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Motivation

Is it possible to find a completely independent route to the extraction of 
energy shifts?

2

Correlator analysis and extraction of energy levels hindered by excited-state contamination and 
signal degradation 
For multi-hadron systems we are interested in energy shifts, e.g. ΔEAB = EAB − EA − EB

Best options on the market (with related issues) 
Ratio fits: false plateaux (effective mass approaches asymptotic regime non-monotonically) 
Simultaneous fits: multi-exponential models, priors, often fully correlated fits not feasible

E.g. two-baryon systems

 EAB ≈ O(GeV)
ΔEAB ≈ O(MeV)

Need enough statistical precision to resolve a 
permille correction, despite signal 
degradation and excited-state contamination

[Phys.Rev.C 113 (2026) 2, 024002]



Davide Laudicina

Filtered correlators
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We want to exploit the information contained in a correlation function at all time-slices



Davide Laudicina

Filtered correlators

4

Use spectral reconstruction as a filter of UV excitations to 
obtain a filtered correlator with reduced excited-state 
contamination

<latexit sha1_base64="1wt3HmBOm0lId8N8YXDCO0HL8Eg="></latexit>

D(ω, ε) =

∫
dϑ ϖ(ϑ) e→ωεϱϑ(ϑ)

<latexit sha1_base64="VgyJIKnMI2gH21aXedbIb4LU7Wg=">AAACI3icbVC7TsNAEDzzJrwClDQnIqSkINgIBRokHg0lSASQ4shaX5Zwyt3ZulsjRRGfwSfwFbRQ0SEaCv4FJ7jgNc2OZna1uxOnSjry/XdvbHxicmp6ZrY0N7+wuFReXrlwSWYFNkWiEnsVg0MlDTZJksKr1CLoWOFl3Dse+pe3aJ1MzDn1U2xr6Bp5LQVQLkXlrdDeJNUw0diFGt/nocs0P4wMDzuoCApn86tEphaVK37dH4H/JUFBKqzAaVT+CDuJyDQaEgqcawV+Su0BWJJC4V0pzBymIHrQxVZODWh07cHosTu+kTmghKdouVR8JOL3iQFo5/o6zjs10I377Q3F/7xWRtd77YE0aUZoxHARSYWjRU5YmSeGvCMtEsHwcuTScAEWiNBKDkLkYpZHWMrzCH5//5dcbNeDRr1xtlM5OCqSmWFrbJ1VWcB22QE7YaesyQS7Z4/siT17D96L9+q9fbWOecXMKvsB7+MT25CjYw==</latexit>

ω(ε) =
∑

Anϑ(ε → εn)

Reduced excited-state contamination is achieved if
<latexit sha1_base64="BgDAsV8INJSppsCmjVa7BNJFqmE=">AAACL3icbVDLSgNBEJz1bXxFPXoZDEJyCbsiURBE9OJRwWggG5besROHzO4OM71CWPIxfoJf4VVP4kHx6l+4iTlokjoVVd10V4VaSUuu++7MzM7NLywuLRdWVtfWN4qbWzc2SY3AukhUYhohWFQyxjpJUtjQBiEKFd6G3fOBf/uAxsokvqaexlYEnVi2pQDKpaB47LcNiMzvgtYQ+KD0PZT9JMIOBG6lP93wKn1+wr2gWHKr7hB8kngjUmIjXAbFD/8uEWmEMQkF1jY9V1MrA0NSKOwX/NSiBtGFDjZzGkOEtpUNQ/b5XmqBEq7RcKn4UMS/GxlE1vaiMJ+MgO7tuDcQp3nNlNpHrUzGOiWMxeAQSYXDQ1YYmbeH/E4aJILB58hlzAUYIEIjOQiRi2leZyHvwxtPP0lu9qterVq7Oiidno2aWWI7bJeVmccO2Sm7YJeszgR7ZM/shb06T86b8+l8/Y7OOKOdbfYPzvcPv3+o/w==</latexit>

ωω(ε0)

ωω(ε1)
> 1

Options:
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<latexit sha1_base64="2yKpPv4ZTaqe2uEEaoNPugXlHmQ=">AAACGXicbVC7TsNAEDyHd3gFKGlOREihiWyEAg0SgoYSJEIixSZaH0tyytk+3a2RIitfwCfwFbRQ0SFaKgr+BedRQGCq0cyudmdCraQl1/10CjOzc/MLi0vF5ZXVtfXSxua1TVIjsC4SlZhmCBaVjLFOkhQ2tUGIQoWNsHc29Bv3aKxM4ivqawwi6MTyTgqgXGqXdv0eaA1tH5TuQsVPIuzAHj/mY3Yz1tulslt1R+B/iTchZTbBRbv05d8mIo0wJqHA2pbnagoyMCSFwkHRTy1qED3oYCunMURog2wUZ8B3UwuUcI2GS8VHIv7cyCCyth+F+WQE1LXT3lD8z2uldHcUZDLWKWEshodIKhwdssLIvCfkt9IgEQw/Ry5jLsAAERrJQYhcTPPiinkf3nT6v+R6v+rVqrXLg/LJ6aSZRbbNdliFeeyQnbBzdsHqTLAH9sSe2Yvz6Lw6b877eLTgTHa22C84H9+F2KAv</latexit>

