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            Abstract
Distributed quantum metrology can enhance the sensitivity for sensing spatially distributed parameters beyond the classical limits. Here we demonstrate distributed quantum phase estimation with discrete variables to achieve Heisenberg limit phase measurements. Based on parallel entanglement in modes and particles, we demonstrate distributed quantum sensing for both individual phase shifts and an averaged phase shift, with an error reduction up to 1.4â€‰dB and 2.7â€‰dB below the shot-noise limit. Furthermore, we demonstrate a combined strategy with parallel mode entanglement and multiple passes of the phase shifter in each mode. In particular, our experiment uses six entangled photons with each photon passing the phase shifter up to six times, and achieves a total number of photon passes Nâ€‰=â€‰21 at an error reduction up to 4.7â€‰dB below the shot-noise limit. Our research provides a faithful verification of the benefit of entanglement and coherence for distributed quantum sensing in general quantum networks.
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                    Fig. 1: A sketch for estimating distributed multiparameters.[image: ]


Fig. 2: Experimental set-up.[image: ]


Fig. 3: Experimental results for estimating single parameters for mode 1, mode 2 and mode 3.[image: ]


Fig. 4: Experimental results for the parallel strategies of MePe, MePs and MsPe.[image: ]


Fig. 5: Experimental results for the combined strategy.[image: ]
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Extended Data Fig. 1 Experimental results for the parallel strategies of MsPe for mode 2 and mode 3.
a,c, The average outcome probability in the measurement basis ÏƒxâŠ—2, for two-photon entangled states (2â€²5â€² and 4â€²6 respectively). Blue (orange) lines represent the average outcome probability P+2â€²5â€² and P+4â€²6 (P+2â€²5â€² and P+4â€²6) for mode 2 and mode 3. b,d, The fisher information per trial, fitted from \({P}_{2^{\prime} 5^{\prime} }\) and \({P}_{4^{\prime} 6}\) for MsPs, respectively. The shaded areas correspond to the 90% confidence region, derived from uncertainty in the fitting parameters. Error bars are calculated from measurement statistics and too small to be visible. Red dot-dashed line: the theoretical limit for MePs. Blue dashed line: the theoretical limit of MsPe. Black dotted line: the theoretical value of the SNL for MsPs.
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