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Sign problem

∫ 𝒟ϕ eiIIn Minkowski signature:

Classical Contributions

Quantum Contributions2

Euclidean ∫ 𝒟ϕ e−S

e−iHt



Finite volume

On a finite volume there are no asymptotic states! 
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Goal
We will show that quantum computers can, in principle, rigorously constraint any 
reaction!
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EUCLIDEAN LQCD



We can do a lot with Euclidean LQCD!
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A. Rodas, J. Dudek, R. Edwards, Phys.Rev.D 108 (2023) 3, 3  

Space

1) Extract finite-
volume spectrum of 
Hamiltonian. This is 
Euclidean!

2) Apply 
dictionary 
(Lüscher 
quantization 
condition)



Kinematic Restrictions in the Traditional 
Approach

= + +

+ ⋯

Can go on-shell

(2m)2 P2

+ + ⋯
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Can’t go on-shell if (2m)2 ≤ P2 ≤ (3m)2



Many dictionaries have been developed!

+

=

+

+...

finite-volume  
spectrum

finite-volume 
one-body

matrix elements +

=

+

+...

partial wave 
amplitudes

amplitudes
two-hadron
form factors +

=

+

+...

finite-volume 
two-to-two

matrix elements
2+ J ! 2

<latexit sha1_base64="bo0j1Ljgtq+2HxeRnhholob7S8E=">AAACDXicbVDLSsNAFJ34rPUVdelmsAqCUJIi6LLoRlxVsA9oQplMJ+3QySTM3Iil9Afc+CtuXCji1r07/8ZJG0RbDwwczrmXuecEieAaHOfLWlhcWl5ZLawV1zc2t7btnd2GjlNFWZ3GIlatgGgmuGR14CBYK1GMRIFgzWBwmfnNO6Y0j+UtDBPmR6QnecgpASN17EMP2D0EIa7gE+xFBPqUCHyNPYjxj9WxS07ZmQDPEzcnJZSj1rE/vW5M04hJoIJo3XadBPwRUcCpYOOil2qWEDogPdY2VJKIaX80STPGR0bp4jBW5knAE/X3xohEWg+jwExm9+pZLxP/89ophOf+iMskBSbp9KMwFdhEzarBXa4YBTE0hFDFza2Y9okiFEyBRVOCOxt5njQqZdfwm9NS9SKvo4D20QE6Ri46Q1V0hWqojih6QE/oBb1aj9az9Wa9T0cXrHxnD/2B9fENv52aEw==</latexit><latexit sha1_base64="bo0j1Ljgtq+2HxeRnhholob7S8E=">AAACDXicbVDLSsNAFJ34rPUVdelmsAqCUJIi6LLoRlxVsA9oQplMJ+3QySTM3Iil9Afc+CtuXCji1r07/8ZJG0RbDwwczrmXuecEieAaHOfLWlhcWl5ZLawV1zc2t7btnd2GjlNFWZ3GIlatgGgmuGR14CBYK1GMRIFgzWBwmfnNO6Y0j+UtDBPmR6QnecgpASN17EMP2D0EIa7gE+xFBPqUCHyNPYjxj9WxS07ZmQDPEzcnJZSj1rE/vW5M04hJoIJo3XadBPwRUcCpYOOil2qWEDogPdY2VJKIaX80STPGR0bp4jBW5knAE/X3xohEWg+jwExm9+pZLxP/89ophOf+iMskBSbp9KMwFdhEzarBXa4YBTE0hFDFza2Y9okiFEyBRVOCOxt5njQqZdfwm9NS9SKvo4D20QE6Ri46Q1V0hWqojih6QE/oBb1aj9az9Wa9T0cXrHxnD/2B9fENv52aEw==</latexit><latexit sha1_base64="bo0j1Ljgtq+2HxeRnhholob7S8E=">AAACDXicbVDLSsNAFJ34rPUVdelmsAqCUJIi6LLoRlxVsA9oQplMJ+3QySTM3Iil9Afc+CtuXCji1r07/8ZJG0RbDwwczrmXuecEieAaHOfLWlhcWl5ZLawV1zc2t7btnd2GjlNFWZ3GIlatgGgmuGR14CBYK1GMRIFgzWBwmfnNO6Y0j+UtDBPmR6QnecgpASN17EMP2D0EIa7gE+xFBPqUCHyNPYjxj9WxS07ZmQDPEzcnJZSj1rE/vW5M04hJoIJo3XadBPwRUcCpYOOil2qWEDogPdY2VJKIaX80STPGR0bp4jBW5knAE/X3xohEWg+jwExm9+pZLxP/89ophOf+iMskBSbp9KMwFdhEzarBXa4YBTE0hFDFza2Y9okiFEyBRVOCOxt5njQqZdfwm9NS9SKvo4D20QE6Ri46Q1V0hWqojih6QE/oBb1aj9az9Wa9T0cXrHxnD/2B9fENv52aEw==</latexit><latexit sha1_base64="bo0j1Ljgtq+2HxeRnhholob7S8E=">AAACDXicbVDLSsNAFJ34rPUVdelmsAqCUJIi6LLoRlxVsA9oQplMJ+3QySTM3Iil9Afc+CtuXCji1r07/8ZJG0RbDwwczrmXuecEieAaHOfLWlhcWl5ZLawV1zc2t7btnd2GjlNFWZ3GIlatgGgmuGR14CBYK1GMRIFgzWBwmfnNO6Y0j+UtDBPmR6QnecgpASN17EMP2D0EIa7gE+xFBPqUCHyNPYjxj9WxS07ZmQDPEzcnJZSj1rE/vW5M04hJoIJo3XadBPwRUcCpYOOil2qWEDogPdY2VJKIaX80STPGR0bp4jBW5knAE/X3xohEWg+jwExm9+pZLxP/89ophOf+iMskBSbp9KMwFdhEzarBXa4YBTE0hFDFza2Y9okiFEyBRVOCOxt5njQqZdfwm9NS9SKvo4D20QE6Ri46Q1V0hWqojih6QE/oBb1aj9az9Wa9T0cXrHxnD/2B9fENv52aEw==</latexit>