ωω(ε) = εω

<latexit sha1_base64="farE/3nWMf/pLB7KV2oY/7gTRkw="></latexit>

ωω(ε) =
1

1 + eω(ε→ε̄)

We want to exploit the information contained in a correlation function at all time-slices

[Nuovo Cim.C 47 (2024) 4, 199]
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Use spectral reconstruction as a filter of UV excitations to 
obtain a filtered correlator with reduced excited-state 
contamination

<latexit sha1_base64="1wt3HmBOm0lId8N8YXDCO0HL8Eg="></latexit>

D(ω, ε) =

∫
dϑ ϖ(ϑ) e→ωεϱϑ(ϑ)

<latexit sha1_base64="VgyJIKnMI2gH21aXedbIb4LU7Wg=">AAACI3icbVC7TsNAEDzzJrwClDQnIqSkINgIBRokHg0lSASQ4shaX5Zwyt3ZulsjRRGfwSfwFbRQ0SEaCv4FJ7jgNc2OZna1uxOnSjry/XdvbHxicmp6ZrY0N7+wuFReXrlwSWYFNkWiEnsVg0MlDTZJksKr1CLoWOFl3Dse+pe3aJ1MzDn1U2xr6Bp5LQVQLkXlrdDeJNUw0diFGt/nocs0P4wMDzuoCApn86tEphaVK37dH4H/JUFBKqzAaVT+CDuJyDQaEgqcawV+Su0BWJJC4V0pzBymIHrQxVZODWh07cHosTu+kTmghKdouVR8JOL3iQFo5/o6zjs10I377Q3F/7xWRtd77YE0aUZoxHARSYWjRU5YmSeGvCMtEsHwcuTScAEWiNBKDkLkYpZHWMrzCH5//5dcbNeDRr1xtlM5OCqSmWFrbJ1VWcB22QE7YaesyQS7Z4/siT17D96L9+q9fbWOecXMKvsB7+MT25CjYw==</latexit>

ω(ε) =
∑

Anϑ(ε → εn)

Reduced excited-state contamination is achieved if
<latexit sha1_base64="BgDAsV8INJSppsCmjVa7BNJFqmE=">AAACL3icbVDLSgNBEJz1bXxFPXoZDEJyCbsiURBE9OJRwWggG5besROHzO4OM71CWPIxfoJf4VVP4kHx6l+4iTlokjoVVd10V4VaSUuu++7MzM7NLywuLRdWVtfWN4qbWzc2SY3AukhUYhohWFQyxjpJUtjQBiEKFd6G3fOBf/uAxsokvqaexlYEnVi2pQDKpaB47LcNiMzvgtYQ+KD0PZT9JMIOBG6lP93wKn1+wr2gWHKr7hB8kngjUmIjXAbFD/8uEWmEMQkF1jY9V1MrA0NSKOwX/NSiBtGFDjZzGkOEtpUNQ/b5XmqBEq7RcKn4UMS/GxlE1vaiMJ+MgO7tuDcQp3nNlNpHrUzGOiWMxeAQSYXDQ1YYmbeH/E4aJILB58hlzAUYIEIjOQiRi2leZyHvwxtPP0lu9qterVq7Oiidno2aWWI7bJeVmccO2Sm7YJeszgR7ZM/shb06T86b8+l8/Y7OOKOdbfYPzvcPv3+o/w==</latexit>

ωω(ε0)

ωω(ε1)
> 1

Options:
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<latexit sha1_base64="2yKpPv4ZTaqe2uEEaoNPugXlHmQ=">AAACGXicbVC7TsNAEDyHd3gFKGlOREihiWyEAg0SgoYSJEIixSZaH0tyytk+3a2RIitfwCfwFbRQ0SFaKgr+BedRQGCq0cyudmdCraQl1/10CjOzc/MLi0vF5ZXVtfXSxua1TVIjsC4SlZhmCBaVjLFOkhQ2tUGIQoWNsHc29Bv3aKxM4ivqawwi6MTyTgqgXGqXdv0eaA1tH5TuQsVPIuzAHj/mY3Yz1tulslt1R+B/iTchZTbBRbv05d8mIo0wJqHA2pbnagoyMCSFwkHRTy1qED3oYCunMURog2wUZ8B3UwuUcI2GS8VHIv7cyCCyth+F+WQE1LXT3lD8z2uldHcUZDLWKWEshodIKhwdssLIvCfkt9IgEQw/Ry5jLsAAERrJQYhcTPPiinkf3nT6v+R6v+rVqrXLg/LJ6aSZRbbNdliFeeyQnbBzdsHqTLAH9sSe2Yvz6Lw6b877eLTgTHa22C84H9+F2KAv</latexit>

