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Why real-time string breaking?

Colliders turn color charges into hadrons
— “hadronization”
Mechanism: string breaking via
Schwinger pair production
Models (Lund, . . . ): fitted parameters,
not universal
First-principles QCD needs real time —
Monte Carlo hits a sign problem

This talk Tensor
networks + quantum computing:
sign-problem-free statics and
real-time dynamics.
Testbed: SU(2) LGT in 1+1D,
dynamical matter,
Loop–String–Hadron (LSH)
formulation.
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SU(2) LGT
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The loop–string–hadron (LSH) formulation

Recast the SU(2) Kogut–Susskind theory in
local, gauge-invariant degrees of freedom.

Site-local quantum numbers: loop
nl ∈ Z ≥ 0, string-in/out ni, no ∈ {0, 1}
Non-Abelian Gauss law is built in; only
an Abelian constraint remains:

NL(r) = NR(r+1) (flux continuity)

NL = nl + no(1−ni) NR = nl + ni(1−no).

Truncating flux at jmax gives local dimension
d = 8 jmax + 2.
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The LSH Hamiltonian

A local Hamiltonian ˆ̃H = ĤE + ĤM + ĤI , with densities Ĥ• =
∑

r ĥ′
•(r):

ĥ′
E = 1

2
∑

α=L,R

N̂α
2

(
N̂α

2 +1
)

NL NR

chromo-electric flux in/out

ĥ′
M = µ(−1)r

(
n̂i + n̂o

)
ni + no

matter content at a site

ĥ′
I = x

{ ∑
σ=±

S̄+σ
o S̄σ−

i + h.c.
}

string-out / string-in pair

µ = 2m
√

x
g , x = 1

a2g2
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Hopping processes: the channels for string breaking

The hopping term ĤI shifts string ends between neighbouring sites through a few
elementary processes:

(a) String expansion/contraction

(b) Meson creation/annihilation

(d) Blockaded states

(c) String dissociation/recombination or meson creation/annihilation in presence of a loop

or
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Tensor-network ansatz: MPS & MPO

LSH states → matrix product states
(MPS); operators → MPO
DMRG for ground states & statics
TDVP (+ Krylov bond expansion) for
real-time dynamics
Bond dimension D controls the
truncation; d = 8jmax + 2 stays small
even at large cutoff

Reaches up to 200 sites with controlled
cutoff and volume/continuum
extrapolations.
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MPS (a) and MPO (b) tensor networks.

Q̂ =
∑

r
(n̂i+n̂o), q̂ =

∑
r
(n̂o−n̂i)
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Statics: confinement & the string tension

Static potential V (gl) = E(gl) − E(0) between two static charges.

Linear rise ⇒
confinement
Plateau at gl≈7 ⇒ string
breaking

Continuum string tension: κ/g2 = 0.330(3) at m/g = 0.5;
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Dynamics: quenching a meson string

Apply a Dirac meson-string operator to the interacting vacuum |Ω⟩, then evolve:

|ϕ(0)⟩ ∝ ŜDirac
r,∆r |Ω⟩ , |ϕ(t)⟩ = e−i ˆ̃Ht̃ |ϕ(0)⟩ , ŜDirac

r,∆r ∝ Ŝr,∆r − Ŝr+1,∆r

Ŝr,∆r ∝
∑

σ1,...,σ∆r=±
Ŝ+σ1

o (r)︸ ︷︷ ︸
string-out

L̂
σ1σ2

(r+1) · · · L̂
σ∆r−1σ∆r

(r+∆r−1)︸ ︷︷ ︸
chain of loop operators

Ŝσ∆r−
i (r+∆r)︸ ︷︷ ︸

string-in

Built on the dressed vacuum, |ϕ(0)⟩ is a superposition over string lengths — the
full flux tube plus shorter, partially-screened strings:

|ϕ(0)⟩ ∼
r r+∆r

+ + · · ·
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Watching the string break: LSH excitation snapshots

