK8YlnyGF3/FiwdFvHrzb9xNcvBVMFBUddNT5SdKGrLtT2tsfGJyanpmtjQ3v7C4VF5euTJxqgU2RKxifeODQSUjbJAkhTeJRgh9hdf+7UnhX9+hNjKOLqmXYCuETiQDKYByyStvuyFQV4DKzvvVoOqKrtziLnWRwLM3t049l/CeMgLdQepvlrxyxa7ZA/C/xBmRChuh7pU/3HYs0hAjEgqMaTp2Qq0MNEmhsF9yU4MJiFvoYDOnEYRoWtkgWJ9v5EqbB7HOX0R8oH7fyCA0phf6+WQRw/z2CvE/r5lScNjKZJSkhJEYHgpSxSnmRUu8LTUKUr2cgNAy/ysXXdAgKO+yKMH5HfkvudqpOfu1vYvdytHxqI4ZtsbWWZU57IAdsTNWZw0m2AN7Yi/s1Xq0nq036304OmaNdlbZD1gfX2ydn2U=</latexit>

L(f(�, ✓0), Ftarget)

<latexit sha1_base64="pvaXemGmQrr6st6+5Jj3V6SgsFI="></latexit>

r✓L(f(�, ✓0), Ftarget)

<latexit sha1_base64="thGOz4axGtuFRfa7p5WZPCZMfEA="></latexit>

✓i+1 = ✓i � ⌘ ·r✓L(f(�, ✓i), Ftarget)
For gradient descent, the parameter update takes form of 

For this demonstration, we use Adam



Loss Function: soft DTW
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The choice of the loss function is important to the fit performance. 
• High discriminating power of the best parameter values 
• Differentiable

Challenges 
• Potentially different length of the simulation output and the target data 
• Obscure correspondence between hits from the two sets 

Dynamic Time Warping (DTW) addresses the alignment challenges. 
Soft DTW is a differentiable version of it.

Romain Tavenard
Post: DTW

Post: Soft DTW

https://rtavenar.github.io/blog/dtw.html
https://rtavenar.github.io/blog/softdtw.html


Fitting Considerations
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• Normalize the parameters with their nominal values for gradient calculation 
• Gradient clips on normalized gradient 
• Use the same learning rate for all parameters 
• Exponential learning rate decay 
• Recover the parameter values for the forward simulation

Potential degeneracy in the backward model
Electron recombination - Birks model

<latexit sha1_base64="Oj0+NKD1OoJZEAI99RCibekUEC4="></latexit>

↵recomb =
AB

1 + kB
E·⇢

dE
dx

<latexit sha1_base64="V94j2Ut42mk1CxL6R4ZswXnD7PI="></latexit>

AB = ↵⇤
recomb ·

⇣
1 +

kB
E · ⇢

dE

dx

⌘



Closure Test for the Fit
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<latexit sha1_base64="MTQRvXuuiy+utCWEAPclXzMbpVk=">AAAB/XicdVDJSgNBEO1xjXEbl5uXxiB4GmYSEz0GvXiMYBZIQujpVJImPQvdNWIcgr/ixYMiXv0Pb/6NnUVQ0VcUPN6roqufH0uh0XU/rIXFpeWV1cxadn1jc2vb3tmt6ShRHKo8kpFq+EyDFCFUUaCERqyABb6Euj+8mPj1G1BaROE1jmJoB6wfip7gDI3UsfdbOABknRbCLabIVB9w3LFzruPlTXnUdUpFt1AoGOJOhDz1HHeKHJmj0rHfW92IJwGEyCXTuum5MbZTplBwCeNsK9EQMz5kfWgaGrIAdDudXj+mR0bp0l6kTIdIp+r3jZQFWo8C30wGDAf6tzcR//KaCfbO2qkI4wQh5LOHeomkGNFJFLQrFHCUI0MYV8LcSvmAKcbRBJY1IXz9lP5PannHKznFq5Nc+XweR4YckENyTDxySsrkklRIlXByRx7IE3m27q1H68V6nY0uWPOdPfID1tsnt4GWEQ==</latexit>

✓target
<latexit sha1_base64="7dFQCOJBvhO34+mWK726UvPggpk=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GmZaW10W3bisYB/QDiWTZtrYTDIkd4RS+g9uXCji1v9x59+YaSuo6AmBwzn3cu89YSK4Ac/7cHIrq2vrG/nNwtb2zu5ecf+gZVSqKWtSJZTuhMQwwSVrAgfBOolmJA4Fa4fjq8xv3zNtuJK3MElYEJOh5BGnBKzU6sGIAekXS57rl+3zsefWql6lUrHEy4Qy9l1vjhJaotEvvvcGiqYxk0AFMabrewkEU6KBU8FmhV5qWELomAxZ11JJYmaC6XzbGT6xygBHStsvAc/V7x1TEhsziUNbGRMYmd9eJv7ldVOILoIpl0kKTNLFoCgVGBTOTscDrhkFMbGEUM3trpiOiCYUbEAFG8LXpfh/0iq7fs2t3pyV6pfLOPLoCB2jU+Sjc1RH16iBmoiiO/SAntCzo5xH58V5XZTmnGXPIfoB5+0T2e2PVQ==</latexit>