ωω(ε) = εω

<latexit sha1_base64="farE/3nWMf/pLB7KV2oY/7gTRkw="></latexit>

ωω(ε) =
1

1 + eω(ε→ε̄)

A possible idea: construct correlators with reduced excited-state 
contamination and fit them simultaneously to extract energy shifts

We want to exploit the information contained in a correlation function at all time-slices

[Nuovo Cim.C 47 (2024) 4, 199]
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Simultaneous fit of reconstructed correlators could be problematic due to strong correlations coming from 
the reconstruction step
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We want to preserve correlations in the extraction of energy shifts

<latexit sha1_base64="1b3iLMb5YU5eK98d4B+0BrCvyLg="></latexit>

ωω(ε) = εω ϑ = →3
<latexit sha1_base64="1b3iLMb5YU5eK98d4B+0BrCvyLg="></latexit>

ωω(ε) = εω ϑ = →3
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Methodology
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We need an alternative approach. Define the family of smearing kernels

<latexit sha1_base64="IuIWv5dgII6w7BpiF9Np+BXB9To="></latexit>

Kω(ω → ωε) = (ω → ωε)εω(ω → ωε)
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The smeared observable has a root at <latexit sha1_base64="gQq3jfegmFO3Nxmyql3EHQZxZdA=">AAACJnicbVDLSgNBEJz1bXxFPXoZDIIghF2R6EUQvXhUMBrIrkvvpBOHzM4OM71CCPkPP8Gv8KonbyIeBD/FTczBV52qq7rp7kqMko58/82bmJyanpmdmy8tLC4tr5RX1y5dlluBdZGpzDYScKikxjpJUtgwFiFNFF4l3ZOhf3WL1slMX1DPYJRCR8u2FECFFJd3wyzFDlyHjsDyQ/5Vxj7f4WELFQFvhl0wBuIQjZMq01FcrvhVfwT+lwRjUmFjnMXl97CViTxFTUKBc83ANxT1wZIUCgelMHdoQHShg82CakjRRf3RbwO+lTugjBu0XCo+EvH7RB9S53ppUnSmQDfutzcU//OaObUPor7UJifUYriIpMLRIiesLEJD3pIWiWB4OXKpuQALRGglByEKMS9SLBV5BL+//0sud6tBrVo736scHY+TmWMbbJNts4DtsyN2ys5YnQl2xx7YI3vy7r1n78V7/Wqd8MYz6+wHvI9PREClQA==</latexit>

ωω = ω0 + ε[ϑε]

<latexit sha1_base64="RCiTTR25/YUObwO/KDx3Z9iHxf8="></latexit>

Rω(ω
ε) =

∫
dω ε(ω)Kω(ω → ωε)

<latexit sha1_base64="IuIWv5dgII6w7BpiF9Np+BXB9To="></latexit>

Kω(ω → ωε) = (ω → ωε)εω(ω → ωε)

Leading correction:
<latexit sha1_base64="l4QuHNHAS0+3uTN/xv7L8U2lgpA=">AAACFXicbVC7TgJBFJ3FF+ILtbQZJSY2kl1j0JKohSUm8khYQu4OF5ww+3DmLgkh1H6CX2GrlZ2xtbbwX9xFTBQ91ck59+bec7xISUO2/W5l5uYXFpeyy7mV1bX1jfzmVs2EsRZYFaEKdcMDg0oGWCVJChuRRvA9hXWvf5769QFqI8PgmoYRtnzoBbIrBVAitfO77gUqAu7ibSwH3A197EHb4Yff1G7nC3bRnoD/Jc6UFNgUlXb+w+2EIvYxIKHAmKZjR9QagSYpFI5zbmwwAtGHHjYTGoCPpjWaRBnz/dgAhTxCzaXiExF/bozAN2boe8mkD3RjZr1U/M9rxtQ9bY1kEMWEgUgPkVQ4OWSElklHyDtSIxGknyOXAReggQi15CBEIsZJabmkD2c2/V9SOyo6pWLp6rhQPps2k2U7bI8dMIedsDK7ZBVWZYLdsQf2yJ6se+vZerFev0Yz1nRnm/2C9fYJZqed5w==</latexit>

! → ω1 ↑ ω0

<latexit sha1_base64="zagu9v4JR8vq81e+I8D84b+LEi4="></latexit>

ω[εω] →
A1Kω(!)

A0εω(0) +A1K →
ω(!)