Vacuum-subtracted LSH excitation profiles vs. site at successive times:
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<latexit sha1_base64="FEAE3pWYjghUMHtyJpv9HrscRS8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6kUoevFYwdpCG8pmu2mX7m7C7kQooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxPBDXret1NaWV1b3yhvVra2d3b3qvsHjyZONWUtGotYd0JimOCKtZCjYJ1EMyJDwdrh+Db3209MGx6rB5wkLJBkqHjEKcFcGuK116/WvLo3g7tM/ILUoECzX/3qDWKaSqaQCmJM1/cSDDKikVPBppVealhC6JgMWddSRSQzQTa7deqeWGXgRrG2pdCdqb8nMiKNmcjQdkqCI7Po5eJ/XjfF6CrIuEpSZIrOF0WpcDF288fdAdeMophYQqjm9laXjogmFG08FRuCv/jyMnk8q/sXdf/+vNa4KeIowxEcwyn4cAkNuIMmtIDCCJ7hFd4c6bw4787HvLXkFDOH8AfO5w+Um43w</latexit>

gt = 0

<latexit sha1_base64="kQf4UgjDqoUObKoL/2RZ9q8prDo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjBfsBbSib7aZdutmE3YlQSv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8V3mt5+4NiJWjzhJuB/RoRKhYBQzaYg3tX654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boD+lGgWTfFbqpYYnlI3pkHctVTTixp/Ob52RM6sMSBhrWwrJXP09MaWRMZMosJ0RxZFZ9jLxP6+bYnjtT4VKUuSKLRaFqSQYk+xxMhCaM5QTSyjTwt5K2IhqytDGU7IheMsvr5LWRdWrVb2Hy0r9No+jCCdwCufgwRXU4R4a0AQGI3iGV3hzIufFeXc+Fq0FJ585hj9wPn8AnbON9g==</latexit>

gt = 6
<latexit sha1_base64="9C0Hgvlw3h0lAYkPhHAnVTDMR8I=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqBeh6MVjBfsBbSib7aZdupuE3YlQSv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBQRb6JAyTuJ5lQFkreD8V3mt5+4NiKOHnGScF/RYSRCwShm0hBvav1yxa26c5BV4uWkAjka/fJXbxCzVPEImaTGdD03QX9KNQom+azUSw1PKBvTIe9aGlHFjT+d3zojZ1YZkDDWtiIkc/X3xJQqYyYqsJ2K4sgse5n4n9dNMbz2pyJKUuQRWywKU0kwJtnjZCA0ZygnllCmhb2VsBHVlKGNp2RD8JZfXiWti6p3WfUeapX6bR5HEU7gFM7Bgyuowz00oAkMRvAMr/DmKOfFeXc+Fq0FJ585hj9wPn8AmquN9A==</latexit>

gt = 4

<latexit sha1_base64="oDSV4XVoo+5ZwJbmPOZKFM8F3Ys=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqBeh6MVjBfsBbSib7aZdupuE3YlQSv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBQRb6JAyTuJ5lQFkreD8V3mt5+4NiKOHnGScF/RYSRCwShm0hBvav1yxa26c5BV4uWkAjka/fJXbxCzVPEImaTGdD03QX9KNQom+azUSw1PKBvTIe9aGlHFjT+d3zojZ1YZkDDWtiIkc/X3xJQqYyYqsJ2K4sgse5n4n9dNMbz2pyJKUuQRWywKU0kwJtnjZCA0ZygnllCmhb2VsBHVlKGNp2RD8JZfXiWtWtW7rHoPF5X6bR5HEU7gFM7Bgyuowz00oAkMRvAMr/DmKOfFeXc+Fq0FJ585hj9wPn8Al6ON8g==</latexit>

gt = 2
<latexit sha1_base64="FEAE3pWYjghUMHtyJpv9HrscRS8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6kUoevFYwdpCG8pmu2mX7m7C7kQooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxPBDXret1NaWV1b3yhvVra2d3b3qvsHjyZONWUtGotYd0JimOCKtZCjYJ1EMyJDwdrh+Db3209MGx6rB5wkLJBkqHjEKcFcGuK116/WvLo3g7tM/ILUoECzX/3qDWKaSqaQCmJM1/cSDDKikVPBppVealhC6JgMWddSRSQzQTa7deqeWGXgRrG2pdCdqb8nMiKNmcjQdkqCI7Po5eJ/XjfF6CrIuEpSZIrOF0WpcDF288fdAdeMophYQqjm9laXjogmFG08FRuCv/jyMnk8q/sXdf/+vNa4KeIowxEcwyn4cAkNuIMmtIDCCJ7hFd4c6bw4787HvLXkFDOH8AfO5w+Um43w</latexit>

