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Outline

✤ Scattering amplitudes in planar N=4 SYM theory: playground 
for new theoretical ideas

✤ Amplituhedron formulation for the loop integrand in the 
perturbation theory: want to do an all-loop resummation 

✤ Define an IR finite quantity                derived from the 4pt 
amplitude: new expansion (exact in    ) natural from perspective 
of Amplituhedron geometry — “loops of loops expansion”

✤ Connection to the cusp anomalous dimension
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Introduction



✤ Amplitudes in planar (large N) limit of maximally 
supersymmetric Yang-Mills theory in four dimensions

✤ Symmetries: conformal + dual conformal symmetry, 
amplitudes simpler — good toy model for gauge theories

✤ Amplitudes are UV finite, perturbative expansion exact, 
finite radius of convergence 

✤ IR divergencies - regularization (breaking of symmetries)

Planar N=4 SYM amplitudes
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Perturbative expansion

✤ Loop expansion: construct L-loop scattering amplitude
Unitarity methods

(i) Construct basis of scalar integrals (ii) Fix coefficients using cuts

(iii) Loop integration
Feynman parameters
IBP relations
Differential equations
….

(Bern, Dixon, Kosower, Roiban, 

Carrasco, Johansson, Dunbar,…)

(Chetyrkin, Tkachov, Smirnov, Gehrmann, Melnikov, 

Duhr, Gluza, Kosower, Remiddi, Henn,…) 3/29



✤ Planar limit: global dual variables, momentum twistors

points       in dual space
lines             in mom twistor space

Loop integrand

Loop integrand

loop momenta:       
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(AB)j

unique rational function

satisfies all cuts
dual conformal invariant
recursion relations

(Arkani-Hamed, Bourjaily, Cachazo, Caron-Huot, JT, 2010)
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I(L)
n (xi, yj) = I(L)

n [Zi, (AB)j ]
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Positive Grassmannian

✤ New gauge invariant building blocks for amplitudes: 
On-shell diagrams

Products of 3pt
on-shell amplitudes,

cuts of loop integrands

Of course, this works equally-well for more complex on-shell graphs; for example,

the graph which gives the four-particle tree-amplitude, (2.20), is associated with the

following permutation:

{3, 4, 1, 2}

,
 
1 2 3 4
# # # #
3 4 1 2

!
(3.5)

It is very easy to see that such “left-right paths” allow us to define a permutation

for any planar graph constructed with black and white vertices (not only those which

are trivalent). Starting from any external leg of such a graph, this path will always

lead back out to the boundary; and because any path can be trivially reversed

(by exchanging the roles of black and white), it is clear that every external leg

is the terminus of some such path. And so, the left-right paths do indeed define a

permutation of the external legs.

Actually, left-right paths associate each graph with a slight generalization of

an ordinary permutation known as a decorated permutation—a generalization which

allows for two types of fixed-points. By convention, we always consider a left-right

path to permute each label ‘to its right’—in other words, we think of the paths as

being associated with a map � :{1, . . . , n} 7!{1, . . . , 2n} such that a  �(a)  a+n

and taking �(a) modn would be an ordinary permutation. The two types of fixed

points correspond to the cases of �(a) = a or �(a) = a+n. For the sake of simplicity,

for the rest of this paper we will refer to these decorated permutations simply as

‘permutations’ and denote them by “{�(1), . . . , �(n)}”.
This allows us to di↵erentiate between 2n possible ‘decorations’ of the trivial

permutation. Such ‘decorations’ arise for graphs such as,

(3.6)

which would be labeled by a ‘permutation’ {1, 7, 3, 9, 5}. Although such empty graphs

are themselves of little direct relevance to physics, they will play an important role

in the general toolbox—as we will see in the following subsection.

Associated with any permutation is a number, k, which is the number of a 2
{1, . . . , n} which are mapped ‘beyond n’ by �—that is, for which �(a) > n. This

number is also given by the mean value of �(a) � a: k ⌘ 1
n

P
a(�(a) � a). To see

– 22 –

permutations

cluster algebras

0

BBB@
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⇤ ⇤ ⇤ . . . ⇤
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CCCA

Positive Grassmannian
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C =

R =

Z
df1
f1

df2
f2

. . .
dfm
fm

�(C · Z)

dlog form reproduces
on-shell diagram

(Arkani-Hamed, Bourjaily, Cachazo, Goncharov, Postnikov, JT 2012)

“gluing” together
-> Amplituhedron
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Bootstrap methods

✤ Skip the integrand step, using the knowledge of the 
function space to construct the amplitude directly

Determine symbol of an amplitude 

encodes branch cuts
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)

symbol letters
impose physical and mathematical conditions

From symbol to function: more constraints, fix constants 

(Goncharov, Spradlin, Vergu, Volovich, Dixon, Drummond, Henn, McLeod, von Hippel, Caron-Huot, Papathanasiou,…) 
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Amplitudes-Wilson loops duality

✤ Duality: amplitudes and null polygonal 
Wilson loops, positions ~ momenta

(Alday, Gaiotto, Maldacena, Sever, Vieira, Basso,…)

Flux tube at finite coupling
near collinear limit kinematics
pentagons fixed by integrability
4d S-matrix: OPE in # of excitations 

Strong coupling

AdS/CFT correspondence
- minimal surface in AdS

(Alday, Maldacena, 2007)

Dual conformal symmetry of amplitude 
= conformal symmetry of Wilson loops

(Drummond, Henn, Korchemsky, Sokatchev, Alday, Maldacena)

expansion around collinear 
limit, exact in coupling
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Logarithm of the amplitude and 

IR finiteness



BDS Ansatz

✤ Dual conformal symmetry is extremely restrictive

✤ The kinematical structure of 4pt and 5pt amplitudes 
are fixed to all loops up to constant factors

n>6: dual conformal invariant IR 
    finite remainder function
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R(`)
n
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Mn =
1X

L=0

gLM (L)
n (✏) = exp

" 1X

`=1

g`
⇣
f (`)(✏)M (1)

n (`✏) + C(`) +O(✏)
⌘#
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1

✏2
leading      behavior

mild divergence
for logarithm
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lnM =
h(g)

✏2
+O

✓
1

✏

◆
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g2 ⌘ g2YMN/(16⇡2)
’t Hooft coupling

(Bern, Dixon, Smirnov, 2005)
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Logarithm of the amplitude

✤ Expand logarithm in terms of combinations of amplitudes
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= gM (1) + g2

M (2) � 1

2
(M (1))2

�
+ g3


M (3) �M (2)M (1) +

1

3
(M (1))3

�
+ . . .

each term         divergent,
combination only         divergent
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<latexit sha1_base64="KZqf/bPHRZjY+5Y88xXX4yDbFoU=">AAAB7nicbVBNS8NAEJ34WeNX1aOXxUbwVJKK6MFDwYvHCvYD2lA22027dLMbdjdCCf0RXjwo4tXf481/47bNQVsfDDzem2FmXpRypo3vfztr6xubW9ulHXd3b//gsHx03NIyU4Q2ieRSdSKsKWeCNg0znHZSRXEScdqOxnczv/1ElWZSPJpJSsMEDwWLGcHGSm3Pcy9dz+uXK37VnwOtkqAgFSjQ6Je/egNJsoQKQzjWuhv4qQlzrAwjnE7dXqZpiskYD2nXUoETqsN8fu4UnVtlgGKpbAmD5urviRwnWk+SyHYm2Iz0sjcT//O6mYlvwpyJNDNUkMWiOOPISDT7HQ2YosTwiSWYKGZvRWSEFSbGJuTaEILll1dJq1YNrqr+Q61Svy3iKMEpnMEFBHANdbiHBjSBwBie4RXenNR5cd6dj0XrmlPMnMAfOJ8/VTKNkw==</latexit>

3

<latexit sha1_base64="PopDXD2bHyVLDJmteTc+3I7IpuQ=">AAAB7nicbVBNS8NAEJ34WeNX1aOXxUbwVJKi6MFDwYvHCvYD2lA22027dLMbdjdCCf0RXjwo4tXf481/47bNQVsfDDzem2FmXpRypo3vfztr6xubW9ulHXd3b//gsHx03NIyU4Q2ieRSdSKsKWeCNg0znHZSRXEScdqOxnczv/1ElWZSPJpJSsMEDwWLGcHGSm3Pcy9dz+uXK37VnwOtkqAgFSjQ6Je/egNJsoQKQzjWuhv4qQlzrAwjnE7dXqZpiskYD2nXUoETqsN8fu4UnVtlgGKpbAmD5urviRwnWk+SyHYm2Iz0sjcT//O6mYlvwpyJNDNUkMWiOOPISDT7HQ2YosTwiSWYKGZvRWSEFSbGJuTaEILll1dJq1YNrqr+Q61Svy3iKMEpnMEFBHANdbiHBjSBwBie4RXenNR5cd6dj0XrmlPMnMAfOJ8/VrmNlA==</latexit>

4

<latexit sha1_base64="YjAKM1856mjPQ2bk7AvUH5TVL38=">AAAB7nicbVBNS8NAEJ2tXzV+VT16WWwETyUpiB48FLx4rGA/oA1ls920SzebsLsRSuiP8OJBEa/+Hm/+G7dtDtr6YODx3gwz88JUcG087xuVNja3tnfKu87e/sHhUeX4pK2TTFHWoolIVDckmgkuWctwI1g3VYzEoWCdcHI39ztPTGmeyEczTVkQk5HkEafEWKnjuk7dcd1BperVvAXwOvELUoUCzUHlqz9MaBYzaaggWvd8LzVBTpThVLCZ0880SwmdkBHrWSpJzHSQL86d4QurDHGUKFvS4IX6eyInsdbTOLSdMTFjverNxf+8XmaimyDnMs0Mk3S5KMoENgme/46HXDFqxNQSQhW3t2I6JopQYxNybAj+6svrpF2v+Vc176FebdwWcZThDM7hEny4hgbcQxNaQGECz/AKbyhFL+gdfSxbS6iYOYU/QJ8/U6uNkg==</latexit>

2

<latexit sha1_base64="KZqf/bPHRZjY+5Y88xXX4yDbFoU=">AAAB7nicbVBNS8NAEJ34WeNX1aOXxUbwVJKK6MFDwYvHCvYD2lA22027dLMbdjdCCf0RXjwo4tXf481/47bNQVsfDDzem2FmXpRypo3vfztr6xubW9ulHXd3b//gsHx03NIyU4Q2ieRSdSKsKWeCNg0znHZSRXEScdqOxnczv/1ElWZSPJpJSsMEDwWLGcHGSm3Pcy9dz+uXK37VnwOtkqAgFSjQ6Je/egNJsoQKQzjWuhv4qQlzrAwjnE7dXqZpiskYD2nXUoETqsN8fu4UnVtlgGKpbAmD5urviRwnWk+SyHYm2Iz0sjcT//O6mYlvwpyJNDNUkMWiOOPISDT7HQ2YosTwiSWYKGZvRWSEFSbGJuTaEILll1dJq1YNrqr+Q61Svy3iKMEpnMEFBHANdbiHBjSBwBie4RXenNR5cd6dj0XrmlPMnMAfOJ8/VTKNkw==</latexit>

3
<latexit sha1_base64="PopDXD2bHyVLDJmteTc+3I7IpuQ=">AAAB7nicbVBNS8NAEJ34WeNX1aOXxUbwVJKi6MFDwYvHCvYD2lA22027dLMbdjdCCf0RXjwo4tXf481/47bNQVsfDDzem2FmXpRypo3vfztr6xubW9ulHXd3b//gsHx03NIyU4Q2ieRSdSKsKWeCNg0znHZSRXEScdqOxnczv/1ElWZSPJpJSsMEDwWLGcHGSm3Pcy9dz+uXK37VnwOtkqAgFSjQ6Je/egNJsoQKQzjWuhv4qQlzrAwjnE7dXqZpiskYD2nXUoETqsN8fu4UnVtlgGKpbAmD5urviRwnWk+SyHYm2Iz0sjcT//O6mYlvwpyJNDNUkMWiOOPISDT7HQ2YosTwiSWYKGZvRWSEFSbGJuTaEILll1dJq1YNrqr+Q61Svy3iKMEpnMEFBHANdbiHBjSBwBie4RXenNR5cd6dj0XrmlPMnMAfOJ8/VrmNlA==</latexit>

4

<latexit sha1_base64="CDUARbYbmTSXKP/Y1JD1MqDUdIs=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LDaCp5IURA8eCl48VrAf0Iay2W7apbubsLsRSuiP8OJBEa/+Hm/+G7dtDtr6YODx3gwz86KUM218/9spbWxube+Ud929/YPDo8rxSVsnmSK0RRKeqG6ENeVM0pZhhtNuqigWEaedaHI39ztPVGmWyEczTWko8EiymBFsrNTxPDdwPW9Qqfo1fwG0ToKCVKFAc1D56g8TkgkqDeFY617gpybMsTKMcDpz+5mmKSYTPKI9SyUWVIf54twZurDKEMWJsiUNWqi/J3IstJ6KyHYKbMZ61ZuL/3m9zMQ3Yc5kmhkqyXJRnHFkEjT/HQ2ZosTwqSWYKGZvRWSMFSbGJuTaEILVl9dJu14Lrmr+Q73auC3iKMMZnMMlBHANDbiHJrSAwASe4RXenNR5cd6dj2VrySlmTuEPnM8fUiSNkQ==</latexit>

1

<latexit sha1_base64="CDUARbYbmTSXKP/Y1JD1MqDUdIs=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LDaCp5IURA8eCl48VrAf0Iay2W7apbubsLsRSuiP8OJBEa/+Hm/+G7dtDtr6YODx3gwz86KUM218/9spbWxube+Ud929/YPDo8rxSVsnmSK0RRKeqG6ENeVM0pZhhtNuqigWEaedaHI39ztPVGmWyEczTWko8EiymBFsrNTxPDdwPW9Qqfo1fwG0ToKCVKFAc1D56g8TkgkqDeFY617gpybMsTKMcDpz+5mmKSYTPKI9SyUWVIf54twZurDKEMWJsiUNWqi/J3IstJ6KyHYKbMZ61ZuL/3m9zMQ3Yc5kmhkqyXJRnHFkEjT/HQ2ZosTwqSWYKGZvRWSMFSbGJuTaEILVl9dJu14Lrmr+Q73auC3iKMMZnMMlBHANDbiHJrSAwASe4RXenNR5cd6dj2VrySlmTuEPnM8fUiSNkQ==</latexit>

1
<latexit sha1_base64="CDUARbYbmTSXKP/Y1JD1MqDUdIs=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LDaCp5IURA8eCl48VrAf0Iay2W7apbubsLsRSuiP8OJBEa/+Hm/+G7dtDtr6YODx3gwz86KUM218/9spbWxube+Ud929/YPDo8rxSVsnmSK0RRKeqG6ENeVM0pZhhtNuqigWEaedaHI39ztPVGmWyEczTWko8EiymBFsrNTxPDdwPW9Qqfo1fwG0ToKCVKFAc1D56g8TkgkqDeFY617gpybMsTKMcDpz+5mmKSYTPKI9SyUWVIf54twZurDKEMWJsiUNWqi/J3IstJ6KyHYKbMZ61ZuL/3m9zMQ3Yc5kmhkqyXJRnHFkEjT/HQ2ZosTwqSWYKGZvRWSMFSbGJuTaEILVl9dJu14Lrmr+Q73auC3iKMMZnMMlBHANDbiHJrSAwASe4RXenNR5cd6dj2VrySlmTuEPnM8fUiSNkQ==</latexit>