We need an alternative approach. Define the family of smearing kernels
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The smeared observable has a root at <latexit sha1_base64="gQq3jfegmFO3Nxmyql3EHQZxZdA=">AAACJnicbVDLSgNBEJz1bXxFPXoZDIIghF2R6EUQvXhUMBrIrkvvpBOHzM4OM71CCPkPP8Gv8KonbyIeBD/FTczBV52qq7rp7kqMko58/82bmJyanpmdmy8tLC4tr5RX1y5dlluBdZGpzDYScKikxjpJUtgwFiFNFF4l3ZOhf3WL1slMX1DPYJRCR8u2FECFFJd3wyzFDlyHjsDyQ/5Vxj7f4WELFQFvhl0wBuIQjZMq01FcrvhVfwT+lwRjUmFjnMXl97CViTxFTUKBc83ANxT1wZIUCgelMHdoQHShg82CakjRRf3RbwO+lTugjBu0XCo+EvH7RB9S53ppUnSmQDfutzcU//OaObUPor7UJifUYriIpMLRIiesLEJD3pIWiWB4OXKpuQALRGglByEKMS9SLBV5BL+//0sud6tBrVo736scHY+TmWMbbJNts4DtsyN2ys5YnQl2xx7YI3vy7r1n78V7/Wqd8MYz6+wHvI9PREClQA==</latexit>

ωω = ω0 + ε[ϑε]

<latexit sha1_base64="RCiTTR25/YUObwO/KDx3Z9iHxf8="></latexit>

Rω(ω
ε) =

∫
dω ε(ω)Kω(ω → ωε)

<latexit sha1_base64="IuIWv5dgII6w7BpiF9Np+BXB9To="></latexit>

Kω(ω → ωε) = (ω → ωε)εω(ω → ωε)

Leading correction:
<latexit sha1_base64="l4QuHNHAS0+3uTN/xv7L8U2lgpA=">AAACFXicbVC7TgJBFJ3FF+ILtbQZJSY2kl1j0JKohSUm8khYQu4OF5ww+3DmLgkh1H6CX2GrlZ2xtbbwX9xFTBQ91ck59+bec7xISUO2/W5l5uYXFpeyy7mV1bX1jfzmVs2EsRZYFaEKdcMDg0oGWCVJChuRRvA9hXWvf5769QFqI8PgmoYRtnzoBbIrBVAitfO77gUqAu7ibSwH3A197EHb4Yff1G7nC3bRnoD/Jc6UFNgUlXb+w+2EIvYxIKHAmKZjR9QagSYpFI5zbmwwAtGHHjYTGoCPpjWaRBnz/dgAhTxCzaXiExF/bozAN2boe8mkD3RjZr1U/M9rxtQ9bY1kEMWEgUgPkVQ4OWSElklHyDtSIxGknyOXAReggQi15CBEIsZJabmkD2c2/V9SOyo6pWLp6rhQPps2k2U7bI8dMIedsDK7ZBVWZYLdsQf2yJ6se+vZerFev0Yz1nRnm/2C9fYJZqed5w==</latexit>

! → ω1 ↑ ω0

Choose a suitable definition of                 which guarantees        to be small. 
Reconstruct  and extract the estimator for  with a root-finding method: direct output of the 
reconstruction 
Explore different values of  to ensure that the estimate is in the statistically dominated regime.

Rϵ ω0

ϵ

<latexit sha1_base64="IuIWv5dgII6w7BpiF9Np+BXB9To="></latexit>

Kω(ω → ωε) = (ω → ωε)εω(ω → ωε)
<latexit sha1_base64="l0MfFE/JjiTLCIki80l2wHQoDvU=">AAACC3icbVC7TsNAEDzzJrwMFBQ0JyIkqshGKFAiaCiDRAKSbUXrywKnnM+nuzVSFOUT+ApaqOgQLR9Bwb/gBBe8phrN7Gp3JjVKOgqCd29qemZ2bn5hsba0vLK65q9vdFxeWIFtkavcXqXgUEmNbZKk8MpYhCxVeJn2T8f+5R1aJ3N9QQODSQY3Wl5LAVRKXX8r7qEiiOI+GAPdGI2TKtdJ168HjWAC/peEFamzCq2u/xH3clFkqEkocC4KA0PJECxJoXBUiwuHBkQfbjAqqYYMXTKcBBjx3cIB5dyg5VLxiYjfN4aQOTfI0nIyA7p1v72x+J8XFXR9lAylNgWhFuNDJBVODjlhZdkM8p60SATjz5FLzQVYIEIrOQhRikVZVa3sI/yd/i/p7DfCZqN5flA/PqmaWWDbbIftsZAdsmN2xlqszQQbsQf2yJ68e+/Ze/Fev0anvGpnk/2A9/YJQV6bXQ==</latexit>

ω[εω]

<latexit sha1_base64="zagu9v4JR8vq81e+I8D84b+LEi4="></latexit>

ω[εω] →
A1Kω(!)

A0εω(0) +A1K →
ω(!)