gt = 0
<latexit sha1_base64="xs7CbbgiJsyUytorLbSMV9o5lz4=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4ColI1YNQ9OKxgv2ANpTNdtMu3WzC7kQopT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1MpDHret7Oyura+sVnYKm7v7O7tlw4OGybJNON1lshEt0JquBSK11Gg5K1UcxqHkjfD4d3Ubz5xbUSiHnGU8iCmfSUiwShaqdnHG8+9rnRLZc/1ZiDLxM9JGXLUuqWvTi9hWcwVMkmNafteisGYahRM8kmxkxmeUjakfd62VNGYm2A8O3dCTq3SI1GibSkkM/X3xJjGxozi0HbGFAdm0ZuK/3ntDKOrYCxUmiFXbL4oyiTBhEx/Jz2hOUM5soQyLeythA2opgxtQkUbgr/48jJpnLt+xfUfLsrV2zyOAhzDCZyBD5dQhXuoQR0YDOEZXuHNSZ0X5935mLeuOPnMEfyB8/kD9c+Oqw==</latexit>

gt = 0.96

<latexit sha1_base64="Jm7EUMJCFrHE50gi7Txhun/KNkk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgKSRFqh6EohePFewHtKFstpt26WYTdidCCf0RXjwo4tXf481/47bNQVsfDDzem2FmXpAIrtF1v63C2vrG5lZxu7Szu7d/UD48auk4VZQ1aSxi1QmIZoJL1kSOgnUSxUgUCNYOxnczv/3ElOaxfMRJwvyIDCUPOSVopPYQb6rOda1frriOO4e9SrycVCBHo1/+6g1imkZMIhVE667nJuhnRCGngk1LvVSzhNAxGbKuoZJETPvZ/NypfWaUgR3GypREe67+nshIpPUkCkxnRHCkl72Z+J/XTTG88jMukxSZpItFYSpsjO3Z7/aAK0ZRTAwhVHFzq01HRBGKJqGSCcFbfnmVtKqOV3O8h4tK/TaPowgncArn4MEl1OEeGtAECmN4hld4sxLrxXq3PhatBSufOYY/sD5/APjdjq0=</latexit>

gt = 2.96

Emil Mathew Gupta, Mathew et al., arXiv:2603.24698 9 / 20



Two mass regimes
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<latexit sha1_base64="VxbO0uS+HYnL+D6k2T7WGlr0rM0=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbB07pbinoRil48VrAf0C4lm2bb0CS7JFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXphwpo3nfTuFtfWNza3idmlnd2//oHx41NJxqghtkpjHqhNiTTmTtGmY4bSTKIpFyGk7HN/N/PYTVZrF8tFMEhoIPJQsYgQbK7XFxfDGc6v9csVzvTnQKvFzUoEcjX75qzeISSqoNIRjrbu+l5ggw8owwum01Es1TTAZ4yHtWiqxoDrI5udO0ZlVBiiKlS1p0Fz9PZFhofVEhLZTYDPSy95M/M/rpia6DjImk9RQSRaLopQjE6PZ72jAFCWGTyzBRDF7KyIjrDAxNqGSDcFffnmVtKquf+n6D7VK/TaPowgncArn4MMV1OEeGtAEAmN4hld4cxLnxXl3PhatBSefOYY/cD5/ANWOjpY=</latexit>

m/g = 0.2
<latexit sha1_base64="mRCnNNdF/p/kmpuIz7fa4BGOAjU=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU90tRb0IRS8eK7htoV1KNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVBHqk5jHqhNiTTmT1DfMcNpJFMUi5LQdju9mfvuJKs1i+WgmCQ0EHkoWMYKNlXxxMbyp9csVt+rOgVaJl5MK5Gj2y1+9QUxSQaUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSiQXVQTY/dorOrDJAUaxsSYPm6u+JDAutJyK0nQKbkV72ZuJ/Xjc10XWQMZmkhkqyWBSlHJkYzT5HA6YoMXxiCSaK2VsRGWGFibH5lGwI3vLLq6RVq3qXVe+hXmnc5nEU4QRO4Rw8uIIG3EMTfCDA4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gD6H44k</latexit>

