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lIR

QFT

(*talk Shialesh)

We want to recover the QFT from the IR all the way to the UV 

For tensor networks this is achieved via entanglement scaling 

Entanglement (full entanglement structure) can also be used as a 
probe for both the IR and UV QFT physics  

  



we will consider the following d=1+1 systems: 
  

1. The Gross-Neveu model 

2.        - theory ��4
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2. Gross-Neveu model
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Extra symmetry:

Prohibits other marginal operators like: ( ̄�µ )( ̄�
µ )( ̄�5 )2

Manifest symmetries:

The Gross-Neveu Lagrangian and symmetries:  



Hamiltonian formulation:
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�5 ! Tchiral symmetry:

mass term:

kogut-susskind but 
in different basis
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(Explicitly imposing the symmetry structure)
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Coleman,Mermin- 
Wagner 

+ 
Lieb-Schultz-Mattis 

chiral symmetry (T) 
has to be broken if the 
groundstate is gapped
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Recovering the QFT in the IR
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kink-excitations:
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Recovering the QFT in the IR
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third mass scale:

QFT prediction (bethe-anzats):

<latexit sha1_base64="2PJiyL79NL0YI14Ghm8pMtv1f0E=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahgtTdIuqx6MVjBfsh7VKyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0e3Ubz1RpVkkH8w4pr7AA8lCRrCx0mPZO6+e2TrtFUtuxZ0BLRMvIyXIUO8Vv7r9iCSCSkM41rrjubHxU6wMI5xOCt1E0xiTER7QjqUSC6r9dHbwBJ1YpY/CSNmSBs3U3xMpFlqPRWA7BTZDvehNxf+8TmLCaz9lMk4MlWS+KEw4MhGafo/6TFFi+NgSTBSztyIyxAoTYzMq2BC8xZeXSbNa8S4r3v1FqXaTxZGHIziGMnhwBTW4gzo0gICAZ3iFN0c5L8678zFvzTnZzCH8gfP5A9hYjns=</latexit>

(1/2, 1/2)



Recovering the QFT in the IR

Tmixed =

correlation lengths from transfer operator:
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✏0 = 0

correlations for kink-operators follow from mixed transfer operator:
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mK,3 = 1/|⇢0|

QFT prediction: (Källén-Lehmann) 
<latexit sha1_base64="yZxE3ghchC+7JzxwV2F7x64VryA=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4kJKoqMuiG8FNBfuANoTJdNIOncmEmYlSQsCNv+LGhSJu/Ql3/o3TNAttPXDhcM693HtPEDOqtON8W3PzC4tLy6WV8ura+samvbXdVCKRmDSwYEK2A6QIoxFpaKoZaceSIB4w0gqGV2O/dU+koiK606OYeBz1IxpSjLSRfHuX++nN0UnWlbQ/0EhK8QBzyc18u+JUnRxwlrgFqYACdd/+6vYETjiJNGZIqY7rxNpLkdQUM5KVu4kiMcJD1CcdQyPEifLS/IcMHhilB0MhTUUa5urviRRxpUY8MJ0c6YGa9sbif14n0eGFl9IoTjSJ8GRRmDCoBRwHAntUEqzZyBCEJTW3QjxAEmFtYiubENzpl2dJ87jqnlXd29NK7bKIowT2wD44BC44BzVwDeqgATB4BM/gFbxZT9aL9W59TFrnrGJmB/yB9fkDWFaXVA==</latexit>mK,3 ! mK,1

<latexit sha1_base64="o3inuKysnvIwVdAVNQcXztV9/Ss=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahLlqTIuqy6MZlBfuAJobJdNIOnUzCzERaQsGNv+LGhSJu/Ql3/o3TNgttPXDhcM693HuPHzMqlWV9G7ml5ZXVtfx6YWNza3vH3N1ryigRmDRwxCLR9pEkjHLSUFQx0o4FQaHPSMsfXE/81gMRkkb8To1i4oaox2lAMVJa8swDR9IQOmQY36flEveqZe7ZJ6fOkI49s2hVrCngIrEzUgQZ6p755XQjnISEK8yQlB3bipWbIqEoZmRccBJJYoQHqEc6mnIUEumm0x/G8FgrXRhEQhdXcKr+nkhRKOUo9HVniFRfznsT8T+vk6jg0k0pjxNFOJ4tChIGVQQngcAuFQQrNtIEYUH1rRD3kUBY6dgKOgR7/uVF0qxW7POKfXtWrF1lceTBITgCJWCDC1ADN6AOGgCDR/AMXsGb8WS8GO/Gx6w1Z2Qz++APjM8fIaOWjQ==</latexit>

⇠ exp�(n2�n1)/⇠

<latexit sha1_base64="Qo2d+0EjuViJKohRyTXeS8q34Xo=">AAACAXicbVBNS8NAEN3Urxq/ol4EL8EieLEkIupFKHrxWKFf0May2U7apZtN2N2IJa0X/4oXD4p49V9489+4bXPQ1gcDj/dmmJnnx4xK5TjfRm5hcWl5Jb9qrq1vbG5Z2zs1GSWCQJVELBINH0tglENVUcWgEQvAoc+g7vevx379HoSkEa+oQQxeiLucBpRgpaW2tWeaw8rwsgUP8V163IJYUqZ1OmpbBafoTGDPEzcjBZSh3La+Wp2IJCFwRRiWsuk6sfJSLBQlDEZmK5EQY9LHXWhqynEI0ksnH4zsQ6107CASuriyJ+rviRSHUg5CX3eGWPXkrDcW//OaiQouvJTyOFHAyXRRkDBbRfY4DrtDBRDFBppgIqi+1SY9LDBROjRTh+DOvjxPaidF96zo3p4WSldZHHm0jw7QEXLROSqhG1RGVUTQI3pGr+jNeDJejHfjY9qaM7KZXfQHxucP2UCWiA==</latexit>