1
<latexit sha1_base64="YjAKM1856mjPQ2bk7AvUH5TVL38=">AAAB7nicbVBNS8NAEJ2tXzV+VT16WWwETyUpiB48FLx4rGA/oA1ls920SzebsLsRSuiP8OJBEa/+Hm/+G7dtDtr6YODx3gwz88JUcG087xuVNja3tnfKu87e/sHhUeX4pK2TTFHWoolIVDckmgkuWctwI1g3VYzEoWCdcHI39ztPTGmeyEczTVkQk5HkEafEWKnjuk7dcd1BperVvAXwOvELUoUCzUHlqz9MaBYzaaggWvd8LzVBTpThVLCZ0880SwmdkBHrWSpJzHSQL86d4QurDHGUKFvS4IX6eyInsdbTOLSdMTFjverNxf+8XmaimyDnMs0Mk3S5KMoENgme/46HXDFqxNQSQhW3t2I6JopQYxNybAj+6svrpF2v+Vc176FebdwWcZThDM7hEny4hgbcQxNaQGECz/AKbyhFL+gdfSxbS6iYOYU/QJ8/U6uNkg==</latexit>

2
<latexit sha1_base64="YjAKM1856mjPQ2bk7AvUH5TVL38=">AAAB7nicbVBNS8NAEJ2tXzV+VT16WWwETyUpiB48FLx4rGA/oA1ls920SzebsLsRSuiP8OJBEa/+Hm/+G7dtDtr6YODx3gwz88JUcG087xuVNja3tnfKu87e/sHhUeX4pK2TTFHWoolIVDckmgkuWctwI1g3VYzEoWCdcHI39ztPTGmeyEczTVkQk5HkEafEWKnjuk7dcd1BperVvAXwOvELUoUCzUHlqz9MaBYzaaggWvd8LzVBTpThVLCZ0880SwmdkBHrWSpJzHSQL86d4QurDHGUKFvS4IX6eyInsdbTOLSdMTFjverNxf+8XmaimyDnMs0Mk3S5KMoENgme/46HXDFqxNQSQhW3t2I6JopQYxNybAj+6svrpF2v+Vc176FebdwWcZThDM7hEny4hgbcQxNaQGECz/AKbyhFL+gdfSxbS6iYOYU/QJ8/U6uNkg==</latexit>

2

<latexit sha1_base64="KZqf/bPHRZjY+5Y88xXX4yDbFoU=">AAAB7nicbVBNS8NAEJ34WeNX1aOXxUbwVJKK6MFDwYvHCvYD2lA22027dLMbdjdCCf0RXjwo4tXf481/47bNQVsfDDzem2FmXpRypo3vfztr6xubW9ulHXd3b//gsHx03NIyU4Q2ieRSdSKsKWeCNg0znHZSRXEScdqOxnczv/1ElWZSPJpJSsMEDwWLGcHGSm3Pcy9dz+uXK37VnwOtkqAgFSjQ6Je/egNJsoQKQzjWuhv4qQlzrAwjnE7dXqZpiskYD2nXUoETqsN8fu4UnVtlgGKpbAmD5urviRwnWk+SyHYm2Iz0sjcT//O6mYlvwpyJNDNUkMWiOOPISDT7HQ2YosTwiSWYKGZvRWSEFSbGJuTaEILll1dJq1YNrqr+Q61Svy3iKMEpnMEFBHANdbiHBjSBwBie4RXenNR5cd6dj0XrmlPMnMAfOJ8/VTKNkw==</latexit>

3
<latexit sha1_base64="KZqf/bPHRZjY+5Y88xXX4yDbFoU=">AAAB7nicbVBNS8NAEJ34WeNX1aOXxUbwVJKK6MFDwYvHCvYD2lA22027dLMbdjdCCf0RXjwo4tXf481/47bNQVsfDDzem2FmXpRypo3vfztr6xubW9ulHXd3b//gsHx03NIyU4Q2ieRSdSKsKWeCNg0znHZSRXEScdqOxnczv/1ElWZSPJpJSsMEDwWLGcHGSm3Pcy9dz+uXK37VnwOtkqAgFSjQ6Je/egNJsoQKQzjWuhv4qQlzrAwjnE7dXqZpiskYD2nXUoETqsN8fu4UnVtlgGKpbAmD5urviRwnWk+SyHYm2Iz0sjcT//O6mYlvwpyJNDNUkMWiOOPISDT7HQ2YosTwiSWYKGZvRWSEFSbGJuTaEILll1dJq1YNrqr+Q61Svy3iKMEpnMEFBHANdbiHBjSBwBie4RXenNR5cd6dj0XrmlPMnMAfOJ8/VTKNkw==</latexit>

3
<latexit sha1_base64="PopDXD2bHyVLDJmteTc+3I7IpuQ=">AAAB7nicbVBNS8NAEJ34WeNX1aOXxUbwVJKi6MFDwYvHCvYD2lA22027dLMbdjdCCf0RXjwo4tXf481/47bNQVsfDDzem2FmXpRypo3vfztr6xubW9ulHXd3b//gsHx03NIyU4Q2ieRSdSKsKWeCNg0znHZSRXEScdqOxnczv/1ElWZSPJpJSsMEDwWLGcHGSm3Pcy9dz+uXK37VnwOtkqAgFSjQ6Je/egNJsoQKQzjWuhv4qQlzrAwjnE7dXqZpiskYD2nXUoETqsN8fu4UnVtlgGKpbAmD5urviRwnWk+SyHYm2Iz0sjcT//O6mYlvwpyJNDNUkMWiOOPISDT7HQ2YosTwiSWYKGZvRWSEFSbGJuTaEILll1dJq1YNrqr+Q61Svy3iKMEpnMEFBHANdbiHBjSBwBie4RXenNR5cd6dj0XrmlPMnMAfOJ8/VrmNlA==</latexit>

4
<latexit sha1_base64="PopDXD2bHyVLDJmteTc+3I7IpuQ=">AAAB7nicbVBNS8NAEJ34WeNX1aOXxUbwVJKi6MFDwYvHCvYD2lA22027dLMbdjdCCf0RXjwo4tXf481/47bNQVsfDDzem2FmXpRypo3vfztr6xubW9ulHXd3b//gsHx03NIyU4Q2ieRSdSKsKWeCNg0znHZSRXEScdqOxnczv/1ElWZSPJpJSsMEDwWLGcHGSm3Pcy9dz+uXK37VnwOtkqAgFSjQ6Je/egNJsoQKQzjWuhv4qQlzrAwjnE7dXqZpiskYD2nXUoETqsN8fu4UnVtlgGKpbAmD5urviRwnWk+SyHYm2Iz0sjcT//O6mYlvwpyJNDNUkMWiOOPISDT7HQ2YosTwiSWYKGZvRWSEFSbGJuTaEILll1dJq1YNrqr+Q61Svy3iKMEpnMEFBHANdbiHBjSBwBie4RXenNR5cd6dj0XrmlPMnMAfOJ8/VrmNlA==</latexit>

4

<latexit sha1_base64="5urrXFeLEBy5ZrE+JIZ3mSbRObk=">AAAB7nicbVBNS8NAEJ34WeNX1aOXxUYQhJIURA8eCl48VrAf0Iay2W7apbubsLsRSuiP8OJBEa/+Hm/+G7dtDtr6YODx3gwz86KUM218/9tZW9/Y3Nou7bi7e/sHh+Wj45ZOMkVokyQ8UZ0Ia8qZpE3DDKedVFEsIk7b0fhu5refqNIskY9mktJQ4KFkMSPYWKntee6l63n9csWv+nOgVRIUpAIFGv3yV2+QkExQaQjHWncDPzVhjpVhhNOp28s0TTEZ4yHtWiqxoDrM5+dO0blVBihOlC1p0Fz9PZFjofVERLZTYDPSy95M/M/rZia+CXMm08xQSRaL4owjk6DZ72jAFCWGTyzBRDF7KyIjrDAxNiHXhhAsv7xKWrVqcFX1H2qV+m0RRwlO4QwuIIBrqMM9NKAJBMbwDK/w5qTOi/PufCxa15xi5gT+wPn8AUj6jYs=</latexit>

+

<latexit sha1_base64="Xpec1fi2C93uw2Jw5JLGxYsvoks=">AAAB9XicbVBNS8NAEJ3Urxq/qh69LDaCF0tSKHrwUPDisYL9gDaWzXbTLt1swu5GKaH/w4sHRbz6X7z5b9y2OWjrg4HHezPMzAsSzpR23W+rsLa+sblV3LZ3dvf2D0qHRy0Vp5LQJol5LDsBVpQzQZuaaU47iaQ4CjhtB+Obmd9+pFKxWNzrSUL9CA8FCxnB2kgPjmNf9EKJiVe1HadfKrsVdw60SryclCFHo1/66g1ikkZUaMKxUl3PTbSfYakZ4XRq91JFE0zGeEi7hgocUeVn86un6MwoAxTG0pTQaK7+nshwpNQkCkxnhPVILXsz8T+vm+rwys+YSFJNBVksClOOdIxmEaABk5RoPjEEE8nMrYiMsAlBm6BsE4K3/PIqaVUrXq3i3lXL9es8jiKcwCmcgweXUIdbaEATCEh4hld4s56sF+vd+li0Fqx85hj+wPr8AfN8kC4=</latexit>

�1

2

<latexit sha1_base64="M47TMHz2T3HQIwDaae5L8PZkLcg=">AAAB9HicbVBNS8NAEJ3Urxq/qh69LDaCp5IURA8eil48VrC10ISy2W7SpZtN3N0USunv8OJBEa/+GG/+G7dtDtr6YODx3gwz88KMM6Vd99sqra1vbG6Vt+2d3b39g8rhUVuluSS0RVKeyk6IFeVM0JZmmtNOJilOQk4fw+HtzH8cUalYKh70OKNBgmPBIkawNlLgOLZ/w+LYn9qO06tU3Zo7B1olXkGqUKDZq3z5/ZTkCRWacKxU13MzHUyw1IxwOrX9XNEMkyGOaddQgROqgsn86Ck6M0ofRak0JTSaq78nJjhRapyEpjPBeqCWvZn4n9fNdXQVTJjIck0FWSyKco50imYJoD6TlGg+NgQTycytiAywxESbnGwTgrf88ipp12veRc29r1cb10UcZTiBUzgHDy6hAXfQhBYQeIJneIU3a2S9WO/Wx6K1ZBUzx/AH1ucPBnmQSg==</latexit>

)
: integrand for 

cut structure encodes
mild IR divergencies

<latexit sha1_base64="ZgQV4noQYcRnarFLpLQVRuecR6k=">AAAB+XicbVBNS8NAEJ3Urxq/oh69LDaCp5IURA8eCl4UPFSwttCGsNlu26WbTdjdFEroP/HiQRGv/hNv/hu3bQ7a+mDg8d4MM/OilDOlPe/bKq2tb2xulbftnd29/QPn8OhJJZkktEkSnsh2hBXlTNCmZprTdiopjiNOW9HoZua3xlQqlohHPUlpEOOBYH1GsDZS6Diua+ddgjm6m4b3tuuGTsWrenOgVeIXpAIFGqHz1e0lJIup0IRjpTq+l+ogx1IzwunU7maKppiM8IB2DBU4pirI55dP0ZlReqifSFNCo7n6eyLHsVKTODKdMdZDtezNxP+8Tqb7V0HORJppKshiUT/jSCdoFgPqMUmJ5hNDMJHM3IrIEEtMtAnLNiH4yy+vkqda1b+oeg+1Sv26iKMMJ3AK5+DDJdThFhrQBAJjeIZXeLNy68V6tz4WrSWrmDmGP7A+fwBdSpGD</latexit>

IL
<latexit sha1_base64="M47TMHz2T3HQIwDaae5L8PZkLcg=">AAAB9HicbVBNS8NAEJ3Urxq/qh69LDaCp5IURA8eil48VrC10ISy2W7SpZtN3N0USunv8OJBEa/+GG/+G7dtDtr6YODx3gwz88KMM6Vd99sqra1vbG6Vt+2d3b39g8rhUVuluSS0RVKeyk6IFeVM0JZmmtNOJilOQk4fw+HtzH8cUalYKh70OKNBgmPBIkawNlLgOLZ/w+LYn9qO06tU3Zo7B1olXkGqUKDZq3z5/ZTkCRWacKxU13MzHUyw1IxwOrX9XNEMkyGOaddQgROqgsn86Ck6M0ofRak0JTSaq78nJjhRapyEpjPBeqCWvZn4n9fNdXQVTJjIck0FWSyKco50imYJoD6TlGg+NgQTycytiAywxESbnGwTgrf88ipp12veRc29r1cb10UcZTiBUzgHDy6hAXfQhBYQeIJneIU3a2S9WO/Wx6K1ZBUzx/AH1ucPBnmQSg==</latexit>

)

<latexit sha1_base64="M47TMHz2T3HQIwDaae5L8PZkLcg=">AAAB9HicbVBNS8NAEJ3Urxq/qh69LDaCp5IURA8eil48VrC10ISy2W7SpZtN3N0USunv8OJBEa/+GG/+G7dtDtr6YODx3gwz88KMM6Vd99sqra1vbG6Vt+2d3b39g8rhUVuluSS0RVKeyk6IFeVM0JZmmtNOJilOQk4fw+HtzH8cUalYKh70OKNBgmPBIkawNlLgOLZ/w+LYn9qO06tU3Zo7B1olXkGqUKDZq3z5/ZTkCRWacKxU13MzHUyw1IxwOrX9XNEMkyGOaddQgROqgsn86Ck6M0ofRak0JTSaq78nJjhRapyEpjPBeqCWvZn4n9fNdXQVTJjIck0FWSyKco50imYJoD6TlGg+NgQTycytiAywxESbnGwTgrf88ipp12veRc29r1cb10UcZTiBUzgHDy6hAXfQhBYQeIJneIU3a2S9WO/Wx6K1ZBUzx/AH1ucPBnmQSg==</latexit> )

<latexit sha1_base64="+j2e/QOWOQ7/jzb8NvoYljEfnxo="></latexit>

lnM = ln
⇣
1 + gM (1) + g2M (2) + g3M (3) + . . .