m/g = 2

<latexit sha1_base64="3jVUGxFydU9AVgKVzTPCmlsqguE=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDiJeyKqOAlKILHCOYBSQizk9lkyOzsOtMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPd5cdSGHTdb2dpeWV1bT23kd/c2t7ZLezt102UaMZrLJKRbvrUcCkUr6FAyZux5jT0JW/4w5uJ33ji2ohIPeAo5p2Q9pUIBKNopeage1vSV3jSLRTdsjsFWSReRoqQodotfLV7EUtCrpBJakzLc2PspFSjYJKP8+3E8JiyIe3zlqWKhtx00um9Y3JslR4JIm1LIZmqvydSGhozCn3bGVIcmHlvIv7ntRIMLjupUHGCXLHZoiCRBCMyeZ70hOYM5cgSyrSwtxI2oJoytBHlbQje/MuLpH5a9s7L3v1ZsXKdxZGDQziCEnhwARW4gyrUgIGEZ3iFN+fReXHenY9Z65KTzRzAHzifPwVFj04=</latexit>

hE(r; t)

<latexit sha1_base64="xlf6LCQXoeWaCctnobTfa/u9/Nk=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDiJeyKqOAl6MWLEME8IAlhdjKbDJmdXWd6hbDkJ7x4UMSrv+PNv3GS7EETCxqKqm66u/xYCoOu++0sLa+srq3nNvKbW9s7u4W9/bqJEs14jUUy0k2fGi6F4jUUKHkz1pyGvuQNf3gz8RtPXBsRqQccxbwT0r4SgWAUrdQcdO9K+gpPuoWiW3anIIvEy0gRMlS7ha92L2JJyBUySY1peW6MnZRqFEzycb6dGB5TNqR93rJU0ZCbTjq9d0yOrdIjQaRtKSRT9fdESkNjRqFvO0OKAzPvTcT/vFaCwWUnFSpOkCs2WxQkkmBEJs+TntCcoRxZQpkW9lbCBlRThjaivA3Bm395kdRPy9552bs/K1auszhycAhHUAIPLqACt1CFGjCQ8Ayv8OY8Oi/Ou/Mxa11yspkD+APn8wcRjY9W</latexit>

hM (r; t)

<latexit sha1_base64="ddwSNdnrIxeFTJCCgJvx4+g/gWw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRAUvQS8eI5gHJCHMTmaTMbOzy0yvEJb8gxcPinj1f7z5N06SPWhiQUNR1U13lx9LYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3fKp4VIoXkeBkrdizWnoS970R7dTv/nEtRGResBxzLshHSgRCEbRSo1hWV/jaa9YcivuDGSZeBkpQYZar/jV6UcsCblCJqkxbc+NsZtSjYJJPil0EsNjykZ0wNuWKhpy001n107IiVX6JIi0LYVkpv6eSGlozDj0bWdIcWgWvan4n9dOMLjqpkLFCXLF5ouCRBKMyPR10heaM5RjSyjTwt5K2JBqytAGVLAheIsvL5PGWcW7qHj356XqTRZHHo7gGMrgwSVU4Q5qUAcGj/AMr/DmRM6L8+58zFtzTjZzCH/gfP4AvlaOlg==</latexit>

h(r; t)

<latexit sha1_base64="h5TcmeVLOjdFaZrKi5qBYkK34gk=">AAAB+3icbVBNS8NAEN34WetXrEcvwSLUS0lEVPBS9OJJKtoPaEPYbDft0s0m7E5KS8hf8eJBEa/+EW/+G7dtDtr6YODx3gwz8/yYMwW2/W2srK6tb2wWtorbO7t7++ZBqamiRBLaIBGPZNvHinImaAMYcNqOJcWhz2nLH95O/daISsUi8QSTmLoh7gsWMIJBS55ZevTSLtAxpKP7LKvIazj1zLJdtWewlomTkzLKUffMr24vIklIBRCOleo4dgxuiiUwwmlW7CaKxpgMcZ92NBU4pMpNZ7dn1olWelYQSV0CrJn6eyLFoVKT0NedIYaBWvSm4n9eJ4Hgyk2ZiBOggswXBQm3ILKmQVg9JikBPtEEE8n0rRYZYIkJ6LiKOgRn8eVl0jyrOhdV5+G8XLvJ4yigI3SMKshBl6iG7lAdNRBBY/SMXtGbkRkvxrvxMW9dMfKZQ/QHxucP7yKUXg==</latexit>

SvN(r; t)