|T | = exp�✏i
<latexit sha1_base64="+hzy1Wpgj6vH8T7Hn1LQBK+4q24=">AAACBXicbZDLSgMxFIYz9VbH26hLXQSLIAhlRkRduCi6cVnBXqAdSiY9bUMzmSHJCGWYjRtfxY0LRdz6Du58G9N2FrX1h8CX/5xDcv4g5kxp1/2xCkvLK6trxXV7Y3Nre8fZ3aurKJEUajTikWwGRAFnAmqaaQ7NWAIJAw6NYHg7rjceQSoWiQc9isEPSV+wHqNEG6vjHNptiBXjhlOWXc9cTr2s45TcsjsRXgQvhxLKVe043+1uRJMQhKacKNXy3Fj7KZGaUQ6Z3U4UxIQOSR9aBgUJQfnpZIsMHxuni3uRNEdoPHFnJ1ISKjUKA9MZEj1Q87Wx+V+tlejelZ8yEScaBJ0+1Es41hEeR4K7TALVfGSAUMnMXzEdEEmoNsHZJgRvfuVFqJ+VvYuyd39eqtzkcRTRATpCJ8hDl6iC7lAV1RBFT+gFvaF369l6tT6sz2lrwcpn9tEfWV+/hJeYlw==</latexit>

✏i < ✏i+1
<latexit sha1_base64="zji+RdMILgEuOuj/LLd5b1EJDDs=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCp7oRUS9C0YvHCvYDukvJpmkbms0uSbZYlv4TLx4U8eo/8ea/MW33oK0PBh7vzTAzL0wE18bzvp3Cyura+kZxs7S1vbO75+4fNHScKsrqNBaxaoVEM8ElqxtuBGslipEoFKwZDu+mfnPElOaxfDTjhAUR6Uve45QYK3Vc13/iN/jMZ4nmwgq445a9ijcDWiY4J2XIUeu4X343pmnEpKGCaN3GXmKCjCjDqWCTkp9qlhA6JH3WtlSSiOkgm10+QSdW6aJerGxJg2bq74mMRFqPo9B2RsQM9KI3Ff/z2qnpXQcZl0lqmKTzRb1UIBOjaQyoyxWjRowtIVRxeyuiA6IINTaskg0BL768TBrnFXxZwQ8X5eptHkcRjuAYTgHDFVThHmpQBwojeIZXeHMy58V5dz7mrQUnnzmEP3A+fwC2eZMR</latexit>

⇠ = 1/✏1

<latexit sha1_base64="hpuKEZEPgGEVgXBD/fIfab9zbbY=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHcWBIRdSMU3bis0Bc0MUymk3boZCbMTKQlza+4caGIW3/EnX/j9LHQ1gMXDufcy733hAmjSjvOt7Wyura+sVnYKm7v7O7t2welphKpxKSBBROyHSJFGOWkoalmpJ1IguKQkVY4uJv4rSciFRW8rkcJ8WPU4zSiGGkjBXZpXB/feGSYPGZnnuyLgOaBXXYqzhRwmbhzUgZz1AL7y+sKnMaEa8yQUh3XSbSfIakpZiQveqkiCcID1CMdQzmKifKz6e05PDFKF0ZCmuIaTtXfExmKlRrFoemMke6rRW8i/ud1Uh1d+xnlSaoJx7NFUcqgFnASBOxSSbBmI0MQltTcCnEfSYS1iatoQnAXX14mzfOKe1lxHy7K1dt5HAVwBI7BKXDBFaiCe1ADDYDBEDyDV/Bm5daL9W59zFpXrPnMIfgD6/MHKs6Uhw==</latexit>

|T | = exp�⇢i



Recovering the QFT in the IR and UV

<latexit sha1_base64="PZkl6CStsfsAAAjU/UyyC0T/GDs="></latexit>

mK = C ⇥ g ⇥ exp
� ⇡

g2 (1 + a1g
2 + . . .)

QFT prediction: (bethe anzats+perturbation theory)



Recovering the QFT in the IR and UV

fit:

(                                        )



Extrapolating in the bond dimension

M.M. Rams, P. Czarnik and L. Cincio, 
 Phys. Rev. X 8 (2018) 041033.

<latexit sha1_base64="1tPCOo5w+z3a87pyrtpVJKyqTgE="></latexit>

< O(n1)O(n2) >=
X

i

fi exp
�(n2�n1)✏i limD!1⇡

Z +1

u0

duf(u) exp�(n2�n1)u

extract a finite entanglement length scale (similar to system size L)

<latexit sha1_base64="Qo2d+0EjuViJKohRyTXeS8q34Xo=">AAACAXicbVBNS8NAEN3Urxq/ol4EL8EieLEkIupFKHrxWKFf0May2U7apZtN2N2IJa0X/4oXD4p49V9489+4bXPQ1gcDj/dmmJnnx4xK5TjfRm5hcWl5Jb9qrq1vbG5Z2zs1GSWCQJVELBINH0tglENVUcWgEQvAoc+g7vevx379HoSkEa+oQQxeiLucBpRgpaW2tWeaw8rwsgUP8V163IJYUqZ1OmpbBafoTGDPEzcjBZSh3La+Wp2IJCFwRRiWsuk6sfJSLBQlDEZmK5EQY9LHXWhqynEI0ksnH4zsQ6107CASuriyJ+rviRSHUg5CX3eGWPXkrDcW//OaiQouvJTyOFHAyXRRkDBbRfY4DrtDBRDFBppgIqi+1SY9LDBROjRTh+DOvjxPaidF96zo3p4WSldZHHm0jw7QEXLROSqhG1RGVUTQI3pGr+jNeDJejHfjY9qaM7KZXfQHxucP2UCWiA==</latexit>

|T | = exp�✏i

<latexit sha1_base64="vpdVgL8CSfs0ziMW6Tz3InT/l4U=">AAACCXicbZC7SgNBFIZnvcZ4W7W0GQyCjXE3iNoEgjYWFhHMBbJLmJ09mwyZvTAzK4QlrY2vYmOhiK1vYOfbOEkW0cQfBj7+cw5nzu8lnEllWV/GwuLS8spqYa24vrG5tW3u7DZlnAoKDRrzWLQ9IoGzCBqKKQ7tRAAJPQ4tb3A1rrfuQUgWR3dqmIAbkl7EAkaJ0lbXxI4PXJGqA4lkXDuV4x+0q/bJTdcsWWVrIjwPdg4llKveNT8dP6ZpCJGinEjZsa1EuRkRilEOo6KTSkgIHZAedDRGJATpZpNLRvhQOz4OYqFfpPDE/T2RkVDKYejpzpCovpytjc3/ap1UBRduxqIkVRDR6aIg5VjFeBwL9pkAqvhQA6GC6b9i2ieCUKXDK+oQ7NmT56FZKdtnZfv2tFS7zOMooH10gI6Qjc5RDV2jOmogih7QE3pBr8aj8Wy8Ge/T1gUjn9lDf2R8fANcoZl3</latexit>

