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Program to constrain EFTs from consistency with basic physical principles:

cosmology

colliders

massive gravity

fermion compositeness
Figure 1: LEFT: Di↵erent strong-coupling scales for s = 3 as function of

p
�L in Eq. (1.31)

or Eq. (2.27). For E & m the interaction strength increases at high energy; the S(V ) po-

larizations are strongly coupled at ⇤sc

12(⇤
sc

8 ) generically (solid lines) or at ⇤sc

10(⇤
sc

6 ) for the

tuned theory (dashed lines). Beyond positivity bounds for the �L�4
interaction (dotted) and

�L@4�4/⇤4
(dot-dashed): this represents the maximal cuto↵ ⇤ of the theory, well below the

strong-coupling scales. RIGHT: similar energy scales and beyond positivity bounds for the R
4

interaction as function of m (solid line for s=3, dotted for s ! 1).

with a similar cancellation for helicity-1 amplitudes, see Table 1. This tuning corresponds to

the combination

� �L�
4 = ��3✏µ1µ2µ3µ4✏⌫1⌫2⌫3⌫4�
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⇢
(2.8)

and is analogous to what happens in the theory of massive gravity [6, 19] where it leads to

the raising of the strong-coupling scale from ⇤5 to ⇤3. The existence of the tuned potential

confirms the conjecture on the largest strong-coupling scale of Ref. [33], for s = 3.

The high-energy limit,

m ! 0 , �L ! 0 , ⇤sc

10 = fixed , (2.9)

selects the interactions
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that are most relevant for E < ⇤sc

10, where the tuned EFT is valid. Here only the S and V

helicities are interacting (with each other) while the others become free as m ! 0.

The tuning of the potential Eq. (2.8) can be understood in terms of the Goldstone field ⇡:

an interaction �4 corresponds to ⇠ (@3⇡)4, but the specific combination appearing in Eq. (2.8)

14

higher-spin theories

goldstino chiral

composites
p
F [m⇤] (TeV) f [m⇤] (TeV)

dR 2.6 [9.4] 2.9 [36]

uR 3.8 [13.5] 4.7 [59]

uR, dR 3.9 [13.7] 4.9 [62]

qL 3.9 [13.7] 4.9 [62]

qL, dR 4.0 [14.2] 5.0 [63]

qL, uR 4.5 [16.1] 5.7 [72]

qL, uR, dR 4.6 [16.2] 5.8 [73]

Table 5: 95%CL bounds on the SUSY-breaking scale
p
F for di↵erent quark as pseudo-Goldstini scenarios

(second column) and on the scale f for di↵erent cases of chiral-compositeness of quarks (third column). The

respective Wilson coe�cients are given by cij = 1/(2F 2) for the operators in Eq. (49) and by c
(1)
ij = 1/f2

for

the operators O
(1)
ij = ( ̄i�

µ
 i)( ̄j�µ j) given in Ref. [3]. The compositeness scale in each case is given by

m⇤ ⌘
p
g⇤F or m⇤ ⌘ g⇤f with g⇤ = 4⇡, their bounds reported in brackets.

statistical, since the SM cross section is dominated by the forward region and therefore in

the central region the statistics is small. Systematic uncertainties (dominantly from the jet

energy scale) are relatively small. Theoretical uncertainties are sizable, yet smaller than the

statistical at small �, becoming the dominant uncertainty at large �. Besides, even though

the errors of the SM cross section are not gaussian, we treat them as such to simplify the

analysis, symmetrizing the distributions such that the 1� band remains unaltered.

We extract bounds on the Wilson coe�cients in each � bin and combine them to obtain

the final constraint. In Fig. 3 we report these bounds for the case of a composite dR as a

function of m⇤, defined as cdd ⌘ ±g2⇤/2m
4
⇤ for goldstino-compositeness and c(1)

dd
= ±(g⇤/m⇤)2

for chiral-compositeness, with strong coupling g⇤ = 4⇡. The final bounds for positive (m+
⇤ )

or negative coe�cients (m�
⇤ ) at the 95%CL are19

dR chiral composite: m+
⇤ & 36 (g⇤/4⇡) TeV , m�

⇤ & 40 (g⇤/4⇡) TeV . (52)

dR Goldstini: m+
⇤ & 9.4

p
g⇤/4⇡TeV , m�

⇤ & 9.0
p

g⇤/4⇡TeV . (53)

Recall these bounds are derived from the bin with Mjj > 5.4TeV. This means that for our

analysis to be safely consistent with the EFT assumption Mjj ⌧ m⇤, we must require g⇤ & 2

in the case of chiral-compositeness and g⇤ & 4.5 for goldstino-compositeness, i.e. the new

physics must be strongly coupled.

