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Main Idea:
Obtain precision physics where it counts

Melson, Janka et. al., ApJL (2015) Berkowitz, NCW, et. al. PRL (2022)



Dighe (2016)



Goals: 
Neglect  

many-body

Include  
many-body

Melson, Janka et. al., ApJL (2015)



The Neutrinosphere

Radice et. al. Eur. Phys. J. (2020)

Neutrino decoupling region
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Neutrino Scattering & Structure Factors
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Pethick & Iwamoto PRD (1982) , Horowitz & Schwenk PLB (2006)



Pionless EFT:

Converges for 
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n . 6%n0

Bedaque & van Kolck Annu. Rev. Nucl. Part. Sci. (2002)
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Pionless EFT:

Converges for 
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Bedaque & van Kolck Annu. Rev. Nucl. Part. Sci. (2002)
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Lattice Methods

Goal:
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Lattice Methods

Goal:
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Step 2: Discretize in “time”

<latexit sha1_base64="SeYuc+WDDSvYmu9PRGM5Bw9lH9Y="></latexit>

tr
⇣
e��(H�µN)

⌘
= tr

⇣
e��t(K�µN)e��tV ...e��t(K�µN)e��tV

⌘
+O(�t2)

<latexit sha1_base64="WSI3ibxM4F2DaycpJOXLoYkebp8="></latexit>

� = �tNtwhere

<latexit sha1_base64="q809zSI022ql1Ti3Kn036XiLD48="></latexit>

tr
�
O ⇢

�



Lattice Methods

Goal:
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Step 3: Hubbard-Stratanovich
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Lattice Methods

Goal:
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Renormalization
Kaplan, Savage & Wise (1998), Bedaque & van Kolck (2002)
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Strategy

1.                first
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Identical scaling demonstrated by Alhassid et. al., PRL (2020)



Strategy

2.                second
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Strategy

3.                third
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Structure Factors
Berkowitz, NCW, et. al. PRL (2022)
 NCW, et. al. PRC (2020)
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OPE Prediction:
Braaten & Platter PRL (2008)
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Symanzik Improvement 
for the unitary gas



Berkowitz, NCW, et. al. PRL (2022)



Symanzik Improvement speeds-up convergence
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Tuned to cancel leading order         dependence

<latexit sha1_base64="sWcyxAeW8UAxpevNVMEX/1N2L8g="></latexit>

�x

K. Symanzik, NPB 226, 187 (1983) 




z=1.5

0.0 0.1 0.2 0.3 0.4
1.5

2.0

2.5

3.0

(Δx/5fm)

C
/N

k F

z=1.0

0.0 0.1 0.2 0.3 0.4 0.5
1.0

1.5

2.0

2.5

3.0

(Δx/5fm)

C
/N

k F

Many-bodyTwo-body

0.0 0.5 1.0 1.5 2.0
Δx [fm]28.5

29.0

29.5

30.0

30.5

31.0
E [MeV]

0.0 0.5 1.0 1.5 2.0
Δx [fm]52.5

53.0

53.5

54.0

54.5

55.0
E [MeV]



<latexit sha1_base64="l7OqRbGTNXU66Zdry4YYCPalYEI=">AAAB73icdVDJSgNBEO1xjXGLevTSGARPw4yGxNyCXjxGMAskQ+jp1CRNunvG7h4hDPkJLx4U8ervePNv7CyC64OCx3tVVNULE8608bx3Z2l5ZXVtPbeR39za3tkt7O03dZwqCg0a81i1Q6KBMwkNwwyHdqKAiJBDKxxdTv3WHSjNYnljxgkEggwkixglxkrtLhN2C+heoei51Uq1VPbxb+K73gxFtEC9V3jr9mOaCpCGcqJ1x/cSE2REGUY5TPLdVENC6IgMoGOpJAJ0kM3uneBjq/RxFCtb0uCZ+nUiI0LrsQhtpyBmqH96U/Evr5Oa6DzImExSA5LOF0UpxybG0+dxnymgho8tIVQxeyumQ6IINTaivA3h81P8P2meun7ZPbsuFWsXizhy6BAdoRPkowqqoStURw1EEUf36BE9ObfOg/PsvMxbl5zFzAH6Buf1A+FdkI0=</latexit>

=)
<latexit sha1_base64="Yb3lA5hW8g20B5Wmq/2M0+AZYN4="></latexit>

iA =
4⇡/M

k cot�(k)� ik

=
4⇡/M

(�1/a+ rk2/2 + ...)� ik

<latexit sha1_base64="sqsK7VX+e8GdR6oifijkkUHsoAw="></latexit>

C0(�x) = ��x

M
(↵� �x

4⇡a
)�1

<latexit sha1_base64="386g7Xycs9C+uZ+zYC5p6ebNIjU="></latexit>

r(�x) = 0.337�x



A solution:
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Modification of Tan Contact

Tan, Annals of Physics (2008)

Braaten showed:

Tan Energy Relation:

Braaten & Platter PRL (2008)
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Modification of Tan Contact
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