� = ✏2 � ✏1 = 1/L � =
X

i=1

ci✏i (
X

i=1

ci = 0)or:

m(�) = m(0) + � ⇥m0(0)

for gapped theory we then expect:
<latexit sha1_base64="gnO9TsNGG6BH0SpBEQLzMhHmOew=">AAACCXicbVC7SgNBFJ2NrxhfUUubwSCJBMJuELUM2lhGMA/IrmF2djYZMvtg5q4Qlm1t/BUbC0Vs/QM7/8bJo9DEAwOHc+7hzj1uLLgC0/w2ciura+sb+c3C1vbO7l5x/6CtokRS1qKRiGTXJYoJHrIWcBCsG0tGAlewjju6nvidByYVj8I7GMfMCcgg5D6nBLTUL+Kq7UtCUytL61lQLlfMU9tjAsh9vWp7Eah+sWTWzCnwMrHmpITmaPaLXzpHk4CFQAVRqmeZMTgpkcCpYFnBThSLCR2RAetpGpKAKSedXpLhE6142I+kfiHgqfo7kZJAqXHg6smAwFAtehPxP6+XgH/ppDyME2AhnS3yE4EhwpNasMcloyDGmhAquf4rpkOimwFdXkGXYC2evEza9Zp1XrNuz0qNq3kdeXSEjlEFWegCNdANaqIWougRPaNX9GY8GS/Gu/ExG80Z88wh+gPj8wdY15ja</latexit>

+
1

2
m00(0)�2 + . . .



Extrapolating in the bond dimension

inverse correlation length               in kink-sector:<latexit sha1_base64="Dh8y3w9WBOA5U1XjzNKGMYVfS8I=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJ4kLKroh6LXgQvFewHtEvJptk2NMmGJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMixRnxvr+t7e0vLK6tl7YKG5ube/slvb2GyZJNaF1kvBEtyJsKGeS1i2znLaUplhEnDaj4e3Ebz5RbVgiH+1I0VDgvmQxI9g6qSm62f3p+bhbKvsVfwq0SIKclCFHrVv66vQSkgoqLeHYmHbgKxtmWFtGOB0XO6mhCpMh7tO2oxILasJseu4YHTulh+JEu5IWTdXfExkWxoxE5DoFtgMz703E/7x2auPrMGNSpZZKMlsUpxzZBE1+Rz2mKbF85AgmmrlbERlgjYl1CRVdCMH8y4ukcVYJLivBw0W5epPHUYBDOIITCOAKqnAHNagDgSE8wyu8ecp78d69j1nrkpfPHMAfeJ8/xnyPNA==</latexit>mK,3



| >=
p
�i| i>L |�i>R

L R

Schmidt decompostion:

Entanglement spectrum near the UV critical point  



⇢ = exp�2⇡
R 1
0 dx xT00(x)

relativistic QFT, Unruh result: plane to the strip:

z = x+ it

w = s+ i⌧

z ! w = log z

<latexit sha1_base64="23zUe2n5ea1kB9SstvREaF6hEUs="></latexit>

⇢ ! ⇢strip = exp�2⇡
R log(lIR)
0 ds T00(s) = exp�2⇡HE

see also:
Cho et al, Phys. Rev. B95 
(2017)

Entanglement spectrum near the UV critical point  

2 types of boundary conditions:
Neveu-Schwarz: Ramon:



Entanglement spectrum near the UV critical point  

<latexit sha1_base64="QKTra+JZN1rzvFxD0cYHSzg9Xf8=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAYhNvFORC2DNhYWEcwHJEfY2+wlS/b2lt09IRz5ETYWitj6e+z8N26SKzTxwcDjvRlm5oWSM20879sprKyurW8UN0tb2zu7e+7+QVMnqSK0QRKeqHaINeVM0IZhhtO2VBTHIaetcHQ79VtPVGmWiEczljSI8UCwiBFsrNSqdCU7uz/tuWWv6s2AlomfkzLkqPfcr24/IWlMhSEca93xPWmCDCvDCKeTUjfVVGIywgPasVTgmOogm507QSdW6aMoUbaEQTP190SGY63HcWg7Y2yGetGbiv95ndRE10HGhEwNFWS+KEo5Mgma/o76TFFi+NgSTBSztyIyxAoTYxMq2RD8xZeXSfO86l9W/YeLcu0mj6MIR3AMFfDhCmpwB3VoAIERPMMrvDnSeXHenY95a8HJZw7hD5zPHx/ojsc=</latexit>

(⇡/L)



Entanglement spectrum near the UV critical point  



2.       -theory��4



V (�)

�

superrenormalizable, a single UV divergence: 

µ2
p = µ2

Rp + �µ2
p with: �µ2

p = �

literature (non-exhaustive):
Hamiltonian truncation: Rychkov and Vitale,Phys RevD91 (2015)  
MPS: Sugihara, JHEP 2004; Milsted et al, Phys. Rev. D 88 (2013).  
Monte-Carlo: Schaich et al, Phys. Rev. D79 (2009); Bosetti et al, 
Phys. Rev. D92 (2015); Bronzin et al, Phys. Rev. D99 (2019).  
TRG: Kadoh et al, JHEP 2019 
TNR: Delcamp, Tilloy, Phys. Rev. Research 2,033278 (2020)
Light-front: J.P. Vary, Mengyao Hang et al, Phys.Rev D 105 (2022)