Besides, we discussed in section 4 the existence of dimension-6 four-fermion operators

O4 generated from explicit SUSY-breaking. The question arises then whether experimental

searches, in the case at hand 2 ! 2 quark scattering at the LHC, are more sensitive to

these more relevant (but gSM -suppressed) e↵ects or to the dimension-8 (but g⇤-enhanced)

19Goldstino operators are in fact subject to positivity constraints that require strictly positive coe�cients
(see section 5.3). Our bounds for c < 0 simply illustrate the relevance of the interference with the SM.
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unitarity, locality and causality.

M
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Motivations



Dark Matter

Dark matter has only been felt gravitationally.

galaxy rotation curves

Coma cluster

gravitational lensing

CMB, BAO, SNe, …

Gravity is related to many of the deepest puzzles in fundamental physics today.



Inflation resembles a gravitating, nearly constant, vacuum energy.

What have we verified so far about Inflation?
• Qualitative: all the modes are in phase, perturbations from superhubble scale

• But the quantitative part of the peaks is not high-energy physics.
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Figure 5: Evidence for dark energy. Shown are a combination of observations of the cosmic mi-
crowave background (CMB), supernovae (SNe) and baryon acoustic oscillations (BAO)
[12].

Figure 6: The properties of dark energy are close to a cosmological constant, w⇤ ⇡ �1 [11].

4 Big Bang Puzzles

It is somewhat of a philosophical questions whether initial conditions form part of a physical theory or
should be considered separately. The purpose of physics is to predict the future evolution of a system
given a set of initial conditions; e.g. Newton’s laws of gravity will predict the path of a projectile if
we define its initial position and velocity. It is therefore far from clear whether cosmology should
predict or even just explain the initial conditions of the universe. On the other hand, it would be
very disappointing if only very special and finely-tuned initial conditions would lead to the universe
as we see it, making the observed universe an ‘improbable accident’.
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Inflation

Gravity is related to many of the deepest puzzles in fundamental physics today.



Gravity needs UV completion, e.g. string theory, and inevitably also the SM.
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Gravity is related to many of the deepest puzzles in fundamental physics today.



Vacuum energy shows largest disagreement between natural expectation and experiment.

quantum fields = oscillators
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Gravity is related to many of the deepest puzzles in fundamental physics today.



Introduction:

Imagine the Higgs is Composite (Georgi, Kaplan et al.1984;     

                                                                      Agashe, Contino, Pomarol 2004)

Hierarchy Problem is solved :
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Higgs mass also shows large disagreement between natural expectation and experiment.
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quantum corrections

Gravity is related to many of the deepest puzzles in fundamental physics today.
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To charter the space of EFTs from gravity’s UV completions is crucial.

An even more general question: what is the space of consistent EFTs?

UV

IR

EFT = expansion in fields/derivatives consistent with symmetries of the system.

swampland

landscape

UV gravity

IR EFT

LIR =
X

i

Oi(x)

⇤�i�4
<latexit sha1_base64="gvWr5ApQU/YvpyuyH3zy8NcVKKE="></latexit>



Amplitudes’ positivity



Unitarity: 

Figure
1:

1

A

1

(manifest) Locality:

Poincaré invariance:

�(x)
<latexit sha1_base64="pQucVbJ2M2JVAIHn+b9YqUuSFUQ=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBahXkoignorevFYwdhCG8pmu2mXbjbL7kYsoT/CiwcVr/4fb/4bN20O2vpg4PHeDDPzQsmZNq777ZRWVtfWN8qbla3tnd296v7Bg05SRahPEp6oTog15UxQ3zDDaUcqiuOQ03Y4vsn99iNVmiXi3kwkDWI8FCxiBBsrtXtyxOpPp/1qzW24M6Bl4hWkBgVa/epXb5CQNKbCEI617nquNEGGlWGE02mll2oqMRnjIe1aKnBMdZDNzp2iE6sMUJQoW8Kgmfp7IsOx1pM4tJ0xNiO96OXif143NdFlkDEhU0MFmS+KUo5MgvLf0YApSgyfWIKJYvZWREZYYWJsQhUbgrf48jLxzxpXDffuvNa8LtIowxEcQx08uIAm3EILfCAwhmd4hTdHOi/Ou/Mxby05xcwh/IHz+QMkvo75</latexit><latexit sha1_base64="pQucVbJ2M2JVAIHn+b9YqUuSFUQ=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBahXkoignorevFYwdhCG8pmu2mXbjbL7kYsoT/CiwcVr/4fb/4bN20O2vpg4PHeDDPzQsmZNq777ZRWVtfWN8qbla3tnd296v7Bg05SRahPEp6oTog15UxQ3zDDaUcqiuOQ03Y4vsn99iNVmiXi3kwkDWI8FCxiBBsrtXtyxOpPp/1qzW24M6Bl4hWkBgVa/epXb5CQNKbCEI617nquNEGGlWGE02mll2oqMRnjIe1aKnBMdZDNzp2iE6sMUJQoW8Kgmfp7IsOx1pM4tJ0xNiO96OXif143NdFlkDEhU0MFmS+KUo5MgvLf0YApSgyfWIKJYvZWREZYYWJsQhUbgrf48jLxzxpXDffuvNa8LtIowxEcQx08uIAm3EILfCAwhmd4hTdHOi/Ou/Mxby05xcwh/IHz+QMkvo75</latexit><latexit sha1_base64="pQucVbJ2M2JVAIHn+b9YqUuSFUQ=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBahXkoignorevFYwdhCG8pmu2mXbjbL7kYsoT/CiwcVr/4fb/4bN20O2vpg4PHeDDPzQsmZNq777ZRWVtfWN8qbla3tnd296v7Bg05SRahPEp6oTog15UxQ3zDDaUcqiuOQ03Y4vsn99iNVmiXi3kwkDWI8FCxiBBsrtXtyxOpPp/1qzW24M6Bl4hWkBgVa/epXb5CQNKbCEI617nquNEGGlWGE02mll2oqMRnjIe1aKnBMdZDNzp2iE6sMUJQoW8Kgmfp7IsOx1pM4tJ0xNiO96OXif143NdFlkDEhU0MFmS+KUo5MgvLf0YApSgyfWIKJYvZWREZYYWJsQhUbgrf48jLxzxpXDffuvNa8LtIowxEcQx08uIAm3EILfCAwhmd4hTdHOi/Ou/Mxby05xcwh/IHz+QMkvo75</latexit>

massive:      spin

massless:   helicity

SU(2)
<latexit sha1_base64="+MQTY7iSBEQQJeOzAz5rDjmjpOc=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mKoN6KXjxWNLbQhrLZTtqlm03Y3Qil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZemAqujet+Oyura+sbm4Wt4vbO7t5+6eDwUSeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+HwZuo3n1BpnsgHM0oxiGlf8ogzaqzk3/uV2lm3VHar7gxkmXg5KUOORrf01eklLItRGiao1m3PTU0wpspwJnBS7GQaU8qGtI9tSyWNUQfj2bETcmqVHokSZUsaMlN/T4xprPUoDm1nTM1AL3pT8T+vnZnoMhhzmWYGJZsvijJBTEKmn5MeV8iMGFlCmeL2VsIGVFFmbD5FG4K3+PIy8WvVq6p7d16uX+dpFOAYTqACHlxAHW6hAT4w4PAMr/DmSOfFeXc+5q0rTj5zBH/gfP4A+VqNqg==</latexit><latexit sha1_base64="+MQTY7iSBEQQJeOzAz5rDjmjpOc=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mKoN6KXjxWNLbQhrLZTtqlm03Y3Qil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZemAqujet+Oyura+sbm4Wt4vbO7t5+6eDwUSeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+HwZuo3n1BpnsgHM0oxiGlf8ogzaqzk3/uV2lm3VHar7gxkmXg5KUOORrf01eklLItRGiao1m3PTU0wpspwJnBS7GQaU8qGtI9tSyWNUQfj2bETcmqVHokSZUsaMlN/T4xprPUoDm1nTM1AL3pT8T+vnZnoMhhzmWYGJZsvijJBTEKmn5MeV8iMGFlCmeL2VsIGVFFmbD5FG4K3+PIy8WvVq6p7d16uX+dpFOAYTqACHlxAHW6hAT4w4PAMr/DmSOfFeXc+5q0rTj5zBH/gfP4A+VqNqg==</latexit><latexit sha1_base64="+MQTY7iSBEQQJeOzAz5rDjmjpOc=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mKoN6KXjxWNLbQhrLZTtqlm03Y3Qil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZemAqujet+Oyura+sbm4Wt4vbO7t5+6eDwUSeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+HwZuo3n1BpnsgHM0oxiGlf8ogzaqzk3/uV2lm3VHar7gxkmXg5KUOORrf01eklLItRGiao1m3PTU0wpspwJnBS7GQaU8qGtI9tSyWNUQfj2bETcmqVHokSZUsaMlN/T4xprPUoDm1nTM1AL3pT8T+vnZnoMhhzmWYGJZsvijJBTEKmn5MeV8iMGFlCmeL2VsIGVFFmbD5FG4K3+PIy8WvVq6p7d16uX+dpFOAYTqACHlxAHW6hAT4w4PAMr/DmSOfFeXc+5q0rTj5zBH/gfP4A+VqNqg==</latexit>