We need an alternative approach. Define the family of smearing kernels

Workflow
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<latexit sha1_base64="F7i3bEoVWWhPLNy6bydRrFi8t/4=">AAAB+nicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQRNJRBIg8psaL1ZRNOOT90t0aKTH6CFio6RMvPUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe55YFDJANskSWEv0gi+p7DrTa8zv/uA2sgwuKNZhK4Pk0COpQBKpd4g9HECQ3tYrdl1OwdfJk5BaqxAa1j9GoxCEfsYkFBgTN+xI3IT0CSFwnllEBuMQExhgv2UBuCjcZM875yfxAYo5BFqLhXPRfy9kYBvzMz30kkf6N4sepn4n9ePaXzpJjKIYsJAZIdIKswPGaFlWgTykdRIBFly5DLgAjQQoZYchEjFOG2mkvbhLH6/TDpndadRb9ye15pXRTNldsSO2Slz2AVrshvWYm0mmGJP7Jm9WI/Wq/Vmvf+Mlqxi55D9gfXxDXeGlE4=</latexit>ω0
<latexit sha1_base64="M9WXFcjIfwKu1QI1qV68EIx3iwA=">AAAB+nicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQRNJRBIg8psaL1ZRNOOT90t0aKTH6CFio6RMvPUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe55YFDJANskSWEv0gi+p7DrTa8zv/uA2sgwuKNZhK4Pk0COpQBKpd4g9HECQ2dYrdl1OwdfJk5BaqxAa1j9GoxCEfsYkFBgTN+xI3IT0CSFwnllEBuMQExhgv2UBuCjcZM875yfxAYo5BFqLhXPRfy9kYBvzMz30kkf6N4sepn4n9ePaXzpJjKIYsJAZIdIKswPGaFlWgTykdRIBFly5DLgAjQQoZYchEjFOG2mkvbhLH6/TDpndadRb9ye15pXRTNldsSO2Slz2AVrshvWYm0mmGJP7Jm9WI/Wq/Vmvf+Mlqxi55D9gfXxDXkVlE8=</latexit>ω1

<latexit sha1_base64="XUXMv1sctBVhAt5adGsJxpRjREo="></latexit>

ω1(ε → εω) =
e→(ε→εω)/ϑ→

1 + e(ε→εω)/ϑ+

<latexit sha1_base64="boCrMlyXHLk8/JqmY26dp3n9PY0="></latexit>

ω2(ε → εω) =
e→|ε→εω|/ϑ→

1 + e(ε→εω)/ϑ+

<latexit sha1_base64="tYmos/ZZzf4o05V6OWretUHnhZM="></latexit>

ω3(ε → εω) = e→ε(ϑ→ϑω)sech [ϑ(ε → εω)]
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<latexit sha1_base64="F7i3bEoVWWhPLNy6bydRrFi8t/4=">AAAB+nicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQRNJRBIg8psaL1ZRNOOT90t0aKTH6CFio6RMvPUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe55YFDJANskSWEv0gi+p7DrTa8zv/uA2sgwuKNZhK4Pk0COpQBKpd4g9HECQ3tYrdl1OwdfJk5BaqxAa1j9GoxCEfsYkFBgTN+xI3IT0CSFwnllEBuMQExhgv2UBuCjcZM875yfxAYo5BFqLhXPRfy9kYBvzMz30kkf6N4sepn4n9ePaXzpJjKIYsJAZIdIKswPGaFlWgTykdRIBFly5DLgAjQQoZYchEjFOG2mkvbhLH6/TDpndadRb9ye15pXRTNldsSO2Slz2AVrshvWYm0mmGJP7Jm9WI/Wq/Vmvf+Mlqxi55D9gfXxDXeGlE4=</latexit>ω0
<latexit sha1_base64="M9WXFcjIfwKu1QI1qV68EIx3iwA=">AAAB+nicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQRNJRBIg8psaL1ZRNOOT90t0aKTH6CFio6RMvPUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe55YFDJANskSWEv0gi+p7DrTa8zv/uA2sgwuKNZhK4Pk0COpQBKpd4g9HECQ2dYrdl1OwdfJk5BaqxAa1j9GoxCEfsYkFBgTN+xI3IT0CSFwnllEBuMQExhgv2UBuCjcZM875yfxAYo5BFqLhXPRfy9kYBvzMz30kkf6N4sepn4n9ePaXzpJjKIYsJAZIdIKswPGaFlWgTykdRIBFly5DLgAjQQoZYchEjFOG2mkvbhLH6/TDpndadRb9ye15pXRTNldsSO2Slz2AVrshvWYm0mmGJP7Jm9WI/Wq/Vmvf+Mlqxi55D9gfXxDXkVlE8=</latexit>ω1

<latexit sha1_base64="XUXMv1sctBVhAt5adGsJxpRjREo="></latexit>

ω1(ε → εω) =
e→(ε→εω)/ϑ→

1 + e(ε→εω)/ϑ+

<latexit sha1_base64="boCrMlyXHLk8/JqmY26dp3n9PY0="></latexit>

ω2(ε → εω) =
e→|ε→εω|/ϑ→

1 + e(ε→εω)/ϑ+

<latexit sha1_base64="tYmos/ZZzf4o05V6OWretUHnhZM="></latexit>

ω3(ε → εω) = e→ε(ϑ→ϑω)sech [ϑ(ε → εω)]

Control tail on the l.h.s



Davide Laudicina

Smearing kernels
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<latexit sha1_base64="XUXMv1sctBVhAt5adGsJxpRjREo="></latexit>