<latexit sha1_base64="Q4W1G183VtxZlWviIzPmltPBiZ0=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqswUUZdFNy4r2Ad2hpJJM21oJhOSjFCG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uScnlJxp47rfTmltfWNzq7xd2dnd2z+oHh51dJIqQtsk4YnqhVhTzgRtG2Y47UlFcRxy2g0nt7nffaJKs0Q8mKmkQYxHgkWMYGMl34+xGYdh9jgbNAbVmlt350CrxCtIDQq0BtUvf5iQNKbCEI617nuuNEGGlWGE01nFTzWVmEzwiPYtFTimOsjmmWfozCpDFCXKPmHQXP29keFY62kc2sk8o172cvE/r5+a6DrImJCpoYIsDkUpRyZBeQFoyBQlhk8twUQxmxWRMVaYGFtTxZbgLX95lXQade+y7t1f1Jo3RR1lOIFTOAcPrqAJd9CCNhCQ8Ayv8Oakzovz7nwsRktOsXMMf+B8/gD515Gl</latexit>Z2 - symmetry breaking 



µ2 = µ2
R � 3�A(µ2

R) = �
�µ2

R

�
� 3A(

µ2
R

�
�)
�

� = �pa
2 µ2 = µ2

pa
2In 'lattice units': ⇤UV =

1

a
= 1

A ⇠ � log �

�µ2

� ↵ =
µ2
R

�

'Lattice' QFT

UV critical point

QFT critical point

e.g. on a 2d lattice:



µ2 = µ2
R � 3�A(µ2

R) = �
�µ2

R

�
� 3A(

µ2
R

�
�)
�

� = �pa
2 µ2 = µ2

pa
2In 'lattice units': ⇤UV =

1

a
= 1

A ⇠ � log �

�µ2

� ↵ =
µ2
R

�

'Lattice' QFT

UV critical point

QFT critical point

e.g. on a 2d lattice:

We only know the 
RG near the UV 

critical point,  
away from this 
point we have 

corrections



µ2 = µ2
R � 3�A(µ2

R) = �
�µ2

R

�
� 3A(

µ2
R

�
�)
�

� = �pa
2 µ2 = µ2

pa
2In 'lattice units': ⇤UV =

1

a
= 1

A ⇠ � log �

�µ2

� ↵ =
µ2
R

�

'Lattice' QFT

UV critical point

QFT critical point

e.g. on a 2d lattice:

We only know the 
RG near the UV 

critical point,  
away from this 
point we have 

corrections

in our case we use finite 
entanglement scaling                , 
should also work for e.g. finite 

size-scaling in Monte-Carlo           

<latexit sha1_base64="zr8gdmArgmj0hBqYrVAaRwRx4rI=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIvgqSYi6kUoevHgoYL9wDaUzWbSLt1swu5EKKH/wosHRbz6b7z5b9y2OWjrg4HHezPMzPMTwTU6zrdVWFpeWV0rrpc2Nre2d8q7e00dp4pBg8UiVm2fahBcQgM5CmgnCmjkC2j5w5uJ33oCpXksH3CUgBfRvuQhZxSN9NgNQCC9ck/ueuWKU3WmsBeJm5MKyVHvlb+6QczSCCQyQbXuuE6CXkYVciZgXOqmGhLKhrQPHUMljUB72fTisX1klMAOY2VKoj1Vf09kNNJ6FPmmM6I40PPeRPzP66QYXnoZl0mKINlsUZgKG2N78r4dcAUMxcgQyhQ3t9psQBVlaEIqmRDc+ZcXSfO06p5X3fuzSu06j6NIDsghOSYuuSA1ckvqpEEYkeSZvJI3S1sv1rv1MWstWPnMPvkD6/MHk2qQMw==</latexit>

� = 1/L



From the path integral to a tensor network:

Tijkl = (��)�1�i,j�i,k�i,l

tij = ��e�(�i��j)
2�µ2

4 (�2
i+�2

j )��
4 (�4

i+�4
j )

�i = i⇥
p
2��

1.Discretize space-time:

2.Discretize field space:

3. Truncate:

⇡ U
p
S U+

p
S

=

see also:
Kadoh et al, JHEP 2019



Approximating the transfer MPO fixed point with an MPS

fixed point: ⇡

Ddimension

dimension

MPS  
transfer matrix T: <  |Ô| >= L R

�

<latexit sha1_base64="Qo2d+0EjuViJKohRyTXeS8q34Xo=">AAACAXicbVBNS8NAEN3Urxq/ol4EL8EieLEkIupFKHrxWKFf0May2U7apZtN2N2IJa0X/4oXD4p49V9489+4bXPQ1gcDj/dmmJnnx4xK5TjfRm5hcWl5Jb9qrq1vbG5Z2zs1GSWCQJVELBINH0tglENVUcWgEQvAoc+g7vevx379HoSkEa+oQQxeiLucBpRgpaW2tWeaw8rwsgUP8V163IJYUqZ1OmpbBafoTGDPEzcjBZSh3La+Wp2IJCFwRRiWsuk6sfJSLBQlDEZmK5EQY9LHXWhqynEI0ksnH4zsQ6107CASuriyJ+rviRSHUg5CX3eGWPXkrDcW//OaiQouvJTyOFHAyXRRkDBbRfY4DrtDBRDFBppgIqi+1SY9LDBROjRTh+DOvjxPaidF96zo3p4WSldZHHm0jw7QEXLROSqhG1RGVUTQI3pGr+jNeDJejHfjY9qaM7KZXfQHxucP2UCWiA==</latexit>