amplitudes and 
form factors

1+ J ! 1
<latexit sha1_base64="Me3IU5esO6jY3WXc770pEOr+QFY=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1UQhJKIoMuiG3FVwT6gCWUynbRDJ5MwcyOW0h9w46+4caGIW/fu/BsnbRBtPTBwOOde5p4TJIJrcJwvq7CwuLS8Ulwtra1vbG7Z2zsNHaeKsjqNRaxaAdFMcMnqwEGwVqIYiQLBmsHgMvObd0xpHstbGCbMj0hP8pBTAkbq2AcesHsIQuziY+xFBPqUCHyNPYjxj9Wxy07FmQDPEzcnZZSj1rE/vW5M04hJoIJo3XadBPwRUcCpYOOSl2qWEDogPdY2VJKIaX80STPGh0bp4jBW5knAE/X3xohEWg+jwExm9+pZLxP/89ophOf+iMskBSbp9KMwFdhEzarBXa4YBTE0hFDFza2Y9okiFEyBJVOCOxt5njROKq7hN6fl6kVeRxHtoX10hFx0hqroCtVQHVH0gJ7QC3q1Hq1n6816n44WrHxnF/2B9fENvHqaEQ==</latexit><latexit sha1_base64="Me3IU5esO6jY3WXc770pEOr+QFY=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1UQhJKIoMuiG3FVwT6gCWUynbRDJ5MwcyOW0h9w46+4caGIW/fu/BsnbRBtPTBwOOde5p4TJIJrcJwvq7CwuLS8Ulwtra1vbG7Z2zsNHaeKsjqNRaxaAdFMcMnqwEGwVqIYiQLBmsHgMvObd0xpHstbGCbMj0hP8pBTAkbq2AcesHsIQuziY+xFBPqUCHyNPYjxj9Wxy07FmQDPEzcnZZSj1rE/vW5M04hJoIJo3XadBPwRUcCpYOOSl2qWEDogPdY2VJKIaX80STPGh0bp4jBW5knAE/X3xohEWg+jwExm9+pZLxP/89ophOf+iMskBSbp9KMwFdhEzarBXa4YBTE0hFDFza2Y9okiFEyBJVOCOxt5njROKq7hN6fl6kVeRxHtoX10hFx0hqroCtVQHVH0gJ7QC3q1Hq1n6816n44WrHxnF/2B9fENvHqaEQ==</latexit><latexit sha1_base64="Me3IU5esO6jY3WXc770pEOr+QFY=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1UQhJKIoMuiG3FVwT6gCWUynbRDJ5MwcyOW0h9w46+4caGIW/fu/BsnbRBtPTBwOOde5p4TJIJrcJwvq7CwuLS8Ulwtra1vbG7Z2zsNHaeKsjqNRaxaAdFMcMnqwEGwVqIYiQLBmsHgMvObd0xpHstbGCbMj0hP8pBTAkbq2AcesHsIQuziY+xFBPqUCHyNPYjxj9Wxy07FmQDPEzcnZZSj1rE/vW5M04hJoIJo3XadBPwRUcCpYOOSl2qWEDogPdY2VJKIaX80STPGh0bp4jBW5knAE/X3xohEWg+jwExm9+pZLxP/89ophOf+iMskBSbp9KMwFdhEzarBXa4YBTE0hFDFza2Y9okiFEyBJVOCOxt5njROKq7hN6fl6kVeRxHtoX10hFx0hqroCtVQHVH0gJ7QC3q1Hq1n6816n44WrHxnF/2B9fENvHqaEQ==</latexit><latexit sha1_base64="Me3IU5esO6jY3WXc770pEOr+QFY=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1UQhJKIoMuiG3FVwT6gCWUynbRDJ5MwcyOW0h9w46+4caGIW/fu/BsnbRBtPTBwOOde5p4TJIJrcJwvq7CwuLS8Ulwtra1vbG7Z2zsNHaeKsjqNRaxaAdFMcMnqwEGwVqIYiQLBmsHgMvObd0xpHstbGCbMj0hP8pBTAkbq2AcesHsIQuziY+xFBPqUCHyNPYjxj9Wxy07FmQDPEzcnZZSj1rE/vW5M04hJoIJo3XadBPwRUcCpYOOSl2qWEDogPdY2VJKIaX80STPGh0bp4jBW5knAE/X3xohEWg+jwExm9+pZLxP/89ophOf+iMskBSbp9KMwFdhEzarBXa4YBTE0hFDFza2Y9okiFEyBJVOCOxt5njROKq7hN6fl6kVeRxHtoX10hFx0hqroCtVQHVH0gJ7QC3q1Hq1n6816n44WrHxnF/2B9fENvHqaEQ==</latexit>