✓Evaluate if converge to

<latexit sha1_base64="ZyxxTorfuzL222ppHuZB15MiI+g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGpCIDas1t+7OgVaJV5AaFGgNq1+DUUxSQaUhHGvd99zE+BlWhhFOZ5VBqmmCyQSPad9SiQXVfja/dYbOrDJCYaxsSYPm6u+JDAutpyKwnQKbSC97ufif109NeONnTCapoZIsFoUpRyZG+eNoxBQlhk8twUQxeysiEVaYGBtPxYbgLb+8SjoXde+q3ni4rDVvizjKcAKncA4eXEMT7qEFbSAQwTO8wpsjnBfn3flYtJacYuYY/sD5/AEC+o48</latexit>�

<latexit sha1_base64="PVp9Log1fX9rJ8t8OIepYxXY8+o=">AAACF3icbVDLSgNBEJz1bXxFPXoZDEIECbvi6yKIgniMYKKQXcLspDcZMvtgplcMS/7Ci7/ixYMiXvXm3zhJ9qCJBQ1FVTfdXX4ihUbb/rampmdm5+YXFgtLyyura8X1jbqOU8WhxmMZqzufaZAighoKlHCXKGChL+HW714M/Nt7UFrE0Q32EvBC1o5EIDhDIzWLlcumi/CAGTLVBuzTUxqUXd4Rey52ANlfd7dZLNkVewg6SZyclEiOarP45bZinoYQIZdM64ZjJ+hlTKHgEvoFN9WQMN5lbWgYGrEQtJcN/+rTHaO0aBArUxHSofp7ImOh1r3QN50hw44e9wbif14jxeDEy0SUpAgRHy0KUkkxpoOQaEso4Ch7hjCuhLmV8g5TjKOJsmBCcMZfniT1/YpzVDm8PiidnedxLJAtsk3KxCHH5IxckSqpEU4eyTN5JW/Wk/VivVsfo9YpK5/ZJH9gff4AfOegJw==</latexit>

Ftarget = f(�, ✓target)
<latexit sha1_base64="MsC9e+Ed+X9CiMPLYdhBN13Q9Kc=">AAAB9XicbVDLSsNAFJ3UV62vqks3g0WoICURX8uiG5cV7AOaWCbTSTN0MgkzN0oJ/Q83LhRx67+482+ctllo64ELh3Pu5d57/ERwDbb9bRWWlldW14rrpY3Nre2d8u5eS8epoqxJYxGrjk80E1yyJnAQrJMoRiJfsLY/vJn47UemNI/lPYwS5kVkIHnAKQEjPQRVl4b8xIWQATnulSt2zZ4CLxInJxWUo9Erf7n9mKYRk0AF0brr2Al4GVHAqWDjkptqlhA6JAPWNVSSiGkvm149xkdG6eMgVqYk4Kn6eyIjkdajyDedEYFQz3sT8T+vm0Jw5WVcJikwSWeLglRgiPEkAtznilEQI0MIVdzcimlIFKFggiqZEJz5lxdJ67TmXNTO784q9es8jiI6QIeoihx0ieroFjVQE1Gk0DN6RW/Wk/VivVsfs9aClc/soz+wPn8AnuyR9Q==</latexit>

f(�, ✓)

<latexit sha1_base64="ZyxxTorfuzL222ppHuZB15MiI+g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGpCIDas1t+7OgVaJV5AaFGgNq1+DUUxSQaUhHGvd99zE+BlWhhFOZ5VBqmmCyQSPad9SiQXVfja/dYbOrDJCYaxsSYPm6u+JDAutpyKwnQKbSC97ufif109NeONnTCapoZIsFoUpRyZG+eNoxBQlhk8twUQxeysiEVaYGBtPxYbgLb+8SjoXde+q3ni4rDVvizjKcAKncA4eXEMT7qEFbSAQwTO8wpsjnBfn3flYtJacYuYY/sD5/AEC+o48</latexit>�

<latexit sha1_base64="UkTiH6oBkoX6MAZOqFvS+KeMsSg=">AAACInicbVDLSgMxFM34tr6qLt0Ei9CClBnxuRPduHChYFXolHInvdOGZh4kd8Qy9Fvc+CtuXCjqSvBjTGsXvg4ETs65l+ScIFXSkOu+O2PjE5NT0zOzhbn5hcWl4vLKpUkyLbAmEpXo6wAMKhljjSQpvE41QhQovAq6xwP/6ga1kUl8Qb0UGxG0YxlKAWSlZvHAj4A6AlR+2i+HZV905KZPHSSobPIf96ZPeEs5gW4j9SuVZrHkVt0h+F/ijUiJjXDWLL76rURkEcYkFBhT99yUGjlokkJhv+BnBlMQXWhj3dIYIjSNfBixzzes0uJhou2JiQ/V7xs5RMb0osBODgKZ395A/M+rZxTuN3IZpxlhLL4eCjPFKeGDvnhLahSkepaA0NL+lYsOaBBkWy3YErzfkf+Sy62qt1vdOd8uHR6N6phha2ydlZnH9tghO2FnrMYEu2MP7Ik9O/fOo/PivH2NjjmjnVX2A87HJ7gco88=</latexit>

L(f(�, ✓), f(�, ✓target))

<latexit sha1_base64="Z2ZsBH2eMnw4O241KryVIG7r0Q4=">AAACA3icbVBNS8NAEN34WetX1JtegkXwVBLx61j04sFDBfsBTSiT7bZdutmE3YlQQsGLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLE8E1uu63tbC4tLyyWlgrrm9sbm3bO7t1HaeKshqNRayaIWgmuGQ15ChYM1EMolCwRji4HvuNB6Y0j+U9DhMWRNCTvMspoJHa9r4vIRTQznzsM4SRHwH2KYjsdtS2S27ZncCZJ15OSiRHtW1/+Z2YphGTSAVo3fLcBIMMFHIq2Kjop5olQAfQYy1DJURMB9nkh5FzZJSO042VKYnORP09kUGk9TAKTef4RD3rjcX/vFaK3csg4zJJkUk6XdRNhYOxMw7E6XDFKIqhIUAVN7c6tA8KKJrYiiYEb/bleVI/KXvn5bO701LlKo+jQA7IITkmHrkgFXJDqqRGKHkkz+SVvFlP1ov1bn1MWxesfGaP/IH1+QPjxJhW</latexit>

r✓L

<latexit sha1_base64="ooR4v7ZBaP6PefQZtearAEnCfeI=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2dl1plcIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxup37rCbQRsXrAcQJ+xAZKhIIztFK7i0NA1hO9csWtujPQZeLlpEJy1Hvlr24/5mkECrlkxnQ8N0E/YxoFlzApdVMDCeMjNoCOpYpFYPxsdu+EnlilT8NY21JIZ+rviYxFxoyjwHZGDIdm0ZuK/3mdFMNrPxMqSREUny8KU0kxptPnaV9o4CjHljCuhb2V8iHTjKONqGRD8BZfXibNs6p3Wb24P6/UbvI4iuSIHJNT4pErUiN3pE4ahBNJnskreXMenRfn3fmYtxacfOaQ/IHz+QMllpAO</latexit>

✓i
<latexit sha1_base64="30WRd9Iq5Uwk7FdVZ2P0hvhuOOA=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXfB2DXjxGMA/ILmF2MkmGzM4uM71CWPIbXjwo4tWf8ebfOEn2oIkFDUVVN91dYSKFQdf9dgorq2vrG8XN0tb2zu5eef+gaeJUM95gsYx1O6SGS6F4AwVK3k40p1EoeSsc3U391hPXRsTqEccJDyI6UKIvGEUr+T4OOdJuJs68SbdccavuDGSZeDmpQI56t/zl92KWRlwhk9SYjucmGGRUo2CST0p+anhC2YgOeMdSRSNugmx284ScWKVH+rG2pZDM1N8TGY2MGUeh7YwoDs2iNxX/8zop9m+CTKgkRa7YfFE/lQRjMg2A9ITmDOXYEsq0sLcSNqSaMrQxlWwI3uLLy6R5XvWuqpcPF5XabR5HEY7gGE7Bg2uowT3UoQEMEniGV3hzUufFeXc+5q0FJ585hD9wPn8Ay8qRig==</latexit>