⌘

<latexit sha1_base64="/GoreR3iigeT2OwgKXlT2AKA7Xc=">AAAB9HicbVBNS8NAEJ3Urxq/qh69LDaCp5IUih6LXrwIFewHtKFstpt26WYTdzeFEvo7vHhQxKs/xpv/xm2bg7Y+GHi8N8PMvCDhTGnX/bYKG5tb2zvFXXtv/+DwqHR80lJxKgltkpjHshNgRTkTtKmZ5rSTSIqjgNN2ML6d++0JlYrF4lFPE+pHeChYyAjWRvIdx+5xge77Vdtx+qWyW3EXQOvEy0kZcjT6pa/eICZpRIUmHCvV9dxE+xmWmhFOZ3YvVTTBZIyHtGuowBFVfrY4eoYujDJAYSxNCY0W6u+JDEdKTaPAdEZYj9SqNxf/87qpDq/9jIkk1VSQ5aIw5UjHaJ4AGjBJieZTQzCRzNyKyAhLTLTJyTYheKsvr5NWteLVKu5DtVy/yeMowhmcwyV4cAV1uIMGNIHAEzzDK7xZE+vFerc+lq0FK585hT+wPn8ATcKP1g==</latexit>

lnM2

<latexit sha1_base64="OtEyHBE5bW0+mwnIke1FMrTa+WM=">AAAB9HicbVBNS8NAEJ3Urxq/qh69LDaCp5JURI9FL16ECvYD2lA22027dLOJu5tCCf0dXjwo4tUf481/47bNQVsfDDzem2FmXpBwprTrfluFtfWNza3itr2zu7d/UDo8aqo4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGN3O/NaYSsVi8agnCfUjPBAsZARrI/mOY3e5QPe9C9txeqWyW3HnQKvEy0kZctR7pa9uPyZpRIUmHCvV8dxE+xmWmhFOp3Y3VTTBZIQHtGOowBFVfjY/eorOjNJHYSxNCY3m6u+JDEdKTaLAdEZYD9WyNxP/8zqpDq/9jIkk1VSQxaIw5UjHaJYA6jNJieYTQzCRzNyKyBBLTLTJyTYheMsvr5JmteJdVtyHarl2k8dRhBM4hXPw4ApqcAd1aACBJ3iGV3izxtaL9W59LFoLVj5zDH9gff4AT0mP1w==</latexit>

lnM3

<latexit sha1_base64="XUaECKPqrJ3046SbMeyYk+Uubkk=">AAAB9HicbVBNS8NAEJ3Urxq/qh69LDaCp5IURI9FLx4UKtgPaEPZbDft0s0m7m4KJfR3ePGgiFd/jDf/jds2B219MPB4b4aZeUHCmdKu+20V1tY3NreK2/bO7t7+QenwqKniVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHQz81tjKhWLxaOeJNSP8ECwkBGsjeQ7jt3lAt337mzH6ZXKbsWdA60SLydlyFHvlb66/ZikERWacKxUx3MT7WdYakY4ndrdVNEEkxEe0I6hAkdU+dn86Ck6M0ofhbE0JTSaq78nMhwpNYkC0xlhPVTL3kz8z+ukOrzyMyaSVFNBFovClCMdo1kCqM8kJZpPDMFEMnMrIkMsMdEmJ9uE4C2/vEqa1Yp3UXEfquXadR5HEU7gFM7Bg0uowS3UoQEEnuAZXuHNGlsv1rv1sWgtWPnMMfyB9fkDdXiP8A==</latexit>

lnML
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Integrating the logarithm

✤ Property of        in collinear regions: to generate IR 
divergence need to integrate over all loop momenta

<latexit sha1_base64="ZgQV4noQYcRnarFLpLQVRuecR6k=">AAAB+XicbVBNS8NAEJ3Urxq/oh69LDaCp5IURA8eCl4UPFSwttCGsNlu26WbTdjdFEroP/HiQRGv/hNv/hu3bQ7a+mDg8d4MM/OilDOlPe/bKq2tb2xulbftnd29/QPn8OhJJZkktEkSnsh2hBXlTNCmZprTdiopjiNOW9HoZua3xlQqlohHPUlpEOOBYH1GsDZS6Diua+ddgjm6m4b3tuuGTsWrenOgVeIXpAIFGqHz1e0lJIup0IRjpTq+l+ogx1IzwunU7maKppiM8IB2DBU4pirI55dP0ZlReqifSFNCo7n6eyLHsVKTODKdMdZDtezNxP+8Tqb7V0HORJppKshiUT/jSCdoFgPqMUmJ5hNDMJHM3IrIEEtMtAnLNiH4yy+vkqda1b+oeg+1Sv26iKMMJ3AK5+DDJdThFhrQBAJjeIZXeLNy68V6tz4WrSWrmDmGP7A+fwBdSpGD</latexit>

IL

<latexit sha1_base64="TzSsfQKFox3fkpHmSm6iatjsI0E=">AAACCnicbZC7TsMwFIadcivhFmBkMTRIZamSSgjGUhaQOhSJXqQ2ihzXaa06F9kOUhVlZuFVWBhAiJUnYONtcNsM0PJLlj795xzb5/diRoW0rG+tsLK6tr5R3NS3tnd294z9g7aIEo5JC0cs4l0PCcJoSFqSSka6MSco8BjpeOPrab3zQLigUXgvJzFxAjQMqU8xkspyjWPT1NM+RgzeZm6jfFV37bQ/iKTIFDbOdNN0jZJVsWaCy2DnUAK5mq7xpS7ASUBCiRkSomdbsXRSxCXFjGR6PxEkRniMhqSnMEQBEU46WyWDp8oZQD/i6oQSztzfEykKhJgEnuoMkByJxdrU/K/WS6R/6aQ0jBNJQjx/yE8YlBGc5gIHlBMs2UQBwpyqv0I8QhxhqdLTVQj24srL0K5W7POKdVct1ep5HEVwBE5AGdjgAtTADWiCFsDgETyDV/CmPWkv2rv2MW8taPnMIfgj7fMH3fKX0w==</latexit>

IL(AB1. . .ABL)

<latexit sha1_base64="v970e51QSmOCF7flXMo5ORTVYgs=">AAACEHicbZC7TsMwFIadcivhFmBksWgQZaBKKiEYS1lA6lAkepHaKHJcp7XqXGQ7SFWUR2DhVVgYQIiVkY23wW0zQOGXLH36zzm2z+/FjAppWV9aYWl5ZXWtuK5vbG5t7xi7e20RJRyTFo5YxLseEoTRkLQklYx0Y05Q4DHS8cZX03rnnnBBo/BOTmLiBGgYUp9iJJXlGsemqad9jBi8ydxG+bLu2ml/EEmRKUwb6WlmZye6abpGyapYM8G/YOdQArmarvGprsFJQEKJGRKiZ1uxdFLEJcWMZHo/ESRGeIyGpKcwRAERTjpbKINHyhlAP+LqhBLO3J8TKQqEmASe6gyQHInF2tT8r9ZLpH/hpDSME0lCPH/ITxiUEZymAweUEyzZRAHCnKq/QjxCHGGpMtRVCPbiyn+hXa3YZxXrtlqq1fM4iuAAHIIysME5qIFr0AQtgMEDeAIv4FV71J61N+193lrQ8pl98EvaxzeD15pd</latexit>

IL(AB1. . .ABL�1)

<latexit sha1_base64="dHcgXARGzme7c6zXPHnGP3Ppfog=">AAAB/3icbVDLSsNAFJ34rPEVFdy4GWyEuilJQXRZ60bBRQX7gDaEyXTSDp1MwsxEKLELf8WNC0Xc+hvu/BunbRbaeuDC4Zx7ufeeIGFUKsf5NpaWV1bX1gsb5ubW9s6utbfflHEqMGngmMWiHSBJGOWkoahipJ0IgqKAkVYwvJr4rQciJI35vRolxItQn9OQYqS05FuHtm1mXYwYvBn7t6XLmu+emrbtW0Wn7EwBF4mbkyLIUfetr24vxmlEuMIMSdlxnUR5GRKKYkbGZjeVJEF4iPqkoylHEZFeNr1/DE+00oNhLHRxBafq74kMRVKOokB3RkgN5Lw3Ef/zOqkKL7yM8iRVhOPZojBlUMVwEgbsUUGwYiNNEBZU3wrxAAmElY7M1CG48y8vkmal7J6VnbtKsVrL4yiAI3AMSsAF56AKrkEdNAAGj+AZvII348l4Md6Nj1nrkpHPHIA/MD5/AHjikyk=</latexit>

IL(AB1)

<latexit sha1_base64="/PCmZ5Tjv8mwc2tjCNP1lnCxNAQ=">AAAB+XicbVBNS8NAFHypXzV+RT16CTaCp5IURI9FLx4r2FZoQ9lsN+3SzW7Y3bSU0H/ixYMiXv0n3vw3btsctHVgYZh5w3s7Ucqo0r7/bZU2Nre2d8q79t7+weGRc3zSUiKTmDSxYEI+RUgRRjlpaqoZeUolQUnESDsa3c399phIRQV/1NOUhAkacBpTjLSReo7jeXa3LyYcSSkmtuf1nIpf9Rdw10lQkAoUaPScL5PHWUK4xgwp1Qn8VIc5kppiRmZ2N1MkRXiEBqRjKEcJUWG+uHzmXhil78ZCmse1u1B/J3KUKDVNIjOZID1Uq95c/M/rZDq+CXPK00wTjpeL4oy5WrjzGtw+lQRrNjUEYUnNrS4eIomwNmXZpoRg9cvrpFWrBldV/6FWqd8WdZThDM7hEgK4hjrcQwOagGEMz/AKb1ZuvVjv1sdytGQVmVP4A+vzB1+8kjA=</latexit>

#
<latexit sha1_base64="/PCmZ5Tjv8mwc2tjCNP1lnCxNAQ=">AAAB+XicbVBNS8NAFHypXzV+RT16CTaCp5IURI9FLx4r2FZoQ9lsN+3SzW7Y3bSU0H/ixYMiXv0n3vw3btsctHVgYZh5w3s7Ucqo0r7/bZU2Nre2d8q79t7+weGRc3zSUiKTmDSxYEI+RUgRRjlpaqoZeUolQUnESDsa3c399phIRQV/1NOUhAkacBpTjLSReo7jeXa3LyYcSSkmtuf1nIpf9Rdw10lQkAoUaPScL5PHWUK4xgwp1Qn8VIc5kppiRmZ2N1MkRXiEBqRjKEcJUWG+uHzmXhil78ZCmse1u1B/J3KUKDVNIjOZID1Uq95c/M/rZDq+CXPK00wTjpeL4oy5WrjzGtw+lQRrNjUEYUnNrS4eIomwNmXZpoRg9cvrpFWrBldV/6FWqd8WdZThDM7hEgK4hjrcQwOagGEMz/AKb1ZuvVjv1sdytGQVmVP4A+vzB1+8kjA=</latexit>

#

<latexit sha1_base64="/PCmZ5Tjv8mwc2tjCNP1lnCxNAQ=">AAAB+XicbVBNS8NAFHypXzV+RT16CTaCp5IURI9FLx4r2FZoQ9lsN+3SzW7Y3bSU0H/ixYMiXv0n3vw3btsctHVgYZh5w3s7Ucqo0r7/bZU2Nre2d8q79t7+weGRc3zSUiKTmDSxYEI+RUgRRjlpaqoZeUolQUnESDsa3c399phIRQV/1NOUhAkacBpTjLSReo7jeXa3LyYcSSkmtuf1nIpf9Rdw10lQkAoUaPScL5PHWUK4xgwp1Qn8VIc5kppiRmZ2N1MkRXiEBqRjKEcJUWG+uHzmXhil78ZCmse1u1B/J3KUKDVNIjOZID1Uq95c/M/rZDq+CXPK00wTjpeL4oy5WrjzGtw+lQRrNjUEYUnNrS4eIomwNmXZpoRg9cvrpFWrBldV/6FWqd8WdZThDM7hEgK4hjrcQwOagGEMz/AKb1ZuvVjv1sdytGQVmVP4A+vzB1+8kjA=</latexit>

#

<latexit sha1_base64="/PCmZ5Tjv8mwc2tjCNP1lnCxNAQ=">AAAB+XicbVBNS8NAFHypXzV+RT16CTaCp5IURI9FLx4r2FZoQ9lsN+3SzW7Y3bSU0H/ixYMiXv0n3vw3btsctHVgYZh5w3s7Ucqo0r7/bZU2Nre2d8q79t7+weGRc3zSUiKTmDSxYEI+RUgRRjlpaqoZeUolQUnESDsa3c399phIRQV/1NOUhAkacBpTjLSReo7jeXa3LyYcSSkmtuf1nIpf9Rdw10lQkAoUaPScL5PHWUK4xgwp1Qn8VIc5kppiRmZ2N1MkRXiEBqRjKEcJUWG+uHzmXhil78ZCmse1u1B/J3KUKDVNIjOZID1Uq95c/M/rZDq+CXPK00wTjpeL4oy5WrjzGtw+lQRrNjUEYUnNrS4eIomwNmXZpoRg9cvrpFWrBldV/6FWqd8WdZThDM7hEgK4hjrcQwOagGEMz/AKb1ZuvVjv1sdytGQVmVP4A+vzB1+8kjA=</latexit>

#
<latexit sha1_base64="aIf4uMzUvDgzGaN2bfccl83ziPw=">AAAB83icbVBNS8NAEJ3Urxq/qh69LDaCp5IURI9FLx4r2FpoQtlsNu3SzSbsbgol9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcaZ0q77bVU2Nre2d6q79t7+weFR7fikq9JcEtohKU9lL8SKciZoRzPNaS+TFCchp0/h+G7uP02oVCwVj3qa0SDBQ8FiRrA2ku84tj+JUq1sxxnU6m7DXQCtE68kdSjRHtS+/CgleUKFJhwr1ffcTAcFlpoRTme2nyuaYTLGQ9o3VOCEqqBY3DxDF0aJUJxKU0Kjhfp7osCJUtMkNJ0J1iO16s3F/7x+ruOboGAiyzUVZLkozjnSKZoHgCImKdF8aggmkplbERlhiYk2MdkmBG/15XXSbTa8q4b70Ky3bss4qnAG53AJHlxDC+6hDR0gkMEzvMKblVsv1rv1sWytWOXMKfyB9fkDrauQJA==</latexit>...

<latexit sha1_base64="1xFVx2U3bTmuPvGHWp08hudGYAo=">AAAB8XicbVBNS8NAEJ3Urxq/qh69LDaCp5IURI+1Xjx4qGA/sA1ls920SzebsLsRSui/8OJBEa/+G2/+G7dtDtr6YODx3gwz84KEM6Vd99sqrK1vbG4Vt+2d3b39g9LhUUvFqSS0SWIey06AFeVM0KZmmtNOIimOAk7bwfhm5refqFQsFg96klA/wkPBQkawNtKj49jX9f6d7Tj9UtmtuHOgVeLlpAw5Gv3SV28QkzSiQhOOlep6bqL9DEvNCKdTu5cqmmAyxkPaNVTgiCo/m188RWdGGaAwlqaERnP190SGI6UmUWA6I6xHatmbif953VSHV37GRJJqKshiUZhypGM0ex8NmKRE84khmEhmbkVkhCUm2oRkmxC85ZdXSata8S4q7n21XKvncRThBE7hHDy4hBrcQgOaQEDAM7zCm6WsF+vd+li0Fqx85hj+wPr8AUftjrI=</latexit>

ABL

<latexit sha1_base64="Z4Zwwrs94CiomzXwa7Meg9lJEdI=">AAAB8XicbVBNS8NAEJ3Urxq/qh69LDaCp5IUih5rvXisYD+wDWWz3bRLN5uwuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzgoQzpV332ypsbG5t7xR37b39g8Oj0vFJW8WpJLRFYh7LboAV5UzQlmaa024iKY4CTjvB5Hbud56oVCwWD3qaUD/CI8FCRrA20qPj2DeNgWc7zqBUdivuAmideDkpQ47moPTVH8YkjajQhGOlep6baD/DUjPC6czup4ommEzwiPYMFTiiys8WF8/QhVGGKIylKaHRQv09keFIqWkUmM4I67Fa9ebif14v1eG1nzGRpJoKslwUphzpGM3fR0MmKdF8aggmkplbERljiYk2IdkmBG/15XXSrla8WsW9r5brjTyOIpzBOVyCB1dQhztoQgsICHiGV3izlPVivVsfy9aClc+cwh9Ynz8esI6X</latexit>