ω1(ε → εω) =
e→(ε→εω)/ϑ→

1 + e(ε→εω)/ϑ+

<latexit sha1_base64="boCrMlyXHLk8/JqmY26dp3n9PY0="></latexit>

ω2(ε → εω) =
e→|ε→εω|/ϑ→

1 + e(ε→εω)/ϑ+

<latexit sha1_base64="tYmos/ZZzf4o05V6OWretUHnhZM="></latexit>

ω3(ε → εω) = e→ε(ϑ→ϑω)sech [ϑ(ε → εω)]

The leading correction to the root is the same if
<latexit sha1_base64="E/EltvQqoWt5o8AIv4SUxOtgAZM=">AAACEnicbVDLSgNBEJyNrxhfUY+CDAZBEMKuiHoRgl48RjCJkA2hd9KJQ2Z3h5leISy5+Ql+hVc9eROv/oAH/8VNzEET61RUddNdFWglLbnup5Obm19YXMovF1ZW19Y3iptbdRsnRmBNxCo2twFYVDLCGklSeKsNQhgobAT9y5HfuEdjZRzd0EBjK4ReJLtSAGVSu7jrg9J3wM+53zUgUm+YHvmorVSZezhsF0tu2R2DzxJvQkpsgmq7+OV3YpGEGJFQYG3TczW1UjAkhcJhwU8sahB96GEzoxGEaFvpOMeQ7ycWKOYaDZeKj0X8vZFCaO0gDLLJEOjOTnsj8T+vmVD3rJXKSCeEkRgdIqlwfMgKI7OCkHekQSIYfY5cRlyAASI0koMQmZhkjRWyPrzp9LOkflT2Tson18elysWkmTzbYXvsgHnslFXYFauyGhPsgT2xZ/biPDqvzpvz/jOacyY72+wPnI9vTa+dcQ==</latexit>

ω =
1

2ε+

<latexit sha1_base64="oMsYSVBSmNpdYWCIORXC01GbHAA=">AAACM3icbVDLSgNBEJz1GeMr6tHLYBCEYNgNEr2IQS8eIxgTyIbQO3Z0cPbBTK8QlnyOn+BXeNWDiBfx6j+4WRcxap2qq7rp7vIiJQ3Z9rM1NT0zOzdfWCguLi2vrJbW1i9MGGuBLRGqUHc8MKhkgC2SpLATaQTfU9j2bk7GfvsWtZFhcE7DCHs+XAVyIAVQKvVLR66HBPyQuwMNIqm5GBmpUqfCK/y72B1NOD/0fqlsV+0M/C9xclJmOZr90qt7GYrYx4CEAmO6jh1RLwFNUigcFd3YYATiBq6wm9IAfDS9JHt0xLdjAxTyCDWXimci/pxIwDdm6Htppw90bX57Y/E/rxvT4KCXyCCKCQMxXkRSYbbICC3TBJFfSo1EML4cuQy4AA1EqCUHIVIxTiMtpnk4v7//Sy5qVaderZ/tlRvHeTIFtsm22A5z2D5rsFPWZC0m2B17YI/sybq3Xqw36/2rdcrKZzbYBKyPT5QBqoE=</latexit>

ω =
2ε+ + ε→
2ε+ε→
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!?
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�0.15
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R
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(!

? )

✏+ = 0.02581, ✏� = 0.80000
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<latexit sha1_base64="F7i3bEoVWWhPLNy6bydRrFi8t/4=">AAAB+nicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQRNJRBIg8psaL1ZRNOOT90t0aKTH6CFio6RMvPUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe55YFDJANskSWEv0gi+p7DrTa8zv/uA2sgwuKNZhK4Pk0COpQBKpd4g9HECQ3tYrdl1OwdfJk5BaqxAa1j9GoxCEfsYkFBgTN+xI3IT0CSFwnllEBuMQExhgv2UBuCjcZM875yfxAYo5BFqLhXPRfy9kYBvzMz30kkf6N4sepn4n9ePaXzpJjKIYsJAZIdIKswPGaFlWgTykdRIBFly5DLgAjQQoZYchEjFOG2mkvbhLH6/TDpndadRb9ye15pXRTNldsSO2Slz2AVrshvWYm0mmGJP7Jm9WI/Wq/Vmvf+Mlqxi55D9gfXxDXeGlE4=</latexit>ω0
<latexit sha1_base64="M9WXFcjIfwKu1QI1qV68EIx3iwA=">AAAB+nicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQRNJRBIg8psaL1ZRNOOT90t0aKTH6CFio6RMvPUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe55YFDJANskSWEv0gi+p7DrTa8zv/uA2sgwuKNZhK4Pk0COpQBKpd4g9HECQ2dYrdl1OwdfJk5BaqxAa1j9GoxCEfsYkFBgTN+xI3IT0CSFwnllEBuMQExhgv2UBuCjcZM875yfxAYo5BFqLhXPRfy9kYBvzMz30kkf6N4sepn4n9ePaXzpJjKIYsJAZIdIKswPGaFlWgTykdRIBFly5DLgAjQQoZYchEjFOG2mkvbhLH6/TDpndadRb9ye15pXRTNldsSO2Slz2AVrshvWYm0mmGJP7Jm9WI/Wq/Vmvf+Mlqxi55D9gfXxDXkVlE8=</latexit>ω1

<latexit sha1_base64="av0wBbaV7turxKAn2LYzyYWsbcc="></latexit>

ω[ε] → 2A1

A0
! exp

[
↑!