up to O(e�m⇡L)

corrections
<latexit sha1_base64="VBcyslBUw2GSuQ3AyAFroHWlGmk="></latexit><latexit sha1_base64="VBcyslBUw2GSuQ3AyAFroHWlGmk="></latexit><latexit sha1_base64="VBcyslBUw2GSuQ3AyAFroHWlGmk="></latexit><latexit sha1_base64="VBcyslBUw2GSuQ3AyAFroHWlGmk="></latexit>

Lüscher 
formalism

A. Baroni, R. Briceño and 
F. Ortega-Gama, arXiv: 
1812.10504

AND THEY KEEP GETTING HARDER AND HARDER
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Quantum Computing



Lattice QCD on Quantum Computers Lifts 
These Restrictions!
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<latexit sha1_base64="rAensmZ0pi73DveGMARg6GDf0e8=">AAACFnicbVBNS0JBFL2vT7Mvq03QZkgCg5D3CrSl0CZaKeQHqMh946iD8z6YmRfIw+hnVOu29RPaRdu2/oL+RqO2SO3A5R7OucO9c9xQcKVte2QtLa+srq0nNpKbW9s7u6m9/YoKIklZmQYikDUXFRPcZ2XNtWC1UDL0XMGqbv9q7FfvmFQ88G/1IGRND7s+73CK2kit1GHDQ92jKOKbYebCbjCNZyRv42krlbaz9gRkkTi/JF1wRk8Gz8VW6rvRDmjkMV9TgUrVHTvUzRil5lSwYbIRKRYi7WOX1Q310WOqGU9+MCQnRmmTTiBN+ZpM1L8vYvSUGniumRzfq+a9sfifV49057IZcz+MNPPpdFEnEkQHZBwHaXPJqBYDQ5BKbm4ltIcSqTahzWwJewPFqRomTTLOfA6LpHKedXLZXMlEVHqACRJwBMeQAQfyUIBrKEIZKNzDC7zCm/VovVsf1ud0dMmadjiAGVhfPwtPo0c=</latexit>

J (30ω, 70a)

<latexit sha1_base64="w3regSQdMocwOnFeAPP33Sr0PEY=">AAACFnicbVBNS0JBFL3Pvsy+rDZBmyEJDELeK7CWQptopZAfoCL3jaMOzvtgZl4gD6OfUa3b1k9oF23b+gv6G43aIrUDl3s45w73znFDwZW27ZGVWFpeWV1Lrqc2Nre2d9K7exUVRJKyMg1EIGsuKia4z8qaa8FqoWTouYJV3f7V2K/eMal44N/qQciaHnZ93uEUtZFa6YOGh7pHUcQ3w6xjN5jGU3Ju40krnbFz9gRkkTi/JFNwRk8Gz8VW+rvRDmjkMV9TgUrVHTvUzRil5lSwYaoRKRYi7WOX1Q310WOqGU9+MCTHRmmTTiBN+ZpM1L8vYvSUGniumRzfq+a9sfifV49057IZcz+MNPPpdFEnEkQHZBwHaXPJqBYDQ5BKbm4ltIcSqTahzWwJewPFqRqmTDLOfA6LpHKWc/K5fMlEVHqACZJwCEeQBQcuoADXUIQyULiHF3iFN+vRerc+rM/paMKadtiHGVhfPwGXo0E=</latexit>

J (10ω, 30a)
<latexit sha1_base64="11Z1NBA7g0VqmTI1bbcfrgAd6i4=">AAACBXicbVC7TsMwFL0pr1JeBQYGloiqiKlKGApjJRbGVqIP1EaV4zqtVTuJbAcpiiKx8QGsMDIygdgQ4jP4An4DN2WgLUe6ukfnXOteHzdkVCrL+jJyS8srq2v59cLG5tb2TnF3ryWDSGDSxAELRMdFkjDqk6aiipFOKAjiLiNtd3wx8ds3REga+FcqDonD0dCnHsVIaem6NyYqqfdp2i+WrIqVwVwk9i8p1covxwef70/1fvG7NwhwxImvMENSdm0rVE6ChKKYkbTQiyQJER6jIelq6iNOpJNkB6dmWSsD0wuELl+Zmfr3RYK4lDF39SRHaiTnvYn4n9eNlHfuJNQPI0V8PF3kRcxUgTn5vTmggmDFYk0QFlTfauIREggrndHMlnAUS4plWtDJ2PM5LJLWacWuVqoNHVHjFjLk4RCO4ARsOIMaXEIdmoCBwz08wKNxZzwbr8bbdDRnTDvswwyMjx9CCZ2K</latexit>