AB1

integrate over

integrate over

rational function

all are
IR finite

IR divergent

Ideal object to study
<latexit sha1_base64="lRU+U5XdSyYz1EfoLXbu2ywQS+I=">AAACEnicbZDLSsNAFIYnXmu8RV26GWyFdlOSguiyVhAFFxXsBZoQJtNpO3RycWZSqKHP4MZXceNCEbeu3Pk2TtostPWHgZ/vnMOZ83sRo0Ka5re2tLyyurae29A3t7Z3do29/aYIY45JA4cs5G0PCcJoQBqSSkbaESfI9xhpecOLtN4aES5oGNzJcUQcH/UD2qMYSYVco1Qo6ImNEYOXE/em+FCCNrmP6QjO4HUKz2slvVBwjbxZNqeCi8bKTB5kqrvGl90NceyTQGKGhOhYZiSdBHFJMSMT3Y4FiRAeoj7pKBsgnwgnmZ40gceKdGEv5OoFEk7p74kE+UKMfU91+kgOxHwthf/VOrHsnTkJDaJYkgDPFvViBmUI03xgl3KCJRsrgzCn6q8QDxBHWKoUdRWCNX/yomlWytZJ2byt5Ku1LI4cOARHoAgscAqq4ArUQQNg8AiewSt40560F+1d+5i1LmnZzAH4I+3zB/YLmn0=</latexit>

FL(z) ⌘ IL(AB)

interesting trascendental function
depends on a single cross-ratio

<latexit sha1_base64="KvlqB5W22THtcVq9if8YV8pcqF0="></latexit>

z =
hAB12ihAB34i
hAB23ihAB14i

<latexit sha1_base64="XUaECKPqrJ3046SbMeyYk+Uubkk=">AAAB9HicbVBNS8NAEJ3Urxq/qh69LDaCp5IURI9FLx4UKtgPaEPZbDft0s0m7m4KJfR3ePGgiFd/jDf/jds2B219MPB4b4aZeUHCmdKu+20V1tY3NreK2/bO7t7+QenwqKniVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHQz81tjKhWLxaOeJNSP8ECwkBGsjeQ7jt3lAt337mzH6ZXKbsWdA60SLydlyFHvlb66/ZikERWacKxUx3MT7WdYakY4ndrdVNEEkxEe0I6hAkdU+dn86Ck6M0ofhbE0JTSaq78nMhwpNYkC0xlhPVTL3kz8z+ukOrzyMyaSVFNBFovClCMdo1kCqM8kJZpPDMFEMnMrIkMsMdEmJ9uE4C2/vEqa1Yp3UXEfquXadR5HEU7gFM7Bg0uowS3UoQEEnuAZXuHNGlsv1rv1sWgtWPnMMfyB9fkDdXiP8A==</latexit>

lnML

integrate over

integrate over

<latexit sha1_base64="aIf4uMzUvDgzGaN2bfccl83ziPw=">AAAB83icbVBNS8NAEJ3Urxq/qh69LDaCp5IURI9FLx4r2FpoQtlsNu3SzSbsbgol9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcaZ0q77bVU2Nre2d6q79t7+weFR7fikq9JcEtohKU9lL8SKciZoRzPNaS+TFCchp0/h+G7uP02oVCwVj3qa0SDBQ8FiRrA2ku84tj+JUq1sxxnU6m7DXQCtE68kdSjRHtS+/CgleUKFJhwr1ffcTAcFlpoRTme2nyuaYTLGQ9o3VOCEqqBY3DxDF0aJUJxKU0Kjhfp7osCJUtMkNJ0J1iO16s3F/7x+ruOboGAiyzUVZLkozjnSKZoHgCImKdF8aggmkplbERlhiYk2MdkmBG/15XXSbTa8q4b70Ky3bss4qnAG53AJHlxDC+6hDR0gkMEzvMKblVsv1rv1sWytWOXMKfyB9fkDrauQJA==</latexit>...

<latexit sha1_base64="6MvGD/mcSqRBpmIfBzoPCGSLThs=">AAAB+XicbVDLSsNAFL3xWeMr6tLNYCO4sSQF0WWtGxcuKtgHtCFMppN26OTBzKRQQv/EjQtF3Pon7vwbp20W2nrgwuGce7n3niDlTCrH+TbW1jc2t7ZLO+bu3v7BoXV03JJJJghtkoQnohNgSTmLaVMxxWknFRRHAaftYHQ389tjKiRL4ic1SakX4UHMQkaw0pJvWbZt3tb9/CG/nLpT07Z9q+xUnDnQKnELUoYCDd/66vUTkkU0VoRjKbuukyovx0IxwunU7GWSppiM8IB2NY1xRKWXzy+fonOt9FGYCF2xQnP190SOIyknUaA7I6yGctmbif953UyFN17O4jRTNCaLRWHGkUrQLAbUZ4ISxSeaYCKYvhWRIRaYKB2WqUNwl19eJa1qxb2qOI/Vcq1exFGCUziDC3DhGmpwDw1oAoExPMMrvBm58WK8Gx+L1jWjmDmBPzA+fwAyRJFt</latexit>

ABL�1

<latexit sha1_base64="8VcY90FMKOg4kjhhMFtfAdhNeYU=">AAAB8XicbVBNS8NAEJ3Urxq/qh69LDaCp5IUih5rvXisYD+wDWWz3bRLN5uwuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzgoQzpV332ypsbG5t7xR37b39g8Oj0vFJW8WpJLRFYh7LboAV5UzQlmaa024iKY4CTjvB5Hbud56oVCwWD3qaUD/CI8FCRrA20qPj2DeNQdV2nEGp7FbcBdA68XJShhzNQemrP4xJGlGhCcdK9Tw30X6GpWaE05ndTxVNMJngEe0ZKnBElZ8tLp6hC6MMURhLU0Kjhfp7IsORUtMoMJ0R1mO16s3F/7xeqsNrP2MiSTUVZLkoTDnSMZq/j4ZMUqL51BBMJDO3IjLGEhNtQrJNCN7qy+ukXa14tYp7Xy3XG3kcRTiDc7gED66gDnfQhBYQEPAMr/BmKevFerc+lq0FK585hT+wPn8AIDeOmA==</latexit>

AB2

<latexit sha1_base64="j0xOWWtrBs9zA0VgQGeoyLwgfnM="></latexit>

F(g, z) =
1X

L=1

g2LFL(z)

Non-perturbative finite object
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Relation to Wilson loops

✤ Same object appeared earlier in the context of Wilson loops

<latexit sha1_base64="hdE7k15mNvk0nEo4pvk1uJlxQAs=">AAACCnicbVDLSsNAFJ34rPEVdelmtBFa0JIUREGEolBcVrAPaGOZTKfp0MmDmYnQhq7d+CtuXCji1i9w5984bbPQ1gMXDufcy733uBGjQlrWt7awuLS8sppZ09c3Nre2jZ3dmghjjkkVhyzkDRcJwmhAqpJKRhoRJ8h3Gam7/euxX38gXNAwuJODiDg+8gLapRhJJbWNA9PUyznvYpiHl/DEuy/CpIURg+VRzjse5nXTbBtZq2BNAOeJnZIsSFFpG1+tTohjnwQSMyRE07Yi6SSIS4oZGemtWJAI4T7ySFPRAPlEOMnklRE8UkoHdkOuKpBwov6eSJAvxMB3VaePZE/MemPxP68Zy+65k9AgiiUJ8HRRN2ZQhnCcC+xQTrBkA0UQ5lTdCnEPcYSlSk9XIdizL8+TWrFgnxas22K2dJXGkQH74BDkgA3OQAncgAqoAgwewTN4BW/ak/aivWsf09YFLZ3ZA3+gff4Af6+WVw==</latexit>

F (g; z) = �g2F(g, z)

(Alday, Buchbinder, Tseytlin, 2011)(Englund, Roiban, 2011)

strong coupling: expansion in          (string tension) 
<latexit sha1_base64="aBPrx7OrDEatrNsbhsRm/2w/Eks="></latexit>

F(g, z) = g
z

(z � 1)3
[2(1� z) + (z + 1) log z] + · · ·+O

✓
1

g

◆

weak coupling: expansion in 

<latexit sha1_base64="9ttbxGmaR9euZdrjUCZH+DU1yeE="></latexit>

F(g, z) = 1 + g2(log2 z + ⇡2) + . . .

(Alday, Henn, Sikorowski, 2013)

<latexit sha1_base64="dBYxyfu+rhNUlnEO2+a17wc9Pyg=">AAACBXicbVDLSsNAFJ3UV42vqEtdDDZCXViSguhGKLpxWcE+oI1hMp22004ezEykJWTjxl9x40IRt/6DO//GaZuFth64cDjnXu69x4sYFdKyvrXc0vLK6lp+Xd/Y3NreMXb36iKMOSY1HLKQNz0kCKMBqUkqGWlGnCDfY6ThDa8nfuOBcEHD4E6OI+L4qBfQLsVIKsk1Dk1TH7kJHaTwEhZHLk1O05E7OLkv66bpGgWrZE0BF4mdkQLIUHWNr3YnxLFPAokZEqJlW5F0EsQlxYykejsWJEJ4iHqkpWiAfCKcZPpFCo+V0oHdkKsKJJyqvycS5Asx9j3V6SPZF/PeRPzPa8Wye+EkNIhiSQI8W9SNGZQhnEQCO5QTLNlYEYQ5VbdC3EccYamC01UI9vzLi6ReLtlnJeu2XKhcZXHkwQE4AkVgg3NQATegCmoAg0fwDF7Bm/akvWjv2sesNadlM/vgD7TPH5WFlg8=</latexit>

xij = (xi�xj)
2

(Alday, Heslop, Sikorowski, 2012)

Lagrangian
insertion

<latexit sha1_base64="qjD3O5zw/XTsioHgyHS/x4ufRwQ=">AAAB8HicbVBNSwMxEJ2tX3X9qnr0EuwKnspuQfRY9OKxgv2Qdi3ZNNuGJtklyQql9Fd48aCIV3+ON/+NabsHbX0w8Hhvhpl5UcqZNr7/7RTW1jc2t4rb7s7u3v5B6fCoqZNMEdogCU9UO8KaciZpwzDDaTtVFIuI01Y0upn5rSeqNEvkvRmnNBR4IFnMCDZWevA8d/BYdT2vVyr7FX8OtEqCnJQhR71X+ur2E5IJKg3hWOtO4KcmnGBlGOF06nYzTVNMRnhAO5ZKLKgOJ/ODp+jMKn0UJ8qWNGiu/p6YYKH1WES2U2Az1MveTPzP62QmvgonTKaZoZIsFsUZRyZBs+9RnylKDB9bgoli9lZEhlhhYmxGrg0hWH55lTSrleCi4t9Vy7XrPI4inMApnEMAl1CDW6hDAwgIeIZXeHOU8+K8Ox+L1oKTzxzDHzifP84djnE=</latexit>

g2

<latexit sha1_base64="MiGbu0YHDEtppv7/w+OrGN6LVBE=">AAAB8HicbVBNSwMxEJ2tX3X9qnr0EuwKnupuQfRY9OKxgv2QdinZNNuGJtklyQql9Fd48aCIV3+ON/+NabsHbX0w8Hhvhpl5UcqZNr7/7RTW1jc2t4rb7s7u3v5B6fCoqZNMEdogCU9UO8KaciZpwzDDaTtVFIuI01Y0up35rSeqNEvkgxmnNBR4IFnMCDZWevQ8N7gYuJ7XK5X9ij8HWiVBTsqQo94rfXX7CckElYZwrHUn8FMTTrAyjHA6dbuZpikmIzygHUslFlSHk/nBU3RmlT6KE2VLGjRXf09MsNB6LCLbKbAZ6mVvJv7ndTITX4cTJtPMUEkWi+KMI5Og2feozxQlho8twUQxeysiQ6wwMTYj14YQLL+8SprVSnBZ8e+r5dpNHkcRTuAUziGAK6jBHdShAQQEPMMrvDnKeXHenY9Fa8HJZ47hD5zPH4QyjkE=</latexit>

1/g
(Alday, Buchbinder, Tseytlin, 2011)
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Cusp anomalous dimension

✤ After integrating               we recover 
<latexit sha1_base64="vBTr6p9+wWVwLhOHjiFxorQami8=">AAAB/HicbVDLSsNAFL2prxpf0S7dDDZCBSlJQXRZFMRlBfuANpTJdNIOnTyYmQg11F9x40IRt36IO//GaZuFVg9cOJxzL/fe4yecSeU4X0ZhZXVtfaO4aW5t7+zuWfsHLRmngtAmiXksOj6WlLOINhVTnHYSQXHoc9r2x1czv31PhWRxdKcmCfVCPIxYwAhWWupbJds2sx7BHF1PK8PThxPTtvtW2ak6c6C/xM1JGXI0+tZnbxCTNKSRIhxL2XWdRHkZFooRTqdmL5U0wWSMh7SraYRDKr1sfvwUHWtlgIJY6IoUmqs/JzIcSjkJfd0ZYjWSy95M/M/rpiq48DIWJamiEVksClKOVIxmSaABE5QoPtEEE8H0rYiMsMBE6bxMHYK7/PJf0qpV3bOqc1sr1y/zOIpwCEdQARfOoQ430IAmEJjAE7zAq/FoPBtvxvuitWDkMyX4BePjG+dTklc=</latexit>

F(g, z)
<latexit sha1_base64="iPGCb7koRo8ANw1L0vniO4kd3gY=">AAAB8nicbVBNS8NAEJ3Urxq/qh69LDaCp5IURI9FL16ECrYW0lA22027dLMbdjdCKf0ZXjwo4tVf481/47bNQVsfDDzem2FmXpxxpo3vfzultfWNza3ytruzu7d/UDk8amuZK0JbRHKpOjHWlDNBW4YZTjuZojiNOX2MRzcz//GJKs2keDDjjEYpHgiWMIKNlULPc7tcoDvX83qVql/z50CrJChIFQo0e5Wvbl+SPKXCEI61DgM/M9EEK8MIp1O3m2uaYTLCAxpaKnBKdTSZnzxFZ1bpo0QqW8Kgufp7YoJTrcdpbDtTbIZ62ZuJ/3lhbpKraMJElhsqyGJRknNkJJr9j/pMUWL42BJMFLO3IjLEChNjU3JtCMHyy6ukXa8FFzX/vl5tXBdxlOEETuEcAriEBtxCE1pAQMIzvMKbY5wX5935WLSWnGLmGP7A+fwBIgGPMQ==</latexit>

lnM

leading IR divergence: cusp anomalous dimension
<latexit sha1_base64="49LTOgIIrrxPGheHcxKDnOrAm4o="></latexit>

�cusp(g) =
X

L�1

g2L�(L)
cusp

exact result from integrability
(Beisert, Eden, Staudacher, 2006)

We can extract                  from 
<latexit sha1_base64="9xbkvj1vBGngVEbxhhXXDnJAsAo=">AAACA3icbVDLSsNAFJ3UV42vqDvdDDZC3ZSkILosutBlBfuAJoTJdNIOnUnCzEQooeDGX3HjQhG3/oQ7/8Zpm4W2HrhwOOde7r0nTBmVynG+jdLK6tr6RnnT3Nre2d2z9g/aMskEJi2csER0QyQJozFpKaoY6aaCIB4y0glH11O/80CEpEl8r8Yp8TkaxDSiGCktBdaRbZveDeIcBbknOMSZTCfVwZlp24FVcWrODHCZuAWpgALNwPry+gnOOIkVZkjKnuukys+RUBQzMjG9TJIU4REakJ6mMeJE+vnshwk81UofRonQFSs4U39P5IhLOeah7uRIDeWiNxX/83qZii79nMZppkiM54uijEGVwGkgsE8FwYqNNUFYUH0rxEMkEFY6NlOH4C6+vEza9Zp7XnPu6pXGVRFHGRyDE1AFLrgADXALmqAFMHgEz+AVvBlPxovxbnzMW0tGMXMI/sD4/AHaJ5W5</latexit>