ISO(2)
<latexit sha1_base64="cjSxyod39q9Fst7pzE0pBZXqw+U=">AAAB7HicbVBNTwIxEJ31E/EL9eilkZjghSzERL0RvehJjC6QwIZ0Sxcq3XbTdk3Ihv/gxYMar/4gb/4bC+xBwZdM8vLeTGbmBTFn2rjut7O0vLK6tp7byG9ube/sFvb2G1omilCPSC5VK8CaciaoZ5jhtBUriqOA02YwvJr4zSeqNJPiwYxi6ke4L1jICDZWatzc35aqJ91C0S27U6BFUslIETLUu4WvTk+SJKLCEI61blfc2PgpVoYRTsf5TqJpjMkQ92nbUoEjqv10eu0YHVulh0KpbAmDpurviRRHWo+iwHZG2Az0vDcR//PaiQnP/ZSJODFUkNmiMOHISDR5HfWYosTwkSWYKGZvRWSAFSbGBpS3IVTmX14kXrV8UXbvTou1yyyNHBzCEZSgAmdQg2uogwcEHuEZXuHNkc6L8+58zFqXnGzmAP7A+fwBhPiN9w==</latexit><latexit sha1_base64="cjSxyod39q9Fst7pzE0pBZXqw+U=">AAAB7HicbVBNTwIxEJ31E/EL9eilkZjghSzERL0RvehJjC6QwIZ0Sxcq3XbTdk3Ihv/gxYMar/4gb/4bC+xBwZdM8vLeTGbmBTFn2rjut7O0vLK6tp7byG9ube/sFvb2G1omilCPSC5VK8CaciaoZ5jhtBUriqOA02YwvJr4zSeqNJPiwYxi6ke4L1jICDZWatzc35aqJ91C0S27U6BFUslIETLUu4WvTk+SJKLCEI61blfc2PgpVoYRTsf5TqJpjMkQ92nbUoEjqv10eu0YHVulh0KpbAmDpurviRRHWo+iwHZG2Az0vDcR//PaiQnP/ZSJODFUkNmiMOHISDR5HfWYosTwkSWYKGZvRWSAFSbGBpS3IVTmX14kXrV8UXbvTou1yyyNHBzCEZSgAmdQg2uogwcEHuEZXuHNkc6L8+58zFqXnGzmAP7A+fwBhPiN9w==</latexit><latexit sha1_base64="cjSxyod39q9Fst7pzE0pBZXqw+U=">AAAB7HicbVBNTwIxEJ31E/EL9eilkZjghSzERL0RvehJjC6QwIZ0Sxcq3XbTdk3Ihv/gxYMar/4gb/4bC+xBwZdM8vLeTGbmBTFn2rjut7O0vLK6tp7byG9ube/sFvb2G1omilCPSC5VK8CaciaoZ5jhtBUriqOA02YwvJr4zSeqNJPiwYxi6ke4L1jICDZWatzc35aqJ91C0S27U6BFUslIETLUu4WvTk+SJKLCEI61blfc2PgpVoYRTsf5TqJpjMkQ92nbUoEjqv10eu0YHVulh0KpbAmDpurviRRHWo+iwHZG2Az0vDcR//PaiQnP/ZSJODFUkNmiMOHISDR5HfWYosTwkSWYKGZvRWSAFSbGBpS3IVTmX14kXrV8UXbvTou1yyyNHBzCEZSgAmdQg2uogwcEHuEZXuHNkc6L8+58zFqXnGzmAP7A+fwBhPiN9w==</latexit>

little group

Quantum Field Theory is the successful unification of Quantum Mechanics and Relativity.