|Pi→

<latexit sha1_base64="iuPhYoIwkrSkBX3NyB74rcKLNYI=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYBDiJezmED0GvHhM0DwgWcLsZDYZMjs7zMwKyxLQD/Cqn+BNvPopfoG/4eRxMIkFDUVVN91dgeRMG9f9djY2t7Z3dnN7+f2Dw6PjwslpS8eJIrRJYh6rToA15UzQpmGG045UFEcBp+1gfDv1249UaRaLB5NK6kd4KFjICDZWui8FV/1C0S27M6B14i1IERao9ws/vUFMkogKQzjWuuu50vgZVoYRTif5XqKpxGSMh7RrqcAR1X42O3WCLq0yQGGsbAmDZurfiQxHWqdRYDsjbEZ61ZuK/3ndxIQ3fsaETAwVZL4oTDgyMZr+jQZMUWJ4agkmitlbERlhhYmx6SxtkaNUM6IneZuMt5rDOmlVyl61XG1UirXG0zyjHJzDBZTAg2uowR3UoQkEhvACr/DmPDvvzofzOW/dcBa5nsESnK9fnxqW2w==</latexit>

(b)
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<latexit sha1_base64="l8U3O/IQieO3rK6StCMA5qGZhMs=">AAACB3icbZDLSgMxFIYz9VbrrerSTbAIrspMF9VlwY3LFuwFpqVk0jNtaCYZkowwDAW3PoBbfQR34tbH8Al8DTNtF7b1QODj/0845/xBzJk2rvvtFLa2d3b3ivulg8Oj45Py6VlHy0RRaFPJpeoFRANnAtqGGQ69WAGJAg7dYHqX+91HUJpJ8WDSGAYRGQsWMkqMlXwmDChCcx6WK27VnRfeBG8JFbSs5rD80x9JmkQgDOVEa99zYzPIiDKMcpiV+omGmNApGYNvUZAI9CCbrzzDV1YZ4VAq+4TBc/Xvj4xEWqdRYDsjYiZ63cvF/zw/MeHtIGMiTgwIuhgUJhwbifP78YgpoIanFghVzO6K6YTkGdiUVqbEk1Qzqmclm4y3nsMmdGpVr16tt2qVRutpkVERXaBLdI08dIMa6B41URtRJNELekVvzrPz7nw4n4vWgrPM9RytlPP1CyO6mxg=</latexit>

interaction

<latexit sha1_base64="vQLAJEBoRZXvv0i9nPRUbaM3NWQ=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYBDiJezmED0GvHhM0DwgWcLsZDYZMjs7zMwKyxLQD/Cqn+BNvPopfoG/4eRxMIkFDUVVN91dgeRMG9f9djY2t7Z3dnN7+f2Dw6PjwslpS8eJIrRJYh6rToA15UzQpmGG045UFEcBp+1gfDv1249UaRaLB5NK6kd4KFjICDZWui/hq36h6JbdGdA68RakCAvU+4Wf3iAmSUSFIRxr3fVcafwMK8MIp5N8L9FUYjLGQ9q1VOCIaj+bnTpBl1YZoDBWtoRBM/XvRIYjrdMosJ0RNiO96k3F/7xuYsIbP2NCJoYKMl8UJhyZGE3/RgOmKDE8tQQTxeytiIywwsTYdJa2yFGqGdGTvE3GW81hnbQqZa9arjYqxVrjaZ5RDs7hAkrgwTXU4A7q0AQCQ3iBV3hznp1358P5nLduOItcz2AJztcvnYCW2g==</latexit>

(a)
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Real-time Estimators for Scattering Observables

0 25 50 75
x/a
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<latexit sha1_base64="rAensmZ0pi73DveGMARg6GDf0e8=">AAACFnicbVBNS0JBFL2vT7Mvq03QZkgCg5D3CrSl0CZaKeQHqMh946iD8z6YmRfIw+hnVOu29RPaRdu2/oL+RqO2SO3A5R7OucO9c9xQcKVte2QtLa+srq0nNpKbW9s7u6m9/YoKIklZmQYikDUXFRPcZ2XNtWC1UDL0XMGqbv9q7FfvmFQ88G/1IGRND7s+73CK2kit1GHDQ92jKOKbYebCbjCNZyRv42krlbaz9gRkkTi/JF1wRk8Gz8VW6rvRDmjkMV9TgUrVHTvUzRil5lSwYbIRKRYi7WOX1Q310WOqGU9+MCQnRmmTTiBN+ZpM1L8vYvSUGniumRzfq+a9sfifV49057IZcz+MNPPpdFEnEkQHZBwHaXPJqBYDQ5BKbm4ltIcSqTahzWwJewPFqRomTTLOfA6LpHKedXLZXMlEVHqACRJwBMeQAQfyUIBrKEIZKNzDC7zCm/VovVsf1ud0dMmadjiAGVhfPwtPo0c=</latexit>