�cusp(g)
<latexit sha1_base64="vBTr6p9+wWVwLhOHjiFxorQami8=">AAAB/HicbVDLSsNAFL2prxpf0S7dDDZCBSlJQXRZFMRlBfuANpTJdNIOnTyYmQg11F9x40IRt36IO//GaZuFVg9cOJxzL/fe4yecSeU4X0ZhZXVtfaO4aW5t7+zuWfsHLRmngtAmiXksOj6WlLOINhVTnHYSQXHoc9r2x1czv31PhWRxdKcmCfVCPIxYwAhWWupbJds2sx7BHF1PK8PThxPTtvtW2ak6c6C/xM1JGXI0+tZnbxCTNKSRIhxL2XWdRHkZFooRTqdmL5U0wWSMh7SraYRDKr1sfvwUHWtlgIJY6IoUmqs/JzIcSjkJfd0ZYjWSy95M/M/rpiq48DIWJamiEVksClKOVIxmSaABE5QoPtEEE8H0rYiMsMBE6bxMHYK7/PJf0qpV3bOqc1sr1y/zOIpwCEdQARfOoQ430IAmEJjAE7zAq/FoPBtvxvuitWDkMyX4BePjG+dTklc=</latexit>

F(g, z)
(Alday, Henn, Sikorowski, 2013)

(Arkani-Hamed, Henn, JT, 2021)

(Henn, Korchemsky, Mistlberger, 2019)
<latexit sha1_base64="Mjm9+JEnx7vri/IeF5XI0kzzs3A="></latexit>

g
@

@g
�cusp(g) = � 1

⇡

Z ⇡

�⇡
d�F (ei�)

<latexit sha1_base64="iPGCb7koRo8ANw1L0vniO4kd3gY=">AAAB8nicbVBNS8NAEJ3Urxq/qh69LDaCp5IURI9FL16ECrYW0lA22027dLMbdjdCKf0ZXjwo4tVf481/47bNQVsfDDzem2FmXpxxpo3vfzultfWNza3ytruzu7d/UDk8amuZK0JbRHKpOjHWlDNBW4YZTjuZojiNOX2MRzcz//GJKs2keDDjjEYpHgiWMIKNlULPc7tcoDvX83qVql/z50CrJChIFQo0e5Wvbl+SPKXCEI61DgM/M9EEK8MIp1O3m2uaYTLCAxpaKnBKdTSZnzxFZ1bpo0QqW8Kgufp7YoJTrcdpbDtTbIZ62ZuJ/3lhbpKraMJElhsqyGJRknNkJJr9j/pMUWL42BJMFLO3IjLEChNjU3JtCMHyy6ukXa8FFzX/vl5tXBdxlOEETuEcAriEBtxCE1pAQMIzvMKbY5wX5935WLSWnGLmGP7A+fwBIgGPMQ==</latexit>

lnM

12/29



Our goal

✤ Focus on              : motivated by the Amplituhedron 
picture we find a new expansion

✤ This expansion will be exact in          but will organize 
contributions differently, based on the “number of 
loops in the loop space”

✤ We will be mainly interested in the strong coupling, so 
far completely inaccessible using our methods

<latexit sha1_base64="vBTr6p9+wWVwLhOHjiFxorQami8=">AAAB/HicbVDLSsNAFL2prxpf0S7dDDZCBSlJQXRZFMRlBfuANpTJdNIOnTyYmQg11F9x40IRt36IO//GaZuFVg9cOJxzL/fe4yecSeU4X0ZhZXVtfaO4aW5t7+zuWfsHLRmngtAmiXksOj6WlLOINhVTnHYSQXHoc9r2x1czv31PhWRxdKcmCfVCPIxYwAhWWupbJds2sx7BHF1PK8PThxPTtvtW2ak6c6C/xM1JGXI0+tZnbxCTNKSRIhxL2XWdRHkZFooRTqdmL5U0wWSMh7SraYRDKr1sfvwUHWtlgIJY6IoUmqs/JzIcSjkJfd0ZYjWSy95M/M/rpiq48DIWJamiEVksClKOVIxmSaABE5QoPtEEE8H0rYiMsMBE6bxMHYK7/PJf0qpV3bOqc1sr1y/zOIpwCEdQARfOoQ430IAmEJjAE7zAq/FoPBtvxvuitWDkMyX4BePjG+dTklc=</latexit>

F(g, z)

<latexit sha1_base64="id+oH2lSSrHQMd5VkrTsydmZMzY=">AAAB8HicbVBNSwMxEJ31s65fVY9egl3Bg5Tdguix6MVjBfsh7VKyabYNTbJLkhVq6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzopQzbXz/21lZXVvf2Cxsuds7u3v7xYPDhk4yRWidJDxRrQhrypmkdcMMp61UUSwiTpvR8GbqNx+p0iyR92aU0lDgvmQxI9hY6cHz3P75k+t53WLJL/szoGUS5KQEOWrd4lenl5BMUGkIx1q3Az814RgrwwinE7eTaZpiMsR92rZUYkF1OJ4dPEGnVumhOFG2pEEz9ffEGAutRyKynQKbgV70puJ/Xjsz8VU4ZjLNDJVkvijOODIJmn6PekxRYvjIEkwUs7ciMsAKE2Mzcm0IweLLy6RRKQcXZf+uUqpe53EU4BhO4AwCuIQq3EIN6kBAwDO8wpujnBfn3fmYt644+cwR/IHz+QPvhY6H</latexit>g, z
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Ladder resummation

✤ Our simplest case we will study later is somewhat 
analogous to the ladder resummation

✤ Integral representation: strong coupling expansion

(Broadhurst, Davydychev, 2010)

exponentially suppressed
<latexit sha1_base64="CtPgcC1hDpEpArsKYHMcIqqGEQY=">AAACCHicbVDLSsNAFJ34rPEVdenCwUZoQUtSEF0oFARxZwX7gDaWyXSaDp08mJkINWTpxl9x40IRt36CO//GaZuFth64cDjnXu69x40YFdKyvrW5+YXFpeXcir66tr6xaWxt10UYc0xqOGQhb7pIEEYDUpNUMtKMOEG+y0jDHVyM/MY94YKGwa0cRsTxkRfQHsVIKqlj7JmmflnwDh+K8BwmbYwYvE4L5C458tKibpodI2+VrDHgLLEzkgcZqh3jq90NceyTQGKGhGjZViSdBHFJMSOp3o4FiRAeII+0FA2QT4STjB9J4YFSurAXclWBhGP190SCfCGGvqs6fST7Ytobif95rVj2Tp2EBlEsSYAni3oxgzKEo1Rgl3KCJRsqgjCn6laI+4gjLFV2ugrBnn55ltTLJfu4ZN2U85WzLI4c2AX7oABscAIq4ApUQQ1g8AiewSt40560F+1d+5i0zmnZzA74A+3zBx0RljU=</latexit>

F (g, z) = O(e�g)

14/29



Negative Amplituhedron geometry
(Arkani-Hamed, Henn, JT 2021)



Positive geometry

✤ Geometric space defined using a set of inequalities

✤ Define a canonical differential form on this space

polynomials parametrize kinematics

⌦(xi) ⇠
dxi

xi
xi = 0near boundary

⌦(xi)

Special form: logarithmic singularities on the boundaries

Amplituhedron: tree-level amplitudes and loop integrands

<latexit sha1_base64="kptNNhreStK1Vfrsdtko67+eYcM=">AAAB/nicbVDLSsNAFL2prxpfUXHlZrAR6qYkBdFl0Y3LCvYBbQiT6bQdOnk4MxFLKPgrblwo4tbvcOffOG2z0NYDFw7n3Mu99wQJZ1I5zrdRWFldW98obppb2zu7e9b+QVPGqSC0QWIei3aAJeUsog3FFKftRFAcBpy2gtH11G89UCFZHN2pcUK9EA8i1mcEKy351pFtm3V/VH702RnqDug9ckzb9q2SU3FmQMvEzUkJctR966vbi0ka0kgRjqXsuE6ivAwLxQinE7ObSppgMsID2tE0wiGVXjY7f4JOtdJD/VjoihSaqb8nMhxKOQ4D3RliNZSL3lT8z+ukqn/pZSxKUkUjMl/UTzlSMZpmgXpMUKL4WBNMBNO3IjLEAhOlEzN1CO7iy8ukWa245xXntlqqXeVxFOEYTqAMLlxADW6gDg0gkMEzvMKb8WS8GO/Gx7y1YOQzh/AHxucP3gWS1w==</latexit>

Pk(xi) � 0
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Four-point Amplituhedron

✤ Configuration of L lines in momentum twistor space

✤ The canonical form on this space

Each line: 4 positive coordinates

(parametrize loop momentum)

<latexit sha1_base64="jyXK4Mf4dHkDzjrpBV4Wjsj78Ts=">AAACAHicbVC7TsMwFHXKq4RXgIGBxaJBYkBVUgnBhCpYGItEH1IbRY7rtFYdJ7IdIERd+BUWBhBi5TPY+BvcNgMUjnSko3PulX1PkDAqleN8GaWFxaXllfKquba+sbllbe+0ZJwKTJo4ZrHoBEgSRjlpKqoY6SSCoChgpB2MLid5+5YISWN+o7KEeBEacBpSjJS2fGvPts17nx5nmg+adz49d0zb9q2KU3WmgH+FW4gKKNDwrc9eP8ZpRLjCDEnZdZ1EeTkSimJGxmYvlSRBeIQGpKslRxGRXj49YAwPtdOHYSw0uYJT9+dGjiIpsyjQkxFSQzmfTcz/sm6qwjMvpzxJFeF49lCYMqhiOGkD9qkgWLFMC4QF1X+FeIgEwkp3ZuoS3PmT/4pWreqeVJ3rWqV+UdRRBvvgABwBF5yCOrgCDdAEGIzBE3gBr8aj8Wy8Ge+z0ZJR7OyCXzA+vgEhbpQr</latexit>

xi, yi, zi, wi > 0

For any pair we get a quadratic constraint
<latexit sha1_base64="LXAKbba0rFg8yQAd3q/4E6owwv8="></latexit>

h(AB)i(AB)ji = �(xi � xj)(wi � wj)� (yi � yj)(zi � zj) > 0

is a 4pt L-loop integrand
<latexit sha1_base64="AwzZhgEd66EcDq1w2pV03AIkuKg=">AAAB+HicbVBNS8NAEN3Urxo/GvXoZbERPJWkIHoRCl68WcHWQhvKZjtpl+4mYXcj1NBf4sWDIl79Kd78N27bHLT1wcDjvRlm5oUpZ0p73rdVWlvf2Nwqb9s7u3v7FefgsK2STFJo0YQnshMSBZzF0NJMc+ikEogIOTyE4+uZ//AIUrEkvteTFAJBhjGLGCXaSH2n4rp271bAkOArbLtu36l6NW8OvEr8glRRgWbf+eoNEpoJiDXlRKmu76U6yInUjHKY2r1MQUromAyha2hMBKggnx8+xadGGeAokaZijefq74mcCKUmIjSdguiRWvZm4n9eN9PRZZCzOM00xHSxKMo41gmepYAHTALVfGIIoZKZWzEdEUmoNlnZJgR/+eVV0q7X/POad1evNhpFHGV0jE7QGfLRBWqgG9RELURRhp7RK3qznqwX6936WLSWrGLmCP2B9fkD7eOQpw==</latexit>

⌦ =
<latexit sha1_base64="SgDR9uDgDfe+OiZfSOEKcNL5OOI=">AAAB9HicbVDLSgNBEOz1GddX1KOXwawgCGE3IHoMevEYwTwgWcLsZDYZMvtwpjcQQr7DiwdFvPox3vwbJ8keNLFgoKjqonsqSKXQ6Lrf1tr6xubWdmHH3t3bPzgsHh03dJIpxusskYlqBVRzKWJeR4GSt1LFaRRI3gyGdzO/OeJKiyR+xHHK/Yj2YxEKRtFIvuPYl6TTS1DbjtMtltyyOwdZJV5OSpCj1i1+mSjLIh4jk1Trtuem6E+oQsEkn9qdTPOUsiHt87ahMY249ifzo6fk3Cg9EibKvBjJXP2dmNBI63EUmMmI4kAvezPxP6+dYXjjT0ScZshjtlgUZpJgQmYNkJ5QnKEcG0KZEuZWwgZUUYamJ9uU4C1/eZU0KmXvquw+VErV27yOApzCGVyAB9dQhXuoQR0YPMEzvMKbNbJerHfrYzG6ZuWZE/gD6/MHkLiQAw==</latexit>

+ . . .
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✤ We introduce a graphical notation:

✤ We denote the dlog form on the two-loop space

✤ The L-loop integrand dlog form: complete graph 

Graphical notation

vertex: loop line 
blue dashed link: mutual positivity condition

<latexit sha1_base64="CCJy1X04RtJmdfBajeHdSxNJVfg=">AAAB83icbVBNS8NAEJ3Urxq/qh69LDZCvZSkUPRY9eKxgv2ANpTNdtMu3WzC7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMCxLOlHbdb6uwsbm1vVPctff2Dw6PSscnbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek7u533miUrFYPOppQv0IjwQLGcHaSH3HsSs3t5cDZjvOoFR2q+4CaJ14OSlDjuag9NUfxiSNqNCEY6V6nptoP8NSM8LpzO6niiaYTPCI9gwVOKLKzxY3z9CFUYYojKUpodFC/T2R4UipaRSYzgjrsVr15uJ/Xi/V4bWfMZGkmgqyXBSmHOkYzQNAQyYp0XxqCCaSmVsRGWOJiTYx2SYEb/XlddKuVb161X2olRuNPI4inME5VMCDK2jAPTShBQQSeIZXeLNS68V6tz6WrQUrnzmFP7A+fwA7k48y</latexit>

(AB)i
<latexit sha1_base64="wGsUtu7HljbLvMozTE3rkIGfDeg=">AAACD3icbVC7TsMwFHXKq4RXgJHFogGVpUoqIZhQgYWxSPQhNVHkuG5r6jiR7SBVVf+AhV9hYQAhVlY2/ga3yQAtR7q6R+fcK/ueMGFUKsf5NgpLyyura8V1c2Nza3vH2t1ryjgVmDRwzGLRDpEkjHLSUFQx0k4EQVHISCscXk/91gMRksb8To0S4keoz2mPYqS0FFjHtm16DPE+I7B8eXUS0KzdeyITL6Bj2nZglZyKMwNcJG5OSiBHPbC+vG6M04hwhRmSsuM6ifLHSCiKGZmYXipJgvAQ9UlHU44iIv3x7J4JPNJKF/ZioYsrOFN/b4xRJOUoCvVkhNRAzntT8T+vk6reuT+mPEkV4Th7qJcyqGI4DQd2qSBYsZEmCAuq/wrxAAmElY7Q1CG48ycvkma14p5WnNtqqVbL4yiCA3AIysAFZ6AGbkAdNAAGj+AZvII348l4Md6Nj2y0YOQ7++APjM8fnXKYlg==</latexit>

h(AB)i(AB)ji > 0

<latexit sha1_base64="5mr3JlIRDVLDGhja7oB3V6oqaL4=">AAAB83icbVBNS8NAEJ3Urxq/qh69LDZCvZSkIHqs9eKxgv2ANpTNdtMu3WzC7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMCxLOlHbdb6uwsbm1vVPctff2Dw6PSscnbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek7u533miUrFYPOppQv0IjwQLGcHaSH3HsSu3jcuBZzvOoFR2q+4CaJ14OSlDjuag9NUfxiSNqNCEY6V6nptoP8NSM8LpzO6niiaYTPCI9gwVOKLKzxY3z9CFUYYojKUpodFC/T2R4UipaRSYzgjrsVr15uJ/Xi/V4Y2fMZGkmgqyXBSmHOkYzQNAQyYp0XxqCCaSmVsRGWOJiTYx2SYEb/XlddKuVb2rqvtQK9cbeRxFOINzqIAH11CHe2hCCwgk8Ayv8Gal1ov1bn0sWwtWPnMKf2B9/gDmlo78</latexit>