✓i+1Update to
<latexit sha1_base64="5+nyS8hU2hxnqdw8c1v+IWfwmYw=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1l048JFBfuA6VAyaaYNzSRDckcoQz/DjQtF3Po17vwbM+0stPVA4HDOveTcEyaCG3Ddb6e0srq2vlHerGxt7+zuVfcP2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vs39zhPThiv5CJOEBTEZSh5xSsBKfi8mMKJEZPfTfrXm1t0Z8DLxClJDBZr96ldvoGgaMwlUEGN8z00gyIgGTgWbVnqpYQmhYzJkvqWSxMwE2SzyFJ9YZYAjpe2TgGfq742MxMZM4tBO5hHNopeL/3l+CtF1kHGZpMAknX8UpQKDwvn9eMA1oyAmlhCquc2K6YhoQsG2VLEleIsnL5P2Wd27rF88nNcaN0UdZXSEjtEp8tAVaqA71EQtRJFCz+gVvTngvDjvzsd8tOQUO4foD5zPH4RFkWw=</latexit>

Lto minimize

: particle segments 
<latexit sha1_base64="ZyxxTorfuzL222ppHuZB15MiI+g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGpCIDas1t+7OgVaJV5AaFGgNq1+DUUxSQaUhHGvd99zE+BlWhhFOZ5VBqmmCyQSPad9SiQXVfja/dYbOrDJCYaxsSYPm6u+JDAutpyKwnQKbSC97ufif109NeONnTCapoZIsFoUpRyZG+eNoxBQlhk8twUQxeysiEVaYGBtPxYbgLb+8SjoXde+q3ni4rDVvizjKcAKncA4eXEMT7qEFbSAQwTO8wpsjnBfn3flYtJacYuYY/sD5/AEC+o48</latexit>�

: model parameters
<latexit sha1_base64="RnyzIg4Iy64zhhoBANN9EcBOI5Y=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmY2Z1lplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo1hwZXUul2wAxIEUMDBUpoJxpYFEhoBaPbqd96Am2Eih9wnIAfsUEsQsEZWqnZxSEg65UrbtWdgS4TLycVkqPeK391+4qnEcTIJTOm47kJ+hnTKLiESambGkgYH7EBdCyNWQTGz2bXTuiJVfo0VNpWjHSm/p7IWGTMOApsZ8RwaBa9qfif10kxvPYzEScpQszni8JUUlR0+jrtCw0c5dgSxrWwt1I+ZJpxtAGVbAje4svLpHlW9S6rF/fnldpNHkeRHJFjcko8ckVq5I7USYNw8kieySt5c5Tz4rw7H/PWgpPPHJI/cD5/AKc3jzI=</latexit>

✓



Samples and Selection

12 Yifan Chen — SLAC, Stanford UniversityDifferentiable simulation of a LArTPC

Default sample:  
100 events of ~10 muons with 1 GeV kinetic energy (K.E.) 

Alternative sample:  
100 events of ~10 mixed particles (muons, charged pions, protons) with [0.1, 2] GeV K.E. 

Particle segments

Selection: 
• Track length > 2 cm 
• abs(track segment z) in [15, 28] cm  

(near the anodes) 
• Track angle wrt. z larger than 15°

Default sampleDUNE



Mini-batching

13 Yifan Chen — SLAC, Stanford UniversityDifferentiable simulation of a LArTPC

Each fitting iteration runs on a mini-batch

… …

Maximum total segment length 
ds = 100 cm ds = 100 cm

Track 19 Track 8 Track 996 Track 711 Track 580



Memory Usage

14 Yifan Chen — SLAC, Stanford UniversityDifferentiable simulation of a LArTPC

Trade-off between memory and computation time 
• Shrink the tensor dimension by loops 
• “Chunking” operation to reduce loop iterations 
• Gradient checkpoint

Peak memory usage in track current calculation
looploop

chunk size 1 adjustable chunk size

<latexit sha1_base64="kncbLbBIPXE7j6d+acGPHv/H7QE="></latexit>

M = Nsegments ⇥NTf ⇥NT0 ⇥Nx ⇥Ny ⇥Npixels



Computation Time

15 Yifan Chen — SLAC, Stanford UniversityDifferentiable simulation of a LArTPC

Modular nature of the detector — highly parallelizable

Working on translate the diff-sim using JAX to speed up the simulation

Time per min-batch iterationSimulation time per event

Forward simulation + gradient calculationForward simulation



No Fully Independent Parameters

16 Yifan Chen — SLAC, Stanford UniversityDifferentiable simulation of a LArTPC



Simultaneous Fit Result

17 Yifan Chen — SLAC, Stanford UniversityDifferentiable simulation of a LArTPC

10 fits with different targets in 6D phase space 
All 6 parameters of interest converge to the target values

Recombination model AB Recombination model kB Electric field

Transverse diffusion coefficient Longitudinal diffusion coefficient Electron lifetime



Convergence level

18 Yifan Chen — SLAC, Stanford UniversityDifferentiable simulation of a LArTPC

Convergence evolution

Final convergence



Result with the Alternative Sample

19 Yifan Chen — SLAC, Stanford UniversityDifferentiable simulation of a LArTPC

5 different targets in 6D phase space 
All 6 parameters of interest converge to the target values 

Relaxed requirement on Inputs 
(Muons, charged pions and protons of [0.1, 2] GeV kinetic energy)

Transverse diffusion coefficient Longitudinal diffusion coefficient Electron lifetime

Recombination model AB Recombination model kB Electric field



Remaining Challenges: Electronic Noises

20 Yifan Chen — SLAC, Stanford UniversityDifferentiable simulation of a LArTPC

Target with noiseTarget without noise

Stochasticity enhances batch-to-batch variations. 
Require the impact of the parameters to exceed the one from the noises.