J (30ω, 70a)

<latexit sha1_base64="w3regSQdMocwOnFeAPP33Sr0PEY=">AAACFnicbVBNS0JBFL3Pvsy+rDZBmyEJDELeK7CWQptopZAfoCL3jaMOzvtgZl4gD6OfUa3b1k9oF23b+gv6G43aIrUDl3s45w73znFDwZW27ZGVWFpeWV1Lrqc2Nre2d9K7exUVRJKyMg1EIGsuKia4z8qaa8FqoWTouYJV3f7V2K/eMal44N/qQciaHnZ93uEUtZFa6YOGh7pHUcQ3w6xjN5jGU3Ju40krnbFz9gRkkTi/JFNwRk8Gz8VW+rvRDmjkMV9TgUrVHTvUzRil5lSwYaoRKRYi7WOX1Q310WOqGU9+MCTHRmmTTiBN+ZpM1L8vYvSUGniumRzfq+a9sfifV49057IZcz+MNPPpdFEnEkQHZBwHaXPJqBYDQ5BKbm4ltIcSqTahzWwJewPFqRqmTDLOfA6LpHKWc/K5fMlEVHqACZJwCEeQBQcuoADXUIQyULiHF3iFN+vRerc+rM/paMKadtiHGVhfPwGXo0E=</latexit>

J (10ω, 30a)
<latexit sha1_base64="11Z1NBA7g0VqmTI1bbcfrgAd6i4=">AAACBXicbVC7TsMwFL0pr1JeBQYGloiqiKlKGApjJRbGVqIP1EaV4zqtVTuJbAcpiiKx8QGsMDIygdgQ4jP4An4DN2WgLUe6ukfnXOteHzdkVCrL+jJyS8srq2v59cLG5tb2TnF3ryWDSGDSxAELRMdFkjDqk6aiipFOKAjiLiNtd3wx8ds3REga+FcqDonD0dCnHsVIaem6NyYqqfdp2i+WrIqVwVwk9i8p1covxwef70/1fvG7NwhwxImvMENSdm0rVE6ChKKYkbTQiyQJER6jIelq6iNOpJNkB6dmWSsD0wuELl+Zmfr3RYK4lDF39SRHaiTnvYn4n9eNlHfuJNQPI0V8PF3kRcxUgTn5vTmggmDFYk0QFlTfauIREggrndHMlnAUS4plWtDJ2PM5LJLWacWuVqoNHVHjFjLk4RCO4ARsOIMaXEIdmoCBwz08wKNxZzwbr8bbdDRnTDvswwyMjx9CCZ2K</latexit>

|Pi→

<latexit sha1_base64="iuPhYoIwkrSkBX3NyB74rcKLNYI=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYBDiJezmED0GvHhM0DwgWcLsZDYZMjs7zMwKyxLQD/Cqn+BNvPopfoG/4eRxMIkFDUVVN91dgeRMG9f9djY2t7Z3dnN7+f2Dw6PjwslpS8eJIrRJYh6rToA15UzQpmGG045UFEcBp+1gfDv1249UaRaLB5NK6kd4KFjICDZWui8FV/1C0S27M6B14i1IERao9ws/vUFMkogKQzjWuuu50vgZVoYRTif5XqKpxGSMh7RrqcAR1X42O3WCLq0yQGGsbAmDZurfiQxHWqdRYDsjbEZ61ZuK/3ndxIQ3fsaETAwVZL4oTDgyMZr+jQZMUWJ4agkmitlbERlhhYmx6SxtkaNUM6IneZuMt5rDOmlVyl61XG1UirXG0zyjHJzDBZTAg2uowR3UoQkEhvACr/DmPDvvzofzOW/dcBa5nsESnK9fnxqW2w==</latexit>

(b)

<latexit sha1_base64="c8zZHKzmCYfbLX5GH6Cbh80nDXo="></latexit>

〈Pf |TJ (t,x)J (0)|Pi〉

• R. Briceño, J. V. Guerrero, M. T. Hansen, 
A. Sturzu 2007.01155


• R. Briceño, M. A. Carrillo, J. V. Guerrero, 
M. T. Hansen, A. Sturzu 2112.01968


• R. Briceño, M. A. Carrillo, A. Sturzu 
2406.06877
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<latexit sha1_base64="mx6zQxUxV8vPcfquh33GkcvrZlE="></latexit>∫
dDx eiq·x →Pf |TJ (t,x)J (0)|Pi↑

Extracting Compton-like Amplitudes

≠

12



<latexit sha1_base64="myYWXYNYYa/YBXRPRjIPIvipeE0="></latexit>∫
dDx eiq·x→ω|t| →Pf |TJ (t,x)J (0)|Pi↑

Extracting Compton-like Amplitudes

≈

13



Extracting Compton-like Amplitudes

≈

<latexit sha1_base64="qiSMifYY55PsSf0/rigj17Ee9JE="></latexit>〈∫
dDx eiq·x→ω|t| →Pf |TJ (t,x)J (0)|Pi↑

〉

Pi,Pf ,q

14



Extracting all amplitudes

LSZ reduction

15



Numerical benchmarking
M. Carrillo, R. Briceño, A. Sturzu: arXiv: 2406.06877
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How well does this converge?