1
2n

<latexit sha1_base64="pCJFMovXVbrXZoCdJi2fwMqqRFw=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YC2ls120y7dbMLuRCkh/8OLB0W8+l+8+W/ctjlo64OBx3szzMzzYykMuu63s7K6tr6xWdgqbu/s7u2XDg6bJko04w0WyUi3fWq4FIo3UKDk7VhzGvqSt/zxzdRvPXJtRKTucRLzXkiHSgSCUbTSQxcDTVnqZWk1I6pfKrsVdwayTLyclCFHvV/66g4iloRcIZPUmI7nxthLqUbBJM+K3cTwmLIxHfKOpYqG3PTS2dUZObXKgASRtqWQzNTfEykNjZmEvu0MKY7MojcV//M6CQZXvVSoOEGu2HxRkEiCEZlGQAZCc4ZyYgllWthbCRtRmwPaoIo2BG/x5WXSrFa880r17qJcu87jKMAxnMAZeHAJNbiFOjSAgYZneIU358l5cd6dj3nripPPHMEfOJ8/PySSVw==</latexit>

X

paths

eiS

<latexit sha1_base64="aVdZ3n1ofb5xhqXgw5VNuAsSawM=">AAACC3icbVC7TsMwFHXKq5RXgJHFaoXEVCUFCcYKFsYi6ENqQuS4bmvVdiLbQaqi7Cz8CgsDCLHyA2z8DU6bAVqOZOn4nHt17z1hzKjSjvNtlVZW19Y3ypuVre2d3T17/6CjokRi0sYRi2QvRIowKkhbU81IL5YE8ZCRbji5yv3uA5GKRuJOT2PiczQSdEgx0kYK7KqnEh6knuRpjPRYZRkk9yn1uPlgxNLbLAvsmlN3ZoDLxC1IDRRoBfaXN4hwwonQmCGl+q4Taz9FUlPMSFbxEkVihCdoRPqGCsSJ8tPZLRk8NsoADiNpntBwpv7uSBFXaspDU5nvqBa9XPzP6yd6eOGnVMSJJgLPBw0TBnUE82DggEqCNZsagrCkZleIx0girE18FROCu3jyMuk06u5pvXFzVmteFnGUwRGoghPggnPQBNegBdoAg0fwDF7Bm/VkvVjv1se8tGQVPYfgD6zPH8SRnCM=</latexit>

X
Pi = 1

<latexit sha1_base64="WfiV00TTkrFVy1sgQe1vJQHC36g=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHCOYB2SXMTmaTITOzyzyEEPIbXjwo4tWf8ebfOEn2oIkFDUVVN91dccaZNr7/7RXW1jc2t4rbpZ3dvf2D8uFRS6dWEdokKU9VJ8aaciZp0zDDaSdTFIuY03Y8upv57SeqNEvloxlnNBJ4IFnCCDZOCkNtBWr0GLpBQa9c8av+HGiVBDmpQI5Gr/wV9lNiBZWGcKx1N/AzE02wMoxwOi2FVtMMkxEe0K6jEguqo8n85ik6c0ofJalyJQ2aq78nJlhoPRax6xTYDPWyNxP/87rWJNfRhMnMGirJYlFiOTIpmgWA+kxRYvjYEUwUc7ciMsQKE+NiKrkQguWXV0mrVg0uqrWHy0r9No+jCCdwCucQwBXU4R4a0AQCGTzDK7x51nvx3r2PRWvBy2eO4Q+8zx9QVpCN</latexit>