|T | = exp�✏i � =
X

i=1

ci✏i (
X

i=1

ci = 0)<latexit sha1_base64="vpdVgL8CSfs0ziMW6Tz3InT/l4U=">AAACCXicbZC7SgNBFIZnvcZ4W7W0GQyCjXE3iNoEgjYWFhHMBbJLmJ09mwyZvTAzK4QlrY2vYmOhiK1vYOfbOEkW0cQfBj7+cw5nzu8lnEllWV/GwuLS8spqYa24vrG5tW3u7DZlnAoKDRrzWLQ9IoGzCBqKKQ7tRAAJPQ4tb3A1rrfuQUgWR3dqmIAbkl7EAkaJ0lbXxI4PXJGqA4lkXDuV4x+0q/bJTdcsWWVrIjwPdg4llKveNT8dP6ZpCJGinEjZsa1EuRkRilEOo6KTSkgIHZAedDRGJATpZpNLRvhQOz4OYqFfpPDE/T2RkVDKYejpzpCovpytjc3/ap1UBRduxqIkVRDR6aIg5VjFeBwL9pkAqvhQA6GC6b9i2ieCUKXDK+oQ7NmT56FZKdtnZfv2tFS7zOMooH10gI6Qjc5RDV2jOmogih7QE3pBr8aj8Wy8Ge/T1gUjn9lDf2R8fANcoZl3</latexit>

� = ✏2 � ✏1 = 1/L



double collapse 

2081 data-points with random bond dimension 

<latexit sha1_base64="1avIWMWqnfrDEzv0ZaIB1zSdNoo=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2ARXJQyo6Iui25cVrQP6Iwlk6ZtaCYzJBmxDAV/xY0LRdz6He78G9N2Ftp64F4O59xLbk4Qc6a043xbuYXFpeWV/GphbX1jc8ve3qmrKJGE1kjEI9kMsKKcCVrTTHPajCXFYcBpIxhcjf3GA5WKReJOD2Pqh7gnWJcRrI3Utve8R1ZCXtzP+v1JCd2itl10ys4EaJ64GSlChmrb/vI6EUlCKjThWKmW68TaT7HUjHA6KniJojEmA9yjLUMFDqny08n5I3RolA7qRtKU0Gii/t5IcajUMAzMZIh1X816Y/E/r5Xo7oWfMhEnmgoyfaibcKQjNM4CdZikRPOhIZhIZm5FpI8lJtokVjAhuLNfnif147J7VnZvTouVyyyOPOzDARyBC+dQgWuoQg0IpPAMr/BmPVkv1rv1MR3NWdnOLvyB9fkDe9CT4g==</latexit>

⇠,�,�3, S
4 ‘observables:’

�µ2

� ↵ =
µ2
R

�

<latexit sha1_base64="Zew0gr9nAeIvkBKqmj6GL/ljoII=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCqzojoi6LblxWsA/olJJJM21oJhmSjFqGgr/ixoUibv0Od/6NaTsLbT1w4eSce8m9J0w408bzvp2FxaXlldXCWnF9Y3Nr293ZrWuZKkJrRHKpmiHWlDNBa4YZTpuJojgOOW2Eg+ux37inSjMp7swwoe0Y9wSLGMHGSh13P3hkKFCs1zdYKfmA7PsEd9ySV/YmQPPEz0kJclQ77lfQlSSNqTCEY61bvpeYdoaVYYTTUTFINU0wGeAebVkqcEx1O5usP0JHVumiSCpbwqCJ+nsiw7HWwzi0nTE2fT3rjcX/vFZqost2xkSSGirI9KMo5chINM4CdZmixPChJZgoZndFpI8VJsYmVrQh+LMnz5P6adk/L/u3Z6XKVR5HAQ7gEI7BhwuowA1UoQYEMniGV3hznpwX5935mLYuOPnMHvyB8/kD5a6Vcg==</latexit>

⇠ ! ⇠/a
<latexit sha1_base64="14RxJfIlJxXMa7Nljs2fFxso4BY=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRPJVERD0WvXisYGuhCWWz3TRLN5uwu1FKKPhXvHhQxKu/w5v/xk2bg7Y+GHi8N8PMvCDlTGnH+bYqS8srq2vV9drG5tb2jr2711FJJgltk4QnshtgRTkTtK2Z5rSbSorjgNP7YHRd+PcPVCqWiDs9Tqkf46FgISNYG6lvH3hpxJAn2TDSWMrkERVC3647DWcKtEjcktShRKtvf3mDhGQxFZpwrFTPdVLt51hqRjid1LxM0RSTER7SnqECx1T5+fT8CTo2ygCFiTQlNJqqvydyHCs1jgPTGWMdqXmvEP/zepkOL/2ciTTTVJDZojDjSCeoyAINmKRE87EhmEhmbkUkwhITbRKrmRDc+ZcXSee04Z433NuzevOqjKMKh3AEJ+DCBTThBlrQBgI5PMMrvFlP1ov1bn3MWitWObMPf2B9/gAuapWi</latexit>

� ! �
<latexit sha1_base64="nGs4hvJIMMO+xUDWGJXtC75HCuQ=">AAACEXicbVC7TsNAEDzzDOFloKQ5ESGlimxAQBlBQxkk8pBiE53P5/iU80N3a1Bk5Rdo+BUaChCipaPjb7gkLkjCSCuNZna1u+OlgiuwrB9jaXlldW29tFHe3Nre2TX39lsqySRlTZqIRHY8opjgMWsCB8E6qWQk8gRre4Prsd9+YFLxJL6DYcrciPRjHnBKQEs9s+oAFz7LnTTko/tTR/J+CETK5BHPOj2zYtWsCfAisQtSQQUaPfPb8ROaRSwGKohSXdtKwc2JBE4FG5WdTLGU0AHps66mMYmYcvPJRyN8rBUfB4nUFQOeqH8nchIpNYw83RkRCNW8Nxb/87oZBJduzuM0AxbT6aIgExgSPI4H+1wyCmKoCaGS61sxDYkkFHSIZR2CPf/yImmd1Ozzmn17VqlfFXGU0CE6QlVkowtURzeogZqIoif0gt7Qu/FsvBofxue0dckoZg7QDIyvX7B1ni4=</latexit>