(AB)1
<latexit sha1_base64="prY3hRFGgMzUYRSMDvKldLwQvLI=">AAAB83icbVBNS8NAEJ3Urxq/qh69LDZCvZSkIHrwUPXisYL9gDaUzXbTLt1swu5GKKF/w4sHRbz6Z7z5b9y2OWjrg4HHezPMzAsSzpR23W+rsLa+sblV3LZ3dvf2D0qHRy0Vp5LQJol5LDsBVpQzQZuaaU47iaQ4CjhtB+O7md9+olKxWDzqSUL9CA8FCxnB2kg9x7ErN7fn/ZrtOP1S2a26c6BV4uWkDDka/dJXbxCTNKJCE46V6npuov0MS80Ip1O7lyqaYDLGQ9o1VOCIKj+b3zxFZ0YZoDCWpoRGc/X3RIYjpSZRYDojrEdq2ZuJ/3ndVIdXfsZEkmoqyGJRmHKkYzQLAA2YpETziSGYSGZuRWSEJSbaxGSbELzll1dJq1b1LqruQ61cv87jKMIJnEIFPLiEOtxDA5pAIIFneIU3K7VerHfrY9FasPKZY/gD6/MH5k+O9w==</latexit>

(AB)2

we can have a simpler
positive geometry 
with fewer links
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✤ Replace positive “links” by negative

✤ New formula for L-loop integrand dlog form:

Negative geometries

sum over all graphs

<latexit sha1_base64="1LTUcQexfMAi69vR3aViaiCjQZo=">AAACDnicbVC7TsMwFHXKq4RXgJHFoqlUliqphGBAqMDCWCT6kNoqclynNXWcyHaQqqhfwMKvsDCAECszG3+Dm2aAwpHu1dE598q+x48ZlcpxvozC0vLK6lpx3dzY3NresXb3WjJKBCZNHLFIdHwkCaOcNBVVjHRiQVDoM9L2x1czv31PhKQRv1WTmPRDNOQ0oBgpLXlW2bbNHkN8yAisXFweeTTrdz0x186hY9q2Z5WcqpMB/iVuTkogR8OzPnuDCCch4QozJGXXdWLVT5FQFDMyNXuJJDHCYzQkXU05Consp9k5U1jWygAGkdDFFczUnxspCqWchL6eDJEayUVvJv7ndRMVnPZTyuNEEY7nDwUJgyqCs2zggAqCFZtogrCg+q8Qj5BAWOkETR2Cu3jyX9KqVd3jqnNTK9XP8jiK4AAcggpwwQmog2vQAE2AwQN4Ai/g1Xg0no03430+WjDynX3wC8bHNz8WmGg=</latexit>

h(AB)i(AB)ji > 0
<latexit sha1_base64="9Rw1OJvoyLGwoEBNWFO3fngwd9M=">AAACDnicbVC7TsMwFHXKq4RXgJHFoqlUliqphGDoUGBhLBJ9SE1UOa7bmjpOZDtIVdQvYOFXWBhAiJWZjb/BTTNA4Uj36uice2XfE8SMSuU4X0ZhZXVtfaO4aW5t7+zuWfsHbRklApMWjlgkugGShFFOWooqRrqxICgMGOkEk6u537knQtKI36ppTPwQjTgdUoyUlvpW2bZNjyE+YgRWLi5P+jTrd55YaHXomLbdt0pO1ckA/xI3JyWQo9m3Pr1BhJOQcIUZkrLnOrHyUyQUxYzMTC+RJEZ4gkakpylHIZF+mp0zg2WtDOAwErq4gpn6cyNFoZTTMNCTIVJjuezNxf+8XqKG535KeZwowvHioWHCoIrgPBs4oIJgxaaaICyo/ivEYyQQVjpBU4fgLp/8l7RrVfe06tzUSo16HkcRHIFjUAEuOAMNcA2aoAUweABP4AW8Go/Gs/FmvC9GC0a+cwh+wfj4BjwEmGY=</latexit>

h(AB)i(AB)ji < 0 no mutual

<latexit sha1_base64="OM2PWa574ATjpAKOqfyPDYzC90E=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LDaCp5IURA8eCl48VrAf0Iay2W7apZvNsrsRSuiP8OJBEa/+Hm/+G7dtDtr6YODx3gwz8yLJmTa+/+2UNja3tnfKu+7e/sHhUeX4pK3TTBHaIilPVTfCmnImaMsww2lXKoqTiNNONLmb+50nqjRLxaOZShomeCRYzAg2Vup4nstczxtUqn7NXwCtk6AgVSjQHFS++sOUZAkVhnCsdS/wpQlzrAwjnM7cfqapxGSCR7RnqcAJ1WG+OHeGLqwyRHGqbAmDFurviRwnWk+TyHYm2Iz1qjcX//N6mYlvwpwJmRkqyHJRnHFkUjT/HQ2ZosTwqSWYKGZvRWSMFSbGJuTaEILVl9dJu14Lrmr+Q73auC3iKMMZnMMlBHANDbiHJrSAwASe4RXeHOm8OO/Ox7K15BQzp/AHzucPp6yNyQ==</latexit>

i
<latexit sha1_base64="OM2PWa574ATjpAKOqfyPDYzC90E=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LDaCp5IURA8eCl48VrAf0Iay2W7apZvNsrsRSuiP8OJBEa/+Hm/+G7dtDtr6YODx3gwz8yLJmTa+/+2UNja3tnfKu+7e/sHhUeX4pK3TTBHaIilPVTfCmnImaMsww2lXKoqTiNNONLmb+50nqjRLxaOZShomeCRYzAg2Vup4nstczxtUqn7NXwCtk6AgVSjQHFS++sOUZAkVhnCsdS/wpQlzrAwjnM7cfqapxGSCR7RnqcAJ1WG+OHeGLqwyRHGqbAmDFurviRwnWk+TyHYm2Iz1qjcX//N6mYlvwpwJmRkqyHJRnHFkUjT/HQ2ZosTwqSWYKGZvRWSMFSbGJuTaEILVl9dJu14Lrmr+Q73auC3iKMMZnMMlBHANDbiHJrSAwASe4RXeHOm8OO/Ox7K15BQzp/AHzucPp6yNyQ==</latexit>

i
<latexit sha1_base64="OM2PWa574ATjpAKOqfyPDYzC90E=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LDaCp5IURA8eCl48VrAf0Iay2W7apZvNsrsRSuiP8OJBEa/+Hm/+G7dtDtr6YODx3gwz8yLJmTa+/+2UNja3tnfKu+7e/sHhUeX4pK3TTBHaIilPVTfCmnImaMsww2lXKoqTiNNONLmb+50nqjRLxaOZShomeCRYzAg2Vup4nstczxtUqn7NXwCtk6AgVSjQHFS++sOUZAkVhnCsdS/wpQlzrAwjnM7cfqapxGSCR7RnqcAJ1WG+OHeGLqwyRHGqbAmDFurviRwnWk+TyHYm2Iz1qjcX//N6mYlvwpwJmRkqyHJRnHFkUjT/HQ2ZosTwqSWYKGZvRWSMFSbGJuTaEILVl9dJu14Lrmr+Q73auC3iKMMZnMMlBHANDbiHJrSAwASe4RXeHOm8OO/Ox7K15BQzp/AHzucPp6yNyQ==</latexit>

i
<latexit sha1_base64="Zc30THWJZzQSzrdhQiyWQAgmPrY=">AAAB7nicbVBNS8NAEJ34WeNX1aOXxUbwVJKC6MFDwYvHCvYD2lA22027dncTdjdCCf0RXjwo4tXf481/47bNQVsfDDzem2FmXpRypo3vfztr6xubW9ulHXd3b//gsHx03NJJpghtkoQnqhNhTTmTtGmY4bSTKopFxGk7Gt/O/PYTVZol8sFMUhoKPJQsZgQbK7U9z310Pa9frvhVfw60SoKCVKBAo1/+6g0SkgkqDeFY627gpybMsTKMcDp1e5mmKSZjPKRdSyUWVIf5/NwpOrfKAMWJsiUNmqu/J3IstJ6IyHYKbEZ62ZuJ/3ndzMTXYc5kmhkqyWJRnHFkEjT7HQ2YosTwiSWYKGZvRWSEFSbGJuTaEILll1dJq1YNLqv+fa1SvyniKMEpnMEFBHAFdbiDBjSBwBie4RXenNR5cd6dj0XrmlPMnMAfOJ8/qTONyg==</latexit>

j
<latexit sha1_base64="Zc30THWJZzQSzrdhQiyWQAgmPrY=">AAAB7nicbVBNS8NAEJ34WeNX1aOXxUbwVJKC6MFDwYvHCvYD2lA22027dncTdjdCCf0RXjwo4tXf481/47bNQVsfDDzem2FmXpRypo3vfztr6xubW9ulHXd3b//gsHx03NJJpghtkoQnqhNhTTmTtGmY4bSTKopFxGk7Gt/O/PYTVZol8sFMUhoKPJQsZgQbK7U9z310Pa9frvhVfw60SoKCVKBAo1/+6g0SkgkqDeFY627gpybMsTKMcDp1e5mmKSZjPKRdSyUWVIf5/NwpOrfKAMWJsiUNmqu/J3IstJ6IyHYKbEZ62ZuJ/3ndzMTXYc5kmhkqyWJRnHFkEjT7HQ2YosTwiSWYKGZvRWSEFSbGJuTaEILll1dJq1YNLqv+fa1SvyniKMEpnMEFBHAFdbiDBjSBwBie4RXenNR5cd6dj0XrmlPMnMAfOJ8/qTONyg==</latexit>

j
<latexit sha1_base64="Zc30THWJZzQSzrdhQiyWQAgmPrY=">AAAB7nicbVBNS8NAEJ34WeNX1aOXxUbwVJKC6MFDwYvHCvYD2lA22027dncTdjdCCf0RXjwo4tXf481/47bNQVsfDDzem2FmXpRypo3vfztr6xubW9ulHXd3b//gsHx03NJJpghtkoQnqhNhTTmTtGmY4bSTKopFxGk7Gt/O/PYTVZol8sFMUhoKPJQsZgQbK7U9z310Pa9frvhVfw60SoKCVKBAo1/+6g0SkgkqDeFY627gpybMsTKMcDp1e5mmKSZjPKRdSyUWVIf5/NwpOrfKAMWJsiUNmqu/J3IstJ6IyHYKbEZ62ZuJ/3ndzMTXYc5kmhkqyWJRnHFkEjT7HQ2YosTwiSWYKGZvRWSEFSbGJuTaEILll1dJq1YNLqv+fa1SvyniKMEpnMEFBHAFdbiDBjSBwBie4RXenNR5cd6dj0XrmlPMnMAfOJ8/qTONyg==</latexit>

j
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Exponentiation

✤ We can now write a formal sum over all loops

✤ The formula for          exponentiates

✤ We take the logarithm of both sides and expand in 

<latexit sha1_base64="cXIVw1EkI4rGud7/kK1ELzy73Yk=">AAAB+HicbVDLSsNAFJ3UV42PRl26GWyEuilJQXRZcOPOCvYBbSiT6SQdOjMJMxOhhn6JGxeKuPVT3Pk3TtsstPXAhcM593LvPWHKqNKe922VNja3tnfKu/be/sFhxTk67qgkk5i0ccIS2QuRIowK0tZUM9JLJUE8ZKQbTm7mfveRSEUT8aCnKQk4igWNKEbaSEOn4rr24I6TGNXiC9t1h07Vq3sLwHXiF6QKCrSGztdglOCME6ExQ0r1fS/VQY6kppiRmT3IFEkRnqCY9A0ViBMV5IvDZ/DcKCMYJdKU0HCh/p7IEVdqykPTyZEeq1VvLv7n9TMdXQc5FWmmicDLRVHGoE7gPAU4opJgzaaGICypuRXiMZIIa5OVbULwV19eJ51G3b+se/eNarNZxFEGp+AM1IAPrkAT3IIWaAMMMvAMXsGb9WS9WO/Wx7K1ZBUzJ+APrM8fSEmQ4g==</latexit>

⌦(g)

<latexit sha1_base64="GYxukCk+1MN3FE2cey39Ees0fgo=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LDaCp5IURI8FLx4r2FZoQ9lsJ+3SzSbsboRS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8KBNcG9//dkobm1vbO+Vdd2//4PCocnzS1mmuGLZYKlL1GFGNgktsGW4EPmYKaRIJ7ETj27nfeUKleSofzCTDMKFDyWPOqLFSx/Pcoet5/UrVr/kLkHUSFKQKBZr9yldvkLI8QWmYoFp3Az8z4ZQqw5nAmdvLNWaUjekQu5ZKmqAOp4tzZ+TCKgMSp8qWNGSh/p6Y0kTrSRLZzoSakV715uJ/Xjc38U045TLLDUq2XBTngpiUzH8nA66QGTGxhDLF7a2EjaiizNiEXBtCsPryOmnXa8FVzb+vVxuNIo4ynME5XEIA19CAO2hCCxiM4Rle4c3JnBfn3flYtpacYuYU/sD5/AGl0o3L</latexit>g
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✤ The L-loop logarithm: connected graphs with L vertices

✤ Freezing one of the loops: 

<latexit sha1_base64="6OZVsrV/tLtOFTfkQ+u2f6BfNTE=">AAACEXicbVDLSsNAFJ3UV42vqEs3g62QLixJQXQjFN24EKxgH9CkZTKdpkMnD2YmQon9BTf+ihsXirh1586/cdpmoa0HLhzOuZd77/FiRoW0rG8tt7S8srqWX9c3Nre2d4zdvYaIEo5JHUcs4i0PCcJoSOqSSkZaMSco8BhpesPLid+8J1zQKLyTo5i4AfJD2qcYSSV1DbNY1B0W+dC5CYiPTL/kXFDff+im5rHfqZQ612N4DvVisWsUrLI1BVwkdkYKIEOta3w5vQgnAQklZkiItm3F0k0RlxQzMtadRJAY4SHySVvREAVEuOn0ozE8UkoP9iOuKpRwqv6eSFEgxCjwVGeA5EDMexPxP6+dyP6Zm9IwTiQJ8WxRP2FQRnASD+xRTrBkI0UQ5lTdCvEAcYSlClFXIdjzLy+SRqVsn5St20qhWs3iyIMDcAhMYINTUAVXoAbqAINH8AxewZv2pL1o79rHrDWnZTP74A+0zx/ii5ne</latexit>

log⌦(g)