L ∞−⟨ ⟩
<latexit sha1_base64="WE46eHwn+LIB1SxFkubNHgvnB9A=">AAACHnicbZDLSgMxGIUz9VbrbdSlm2AR3FhmRKrLghsXBSvYC3RqyaR/29BMZkgyhTIMuPI5fAC3+gjuxK0+ga9helnY1gOBwzl/+JPPjzhT2nG+rczK6tr6RnYzt7W9s7tn7x/UVBhLClUa8lA2fKKAMwFVzTSHRiSBBD6Huj+4Hvf1IUjFQnGvRxG0AtITrMso0SZq29hTLMDwkJx5ECnGQ4HLqQfDxESsUk7Ttp13Cs5EeNm4M5NHM1Xa9o/XCWkcgNCUE6WarhPpVkKkZpRDmvNiBRGhA9KDprGCBKBayeQnKT4xSQd3Q2mO0HiS/r2RkECpUeCbyYDovlrsxuF/XTPW3atWwkQUaxB0uqgbc6xDPMaCO0wC1XxkDKGSmbdi2ieSUG3gzW2J+iPFqEpzhoy7yGHZ1M4LbrFQvLvIl24fp4yy6Agdo1PkoktUQjeogqqIoif0gl7Rm/VsvVsf1ud0NGPNuB6iOVlfv67Mo9k=</latexit>

→ e→ωL
〈
eiPL

〉

17



Proof (without constants)

=

loop momenta


external momenta


internal momenta







ℓa, a = 1,…, NL

PA

ki = f i
aℓa + Fi

APA

This is the only spacetime 
index that will appear 
throughout this talk!

18

<latexit sha1_base64="YfeF2bKjuxTCaUVsp/1IoCrvJs0=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2ls120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtJ1Sax/LBjBP0IzqQPOSMGivd1x+9XqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezUCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPIzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2naEPwFl9eJs3ziletVO8uyrXrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AHQvo2C</latexit>

P 1

<latexit sha1_base64="zHtqjZdmb6LSFGx7S0jYhCG6l6k=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELx4xyiOBlcwOszBhdnYz02tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2L1gOOE+xEdKBEKRtFK9/XHSq9YcsvuHGSVeBkpQYZ6r/jV7ccsjbhCJqkxHc9N0J9QjYJJPi10U8MTykZ0wDuWKhpx40/mp07JmVX6JIy1LYVkrv6emNDImHEU2M6I4tAsezPxP6+TYnjlT4RKUuSKLRaFqSQYk9nfpC80ZyjHllCmhb2VsCHVlKFNp2BD8JZfXiXNStmrlqt3F6XadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmSOfFeXc+Fq05J5s5hj9wPn8A0kKNgw==</latexit>

P 2

<latexit sha1_base64="Q82TV6/AX3NeiFBsAdeXW5uLM78=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2ls120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtJ1Sax/LBjBP0IzqQPOSMGivdjx69XqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezUCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPIzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2naEPwFl9eJs3ziletVO8uyrXrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AH54I2d</latexit>

k1

<latexit sha1_base64="vcvee3mvpNL4jqdH1ng2+Kl9g7c=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELx4xyiOBlcwOszBhdnYz02tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2L1gOOE+xEdKBEKRtFK96PHSq9YcsvuHGSVeBkpQYZ6r/jV7ccsjbhCJqkxHc9N0J9QjYJJPi10U8MTykZ0wDuWKhpx40/mp07JmVX6JIy1LYVkrv6emNDImHEU2M6I4tAsezPxP6+TYnjlT4RKUuSKLRaFqSQYk9nfpC80ZyjHllCmhb2VsCHVlKFNp2BD8JZfXiXNStmrlqt3F6XadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmSOfFeXc+Fq05J5s5hj9wPn8A+2SNng==</latexit>

k2

<latexit sha1_base64="v6imvMaeggGWerI9Wt1jGN9LVc0=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHbVoEeiF48Y5ZHASmaHASbMzm5mek3Ihk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+cS1EZF6wHHM/ZAOlOgLRtFK96PH826x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKVfuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4A/OiNnw==</latexit>