�̃3 ! �̃3
<latexit sha1_base64="spz8TL0dbuitOImprTrS3h0cqrc=">AAACGXicbVDLSgNBEJyNrxhfqx69DAbBU9hVUY9BLx4jmAdkkzA76SRDZh/M9CphyW948Ve8eFDEo578GyfJHjSxoKGo6qa7y4+l0Og431ZuaXlldS2/XtjY3NresXf3ajpKFIcqj2SkGj7TIEUIVRQooRErYIEvoe4Pryd+/R6UFlF4h6MYWgHrh6InOEMjdWzHQyG74MUD0T6lnhL9ATKlogc6M2jm6Hbq+YBs3LGLTsmZgi4SNyNFkqHSsT+9bsSTAELkkmnddJ0YWylTKLiEccFLNMSMD1kfmoaGLADdSqefjemRUbq0FylTIdKp+nsiZYHWo8A3nQHDgZ73JuJ/XjPB3mUrFWGcIIR8tqiXSIoRncREu0IBRzkyhHElzK2UD5hiHE2YBROCO//yIqmdlNzzknt7VixfZXHkyQE5JMfEJRekTG5IhVQJJ4/kmbySN+vJerHerY9Za87KZvbJH1hfP57XoK8=</latexit>

�̃3 ! �̃3s�

<latexit sha1_base64="G8H21VlsC94s0g3qUggImU+e36s=">AAACCXicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1GPRi8cK9gOaWDbbTbN0kw27E6WEXr34V7x4UMSr/8Cb/8Ztm4O2Phh4vDfDzLwgFVyD43xbpaXlldW18nplY3Nre8fe3WtpmSnKmlQKqToB0UzwhDWBg2CdVDESB4K1g+HVxG/fM6W5TG5hlDI/JoOEh5wSMFLPxl4acewpPoiAKCUf8EzRd7kXMCDjnl11as4UeJG4BamiAo2e/eX1Jc1ilgAVROuu66Tg50QBp4KNK16mWUrokAxY19CExEz7+fSTMT4ySh+HUplKAE/V3xM5ibUexYHpjAlEet6biP953QzCCz/nSZoBS+hsUZgJDBJPYsF9rhgFMTKEUMXNrZhGRBEKJryKCcGdf3mRtE5q7lnNvTmt1i+LOMroAB2iY+Sic1RH16iBmoiiR/SMXtGb9WS9WO/Wx6y1ZBUz++gPrM8fQx2aEQ==</latexit>

� ! �s�

<latexit sha1_base64="7kFWIIKJwrSn+2M8zuXcbRHkHFY=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiRF1GXRjcsK9gFtLDeTSTt0kgkzE6WE7tz4K25cKOLWX3Dn3zhts9DWAwOHc87lzj1+wpnSjvNtFZaWV1bXiuuljc2t7R17d6+pRCoJbRDBhWz7oChnMW1opjltJ5JC5HPa8odXE791T6ViIr7Vo4R6EfRjFjIC2kg9+7DLTTiArmT9gQYpxQPOJQx31Z5ddirOFHiRuDkpoxz1nv3VDQRJIxprwkGpjusk2stAakY4HZe6qaIJkCH0acfQGCKqvGx6xxgfGyXAoZDmxRpP1d8TGURKjSLfJCPQAzXvTcT/vE6qwwsvY3GSahqT2aIw5VgLPCkFB0xSovnIECCSmb9iMgAJRJvqSqYEd/7kRdKsVtyzintzWq5d5nUU0QE6QifIReeohq5RHTUQQY/oGb2iN+vJerHerY9ZtGDlM/voD6zPH67umS0=</latexit>

� ! �a2
<latexit sha1_base64="rkj5LLi3K/11i7zNF5DeBNL+EMM=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiQi6rLoxmUF+4AmlMlk0g6dZMLMjVJCF278FTcuFHHrR7jzb5y2WWjrgYHDOedy554gFVyD43xbpZXVtfWN8mZla3tnd8/eP2hrmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfrnrChEPiKT4YAlFKPuBCwn275tSdGfAycQtSQwWaffvLCyXNYpYAFUTrnuuk4OdEAaeCTSpepllK6IgMWM/QhMRM+/nsiAk+NkqII6nMSwDP1N8TOYm1HseBScYEhnrRm4r/eb0Moks/50maAUvofFGUCQwSTxvBIVeMghgbQqji5q+YDokiFExvFVOCu3jyMmmf1t3zunt7VmtcFXWUURUdoRPkogvUQDeoiVqIokf0jF7Rm/VkvVjv1sc8WrKKmUP0B9bnD7GkmB4=</latexit>

� ! �

<latexit sha1_base64="tOwEatjiXrBO8CgGVv70K9gd+vc=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRPJVERD0WvXisYD+gCWWy3TRLN9mwu1FKKF78K148KOLVX+HNf+O2zUFbHww83pthZl6Qcqa043xbpaXlldW18nplY3Nre8fe3WspkUlCm0RwITsBKMpZQpuaaU47qaQQB5y2g+H1xG/fU6mYSO70KKV+DIOEhYyANlLPPvCApxFgT7JBpEFK8YBnUs+uOjVnCrxI3IJUUYFGz/7y+oJkMU004aBU13VS7ecgNSOcjitepmgKZAgD2jU0gZgqP5++MMbHRunjUEhTicZT9fdEDrFSozgwnTHoSM17E/E/r5vp8NLPWZJmmiZktijMONYCT/LAfSYp0XxkCBDJzK2YRCCBaJNaxYTgzr+8SFqnNfe85t6eVetXRRxldIiO0Aly0QWqoxvUQE1E0CN6Rq/ozXqyXqx362PWWrKKmX30B9bnDzsal1Q=</latexit>