The data (the target) will always contain electronic noises. 
We will fit without noise in the forward simulation to reduce stochasticity



Remaining Challenges: Input Estimation

21 Yifan Chen — SLAC, Stanford UniversityDifferentiable simulation of a LArTPC

<latexit sha1_base64="MsC9e+Ed+X9CiMPLYdhBN13Q9Kc=">AAAB9XicbVDLSsNAFJ3UV62vqks3g0WoICURX8uiG5cV7AOaWCbTSTN0MgkzN0oJ/Q83LhRx67+482+ctllo64ELh3Pu5d57/ERwDbb9bRWWlldW14rrpY3Nre2d8u5eS8epoqxJYxGrjk80E1yyJnAQrJMoRiJfsLY/vJn47UemNI/lPYwS5kVkIHnAKQEjPQRVl4b8xIWQATnulSt2zZ4CLxInJxWUo9Erf7n9mKYRk0AF0brr2Al4GVHAqWDjkptqlhA6JAPWNVSSiGkvm149xkdG6eMgVqYk4Kn6eyIjkdajyDedEYFQz3sT8T+vm0Jw5WVcJikwSWeLglRgiPEkAtznilEQI0MIVdzcimlIFKFggiqZEJz5lxdJ67TmXNTO784q9es8jiI6QIeoihx0ieroFjVQE1Gk0DN6RW/Wk/VivVsfs9aClc/soz+wPn8AnuyR9Q==</latexit>

f(�, ✓)

<latexit sha1_base64="ZyxxTorfuzL222ppHuZB15MiI+g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGpCIDas1t+7OgVaJV5AaFGgNq1+DUUxSQaUhHGvd99zE+BlWhhFOZ5VBqmmCyQSPad9SiQXVfja/dYbOrDJCYaxsSYPm6u+JDAutpyKwnQKbSC97ufif109NeONnTCapoZIsFoUpRyZG+eNoxBQlhk8twUQxeysiEVaYGBtPxYbgLb+8SjoXde+q3ni4rDVvizjKcAKncA4eXEMT7qEFbSAQwTO8wpsjnBfn3flYtJacYuYY/sD5/AEC+o48</latexit>�

<latexit sha1_base64="Z2ZsBH2eMnw4O241KryVIG7r0Q4=">AAACA3icbVBNS8NAEN34WetX1JtegkXwVBLx61j04sFDBfsBTSiT7bZdutmE3YlQQsGLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLE8E1uu63tbC4tLyyWlgrrm9sbm3bO7t1HaeKshqNRayaIWgmuGQ15ChYM1EMolCwRji4HvuNB6Y0j+U9DhMWRNCTvMspoJHa9r4vIRTQznzsM4SRHwH2KYjsdtS2S27ZncCZJ15OSiRHtW1/+Z2YphGTSAVo3fLcBIMMFHIq2Kjop5olQAfQYy1DJURMB9nkh5FzZJSO042VKYnORP09kUGk9TAKTef4RD3rjcX/vFaK3csg4zJJkUk6XdRNhYOxMw7E6XDFKIqhIUAVN7c6tA8KKJrYiiYEb/bleVI/KXvn5bO701LlKo+jQA7IITkmHrkgFXJDqqRGKHkkz+SVvFlP1ov1bn1MWxesfGaP/IH1+QPjxJhW</latexit>

r✓L

<latexit sha1_base64="ooR4v7ZBaP6PefQZtearAEnCfeI=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2dl1plcIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxup37rCbQRsXrAcQJ+xAZKhIIztFK7i0NA1hO9csWtujPQZeLlpEJy1Hvlr24/5mkECrlkxnQ8N0E/YxoFlzApdVMDCeMjNoCOpYpFYPxsdu+EnlilT8NY21JIZ+rviYxFxoyjwHZGDIdm0ZuK/3mdFMNrPxMqSREUny8KU0kxptPnaV9o4CjHljCuhb2V8iHTjKONqGRD8BZfXibNs6p3Wb24P6/UbvI4iuSIHJNT4pErUiN3pE4ahBNJnskreXMenRfn3fmYtxacfOaQ/IHz+QMllpAO</latexit>