k3

<latexit sha1_base64="zOhU0Am5SqbneoZ6rtoYf0pcfDY=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNQY9ELx4xyiOBlcwOszBhdnYz02tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2L1gOOE+xEdKBEKRtFK96PHSq9YcsvuHGSVeBkpQYZ6r/jV7ccsjbhCJqkxHc9N0J9QjYJJPi10U8MTykZ0wDuWKhpx40/mp07JmVX6JIy1LYVkrv6emNDImHEU2M6I4tAsezPxP6+TYnjlT4RKUuSKLRaFqSQYk9nfpC80ZyjHllCmhb2VsCHVlKFNp2BD8JZfXiXNi7JXLVfvKqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmSOfFeXc+Fq05J5s5hj9wPn8A/myNoA==</latexit>

k4

<latexit sha1_base64="5ivkte0fDueS8gh+2mDgJFXkWm4=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNokeiF48Y5ZHASmaHASbMzm5mek3Ihk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+cS1EZF6wHHM/ZAOlOgLRtFK96PHi26x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKVfuzkvV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4A//CNoQ==</latexit>

k5

<latexit sha1_base64="kYXG0xX6Xn4MCj25d7DE+jGFgCg=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2ls120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtJ1Sax/LBjBP0IzqQPOSMGivdjx6rvVLZrbgzkGXi5aQMOeq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9mpE3JqlT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgLb68TJrnFa9aqd5dlGvXeRwFOIYTOAMPLqEGt1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QMBg42i</latexit>

k6

<latexit sha1_base64="cy2O1NM6jOUnUuY3KeV/y9qyaHg=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSIIQtktUj0WvXhcwX5Auy3ZNNuGZpMlyQpl6Y/w4kERr/4eb/4b03YP2vpg4PHeDDPzwoQzbVz321lb39jc2i7sFHf39g8OS0fHTS1TRWiDSC5VO8SaciZowzDDaTtRFMchp61wfDfzW09UaSbFo5kkNIjxULCIEWys1PJ73qXfq/ZLZbfizoFWiZeTMuTw+6Wv7kCSNKbCEI617nhuYoIMK8MIp9NiN9U0wWSMh7RjqcAx1UE2P3eKzq0yQJFUtoRBc/X3RIZjrSdxaDtjbEZ62ZuJ/3md1EQ3QcZEkhoqyGJRlHJkJJr9jgZMUWL4xBJMFLO3IjLCChNjEyraELzll1dJs1rxapXaw1W5fpvHUYBTOIML8OAa6nAPPjSAwBie4RXenMR5cd6dj0XrmpPPnMAfOJ8//i+OtQ==</latexit>

P 1 + P 2
<latexit sha1_base64="2B8yslhIiIfg+74ADfQ43bAXE+4="></latexit>

1

LD�1

X

!

Z
dNL!0

Y

i

i

k2i �m2 + iε



<latexit sha1_base64="qu63fW3C03gSzWbquqwibhQ/E6o="></latexit>∑

n

∫
dNLDω e→iLnaω

a ∏

i

i

k2i →m2 + iε

Proof (without constants)

L =

• Poisson summation formula


• At  we have the  diagram!


• As , this series diverges (this has implications for 
Monte Carlo lattice you can ask me about 😊)

n = 0 L = ∞

ϵ → 0

19



Proof (without constants)

L ∞−( )
n

=

Feynman 
parameters

pa = ∑
i

uif i
aFi

APA

<latexit sha1_base64="xTJ9lmi4HuwF3I0me+P2vBBu1ZA="></latexit>∫

[0,1]NP

dNP u ω

(
∑

i

ui → 1

)
eiLnap

a
∫

dNLDε e→iLnaω
a

(
i

gabεaεb →!

)NP

gab = ∑
i

uif i
a f i

b

Δ = m2 + p2 − ∑
i

ui(Fi
APA)2 − iϵ

20



<latexit sha1_base64="MLq3lhZIxrCO0TpXnc1II9fidpw="></latexit>∫

[0,1]NP

dNP u ω

(
∑

i

ui → 1

)〈
eiLnap

a
〉∫

dNLDε e→iLnaω
a

(
i

gabεaεb →!

)NP

Proof (without constants)

L ∞−( )
n

=⟨ ⟩
Lorentz invariant!

<latexit sha1_base64="jrYFwYYgkDB2AkttitVNEfWEM3c="></latexit>( →
!

L↑n↑

)ω

Kω(L↑n↑
→
!)

dimensional analysis

21



<latexit sha1_base64="MLq3lhZIxrCO0TpXnc1II9fidpw="></latexit>∫

[0,1]NP

dNP u ω

(
∑

i

ui → 1

)〈
eiLnap

a
〉∫

dNLDε e→iLnaω
a

(
i

gabεaεb →!

)NP

Proof (without constants)

L ∞−( )
n

=⟨ ⟩

22

<latexit sha1_base64="Y/EB3GtsNLGAGOw9IG8wEvhXJGo="></latexit>

!
(
L→n→

↑
!
)→ω→1/2

e→L↑n↑
↓
!