↵ ! ↵

<latexit sha1_base64="iZ1nLEpcKWMra8GKP1JlRY9pGWs=">AAACBHicbVA9SwNBEN2LXzF+RS3TLAbBKtyJqGXQxjKC+YBcCHObvWTJ3u2xO6eEkMLGv2JjoYitP8LOf+MmuUITHww83pthZl6QSGHQdb+d3Mrq2vpGfrOwtb2zu1fcP2gYlWrG60xJpVsBGC5FzOsoUPJWojlEgeTNYHg99Zv3XBuh4jscJbwTQT8WoWCAVuoWS36PSwTqa9EfIGitHmgmQbdYdivuDHSZeBkpkwy1bvHL7ymWRjxGJsGYtucm2BmDRsEknxT81PAE2BD6vG1pDBE3nfHsiQk9tkqPhkrbipHO1N8TY4iMGUWB7YwAB2bRm4r/ee0Uw8vOWMRJijxm80VhKikqOk2E9oTmDOXIEmBa2FspG4AGhja3gg3BW3x5mTROK955xbs9K1evsjjypESOyAnxyAWpkhtSI3XCyCN5Jq/kzXlyXpx352PemnOymUPyB87nD2j5l/E=</latexit>

� ! �a
<latexit sha1_base64="VwjPtmGI0cxeSBBuhMhcdW9RirY=">AAACBHicbVBNS8NAEN3Ur1q/oh57WSyCp5KIqMeiF48V7Ac0oWw2m3bpJht2J0oJPXjxr3jxoIhXf4Q3/43bNgdtfTDweG+GmXlBKrgGx/m2Siura+sb5c3K1vbO7p69f9DWMlOUtagUUnUDopngCWsBB8G6qWIkDgTrBKPrqd+5Z0pzmdzBOGV+TAYJjzglYKS+XfVCJoBgT/HBEIhS8gEXku7bNafuzICXiVuQGirQ7NtfXihpFrMEqCBa91wnBT8nCjgVbFLxMs1SQkdkwHqGJiRm2s9nT0zwsVFCHEllKgE8U39P5CTWehwHpjMmMNSL3lT8z+tlEF36OU/SDFhC54uiTGCQeJoIDrliFMTYEEIVN7diOiSKUDC5VUwI7uLLy6R9WnfP6+7tWa1xVcRRRlV0hE6Qiy5QA92gJmohih7RM3pFb9aT9WK9Wx/z1pJVzByiP7A+fwCEQZgD</latexit>

� ! �s

UV scaling: IR scaling:
<latexit sha1_base64="hl/KZtaK/irBGu+GQWRCKDiKcDo=">AAAB/3icbVC7TsMwFL0pr1JeASQWFosKiakkCAFjBQtjkehDaqLKcZ3WquNEtgNUoQO/wsIAQqz8Bht/g9tmgJYjXen4nHvle0+QcKa043xbhYXFpeWV4mppbX1jc8ve3mmoOJWE1knMY9kKsKKcCVrXTHPaSiTFUcBpMxhcjf3mHZWKxeJWDxPqR7gnWMgI1kbq2HveA0OeZL2+xlLG98i8j5Hq2GWn4kyA5ombkzLkqHXsL68bkzSiQhOOlWq7TqL9DEvNCKejkpcqmmAywD3aNlTgiCo/m+w/QodG6aIwlqaERhP190SGI6WGUWA6I6z7atYbi/957VSHF37GRJJqKsj0ozDlSMdoHAbqMkmJ5kNDMJHM7IpIH0tMtImsZEJwZ0+eJ42TintWcW9Oy9XLPI4i7MMBHIEL51CFa6hBHQg8wjO8wpv1ZL1Y79bHtLVg5TO78AfW5w9eXpWu</latexit>

⇠ ! ⇠/s

<latexit sha1_base64="mynPyMddV/JWJV0tvrKzsE8Rjz0=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCF0siUj0WvXisaNpCE8pmu2mX7m7C7kYoIScv/hUvHhTx6m/w5r9x2+agrQ8GHu/NMDMvTBhV2nG+rdLS8srqWnm9srG5tb1j7+61VJxKTDwcs1h2QqQIo4J4mmpGOokkiIeMtMPR9cRvPxCpaCzu9TghAUcDQSOKkTZSzz688xXl8NSPJMIZ7mVeK8+zeu6zeABRz646NWcKuEjcglRBgWbP/vL7MU45ERozpFTXdRIdZEhqihnJK36qSILwCA1I11CBOFFBNn0jh8dG6cMolqaEhlP190SGuFJjHppOjvRQzXsT8T+vm+roMsioSFJNBJ4tilIGdQwnmcA+lQRrNjYEYUnNrRAPkQlEm+QqJgR3/uVF0jqrufWae3tebVwVcZTBATgCJ8AFF6ABbkATeACDR/AMXsGb9WS9WO/Wx6y1ZBUz++APrM8f1dmYug==</latexit>

S ⇠ �cUV

6
log a

<latexit sha1_base64="5gY6RJV8/4+Kwb6F7mxRPHjcJZM=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgxpKIVJdFN7qrjz6gCWEynbRDZyZhZiKUkJUbf8WNC0Xc+g3u/Bunj4W2HrhwOOde7r0nTBhV2nG+rcLC4tLySnG1tLa+sbllb+80VZxKTBo4ZrFsh0gRRgVpaKoZaSeSIB4y0goHlyO/9UCkorG418OE+Bz1BI0oRtpIgb1/5ynK4bEXSYQzHGTXt3meVXOPxT2oArvsVJwx4Dxxp6QMpqgH9pfXjXHKidCYIaU6rpNoP0NSU8xIXvJSRRKEB6hHOoYKxInys/EbOTw0ShdGsTQlNByrvycyxJUa8tB0cqT7atYbif95nVRH535GRZJqIvBkUZQyqGM4ygR2qSRYs6EhCEtqboW4j0wg2iRXMiG4sy/Pk+ZJxa1W3JvTcu1iGkcR7IEDcARccAZq4ArUQQNg8AiewSt4s56sF+vd+pi0FqzpzC74A+vzB9glmLw=</latexit>