✓i
<latexit sha1_base64="30WRd9Iq5Uwk7FdVZ2P0hvhuOOA=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXfB2DXjxGMA/ILmF2MkmGzM4uM71CWPIbXjwo4tWf8ebfOEn2oIkFDUVVN91dYSKFQdf9dgorq2vrG8XN0tb2zu5eef+gaeJUM95gsYx1O6SGS6F4AwVK3k40p1EoeSsc3U391hPXRsTqEccJDyI6UKIvGEUr+T4OOdJuJs68SbdccavuDGSZeDmpQI56t/zl92KWRlwhk9SYjucmGGRUo2CST0p+anhC2YgOeMdSRSNugmx284ScWKVH+rG2pZDM1N8TGY2MGUeh7YwoDs2iNxX/8zop9m+CTKgkRa7YfFE/lQRjMg2A9ITmDOXYEsq0sLcSNqSaMrQxlWwI3uLLy6R5XvWuqpcPF5XabR5HEY7gGE7Bg2uowT3UoQEMEniGV3hzUufFeXc+5q0FJ585hD9wPn8Ay8qRig==</latexit>

✓i+1Update to
<latexit sha1_base64="5+nyS8hU2hxnqdw8c1v+IWfwmYw=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1l048JFBfuA6VAyaaYNzSRDckcoQz/DjQtF3Po17vwbM+0stPVA4HDOveTcEyaCG3Ddb6e0srq2vlHerGxt7+zuVfcP2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vs39zhPThiv5CJOEBTEZSh5xSsBKfi8mMKJEZPfTfrXm1t0Z8DLxClJDBZr96ldvoGgaMwlUEGN8z00gyIgGTgWbVnqpYQmhYzJkvqWSxMwE2SzyFJ9YZYAjpe2TgGfq742MxMZM4tBO5hHNopeL/3l+CtF1kHGZpMAknX8UpQKDwvn9eMA1oyAmlhCquc2K6YhoQsG2VLEleIsnL5P2Wd27rF88nNcaN0UdZXSEjtEp8tAVaqA71EQtRJFCz+gVvTngvDjvzsd8tOQUO4foD5zPH4RFkWw=</latexit>

Lto minimize

<latexit sha1_base64="tmLubJ3bba88dGMMW0uHQOz/zOI=">AAAB+HicbVDJSgNBEO2JW4xLRj16aQyCpzAjbsegIB4jmAWSYejpVJImPQvdNWIc8iVePCji1U/x5t/YSeag0QcFj/eqqKoXJFJodJwvq7C0vLK6VlwvbWxubZftnd2mjlPFocFjGat2wDRIEUEDBUpoJwpYGEhoBaOrqd+6B6VFHN3hOAEvZINI9AVnaCTfLl/7XYQHzJCpAeDEtytO1ZmB/iVuTiokR923P7u9mKchRMgl07rjOgl6GVMouIRJqZtqSBgfsQF0DI1YCNrLZodP6KFRerQfK1MR0pn6cyJjodbjMDCdIcOhXvSm4n9eJ8X+hZeJKEkRIj5f1E8lxZhOU6A9oYCjHBvCuBLmVsqHTDGOJquSCcFdfPkvaR5X3bPq6e1JpXaZx1Ek++SAHBGXnJMauSF10iCcpOSJvJBX69F6tt6s93lrwcpn9sgvWB/fW7aTkA==</latexit>

Ftarget

<latexit sha1_base64="2dGhQwnFo1DIRia1rcITfn2Qeog=">AAACFXicbVDLSgNBEJz1bXxFPXoZDEKEEHbF11EUxIMHBaNCNoTeSW8yZPbBTK8YlvyEF3/FiwdFvAre/BsnMQdfBQNFVTc9VUGqpCHX/XDGxicmp6ZnZgtz8wuLS8XllUuTZFpgTSQq0dcBGFQyxhpJUnidaoQoUHgVdI8G/tUNaiOT+IJ6KTYiaMcylALISs1ixY+AOgJUftovh2VfdGTFpw4SbFb4cdMnvKWcQLeR+pvNYsmtukPwv8QbkRIb4axZfPdbicgijEkoMKbuuSk1ctAkhcJ+wc8MpiC60Ma6pTFEaBr5MFWfb1ilxcNE2xcTH6rfN3KIjOlFgZ0cZDC/vYH4n1fPKNxv5DJOM8JYfB0KM8Up4YOKeEtqFKR6loDQ0v6Viw5oEGSLLNgSvN+R/5LLraq3W9053y4dHI7qmGFrbJ2Vmcf22AE7YWesxgS7Yw/siT07986j8+K8fo2OOaOdVfYDztsn6Bierg==</latexit>

L(f(�, ✓), Ftarget)

?