Aµ ! Aµ + @µ�
<latexit sha1_base64="9vICLUTbmoLKQtXRobdouwmXVkk=">AAACDnicbVBNS8MwGE7n15xfVY9egkMRhNGKoN6mXjxOsG6wlpKm6RaWpiVJhVH2D7z4V7x4UPHq2Zv/xnTtQTcfCDw8z/uR9wlSRqWyrG+jtrC4tLxSX22srW9sbpnbO/cyyQQmDk5YInoBkoRRThxFFSO9VBAUB4x0g9F14XcfiJA04XdqnBIvRgNOI4qR0pJvHl76bpxBVyWwZMfQTZFQFLHSYHpWiHyzabWsKeA8sSvSBBU6vvnlhgnOYsIVZkjKvm2lysuLyZiRScPNJEkRHqEB6WvKUUykl0/vmcADrYQwSoR+XMGp+rsjR7GU4zjQlTFSQznrFeJ/Xj9T0bmXU55minBcLooyBvX1RTgwpIJgxcaaICyo/ivEQyQQVjrChg7Bnj15njgnrYuWdXvabF9VadTBHtgHR8AGZ6ANbkAHOACDR/AMXsGb8WS8GO/GR1laM6qeXfAHxucPqkebYw==</latexit><latexit sha1_base64="9vICLUTbmoLKQtXRobdouwmXVkk=">AAACDnicbVBNS8MwGE7n15xfVY9egkMRhNGKoN6mXjxOsG6wlpKm6RaWpiVJhVH2D7z4V7x4UPHq2Zv/xnTtQTcfCDw8z/uR9wlSRqWyrG+jtrC4tLxSX22srW9sbpnbO/cyyQQmDk5YInoBkoRRThxFFSO9VBAUB4x0g9F14XcfiJA04XdqnBIvRgNOI4qR0pJvHl76bpxBVyWwZMfQTZFQFLHSYHpWiHyzabWsKeA8sSvSBBU6vvnlhgnOYsIVZkjKvm2lysuLyZiRScPNJEkRHqEB6WvKUUykl0/vmcADrYQwSoR+XMGp+rsjR7GU4zjQlTFSQznrFeJ/Xj9T0bmXU55minBcLooyBvX1RTgwpIJgxcaaICyo/ivEQyQQVjrChg7Bnj15njgnrYuWdXvabF9VadTBHtgHR8AGZ6ANbkAHOACDR/AMXsGb8WS8GO/GR1laM6qeXfAHxucPqkebYw==</latexit><latexit sha1_base64="9vICLUTbmoLKQtXRobdouwmXVkk=">AAACDnicbVBNS8MwGE7n15xfVY9egkMRhNGKoN6mXjxOsG6wlpKm6RaWpiVJhVH2D7z4V7x4UPHq2Zv/xnTtQTcfCDw8z/uR9wlSRqWyrG+jtrC4tLxSX22srW9sbpnbO/cyyQQmDk5YInoBkoRRThxFFSO9VBAUB4x0g9F14XcfiJA04XdqnBIvRgNOI4qR0pJvHl76bpxBVyWwZMfQTZFQFLHSYHpWiHyzabWsKeA8sSvSBBU6vvnlhgnOYsIVZkjKvm2lysuLyZiRScPNJEkRHqEB6WvKUUykl0/vmcADrYQwSoR+XMGp+rsjR7GU4zjQlTFSQznrFeJ/Xj9T0bmXU55minBcLooyBvX1RTgwpIJgxcaaICyo/ivEQyQQVjrChg7Bnj15njgnrYuWdXvabF9VadTBHtgHR8AGZ6ANbkAHOACDR/AMXsGb8WS8GO/GR1laM6qeXfAHxucPqkebYw==</latexit>