�����
(�g2)L

=

Geometry of 

Manifest IR behavior: each term only
<latexit sha1_base64="FGzmjirz7wFyU+ZfBfN7Ip+DS3c=">AAACA3icbVDLSsNAFJ3UV42vqDvdDDaCq5IURBcuCm5cVrAPaGKZTCft0MlMmJkIJRTc+CtuXCji1p9w5984bbPQ1gMXDufcy733RCmjSnvet1VaWV1b3yhv2lvbO7t7zv5BS4lMYtLEggnZiZAijHLS1FQz0kklQUnESDsaXU/99gORigp+p8cpCRM04DSmGGkj9Zwj17WDWCKc+5M8IKmiTPD72sR23Z5T8areDHCZ+AWpgAKNnvMV9AXOEsI1Zkipru+lOsyR1BQzMrGDTJEU4REakK6hHCVEhfnshwk8NUofxkKa4hrO1N8TOUqUGieR6UyQHqpFbyr+53UzHV+GOeVppgnH80VxxqAWcBoI7FNJsGZjQxCW1NwK8RCZRLSJzTYh+IsvL5NWreqfV73bWqV+VcRRBsfgBJwBH1yAOrgBDdAEGDyCZ/AK3qwn68V6tz7mrSWrmDkEf2B9/gDJCJZO</latexit>

1

✏2
divergent after integration

<latexit sha1_base64="1f3QKSEgOLxXj/TsZc7MQKyZ+pA=">AAACAXicbVDLSsNAFJ3UV42vqBvBzWAjVJCSFEQXCgVBXLioYB/QhjCZTtuhk0mYmQg11I2/4saFIm79C3f+jdM2C209cOFwzr3ce08QMyqV43wbuYXFpeWV/Kq5tr6xuWVt79RllAhMajhikWgGSBJGOakpqhhpxoKgMGCkEQwux37jnghJI36nhjHxQtTjtEsxUlryrT3bNtM2RgxejfybYu/44QheQNO2favglJwJ4DxxM1IAGaq+9dXuRDgJCVeYISlbrhMrL0VCUczIyGwnksQID1CPtDTlKCTSSycfjOChVjqwGwldXMGJ+nsiRaGUwzDQnSFSfTnrjcX/vFaiumdeSnmcKMLxdFE3YVBFcBwH7FBBsGJDTRAWVN8KcR8JhJUOzdQhuLMvz5N6ueSelJzbcqFynsWRB/vgABSBC05BBVyDKqgBDB7BM3gFb8aT8WK8Gx/T1pyRzeyCPzA+fwB+G5Or</latexit>

FL(g, z) =

Integrate over all
loops except one

Manifest IR finiteness

<latexit sha1_base64="n9W1gaGJWWf4fXb7jajELmMKCbc=">AAAB/HicbVDLSsNAFL2prxpf0S7dDDZCBSlJQXThoiCIywr2AW0ok+mkHTp5MDMRaqi/4saFIm79EHf+jdM2C60euHA4517uvcdPOJPKcb6Mwsrq2vpGcdPc2t7Z3bP2D1oyTgWhTRLzWHR8LClnEW0qpjjtJILi0Oe07Y+vZn77ngrJ4uhOTRLqhXgYsYARrLTUt0q2bWY9gjm6nlaGpw8npm33rbJTdeZAf4mbkzLkaPStz94gJmlII0U4lrLrOonyMiwUI5xOzV4qaYLJGA9pV9MIh1R62fz4KTrWygAFsdAVKTRXf05kOJRyEvq6M8RqJJe9mfif101VcOFlLEpSRSOyWBSkHKkYzZJAAyYoUXyiCSaC6VsRGWGBidJ5mToEd/nlv6RVq7pnVee2Vq5f5nEU4RCOoAIunEMdbqABTSAwgSd4gVfj0Xg23oz3RWvByGdK8AvGxzflhZJR</latexit>

F(g, z)

<latexit sha1_base64="zc8y3pWUlgr5oEt1w8LGlIP3jBU=">AAAB+nicbVDLSsNAFL2prxpfqS7dDDaCq5IURBcuCm5cVrQPaEOZTCft0MmDmYlSYj7FjQtF3Pol7vwbp20W2nrgwuGce7n3Hj/hTCrH+TZKa+sbm1vlbXNnd2//wKoctmWcCkJbJOax6PpYUs4i2lJMcdpNBMWhz2nHn1zP/M4DFZLF0b2aJtQL8ShiASNYaWlgVWzb7AcCk8zNs7vctO2BVXVqzhxolbgFqUKB5sD66g9jkoY0UoRjKXuukygvw0Ixwmlu9lNJE0wmeER7mkY4pNLL5qfn6FQrQxTEQlek0Fz9PZHhUMpp6OvOEKuxXPZm4n9eL1XBpZexKEkVjchiUZBypGI0ywENmaBE8akmmAimb0VkjHUQSqdl6hDc5ZdXSbtec89rzm292rgq4ijDMZzAGbhwAQ24gSa0gMAjPMMrvBlPxovxbnwsWktGMXMEf2B8/gDLPJJh</latexit>

1

S
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Low loop examples

Tree-level
<latexit sha1_base64="kgEtN4AQpO1g5gITD5+TE6ucXkI=">AAAB73icbVBNS8NAEJ3Urxq/qh69LDaCp5IURA8KBS8eK9gPaEPZbDft0s0m7m6EEvonvHhQxKt/x5v/xm2ag7Y+GHi8N8PMvCDhTGnX/bZKa+sbm1vlbXtnd2//oHJ41FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOMLmd+50nKhWLxYOeJtSP8EiwkBGsjdR1HPvGsx1nUKm6NTcHWiVeQapQoDmofPWHMUkjKjThWKme5ybaz7DUjHA6s/upogkmEzyiPUMFjqjys/zeGTozyhCFsTQlNMrV3xMZjpSaRoHpjLAeq2VvLv7n9VIdXvkZE0mqqSCLRWHKkY7R/Hk0ZJISzaeGYCKZuRWRMZaYaBORbULwll9eJe16zbuouff1auO6iKMMJ3AK5+DBJTTgDprQAgIcnuEV3qxH68V6tz4WrSWrmDmGP7A+fwDUzo3Y</latexit>

= 1

One-loop

Two-loops <latexit sha1_base64="M47TMHz2T3HQIwDaae5L8PZkLcg=">AAAB9HicbVBNS8NAEJ3Urxq/qh69LDaCp5IURA8eil48VrC10ISy2W7SpZtN3N0USunv8OJBEa/+GG/+G7dtDtr6YODx3gwz88KMM6Vd99sqra1vbG6Vt+2d3b39g8rhUVuluSS0RVKeyk6IFeVM0JZmmtNOJilOQk4fw+HtzH8cUalYKh70OKNBgmPBIkawNlLgOLZ/w+LYn9qO06tU3Zo7B1olXkGqUKDZq3z5/ZTkCRWacKxU13MzHUyw1IxwOrX9XNEMkyGOaddQgROqgsn86Ck6M0ofRak0JTSaq78nJjhRapyEpjPBeqCWvZn4n9fNdXQVTJjIck0FWSyKco50imYJoD6TlGg+NgQTycytiAywxESbnGwTgrf88ipp12veRc29r1cb10UcZTiBUzgHDy6hAXfQhBYQeIJneIU3a2S9WO/Wx6K1ZBUzx/AH1ucPBnmQSg==</latexit>)
simple “tree”
 geometries

complicated
“one-loop” 
geometry

<latexit sha1_base64="aYfq38cQSzxyYdmoDwBkbZIsN2c=">AAACF3icbVDJSgNBEO2JWxy3UY9eGhNBEMPMgOhBIeDFYwSzQGYSejo9SZOehe4aIYb8hRd/xYsHRbzqzb+xsxw08UHB470qquoFqeAKbPvbyC0tr6yu5dfNjc2t7R1rd6+mkkxSVqWJSGQjIIoJHrMqcBCskUpGokCwetC/Hvv1eyYVT+I7GKTMj0g35iGnBLTUtkrFonmFT7EXSkId1xMshKaX8pZ74omk23IfsCd5twd+yzWLxbZVsEv2BHiRODNSQDNU2taX10loFrEYqCBKNR07BX9IJHAq2Mj0MsVSQvuky5qaxiRiyh9O/hrhI610cJhIXTHgifp7YkgipQZRoDsjAj01743F/7xmBuGFP+RxmgGL6XRRmAkMCR6HhDtcMgpioAmhkutbMe0RnRDoKE0dgjP/8iKpuSXnrGTfuoXy5SyOPDpAh+gYOegcldENqqAqougRPaNX9GY8GS/Gu/Exbc0Zs5l99AfG5w/Z+Zyd</latexit>

= �1

2

⇥
⇡2 + log2 z

⇤2

<latexit sha1_base64="yF5m7mWYBnztX3mtk7Eqj11iAbQ="></latexit>

= � 1

12

⇥
⇡2 + log2 z

⇤
⇥

⇥
5⇡2 + log2 z

⇤

<latexit sha1_base64="+6zBUJ2tZZHdSViXGtMVl4xmioQ=">AAACDHicbVDLSsNAFJ34rPFVdelmsBUEoSQB0YVCwY3LCvYBSVom00k6dPJg5kaopR/gxl9x40IRt36AO//G6WOhrQcGDuecy517gkxwBZb1bSwtr6yurRc2zM2t7Z3d4t5+Q6W5pKxOU5HKVkAUEzxhdeAgWCuTjMSBYM2gfz32m/dMKp4mdzDImB+TKOEhpwS01CmWymXzCnuCheB6GW87p55Io7bzgD3Jox74ZrmsU1bFmgAvEntGSmiGWqf45XVTmscsASqIUq5tZeAPiQROBRuZXq5YRmifRMzVNCExU/5wcswIH2uli8NU6pcAnqi/J4YkVmoQBzoZE+ipeW8s/ue5OYQX/pAnWQ4sodNFYS4wpHjcDO5yySiIgSaESq7/immPSEJB92fqEuz5kxdJw6nYZxXr1ilVL2d1FNAhOkInyEbnqIpuUA3VEUWP6Bm9ojfjyXgx3o2PaXTJmM0coD8wPn8A4XCY9w==</latexit>

=
⇥
⇡2 + log2 z

⇤

<latexit sha1_base64="M47TMHz2T3HQIwDaae5L8PZkLcg=">AAAB9HicbVBNS8NAEJ3Urxq/qh69LDaCp5IURA8eil48VrC10ISy2W7SpZtN3N0USunv8OJBEa/+GG/+G7dtDtr6YODx3gwz88KMM6Vd99sqra1vbG6Vt+2d3b39g8rhUVuluSS0RVKeyk6IFeVM0JZmmtNOJilOQk4fw+HtzH8cUalYKh70OKNBgmPBIkawNlLgOLZ/w+LYn9qO06tU3Zo7B1olXkGqUKDZq3z5/ZTkCRWacKxU13MzHUyw1IxwOrX9XNEMkyGOaddQgROqgsn86Ck6M0ofRak0JTSaq78nJjhRapyEpjPBeqCWvZn4n9fNdXQVTJjIck0FWSyKco50imYJoD6TlGg+NgQTycytiAywxESbnGwTgrf88ipp12veRc29r1cb10UcZTiBUzgHDy6hAXfQhBYQeIJneIU3a2S9WO/Wx6K1ZBUzx/AH1ucPBnmQSg==</latexit>)
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“Ladder” expansion

✤ To determine the integrand and integrate an arbitrary 
negative geometry is complicated

✤ We approximate              by the simplest geometries

✤ Property of the integrand: Laplace operator acting on 
subgraph

<latexit sha1_base64="n9W1gaGJWWf4fXb7jajELmMKCbc=">AAAB/HicbVDLSsNAFL2prxpf0S7dDDZCBSlJQXThoiCIywr2AW0ok+mkHTp5MDMRaqi/4saFIm79EHf+jdM2C60euHA4517uvcdPOJPKcb6Mwsrq2vpGcdPc2t7Z3bP2D1oyTgWhTRLzWHR8LClnEW0qpjjtJILi0Oe07Y+vZn77ngrJ4uhOTRLqhXgYsYARrLTUt0q2bWY9gjm6nlaGpw8npm33rbJTdeZAf4mbkzLkaPStz94gJmlII0U4lrLrOonyMiwUI5xOzV4qaYLJGA9pV9MIh1R62fz4KTrWygAFsdAVKTRXf05kOJRyEvq6M8RqJJe9mfif101VcOFlLEpSRSOyWBSkHKkYzZJAAyYoUXyiCSaC6VsRGWGBidJ5mToEd/nlv6RVq7pnVee2Vq5f5nEU4RCOoAIunEMdbqABTSAwgSd4gVfj0Xg23oz3RWvByGdK8AvGxzflhZJR</latexit>

F(g, z)

in dual variables
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Closed formula for “ladders”

✤ Applying this operation on                      we get

✤ Weak coupling: only a small subset of diagrams

✤ Strong coupling: 

which is solved by
<latexit sha1_base64="3WGPNly9NNTqUcZ/ch2Y6qB/Omg="></latexit>

Fladder(g, z) =
cos(

p
2g log z)

cosh(
p
2g⇡)

<latexit sha1_base64="wN/1FwaRTgfDUbqH1U16WQMC6PI="></latexit>

1

2
(z@z)2Fladder(g, z) + g2Fladder(g, z) = 0

satisfying certain 
boundary conditions

<latexit sha1_base64="qZfPNdjQRfvdyT3wreXkEVSYw2k=">AAACCXicbVDLSsNAFJ3UV42vqEs3g41QQUpSEF24KAjisoJ9QBPCZDJph04ezEyEGrJ146+4caGIW//AnX/jtM1CqwcuHM65l3vv8VNGhbSsL62ytLyyulZd1zc2t7Z3jN29rkgyjkkHJyzhfR8JwmhMOpJKRvopJyjyGen548up37sjXNAkvpWTlLgRGsY0pBhJJXkGNE09dzBi8KrwcodHkKEgILyoD0/uj3XT9Iya1bBmgH+JXZIaKNH2jE8nSHAWkVhihoQY2FYq3RxxSTEjhe5kgqQIj9GQDBSNUUSEm88+KeCRUgIYJlxVLOFM/TmRo0iISeSrzgjJkVj0puJ/3iCT4bmb0zjNJInxfFGYMSgTOI0FBpQTLNlEEYQ5VbdCPEIcYanC01UI9uLLf0m32bBPG9ZNs9a6KOOoggNwCOrABmegBa5BG3QABg/gCbyAV+1Re9betPd5a0UrZ/bBL2gf3/wql/E=</latexit>

Fladder(g, z)

but the exact result behaves as 
<latexit sha1_base64="+rqwq7/pjEA7fTHAsu9jZ7tQ58I="></latexit>

F(g, z) ⇠ g + 1 +O

✓
1

g

◆
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“Tree” expansion

✤ Consider a collection of all “tree” negative geometries

✤ Generating function

<latexit sha1_base64="jgmJ9xpTvQDAzAXgmTBB5Nxv/Ck=">AAACB3icbVDLSgNBEJyNr7i+oh4FGcwKESTsBkQPHgKCeIxgHpANYXbSmwyZfTAzK8QlNy/+ihcPinj1F7z5N06SPWhiQUNR1U13lxdzJpVtfxu5peWV1bX8urmxubW9U9jda8goERTqNOKRaHlEAmch1BVTHFqxABJ4HJre8GriN+9BSBaFd2oUQycg/ZD5jBKlpW7h0LLM1KWE4+txN3VFgJUAGJf6pw8npmV1C0W7bE+BF4mTkSLKUOsWvtxeRJMAQkU5kbLt2LHqpEQoRjmMTTeREBM6JH1oaxqSAGQnnf4xxsda6WE/ErpChafq74mUBFKOAk93BkQN5Lw3Ef/z2onyLzopC+NEQUhni/yEYxXhSSi4xwRQxUeaECqYvhXTARGEKh2dqUNw5l9eJI1K2Tkr27eVYvUyiyOPDtARKiEHnaMqukE1VEcUPaJn9IrejCfjxXg3PmatOSOb2Ud/YHz+AH/dlyE=</latexit>