: particle segments 
<latexit sha1_base64="ZyxxTorfuzL222ppHuZB15MiI+g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGpCIDas1t+7OgVaJV5AaFGgNq1+DUUxSQaUhHGvd99zE+BlWhhFOZ5VBqmmCyQSPad9SiQXVfja/dYbOrDJCYaxsSYPm6u+JDAutpyKwnQKbSC97ufif109NeONnTCapoZIsFoUpRyZG+eNoxBQlhk8twUQxeysiEVaYGBtPxYbgLb+8SjoXde+q3ni4rDVvizjKcAKncA4eXEMT7qEFbSAQwTO8wpsjnBfn3flYtJacYuYY/sD5/AEC+o48</latexit>�

: model parameters
<latexit sha1_base64="RnyzIg4Iy64zhhoBANN9EcBOI5Y=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmY2Z1lplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo1hwZXUul2wAxIEUMDBUpoJxpYFEhoBaPbqd96Am2Eih9wnIAfsUEsQsEZWqnZxSEg65UrbtWdgS4TLycVkqPeK391+4qnEcTIJTOm47kJ+hnTKLiESambGkgYH7EBdCyNWQTGz2bXTuiJVfo0VNpWjHSm/p7IWGTMOApsZ8RwaBa9qfif10kxvPYzEScpQszni8JUUlR0+jrtCw0c5dgSxrWwt1I+ZJpxtAGVbAje4svLpHlW9S6rF/fnldpNHkeRHJFjcko8ckVq5I7USYNw8kieySt5c5Tz4rw7H/PWgpPPHJI/cD5/AKc3jzI=</latexit>

✓



Future Application: Inverse Solver

22 Yifan Chen — SLAC, Stanford UniversityDifferentiable simulation of a LArTPC

<latexit sha1_base64="MsC9e+Ed+X9CiMPLYdhBN13Q9Kc=">AAAB9XicbVDLSsNAFJ3UV62vqks3g0WoICURX8uiG5cV7AOaWCbTSTN0MgkzN0oJ/Q83LhRx67+482+ctllo64ELh3Pu5d57/ERwDbb9bRWWlldW14rrpY3Nre2d8u5eS8epoqxJYxGrjk80E1yyJnAQrJMoRiJfsLY/vJn47UemNI/lPYwS5kVkIHnAKQEjPQRVl4b8xIWQATnulSt2zZ4CLxInJxWUo9Erf7n9mKYRk0AF0brr2Al4GVHAqWDjkptqlhA6JAPWNVSSiGkvm149xkdG6eMgVqYk4Kn6eyIjkdajyDedEYFQz3sT8T+vm0Jw5WVcJikwSWeLglRgiPEkAtznilEQI0MIVdzcimlIFKFggiqZEJz5lxdJ67TmXNTO784q9es8jiI6QIeoihx0ieroFjVQE1Gk0DN6RW/Wk/VivVsfs9aClc/soz+wPn8AnuyR9Q==</latexit>

f(�, ✓)

<latexit sha1_base64="ZyxxTorfuzL222ppHuZB15MiI+g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGpCIDas1t+7OgVaJV5AaFGgNq1+DUUxSQaUhHGvd99zE+BlWhhFOZ5VBqmmCyQSPad9SiQXVfja/dYbOrDJCYaxsSYPm6u+JDAutpyKwnQKbSC97ufif109NeONnTCapoZIsFoUpRyZG+eNoxBQlhk8twUQxeysiEVaYGBtPxYbgLb+8SjoXde+q3ni4rDVvizjKcAKncA4eXEMT7qEFbSAQwTO8wpsjnBfn3flYtJacYuYY/sD5/AEC+o48</latexit>�

<latexit sha1_base64="tmLubJ3bba88dGMMW0uHQOz/zOI=">AAAB+HicbVDJSgNBEO2JW4xLRj16aQyCpzAjbsegIB4jmAWSYejpVJImPQvdNWIc8iVePCji1U/x5t/YSeag0QcFj/eqqKoXJFJodJwvq7C0vLK6VlwvbWxubZftnd2mjlPFocFjGat2wDRIEUEDBUpoJwpYGEhoBaOrqd+6B6VFHN3hOAEvZINI9AVnaCTfLl/7XYQHzJCpAeDEtytO1ZmB/iVuTiokR923P7u9mKchRMgl07rjOgl6GVMouIRJqZtqSBgfsQF0DI1YCNrLZodP6KFRerQfK1MR0pn6cyJjodbjMDCdIcOhXvSm4n9eJ8X+hZeJKEkRIj5f1E8lxZhOU6A9oYCjHBvCuBLmVsqHTDGOJquSCcFdfPkvaR5X3bPq6e1JpXaZx1Ek++SAHBGXnJMauSF10iCcpOSJvJBX69F6tt6s93lrwcpn9sgvWB/fW7aTkA==</latexit>