<latexit sha1_base64="3jVUGxFydU9AVgKVzTPCmlsqguE=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDiJeyKqOAlKILHCOYBSQizk9lkyOzsOtMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPd5cdSGHTdb2dpeWV1bT23kd/c2t7ZLezt102UaMZrLJKRbvrUcCkUr6FAyZux5jT0JW/4w5uJ33ji2ohIPeAo5p2Q9pUIBKNopeage1vSV3jSLRTdsjsFWSReRoqQodotfLV7EUtCrpBJakzLc2PspFSjYJKP8+3E8JiyIe3zlqWKhtx00um9Y3JslR4JIm1LIZmqvydSGhozCn3bGVIcmHlvIv7ntRIMLjupUHGCXLHZoiCRBCMyeZ70hOYM5cgSyrSwtxI2oJoytBHlbQje/MuLpH5a9s7L3v1ZsXKdxZGDQziCEnhwARW4gyrUgIGEZ3iFN+fReXHenY9Z65KTzRzAHzifPwVFj04=</latexit>

hE(r; t)

<latexit sha1_base64="xlf6LCQXoeWaCctnobTfa/u9/Nk=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDiJeyKqOAl6MWLEME8IAlhdjKbDJmdXWd6hbDkJ7x4UMSrv+PNv3GS7EETCxqKqm66u/xYCoOu++0sLa+srq3nNvKbW9s7u4W9/bqJEs14jUUy0k2fGi6F4jUUKHkz1pyGvuQNf3gz8RtPXBsRqQccxbwT0r4SgWAUrdQcdO9K+gpPuoWiW3anIIvEy0gRMlS7ha92L2JJyBUySY1peW6MnZRqFEzycb6dGB5TNqR93rJU0ZCbTjq9d0yOrdIjQaRtKSRT9fdESkNjRqFvO0OKAzPvTcT/vFaCwWUnFSpOkCs2WxQkkmBEJs+TntCcoRxZQpkW9lbCBlRThjaivA3Bm395kdRPy9552bs/K1auszhycAhHUAIPLqACt1CFGjCQ8Ayv8OY8Oi/Ou/Mxa11yspkD+APn8wcRjY9W</latexit>

hM (r; t)

<latexit sha1_base64="ddwSNdnrIxeFTJCCgJvx4+g/gWw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRAUvQS8eI5gHJCHMTmaTMbOzy0yvEJb8gxcPinj1f7z5N06SPWhiQUNR1U13lx9LYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3fKp4VIoXkeBkrdizWnoS970R7dTv/nEtRGResBxzLshHSgRCEbRSo1hWV/jaa9YcivuDGSZeBkpQYZar/jV6UcsCblCJqkxbc+NsZtSjYJJPil0EsNjykZ0wNuWKhpy001n107IiVX6JIi0LYVkpv6eSGlozDj0bWdIcWgWvan4n9dOMLjqpkLFCXLF5ouCRBKMyPR10heaM5RjSyjTwt5K2JBqytAGVLAheIsvL5PGWcW7qHj356XqTRZHHo7gGMrgwSVU4Q5qUAcGj/AMr/DmRM6L8+58zFtzTjZzCH/gfP4AvlaOlg==</latexit>

h(r; t)

<latexit sha1_base64="h5TcmeVLOjdFaZrKi5qBYkK34gk=">AAAB+3icbVBNS8NAEN34WetXrEcvwSLUS0lEVPBS9OJJKtoPaEPYbDft0s0m7E5KS8hf8eJBEa/+EW/+G7dtDtr6YODx3gwz8/yYMwW2/W2srK6tb2wWtorbO7t7++ZBqamiRBLaIBGPZNvHinImaAMYcNqOJcWhz2nLH95O/daISsUi8QSTmLoh7gsWMIJBS55ZevTSLtAxpKP7LKvIazj1zLJdtWewlomTkzLKUffMr24vIklIBRCOleo4dgxuiiUwwmlW7CaKxpgMcZ92NBU4pMpNZ7dn1olWelYQSV0CrJn6eyLFoVKT0NedIYaBWvSm4n9eJ4Hgyk2ZiBOggswXBQm3ILKmQVg9JikBPtEEE8n0rRYZYIkJ6LiKOgRn8eVl0jyrOhdV5+G8XLvJ4yigI3SMKshBl6iG7lAdNRBBY/SMXtGbkRkvxrvxMW9dMfKZQ/QHxucP7yKUXg==</latexit>

SvN(r; t)

Energy, electric/mass-energy density & entanglement: light
(left) vs heavy (right).