(
1

ϑ+
+

1

ϑ→

)]

Control tail on the l.h.s

Control tail on the r.h.s
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<latexit sha1_base64="av0wBbaV7turxKAn2LYzyYWsbcc="></latexit>

ω[ε] → 2A1

A0
! exp

[
↑!

(
1

ϑ+
+

1

ϑ→

)]

Smearing kernels
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Control tail on the l.h.s
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<latexit sha1_base64="F7i3bEoVWWhPLNy6bydRrFi8t/4=">AAAB+nicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQRNJRBIg8psaL1ZRNOOT90t0aKTH6CFio6RMvPUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe55YFDJANskSWEv0gi+p7DrTa8zv/uA2sgwuKNZhK4Pk0COpQBKpd4g9HECQ3tYrdl1OwdfJk5BaqxAa1j9GoxCEfsYkFBgTN+xI3IT0CSFwnllEBuMQExhgv2UBuCjcZM875yfxAYo5BFqLhXPRfy9kYBvzMz30kkf6N4sepn4n9ePaXzpJjKIYsJAZIdIKswPGaFlWgTykdRIBFly5DLgAjQQoZYchEjFOG2mkvbhLH6/TDpndadRb9ye15pXRTNldsSO2Slz2AVrshvWYm0mmGJP7Jm9WI/Wq/Vmvf+Mlqxi55D9gfXxDXeGlE4=</latexit>ω0
<latexit sha1_base64="M9WXFcjIfwKu1QI1qV68EIx3iwA=">AAAB+nicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQRNJRBIg8psaL1ZRNOOT90t0aKTH6CFio6RMvPUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe55YFDJANskSWEv0gi+p7DrTa8zv/uA2sgwuKNZhK4Pk0COpQBKpd4g9HECQ2dYrdl1OwdfJk5BaqxAa1j9GoxCEfsYkFBgTN+xI3IT0CSFwnllEBuMQExhgv2UBuCjcZM875yfxAYo5BFqLhXPRfy9kYBvzMz30kkf6N4sepn4n9ePaXzpJjKIYsJAZIdIKswPGaFlWgTykdRIBFly5DLgAjQQoZYchEjFOG2mkvbhLH6/TDpndadRb9ye15pXRTNldsSO2Slz2AVrshvWYm0mmGJP7Jm9WI/Wq/Vmvf+Mlqxi55D9gfXxDXkVlE8=</latexit>ω1

<latexit sha1_base64="XUXMv1sctBVhAt5adGsJxpRjREo="></latexit>

ω1(ε → εω) =
e→(ε→εω)/ϑ→

1 + e(ε→εω)/ϑ+

<latexit sha1_base64="boCrMlyXHLk8/JqmY26dp3n9PY0="></latexit>

ω2(ε → εω) =
e→|ε→εω|/ϑ→

1 + e(ε→εω)/ϑ+

<latexit sha1_base64="tYmos/ZZzf4o05V6OWretUHnhZM="></latexit>

ω3(ε → εω) = e→ε(ϑ→ϑω)sech [ϑ(ε → εω)]

The leading correction to the root is the same if
<latexit sha1_base64="E/EltvQqoWt5o8AIv4SUxOtgAZM=">AAACEnicbVDLSgNBEJyNrxhfUY+CDAZBEMKuiHoRgl48RjCJkA2hd9KJQ2Z3h5leISy5+Ql+hVc9eROv/oAH/8VNzEET61RUddNdFWglLbnup5Obm19YXMovF1ZW19Y3iptbdRsnRmBNxCo2twFYVDLCGklSeKsNQhgobAT9y5HfuEdjZRzd0EBjK4ReJLtSAGVSu7jrg9J3wM+53zUgUm+YHvmorVSZezhsF0tu2R2DzxJvQkpsgmq7+OV3YpGEGJFQYG3TczW1UjAkhcJhwU8sahB96GEzoxGEaFvpOMeQ7ycWKOYaDZeKj0X8vZFCaO0gDLLJEOjOTnsj8T+vmVD3rJXKSCeEkRgdIqlwfMgKI7OCkHekQSIYfY5cRlyAASI0koMQmZhkjRWyPrzp9LOkflT2Tson18elysWkmTzbYXvsgHnslFXYFauyGhPsgT2xZ/biPDqvzpvz/jOacyY72+wPnI9vTa+dcQ==</latexit>