S ⇠ �cIR
6

log s

<latexit sha1_base64="FSbM6HZ0ccqO88JAiIRwx8KmNgw=">AAACIXicbVDLSgMxFM3UV62vUZdugkWoC+uMiHZZdOOygn1Ap5Y7aaYNZjJDklHK0F9x46+4caFId+LPmLaz0NYDl3s4516Se/yYM6Ud58vKLS2vrK7l1wsbm1vbO/buXkNFiSS0TiIeyZYPinImaF0zzWkrlhRCn9Om/3A98ZuPVCoWiTs9jGknhL5gASOgjdS1KyUPeDyAk1nrkmNPsv5Ag5TRE14wsbpP3VNPJKOuXXTKzhR4kbgZKaIMta499noRSUIqNOGgVNt1Yt1JQWpGOB0VvETRGMgD9GnbUAEhVZ10euEIHxmlh4NImhIaT9XfGymESg1D30yGoAdq3puI/3ntRAeVTspEnGgqyOyhIOFYR3gSF+4xSYnmQ0OASGb+iskAJBBtQi2YENz5kxdJ46zsXpTd2/Ni9SqLI48O0CEqIRddoiq6QTVURwQ9o1f0jj6sF+vN+rTGs9Gcle3soz+wvn8Aq6SjNg==</latexit>

(↵� ↵c) ! (↵� ↵c)s
1/⌫



double collapse 

Scale-invariant observables:
(                    )

Scale-invariant

‘distance’:

double collapse: 4D data-set should collapse to 2D curve, 
use this to find 

<latexit sha1_base64="L0KxJ7iHw65Cscs/FAs8zXXlmiM="></latexit>

[�, (↵� ↵c),�
�1/⌫(↵� ↵c),�

�duv/2��dirO]

only the first two variable change 
under IR/UV scaling

<latexit sha1_base64="Uqtn8MYlgCpIt+JitPnRsFLaEWU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUCbbTbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWM7mZ+64kpzWP5aCYJ8yMcSB5yisZK7S6KZIg92itX3Ko7B1klXk4qkKPeK391+zFNIyYNFah1x3MT42eoDKeCTUvdVLME6QgHrGOpxIhpP5vfOyVnVumTMFa2pCFz9fdEhpHWkyiwnRGaoV72ZuJ/Xic14Y2fcZmkhkm6WBSmgpiYzJ4nfa4YNWJiCVLF7a2EDlEhNTaikg3BW355lTQvqt5V1Xu4rNRu8ziKcAKncA4eXEMN7qEODaAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QMCoI/0</latexit>↵c



double collapse  
 

However, scaling gets corrections further from UV/IR fixed 
point (parameterized ignorance)   

1. Pick value for         and some correction parameters      


2. Generate 2D plot of the 4 scaled observables


3. Take template scaling function for each observable, and optimize free 
parameters in this function such that sum of orthogonal distances is minimal


4. Cost-function: sum of orthogonal distance for the 4 observables 


  

<latexit sha1_base64="Uqtn8MYlgCpIt+JitPnRsFLaEWU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUCbbTbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWM7mZ+64kpzWP5aCYJ8yMcSB5yisZK7S6KZIg92itX3Ko7B1klXk4qkKPeK391+zFNIyYNFah1x3MT42eoDKeCTUvdVLME6QgHrGOpxIhpP5vfOyVnVumTMFa2pCFz9fdEhpHWkyiwnRGaoV72ZuJ/Xic14Y2fcZmkhkm6WBSmgpiYzJ4nfa4YNWJiCVLF7a2EDlEhNTaikg3BW355lTQvqt5V1Xu4rNRu8ziKcAKncA4eXEMN7qEODaAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QMCoI/0</latexit>↵c

Procedure:



Collapse plots: 



value for the critical point

Leaving other IR parameters free:

Leaving UV parameter free:
<latexit sha1_base64="3G4b0FUDMgSPRi4NQfrLc8/7uw8=">AAACA3icbVDLSgMxFM3UV62vUXe6CRahLiwzKuqy6MZlBfuAzlgyaaYNzSRDkhHKUHDjr7hxoYhbf8Kdf2OmnYW2HggczrmHm3uCmFGlHefbKiwsLi2vFFdLa+sbm1v29k5TiURi0sCCCdkOkCKMctLQVDPSjiVBUcBIKxheZ37rgUhFBb/To5j4EepzGlKMtJG69p4XD+j96TH2mOhXPGaSPXSUibBrl52qMwGcJ25OyiBHvWt/eT2Bk4hwjRlSquM6sfZTJDXFjIxLXqJIjPAQ9UnHUI4iovx0csMYHhqlB0MhzeMaTtTfiRRFSo2iwExGSA/UrJeJ/3mdRIeXfkp5nGjC8XRRmDCoBcwKgT0qCdZsZAjCkpq/QjxAEmFtaiuZEtzZk+dJ86Tqnlfd27Ny7Sqvowj2wQGoABdcgBq4AXXQABg8gmfwCt6sJ+vFerc+pqMFK8/sgj+wPn8AnGyW3A==</latexit>

�3 � c log(�)�
<latexit sha1_base64="aygIBxDNMLnkn5c9wlG9pNzqFYM=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoMQL8tu1LgXIejFYwTzgGQJs5PZZMjsw5nZQFjyHV48KOLVj/Hm3zhJ9qCJBQ1FVTfdXV7MmVSW9W3k1tY3Nrfy24Wd3b39g+LhUVNGiSC0QSIeibaHJeUspA3FFKftWFAceJy2vNHdzG+NqZAsCh/VJKZugAch8xnBSksuubHMyoXjOOXq1XmvWLJMaw60SuyMlCBDvVf86vYjkgQ0VIRjKTu2FSs3xUIxwum00E0kjTEZ4QHtaBrigEo3nR89RWda6SM/ErpChebq74kUB1JOAk93BlgN5bI3E//zOonyHTdlYZwoGpLFIj/hSEVolgDqM0GJ4hNNMBFM34rIEAtMlM6poEOwl19eJc2KaVdN++GyVLvN4sjDCZxCGWy4hhrcQx0aQOAJnuEV3oyx8WK8Gx+L1pyRzRzDHxifPzWSj8k=</latexit>

c = 0.23888(65)