Light (m/g = 0.2)
full screening + particle
showers
ballistic transport
(Vh ≈2.28)

Heavy (m/g = 2.0)
partial screening, tube
persists
suppressed production,
non-ballistic

Emil Mathew Gupta, Mathew et al., arXiv:2603.24698 10 / 20



Takeaways — and toward quantum hardware

1 LSH tensor networks: local, gauge-invariant, sign-problem-free — 128 sites,
controlled cutoff

2 Statics: continuum string tension κ/g2 = 0.330(3); clean confinement →
string breaking

3 Dynamics: bare fermion mass dictates the dynamics — screening & particle
showers vs a stretched flux tube

Next Where classical TNs struggle, can a quantum device deliver? → a
120-qubit simulation on IBM Heron.

Emil Mathew QuantHEP 2026 11 / 20



H

Rz

Quantum: 120-qubit
simulation on IBM Heron

In collaboration with
F. Ilčić · R. Majumdar · Md. O. Ali · N. Earnest-Noble ·
I. Raychowdhury
BITS Pilani (Goa) · IBM Quantum



From lattice to qubits: hardware-efficient LSH encoding

Weak-coupling approximation
freezes the loop DOF nl — removed
from the dynamics, leaving only the
string ends
Reduced state |ni, no⟩r is used
directly as the computational basis:
2 qubits/site

SCV — staggered vacuum, odd sites filled

Meson — string-out – string-in on the central
pair

A large frozen flux background (nl≫1) threads
every site.

Emil Mathew Ilčić, Majumdar, Mathew et al., arXiv:2602.18080 12 / 20



Weak-coupling approximate Hamiltonian

An approximation is applied to the LSH Hamiltonian in the weak-coupling regime
x ≫ 1:

Interaction → nearest-neighbour spin hopping

Ĥapprox
I = −

∑
r

(
σ−

r σ+
r+1 + σ+

r σ−
r+1

)
Electric → average flux ≈ boundary flux: background becomes a global
phase (dropped); residual on-site phase only for |01⟩ (string-out)
Mass → already diagonal, µĤM = µ

∑
r(−1)r(ni + no)

Emil Mathew Ilčić, Majumdar, Mathew et al., arXiv:2602.18080 13 / 20



Building the circuit: gates & qubit layout

Trotter step U(δτ ) ≈ e−im̃ĤM e−iδτ ĤE e−icĤI : mass → 1-qubit Rz; electric &
hopping → 2-qubit. Zigzag layout ⇒ NN interactions in 2 SWAP layers/step.

Emil Mathew Ilčić, Majumdar, Mathew et al., arXiv:2602.18080 14 / 20



Scaling to 120 qubits

Constant 2-qubit depth 13t − 1 — independent of lattice size
60 sites → 120 qubits; up to 25 Trotter steps
Depth 324, 17,660 2-qubit + 90,955 total gates
Only readout error mitigation; P (1) = 1−⟨σz⟩

2 per qubit
Differential measurement isolates the coherent meson signal from vacuum
background — observables straight from noisy data

Emil Mathew Ilčić, Majumdar, Mathew et al., arXiv:2602.18080 15 / 20



Real-time meson propagation: a light-cone structure

Space-time fermion number ⟨nf (r, t)⟩ (nf =ni+no on even sites, 2−ni−no on odd) from a central meson;
each panel splits two methods (dashed lines guide the eye).

QPU vs TN vs Pauli Propagation: matching halves validate the approach · spread stays light-cone
confined, edge curvature suggestive of confinement; internal stripes = breathing oscillation

Emil Mathew Ilčić, Majumdar, Mathew et al., arXiv:2602.18080 16 / 20



Validation & symmetry protection
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Gauge symmetry preserved:
charges Q=60 (within 0.33%),
q=0 (within 2%) despite
hardware noise
Symmetry is a free, built-in error
check — no mitigation beyond
readout
nf (t) oscillates & damps
(thermalization); QPU/TN/PP
statistically consistent

Emil Mathew Ilčić, Majumdar, Mathew et al., arXiv:2602.18080 17 / 20



Robustness across coupling: where classical methods
strain

Meson signal nf (t) at x = 50, 80, 200 — QPU (blue) tracks PP/TN; TN fails at x=200.