Wave packet approach

<latexit sha1_base64="csvf+ExY1rsIMgkEcn79F8iiRKk="></latexit>

→
〈
eiLnap

a
〉
→ e→

1
2L

2ω2
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ax
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<latexit sha1_base64="l8U3O/IQieO3rK6StCMA5qGZhMs=">AAACB3icbZDLSgMxFIYz9VbrrerSTbAIrspMF9VlwY3LFuwFpqVk0jNtaCYZkowwDAW3PoBbfQR34tbH8Al8DTNtF7b1QODj/0845/xBzJk2rvvtFLa2d3b3ivulg8Oj45Py6VlHy0RRaFPJpeoFRANnAtqGGQ69WAGJAg7dYHqX+91HUJpJ8WDSGAYRGQsWMkqMlXwmDChCcx6WK27VnRfeBG8JFbSs5rD80x9JmkQgDOVEa99zYzPIiDKMcpiV+omGmNApGYNvUZAI9CCbrzzDV1YZ4VAq+4TBc/Xvj4xEWqdRYDsjYiZ63cvF/zw/MeHtIGMiTgwIuhgUJhwbifP78YgpoIanFghVzO6K6YTkGdiUVqbEk1Qzqmclm4y3nsMmdGpVr16tt2qVRutpkVERXaBLdI08dIMa6B41URtRJNELekVvzrPz7nw4n4vWgrPM9RytlPP1CyO6mxg=</latexit>

interaction

<latexit sha1_base64="vQLAJEBoRZXvv0i9nPRUbaM3NWQ=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYBDiJezmED0GvHhM0DwgWcLsZDYZMjs7zMwKyxLQD/Cqn+BNvPopfoG/4eRxMIkFDUVVN91dgeRMG9f9djY2t7Z3dnN7+f2Dw6PjwslpS8eJIrRJYh6rToA15UzQpmGG045UFEcBp+1gfDv1249UaRaLB5NK6kd4KFjICDZWui/hq36h6JbdGdA68RakCAvU+4Wf3iAmSUSFIRxr3fVcafwMK8MIp5N8L9FUYjLGQ9q1VOCIaj+bnTpBl1YZoDBWtoRBM/XvRIYjrdMosJ0RNiO96k3F/7xuYsIbP2NCJoYKMl8UJhyZGE3/RgOmKDE8tQQTxeytiIywwsTYdJa2yFGqGdGTvE3GW81hnbQqZa9arjYqxVrjaZ5RDs7hAkrgwTXU4A7q0AQCQ3iBV3hznp1358P5nLduOItcz2AJztcvnYCW2g==</latexit>

(a)

23

Boost averaging can help severely reduce finite-volume errors. This is key in the 
wave packet approach.
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• Using input from quantum computers, there are workflows, uniform across all 
reactions and kinematics, that allow us to study general scattering processes.


• We have a simple to implement formula that allows us to estimate finite-
volume errors due to arbitrary diagrams 
 
 
 

Conclusions

24

<latexit sha1_base64="u+7GdHoZCH33SOdbZ5y1yz4WIQU="></latexit>

Error =
∑

n

2

(4ω)NLD/2

∫

[0,1]NP

dNP u ε

(
∑

i

ui → 1

)
↑

g→D/2
〈
eiLna·pa

〉(
2
↓
!

L↔n↔

)ω

Kω(L↔n↔
↓
!)



Conclusions
• Depending on the kinematic region of interest, there can be different types of 

error suppression


• Polynomial errors are also under control 

<latexit sha1_base64="KDkfXbsZnU60vUCod+G5h68xlTM="></latexit>

Kω(L→n→
↑
!) ↓ e→L↑n↑

↓
! ↓

{
e→L↑n↑

↓
Re!, Re! > 0,

e→L↑n↑ε/
↑

|Re!|, Re! < 0.

<latexit sha1_base64="nMViAVitaXhFUWrzsscMTLU96Ro=">AAACEHicbZDLSsNAGIUn9VbrLdalm2ARKmJNilSXBV24KLWCvUAbw2Q6bYdOJmFmIoYQ8Bl8ALf6CO7ErW/gE/gaTi8L23pg4HDOP/w/nxtQIqRpfmuppeWV1bX0emZjc2t7R9/NNoQfcoTryKc+b7lQYEoYrksiKW4FHEPPpbjpDi9HffMBc0F8diejANse7DPSIwhKFTl6tnIfV53aSb7qVK6OraPTYuLoObNgjmUsGmtqcmCqmqP/dLo+Cj3MJKJQiLZlBtKOIZcEUZxkOqHAAURD2MdtZRn0sLDj8e2JcaiSrtHzuXpMGuP0748YekJEnqsmPSgHYr4bhf917VD2LuyYsCCUmKHJol5IDekbIxBGl3CMJI2UgYgTdauBBpBDJBWumS3BIBIEiSSjyFjzHBZNo1iwSoXS7VmufPM0YZQG++AA5IEFzkEZXIMaqAMEHsELeAVv2rP2rn1on5PRlDblugdmpH39AneJnAY=</latexit>

LNP→(NLD+1)/2



Bonus: This can also be used for Euclidean 
explorations!
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Padé resummation

L ∞−
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