ω =
1

2ε+

<latexit sha1_base64="oMsYSVBSmNpdYWCIORXC01GbHAA=">AAACM3icbVDLSgNBEJz1GeMr6tHLYBCEYNgNEr2IQS8eIxgTyIbQO3Z0cPbBTK8QlnyOn+BXeNWDiBfx6j+4WRcxap2qq7rp7vIiJQ3Z9rM1NT0zOzdfWCguLi2vrJbW1i9MGGuBLRGqUHc8MKhkgC2SpLATaQTfU9j2bk7GfvsWtZFhcE7DCHs+XAVyIAVQKvVLR66HBPyQuwMNIqm5GBmpUqfCK/y72B1NOD/0fqlsV+0M/C9xclJmOZr90qt7GYrYx4CEAmO6jh1RLwFNUigcFd3YYATiBq6wm9IAfDS9JHt0xLdjAxTyCDWXimci/pxIwDdm6Htppw90bX57Y/E/rxvT4KCXyCCKCQMxXkRSYbbICC3TBJFfSo1EML4cuQy4AA1EqCUHIVIxTiMtpnk4v7//Sy5qVaderZ/tlRvHeTIFtsm22A5z2D5rsFPWZC0m2B17YI/sybq3Xqw36/2rdcrKZzbYBKyPT5QBqoE=</latexit>

ω =
2ε+ + ε→
2ε+ε→

Tune  to reduce excited-state 
contamination 
Reconstruction with different kernels 
which provide the same excited-state 
contamination as a sanity check of the 
reconstruction. 
Using  and  the first excited-state 
is, in principle, accessible.

ϵ±

K1 K2
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Setup of the reconstruction
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Consider an estimator for  which is a linear combination of the input correlator Rϵ

Coefficients  chosen with Backus-Gilbert-like methods to balance systematic bias in the 
reconstruction and statistical error on .

gt(ω⋆; ϵ±)
R̂ϵ±

(ω⋆)

<latexit sha1_base64="Ayh1uyVGXzYg94wMJRHovavAxPI="></latexit>

R̂ω±(ω
ε) =

tmax∑

tmin

gt(ω
ε; ε±)C(t)

Validate the strategy on a single-nucleon correlator produced by the BaSc Collaboration on the 
D251 CLS ensemble ( ). 
Main goal here: extraction of the ground-state energy

mπ ≈ 280 MeV

Ba

Sc

Ba

[Geophys.J.Int. 16 (1968) 2, 169-205] 
[Phys.Rev.D 99 (2019) 9, 094508]

[See M. Salg’s talk (Wed), M. Lazarow’s talk (Fri) for more on this ensemble]
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Tuning of the trade-off parameter

Reconstruct  with different linear constraints 

Constrain the target and the reconstructed 
kernel to be the same for energies: 

On the r.h.s. tail (control over excited-
state contamination) 
On the l.h.s. tail (control over the 
position of the root) 

Choose  such that all the reconstructions 
agree within a given tolerance and they lie on a 
plateau

Rϵ±

λopt
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NormalizationConstraint

PointMatchConstraint(omega=0.335000)

PointMatchConstraint(omega=0.350000)

PointMatchConstraint(omega=0.400000)

PointMatchConstraint(omega=0.450000)

PointMatchConstraint(omega=0.500000)
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Error budget at fixed ϵ
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Statistical 92.2%

Systematic 7.8%

Full error

kernel 64.3%

trade-o↵ 1.4%

basis 34.3%

Systematics
Statistical 92.2%

Systematic 7.8%

Full error

kernel 64.3%

trade-o↵ 1.4%

basis 34.3%

Systematics

ϵ ≡ (1/ϵ− + 1/ϵ+)−1 = 0.065
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Error budget at fixed ϵ
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Reconstruction performed for  
-dependence is negligible within the 

statistical precision 
All the reconstructions reproduce results from 
standard one- and two-exponential fits to the 
correlator with a similar statistical error

ϵ ∈ [0.06,0.08]

ϵ
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1/✏

5 10 15 20 25 30 35
t/a

0.330
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0.340
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am

Reconstruction

1-state fit tmin = 22a

2-state fit tmin = 10a

K1

K2

K3

Results for single-nucleon correlator
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Results for single-nucleon correlator
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Reconstruction performed for  
-dependence is negligible within the 

statistical precision 
All the reconstructions reproduce results from 
standard one- and two-exponential fits to the 
correlator with a similar statistical error

ϵ ∈ [0.06,0.08]
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Future plans
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Extend this strategy to the extraction of energy shifts from multi-hadron correlators

Simultaneous reconstruction from single- and multi-hadron correlators 
Simultaneous root-finding on all the reconstructed  to constrain the energy shift 

Leading correction expected to be smaller compared to a single correlator if shifts due to interactions 
are small (e.g. two nucleon systems)

Rϵ±

Workflow
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Summary

21

Spectral reconstruction to exploit all the 
information contained in the short-time region of 
a correlator 
Estimator of the ground-state energy as a direct 
output of the reconstruction step 
Provided that the extracted root saturates to the 
ground-state energy (no -dependence), the 
procedure does not rely on any parameterization 
of the correlator or of the reconstructed 
observable
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➡ Move to the energy shifts now!



Questions?

Thank you!
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