QPU stays coherent at every x, fixed
depth
TN fails at x=200; PP cost grows

QPU ≈ const. 20 s/step
Classical cost climbs steeply

Emil Mathew Ilčić, Majumdar, Mathew et al., arXiv:2602.18080 18 / 20



Summary & outlook: a hybrid path to the continuum

1 Classical tensor networks: sign-problem-free statics & dynamics — string
tension, string-breaking mechanisms up to 200 sites

2 Quantum hardware: 60-site SU(2) on 120 qubits — a confined light cone,
robust with only readout mitigation

3 Where classical methods stall (weak coupling, entanglement wall), the
quantum device stays robust ⇒ a hybrid workflow

Emil Mathew QuantHEP 2026 19 / 20



Outlook: next steps

Bridging the two halves — and pushing toward higher dimensions and QCD:

Wavepacket scattering: localized hadron wavepackets from uniform-MPS
(uMPS) ansätze for real-time scattering — SU(2) now, SU(3) next, in 1+1D
Higher dimensions: Towards 2+1D gauge theories using Projected
Entangled Pair States PEPS & tree tensor networks TTN.
Classical → quantum: compile tensor-network (MPS) states into shallow
circuits to prepare non-trivial initial states (interacting vacuum, meson
strings, wavepackets) on hardware.

Emil Mathew QuantHEP 2026 20 / 20



THANK YOU

Questions?
QuantHEP 2026

String-breaking statics and dynamics in a (1+1)D SU(2) lattice gauge theory
Gupta, Mathew et al. · arXiv:2603.24698

Observation of Robust and Coherent Non-Abelian Hadron Dynamics on Noisy Quan-
tum Processors
Ilčić, Majumdar, Mathew et al. · arXiv:2602.18080

https://arxiv.org/abs/2603.24698
https://arxiv.org/abs/2602.18080
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Backup: what the weak-coupling approximation drops

Exact LSH ĥ′
I carries loop-dependent matrix elements ∝

√
nl+...
nl+... from the SU(2)

normalization.

Term Exact LSH Weak-coupling (x ≫ 1)

Interaction string operators × loop factors pure spin hopping σ−σ+

Electric 1
2

∑
α

Nα

2 ( Nα

2 +1) global phase + |01⟩ residual
Mass µ(−1)r(ni + no) unchanged (already diagonal)

Loop factors → 1 because nl ≫ 1 at large x; validated against the full LSH
Hamiltonian on tensor networks.



Backup: the flux cutoff jmax is controlled

Truncating gauge flux at jmax caps the
loop number; local dimension stays
small:

jmax d = 8jmax + 2

1/2 6
3/2 14
5/2 22

Statics converge by jmax = 5
2 ;

dynamics run at 5
2

Bond dimension D separately
controls entanglement
truncation

Systematic convergence in jmax is what lets us quote continuum-limit numbers
with error bars.



Backup: low-cutoff (jmax = 1
2) dynamics

gt
0 2 4 6 8

� r
h E

(r;t)

0.0
2.5
5.0

gt
0 2 4 6 8

� r
h M

(r;t)
0.00.51.01.5

gt
0 2 4 6 8

S vN(L/2
;t)

1.52.02.53.03.5
−10
0
10

−2.5
0.0
2.5

−505
10

d�
r

hE(r ;t)/dt d�
r

hM(r ;t)/dt
d2SvN/dt2

gt
0 2 4 6 8

r

255075100125

0
3.0
6.0
9.0

gt
0 2 4 6 8 0

0.1
0.2
0.3

gt
0 2 4 6 8

-0.05
0
0.05

gt
0 2 4 6 8 0

0.8
1.6
2.4(a) (b) (c) (d)