Ftarget

<latexit sha1_base64="2dGhQwnFo1DIRia1rcITfn2Qeog=">AAACFXicbVDLSgNBEJz1bXxFPXoZDEKEEHbF11EUxIMHBaNCNoTeSW8yZPbBTK8YlvyEF3/FiwdFvAre/BsnMQdfBQNFVTc9VUGqpCHX/XDGxicmp6ZnZgtz8wuLS8XllUuTZFpgTSQq0dcBGFQyxhpJUnidaoQoUHgVdI8G/tUNaiOT+IJ6KTYiaMcylALISs1ixY+AOgJUftovh2VfdGTFpw4SbFb4cdMnvKWcQLeR+pvNYsmtukPwv8QbkRIb4axZfPdbicgijEkoMKbuuSk1ctAkhcJ+wc8MpiC60Ma6pTFEaBr5MFWfb1ilxcNE2xcTH6rfN3KIjOlFgZ0cZDC/vYH4n1fPKNxv5DJOM8JYfB0KM8Up4YOKeEtqFKR6loDQ0v6Viw5oEGSLLNgSvN+R/5LLraq3W9053y4dHI7qmGFrbJ2Vmcf22AE7YWesxgS7Yw/siT07986j8+K8fo2OOaOdVfYDztsn6Bierg==</latexit>

L(f(�, ✓), Ftarget)

<latexit sha1_base64="LX1c2h1zP/V2LpOwkvb3za/Yy60=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5KIr2XRjQsXFewDmhBuptN26GQSZiZCiV34K25cKOLW33Dn3zhps9DWAwOHc+7lnjlhwpnSjvNtLSwuLa+sltbK6xubW9v2zm5TxakktEFiHst2CIpyJmhDM81pO5EUopDTVji8zv3WA5WKxeJejxLqR9AXrMcIaCMF9r4nIOQQeGTAvAj0gADPbseBXXGqzgR4nrgFqaAC9cD+8roxSSMqNOGgVMd1Eu1nIDUjnI7LXqpoAmQIfdoxVEBElZ9N8o/xkVG6uBdL84TGE/X3RgaRUqMoNJN5RDXr5eJ/XifVvUs/YyJJNRVkeqiXcqxjnJeBu0xSovnIECCSmayYDEAC0aaysinBnf3yPGmeVN3z6tndaaV2VdRRQgfoEB0jF12gGrpBddRABD2iZ/SK3qwn68V6tz6mowtWsbOH/sD6/AFXjpZU</latexit>

r�L

<latexit sha1_base64="LX1c2h1zP/V2LpOwkvb3za/Yy60=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5KIr2XRjQsXFewDmhBuptN26GQSZiZCiV34K25cKOLW33Dn3zhps9DWAwOHc+7lnjlhwpnSjvNtLSwuLa+sltbK6xubW9v2zm5TxakktEFiHst2CIpyJmhDM81pO5EUopDTVji8zv3WA5WKxeJejxLqR9AXrMcIaCMF9r4nIOQQeGTAvAj0gADPbseBXXGqzgR4nrgFqaAC9cD+8roxSSMqNOGgVMd1Eu1nIDUjnI7LXqpoAmQIfdoxVEBElZ9N8o/xkVG6uBdL84TGE/X3RgaRUqMoNJN5RDXr5eJ/XifVvUs/YyJJNRVkeqiXcqxjnJeBu0xSovnIECCSmayYDEAC0aaysinBnf3yPGmeVN3z6tndaaV2VdRRQgfoEB0jF12gGrpBddRABD2iZ/SK3qwn68V6tz6mowtWsbOH/sD6/AFXjpZU</latexit>

r�L

Map from detector readout to physics quantity



Summary

23 Yifan Chen — SLAC, Stanford UniversityDifferentiable simulation of a LArTPC

• Emerging area: New approaches to conduct experiments, 
including detector optimization, simulation, calibration, 
reconstruction, analysis… 

• A demonstrator of differentiable simulation using LArTPCs  
(a DUNE near detector prototype) 

• Aim for high-dimensional detector calibration 
• Made larnd-sim (a simulator for DUNE near detector LArTPC 

and its prototypes) differentiable 
• A successful closure test for a simultaneous calibration fit of  

6 detector parameters 
• Future development towards data application