Ftree(g, z)

with the relation
<latexit sha1_base64="5y+bbi7VWtaHUE8juJxzNAOeVps=">AAACJnicbVDLSgNBEJz1GdfXqkcvg4kQQcJuQPQSCAqSYwTzgCSG2UknGTL7YGZWiMt+jRd/xYuHiIg3P8VJsgdNLGgoqrrp7nJDzqSy7S9jZXVtfWMzs2Vu7+zu7VsHh3UZRIJCjQY8EE2XSODMh5piikMzFEA8l0PDHd1M/cYjCMkC/16NQ+h4ZOCzPqNEaalrlXI5M25TwvFt0o3bwsNKACT5wfnTGS5heIjnbmXJTcxcrmtl7YI9A14mTkqyKEW1a03avYBGHviKciJly7FD1YmJUIxySMx2JCEkdEQG0NLUJx7ITjx7M8GnWunhfiB0+QrP1N8TMfGkHHuu7vSIGspFbyr+57Ui1b/qxMwPIwU+nS/qRxyrAE8zwz0mgCo+1oRQwfStmA6JIFTpZE0dgrP48jKpFwvORcG+K2bL12kcGXSMTlAeOegSlVEFVVENUfSMXtEEvRsvxpvxYXzOW1eMdOYI/YHx/QNgc6NB</latexit>

Ftree(g, z) = eHtree(g,z)
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Closed formula for “trees”

✤ Apply the same differential operator on any tree graph 

✤ Differential equation for 

✤ Solve:

<latexit sha1_base64="JPAmmrj3MY69v+QII27t/n5OBkU=">AAACB3icbVDJSgNBEO2JWxy3UY+CNCZCBAkzAdFj0EuOEcwCmWHo6VSSJj0L3T1CHHLz4q948aCIV3/Bm39jZzlo4oOCx3tVVNULEs6ksu1vI7eyura+kd80t7Z3dves/YOmjFNBoUFjHot2QCRwFkFDMcWhnQggYcChFQxvJn7rHoRkcXSnRgl4IelHrMcoUVryreNi0cxcSjiujf3MFSFWAmBc6p8/nJnFom8V7LI9BV4mzpwU0Bx13/pyuzFNQ4gU5UTKjmMnysuIUIxyGJtuKiEhdEj60NE0IiFIL5v+McanWuniXix0RQpP1d8TGQmlHIWB7gyJGshFbyL+53VS1bvyMhYlqYKIzhb1Uo5VjCeh4C4TQBUfaUKoYPpWTAdEEKp0dKYOwVl8eZk0K2XnomzfVgrV63kceXSETlAJOegSVVEN1VEDUfSIntErejOejBfj3fiYteaM+cwh+gPj8weE25cp</latexit>

Htree(g, z)
<latexit sha1_base64="X70qxHw7P63Kh6qD6btcmG3qeho="></latexit>

1

2
(z@z)

2
Htree(g, z) + g2eHtree(g,z) = 0
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Strong coupling expansion

✤ Expand the result at strong coupling
<latexit sha1_base64="1b1C+aWTrS0Mvdpoa86dFFD7APU="></latexit>

Ftree(g, z) = �
z

(1 + z)2
+O

✓
1

g

◆

in comparison to the exact result
<latexit sha1_base64="aBPrx7OrDEatrNsbhsRm/2w/Eks="></latexit>

F(g, z) = g
z

(z � 1)3
[2(1� z) + (z + 1) log z] + · · ·+O

✓
1

g

◆

Our “tree” approximation misses the leading term
but does have          expansion at strong coupling

<latexit sha1_base64="13NTyxHJxzggCxQINUFJAM8YQbA=">AAAB8HicbVA9SwNBEJ2LX/H8ilraLOYEq3gXEC0sAjaWEcyHJEfY2+wlS3b3jt09IYT8ChsLRWz9OXb+GzfJFZr4YODx3gwz86KUM218/9sprK1vbG4Vt92d3b39g9LhUVMnmSK0QRKeqHaENeVM0oZhhtN2qigWEaetaHQ781tPVGmWyAczTmko8ECymBFsrPToeW5wMXA9r1cq+xV/DrRKgpyUIUe9V/rq9hOSCSoN4VjrTuCnJpxgZRjhdOp2M01TTEZ4QDuWSiyoDifzg6fozCp9FCfKljRorv6emGCh9VhEtlNgM9TL3kz8z+tkJr4OJ0ymmaGSLBbFGUcmQbPvUZ8pSgwfW4KJYvZWRIZYYWJsRq4NIVh+eZU0q5XgsuLfV8u1mzyOIpzAKZxDAFdQgzuoQwMICHiGV3hzlPPivDsfi9aCk88cwx84nz+CZI47</latexit>

1/g
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✤ Gamma cusp controls the leading IR divergence

✤ Can be also extracted from            

<latexit sha1_base64="49LTOgIIrrxPGheHcxKDnOrAm4o="></latexit>

�cusp(g) =
X

L�1

g2L�(L)
cusp

(Alday, Henn, Sikorowski, 2013)
(Henn, Korchemsky, Mistlberger 2019)

Gamma cusp

Exact result from 
integrability

(Beisert, Eden, Staudacher, 2006)

<latexit sha1_base64="n9W1gaGJWWf4fXb7jajELmMKCbc=">AAAB/HicbVDLSsNAFL2prxpf0S7dDDZCBSlJQXThoiCIywr2AW0ok+mkHTp5MDMRaqi/4saFIm79EHf+jdM2C60euHA4517uvcdPOJPKcb6Mwsrq2vpGcdPc2t7Z3bP2D1oyTgWhTRLzWHR8LClnEW0qpjjtJILi0Oe07Y+vZn77ngrJ4uhOTRLqhXgYsYARrLTUt0q2bWY9gjm6nlaGpw8npm33rbJTdeZAf4mbkzLkaPStz94gJmlII0U4lrLrOonyMiwUI5xOzV4qaYLJGA9pV9MIh1R62fz4KTrWygAFsdAVKTRXf05kOJRyEvq6M8RqJJe9mfif101VcOFlLEpSRSOyWBSkHKkYzZJAAyYoUXyiCSaC6VsRGWGBidJ5mToEd/nlv6RVq7pnVee2Vq5f5nEU4RCOoAIunEMdbqABTSAwgSd4gVfj0Xg23oz3RWvByGdK8AvGxzflhZJR</latexit>

F(g, z)
(Arkani-Hamed, Henn, JT, 2021)

qualitatively correct
behavior at 

strong coupling

radius of convergence
<latexit sha1_base64="QqvJOPcZ8R1JfwPORCuI3upUYYw=">AAAB/HicbVDLSsNAFJ3UV42vaJduBhvBVUgKRTdC0Y3LCvYBbQiT6aQdOpmEmYkQQv0VNy4UceuHuPNvnLZZaOuBC4dz7uXee8KUUalc99uobGxube9Ud829/YPDI+v4pCuTTGDSwQlLRD9EkjDKSUdRxUg/FQTFISO9cHo793uPREia8AeVp8SP0ZjTiGKktBRYNds2x8EQSQWvoes0mqZtB1bdddwF4DrxSlIHJdqB9TUcJTiLCVeYISkHnpsqv0BCUczIzBxmkqQIT9GYDDTlKCbSLxbHz+C5VkYwSoQuruBC/T1RoFjKPA51Z4zURK56c/E/b5Cp6MovKE8zRTheLooyBlUC50nAERUEK5ZrgrCg+laIJ0ggrHRepg7BW315nXQbjtd03PtGvXVTxlEFp+AMXAAPXIIWuANt0AEY5OAZvII348l4Md6Nj2VrxShnauAPjM8f90KRuw==</latexit>

g⇤ = 0.25

radius of convergence
<latexit sha1_base64="Bp8tXtUDoEipgjRk2GyF/Zmne1Q=">AAAB/HicbVBNS8NAEN3Urxq/oj16WWwETyGpFL0IRS8eK9haaEPYbDft0s0m7G6EEOpf8eJBEa/+EG/+G7dtDtr6YODx3gwz88KUUalc99uorK1vbG5Vt82d3b39A+vwqCuTTGDSwQlLRC9EkjDKSUdRxUgvFQTFISMP4eRm5j88EiFpwu9VnhI/RiNOI4qR0lJg1WzbHAUDJBW8gq5z3jRtO7DqruPOAVeJV5I6KNEOrK/BMMFZTLjCDEnZ99xU+QUSimJGpuYgkyRFeIJGpK8pRzGRfjE/fgpPtTKEUSJ0cQXn6u+JAsVS5nGoO2OkxnLZm4n/ef1MRZd+QXmaKcLxYlGUMagSOEsCDqkgWLFcE4QF1bdCPEYCYaXzMnUI3vLLq6TbcLym49416q3rMo4qOAYn4Ax44AK0wC1ogw7AIAfP4BW8GU/Gi/FufCxaK0Y5UwN/YHz+APjKkbw=</latexit>

g⇤ = 0.35

<latexit sha1_base64="SRP2ryEBrC5auXsFK09EBi75Xp4="></latexit>

�tree(g) !
(

4g2 � 8⇣2g4 + . . . g ⌧ 1
8
⇡ g � 1 + . . . g � 1
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Summary & Outlook



Summary

✤ Our first attempt to use the Amplituhedron picture for planar 
N=4 SYM amplitudes for resummation and strong coupling.

✤ We considered an IR finite object               derived from the 
logarithm of the amplitude (freezing one loop, integrate others).

✤ New expansion in terms of negative geometries and organization 
using “loop of loops”. We solved for                at for “trees”

✤ Extracted gamma cusp, expanded at strong coupling and 
compared to the exact result                : surprisingly good behavior

<latexit sha1_base64="n9W1gaGJWWf4fXb7jajELmMKCbc=">AAAB/HicbVDLSsNAFL2prxpf0S7dDDZCBSlJQXThoiCIywr2AW0ok+mkHTp5MDMRaqi/4saFIm79EHf+jdM2C60euHA4517uvcdPOJPKcb6Mwsrq2vpGcdPc2t7Z3bP2D1oyTgWhTRLzWHR8LClnEW0qpjjtJILi0Oe07Y+vZn77ngrJ4uhOTRLqhXgYsYARrLTUt0q2bWY9gjm6nlaGpw8npm33rbJTdeZAf4mbkzLkaPStz94gJmlII0U4lrLrOonyMiwUI5xOzV4qaYLJGA9pV9MIh1R62fz4KTrWygAFsdAVKTRXf05kOJRyEvq6M8RqJJe9mfif101VcOFlLEpSRSOyWBSkHKkYzZJAAyYoUXyiCSaC6VsRGWGBidJ5mToEd/nlv6RVq7pnVee2Vq5f5nEU4RCOoAIunEMdbqABTSAwgSd4gVfj0Xg23oz3RWvByGdK8AvGxzflhZJR</latexit>

F(g, z)

<latexit sha1_base64="n9W1gaGJWWf4fXb7jajELmMKCbc=">AAAB/HicbVDLSsNAFL2prxpf0S7dDDZCBSlJQXThoiCIywr2AW0ok+mkHTp5MDMRaqi/4saFIm79EHf+jdM2C60euHA4517uvcdPOJPKcb6Mwsrq2vpGcdPc2t7Z3bP2D1oyTgWhTRLzWHR8LClnEW0qpjjtJILi0Oe07Y+vZn77ngrJ4uhOTRLqhXgYsYARrLTUt0q2bWY9gjm6nlaGpw8npm33rbJTdeZAf4mbkzLkaPStz94gJmlII0U4lrLrOonyMiwUI5xOzV4qaYLJGA9pV9MIh1R62fz4KTrWygAFsdAVKTRXf05kOJRyEvq6M8RqJJe9mfif101VcOFlLEpSRSOyWBSkHKkYzZJAAyYoUXyiCSaC6VsRGWGBidJ5mToEd/nlv6RVq7pnVee2Vq5f5nEU4RCOoAIunEMdbqABTSAwgSd4gVfj0Xg23oz3RWvByGdK8AvGxzflhZJR</latexit>

F(g, z)

<latexit sha1_base64="fV8Yg9sW5TOobBZ33OSdbgsapIo=">AAACBXicbVDLSsNAFJ3UV42vqEtdDDZC3ZSkILpwUXChywr2AU0Ik+m0HTqThJmJUEI2bvwVNy4Uces/uPNvnLZZaOuBC4dz7uXee8KEUakc59sorayurW+UN82t7Z3dPWv/oC3jVGDSwjGLRTdEkjAakZaiipFuIgjiISOdcHw99TsPREgaR/dqkhCfo2FEBxQjpaXAOrZtM/NuEOcoDzJPcIhTmeTV4Zlp24FVcWrODHCZuAWpgALNwPry+jFOOYkUZkjKnuskys+QUBQzkpteKkmC8BgNSU/TCHEi/Wz2RQ5PtdKHg1joihScqb8nMsSlnPBQd3KkRnLRm4r/eb1UDS79jEZJqkiE54sGKYMqhtNIYJ8KghWbaIKwoPpWiEdIIKx0cKYOwV18eZm06zX3vObc1SuNqyKOMjgCJ6AKXHABGuAWNEELYPAInsEreDOejBfj3fiYt5aMYuYQ/IHx+QOxe5a/</latexit>

�cusp(g)
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Outlook

✤ How do we restore the leading                       behavior at 
strong coupling? Subleading “one-loop” negative geometries: 
integrands known, integrate or find a differential equation… 

✤ Higher points, richer analytic structure even at lower loops

✤ Deformed negative geometries: relation to integrability?

✤ General negative geometries, IR divergencies, applications

✤ Strong coupling geometry? Emergence of strings?

<latexit sha1_base64="sJkFCkvnv571c5xfTbt3BrKNeNw=">AAACA3icbVDLSsNAFJ3UV42vqDvdDDZCBSlJQXThoiCIywr2AU0ok+mkHTqThJmJUEPBjb/ixoUibv0Jd/6N0zYLbT1w4XDOvdx7T5AwKpXjfBuFpeWV1bXiurmxubW9Y+3uNWWcCkwaOGaxaAdIEkYj0lBUMdJOBEE8YKQVDK8mfuueCEnj6E6NEuJz1I9oSDFSWupaB7ZtZh5GDF6Py/3ThxPoScph37TtrlVyKs4UcJG4OSmBHPWu9eX1YpxyEinMkJQd10mUnyGhKGZkbHqpJAnCQ9QnHU0jxIn0s+kPY3islR4MY6ErUnCq/p7IEJdyxAPdyZEayHlvIv7ndVIVXvgZjZJUkQjPFoUpgyqGk0BgjwqCFRtpgrCg+laIB0ggrHRspg7BnX95kTSrFfes4txWS7XLPI4iOARHoAxccA5q4AbUQQNg8AiewSt4M56MF+Pd+Ji1Fox8Zh/8gfH5A5LilOM=</latexit>

F(g, z) ⇠ g

(Arkani-Hamed, Chicherin, Henn, JT, in progress)

(Arkani-Hamed, Henn, JT, in progress)

(Arkani-Hamed, Henn, JT, in progress)

(Brown, Oktem, Paranjape, JT, in progress)
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Thank you!