<latexit sha1_base64="3jVUGxFydU9AVgKVzTPCmlsqguE=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDiJeyKqOAlKILHCOYBSQizk9lkyOzsOtMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPd5cdSGHTdb2dpeWV1bT23kd/c2t7ZLezt102UaMZrLJKRbvrUcCkUr6FAyZux5jT0JW/4w5uJ33ji2ohIPeAo5p2Q9pUIBKNopeage1vSV3jSLRTdsjsFWSReRoqQodotfLV7EUtCrpBJakzLc2PspFSjYJKP8+3E8JiyIe3zlqWKhtx00um9Y3JslR4JIm1LIZmqvydSGhozCn3bGVIcmHlvIv7ntRIMLjupUHGCXLHZoiCRBCMyeZ70hOYM5cgSyrSwtxI2oJoytBHlbQje/MuLpH5a9s7L3v1ZsXKdxZGDQziCEnhwARW4gyrUgIGEZ3iFN+fReXHenY9Z65KTzRzAHzifPwVFj04=</latexit>

hE(r; t)
<latexit sha1_base64="xlf6LCQXoeWaCctnobTfa/u9/Nk=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDiJeyKqOAl6MWLEME8IAlhdjKbDJmdXWd6hbDkJ7x4UMSrv+PNv3GS7EETCxqKqm66u/xYCoOu++0sLa+srq3nNvKbW9s7u4W9/bqJEs14jUUy0k2fGi6F4jUUKHkz1pyGvuQNf3gz8RtPXBsRqQccxbwT0r4SgWAUrdQcdO9K+gpPuoWiW3anIIvEy0gRMlS7ha92L2JJyBUySY1peW6MnZRqFEzycb6dGB5TNqR93rJU0ZCbTjq9d0yOrdIjQaRtKSRT9fdESkNjRqFvO0OKAzPvTcT/vFaCwWUnFSpOkCs2WxQkkmBEJs+TntCcoRxZQpkW9lbCBlRThjaivA3Bm395kdRPy9552bs/K1auszhycAhHUAIPLqACt1CFGjCQ8Ayv8OY8Oi/Ou/Mxa11yspkD+APn8wcRjY9W</latexit>

hM (r; t)
<latexit sha1_base64="ddwSNdnrIxeFTJCCgJvx4+g/gWw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRAUvQS8eI5gHJCHMTmaTMbOzy0yvEJb8gxcPinj1f7z5N06SPWhiQUNR1U13lx9LYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3fKp4VIoXkeBkrdizWnoS970R7dTv/nEtRGResBxzLshHSgRCEbRSo1hWV/jaa9YcivuDGSZeBkpQYZar/jV6UcsCblCJqkxbc+NsZtSjYJJPil0EsNjykZ0wNuWKhpy001n107IiVX6JIi0LYVkpv6eSGlozDj0bWdIcWgWvan4n9dOMLjqpkLFCXLF5ouCRBKMyPR10heaM5RjSyjTwt5K2JBqytAGVLAheIsvL5PGWcW7qHj356XqTRZHHo7gGMrgwSVU4Q5qUAcGj/AMr/DmRM6L8+58zFtzTjZzCH/gfP4AvlaOlg==</latexit>

h(r; t)
<latexit sha1_base64="h5TcmeVLOjdFaZrKi5qBYkK34gk=">AAAB+3icbVBNS8NAEN34WetXrEcvwSLUS0lEVPBS9OJJKtoPaEPYbDft0s0m7E5KS8hf8eJBEa/+EW/+G7dtDtr6YODx3gwz8/yYMwW2/W2srK6tb2wWtorbO7t7++ZBqamiRBLaIBGPZNvHinImaAMYcNqOJcWhz2nLH95O/daISsUi8QSTmLoh7gsWMIJBS55ZevTSLtAxpKP7LKvIazj1zLJdtWewlomTkzLKUffMr24vIklIBRCOleo4dgxuiiUwwmlW7CaKxpgMcZ92NBU4pMpNZ7dn1olWelYQSV0CrJn6eyLFoVKT0NedIYaBWvSm4n9eJ4Hgyk2ZiBOggswXBQm3ILKmQVg9JikBPtEEE8n0rRYZYIkJ6LiKOgRn8eVl0jyrOhdV5+G8XLvJ4yigI3SMKshBl6iG7lAdNRBBY/SMXtGbkRkvxrvxMW9dMfKZQ/QHxucP7yKUXg==</latexit>

SvN(r; t)

(e) (f) (g)



Backup: the Pauli-propagation classical baseline

Heisenberg-picture Pauli
propagation (Rudolph et al.
2025)
Evolves observables as Pauli
sums; truncates small-weight /
small-coefficient terms
Efficient for error-free circuits —
an independent classical
cross-check alongside TN
Onset of exponential cost at long
times / strong coupling, as
truncation error grows
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