hµ⌫ ! hµ⌫ + @µ⇠⌫ + @⌫⇠µ � @µ⇠
↵@⌫⇠↵

<latexit sha1_base64="HIkUOZMV4iY4If+oIL9Q1PM+3p8=">AAACY3icbZHNS8MwGMbT+rE5p3bTmwjBIQji6ERQb0MvHic4N1hneZtlLixNS5KKo+yf9ObRi3+HWdfDvl4IPPk9b76eBDFnSrvuj2Vvbe/sFop7pf3yweGRU6m+qSiRhLZJxCPZDUBRzgRta6Y57caSQhhw2gnGTzO/80mlYpF41ZOY9kP4EGzICGiDfCcd+akXJtgTyRR7OsKL8yvsxSA1A+5n7Iv5hi9hkWNjX691v3vA4xFsaM+479TcupsVXheNXNRQXi3f+fYGEUlCKjThoFSv4ca6n842J5xOS16iaAxkDB+0Z6SAkKp+moU0xReGDPAwkmYIjTO6uCKFUKlJGJjOEPRIrXozuMnrJXp430+ZiBNNBZkfNEw4NmHOEscDJinRfGIEEMnMXTEZgQSizb+UTAiN1Sevi/ZN/aHuvtzWmo95GkV0is7RJWqgO9REz6iF2oigX6tgOVbF+rPLdtU+mbfaVr7mGC2VffYPX8e3tw==</latexit><latexit sha1_base64="HIkUOZMV4iY4If+oIL9Q1PM+3p8=">AAACY3icbZHNS8MwGMbT+rE5p3bTmwjBIQji6ERQb0MvHic4N1hneZtlLixNS5KKo+yf9ObRi3+HWdfDvl4IPPk9b76eBDFnSrvuj2Vvbe/sFop7pf3yweGRU6m+qSiRhLZJxCPZDUBRzgRta6Y57caSQhhw2gnGTzO/80mlYpF41ZOY9kP4EGzICGiDfCcd+akXJtgTyRR7OsKL8yvsxSA1A+5n7Iv5hi9hkWNjX691v3vA4xFsaM+479TcupsVXheNXNRQXi3f+fYGEUlCKjThoFSv4ca6n842J5xOS16iaAxkDB+0Z6SAkKp+moU0xReGDPAwkmYIjTO6uCKFUKlJGJjOEPRIrXozuMnrJXp430+ZiBNNBZkfNEw4NmHOEscDJinRfGIEEMnMXTEZgQSizb+UTAiN1Sevi/ZN/aHuvtzWmo95GkV0is7RJWqgO9REz6iF2oigX6tgOVbF+rPLdtU+mbfaVr7mGC2VffYPX8e3tw==</latexit><latexit sha1_base64="HIkUOZMV4iY4If+oIL9Q1PM+3p8=">AAACY3icbZHNS8MwGMbT+rE5p3bTmwjBIQji6ERQb0MvHic4N1hneZtlLixNS5KKo+yf9ObRi3+HWdfDvl4IPPk9b76eBDFnSrvuj2Vvbe/sFop7pf3yweGRU6m+qSiRhLZJxCPZDUBRzgRta6Y57caSQhhw2gnGTzO/80mlYpF41ZOY9kP4EGzICGiDfCcd+akXJtgTyRR7OsKL8yvsxSA1A+5n7Iv5hi9hkWNjX691v3vA4xFsaM+479TcupsVXheNXNRQXi3f+fYGEUlCKjThoFSv4ca6n842J5xOS16iaAxkDB+0Z6SAkKp+moU0xReGDPAwkmYIjTO6uCKFUKlJGJjOEPRIrXozuMnrJXp430+ZiBNNBZkfNEw4NmHOEscDJinRfGIEEMnMXTEZgQSizb+UTAiN1Sevi/ZN/aHuvtzWmo95GkV0is7RJWqgO9REz6iF2oigX6tgOVbF+rPLdtU+mbfaVr7mGC2VffYPX8e3tw==</latexit>

Causality: 

Gauge (redundancy) invariance:

[�(xA),�(xB)] = 0
<latexit sha1_base64="EbI8a7TAdumf95GdryJtTgEsdLk=">AAACAnicbZDNSsNAFIUn9a/Wv6g73QwWoQUpiQjqQqh147KCsYU0hMl00g6dTMLMRCyh4MZXceNCxa1P4c63cdpmoa0HBj7OvZc79wQJo1JZ1rdRWFhcWl4prpbW1jc2t8ztnTsZpwITB8csFu0AScIoJ46iipF2IgiKAkZaweBqXG/dEyFpzG/VMCFehHqchhQjpS3f3HM7SZ9WHvzL6hHMsVH14AW0fLNs1ayJ4DzYOZRBrqZvfnW6MU4jwhVmSErXthLlZUgoihkZlTqpJAnCA9QjrkaOIiK9bHLDCB5qpwvDWOjHFZy4vycyFEk5jALdGSHVl7O1sflfzU1VeOZllCepIhxPF4UpgyqG40BglwqCFRtqQFhQ/VeI+0ggrHRsJR2CPXvyPDjHtfOadXNSrjfyNIpgHxyACrDBKaiDa9AEDsDgETyDV/BmPBkvxrvxMW0tGPnMLvgj4/MH03+VQA==</latexit><latexit sha1_base64="EbI8a7TAdumf95GdryJtTgEsdLk=">AAACAnicbZDNSsNAFIUn9a/Wv6g73QwWoQUpiQjqQqh147KCsYU0hMl00g6dTMLMRCyh4MZXceNCxa1P4c63cdpmoa0HBj7OvZc79wQJo1JZ1rdRWFhcWl4prpbW1jc2t8ztnTsZpwITB8csFu0AScIoJ46iipF2IgiKAkZaweBqXG/dEyFpzG/VMCFehHqchhQjpS3f3HM7SZ9WHvzL6hHMsVH14AW0fLNs1ayJ4DzYOZRBrqZvfnW6MU4jwhVmSErXthLlZUgoihkZlTqpJAnCA9QjrkaOIiK9bHLDCB5qpwvDWOjHFZy4vycyFEk5jALdGSHVl7O1sflfzU1VeOZllCepIhxPF4UpgyqG40BglwqCFRtqQFhQ/VeI+0ggrHRsJR2CPXvyPDjHtfOadXNSrjfyNIpgHxyACrDBKaiDa9AEDsDgETyDV/BmPBkvxrvxMW0tGPnMLvgj4/MH03+VQA==</latexit><latexit sha1_base64="EbI8a7TAdumf95GdryJtTgEsdLk=">AAACAnicbZDNSsNAFIUn9a/Wv6g73QwWoQUpiQjqQqh147KCsYU0hMl00g6dTMLMRCyh4MZXceNCxa1P4c63cdpmoa0HBj7OvZc79wQJo1JZ1rdRWFhcWl4prpbW1jc2t8ztnTsZpwITB8csFu0AScIoJ46iipF2IgiKAkZaweBqXG/dEyFpzG/VMCFehHqchhQjpS3f3HM7SZ9WHvzL6hHMsVH14AW0fLNs1ayJ4DzYOZRBrqZvfnW6MU4jwhVmSErXthLlZUgoihkZlTqpJAnCA9QjrkaOIiK9bHLDCB5qpwvDWOjHFZy4vycyFEk5jALdGSHVl7O1sflfzU1VeOZllCepIhxPF4UpgyqG40BglwqCFRtqQFhQ/VeI+0ggrHRsJR2CPXvyPDjHtfOadXNSrjfyNIpgHxyACrDBKaiDa9AEDsDgETyDV/BmPBkvxrvxMW0tGPnMLvgj4/MH03+VQA==</latexit>
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EFTs describe the relevant physics at low energies.

Effective Field Theory
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General Relativity is the unique Lorentz invariant EFT for interacting massless spin-2 particles.

✏0µ⌫ = ✏µ⌫ + qµ�⌫ + q⌫�µ
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<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

universal



S-matrix Theory

Unitarity: 

S = I+ i(2⇡)4�(p)M
<latexit sha1_base64="JQF6acQlcywFrnef3q2Mj4QJujI=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0VoEUpaCupCKLrRhVDR2EITy2QyaYdOHsxMhBLyH278FTcuVNyJG//GSZuFth4YOJxzLnPvcSJGhTSMb62wsLi0vFJcLa2tb2xu6ds7dyKMOSYmDlnIuw4ShNGAmJJKRroRJ8h3GOk4o/PM7zwQLmgY3MpxRGwfDQLqUYykkvp64waeQstHcug4yWUKDyGFlQa0Ilq9b0LLJUyiSlSdRjBiyVXa18tGzZgAzpN6TsogR7uvf1puiGOfBBIzJESvbkTSThCXFDOSlqxYkAjhERqQnqIB8omwk8ltKTxQigu9kKsXSDhRf08kyBdi7Dsqma0oZr1M/M/rxdI7thMaRLEkAZ5+5MUMyhBmRUGXcoIlGyuCMKdqV4iHiCMsVZ0lVUJ99uR5YjZqJzXjulluneVtFMEe2AcVUAdHoAUuQBuYAINH8AxewZv2pL1o79rHNFrQ8pld8Afa1w8DRJ6N</latexit><latexit sha1_base64="JQF6acQlcywFrnef3q2Mj4QJujI=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0VoEUpaCupCKLrRhVDR2EITy2QyaYdOHsxMhBLyH278FTcuVNyJG//GSZuFth4YOJxzLnPvcSJGhTSMb62wsLi0vFJcLa2tb2xu6ds7dyKMOSYmDlnIuw4ShNGAmJJKRroRJ8h3GOk4o/PM7zwQLmgY3MpxRGwfDQLqUYykkvp64waeQstHcug4yWUKDyGFlQa0Ilq9b0LLJUyiSlSdRjBiyVXa18tGzZgAzpN6TsogR7uvf1puiGOfBBIzJESvbkTSThCXFDOSlqxYkAjhERqQnqIB8omwk8ltKTxQigu9kKsXSDhRf08kyBdi7Dsqma0oZr1M/M/rxdI7thMaRLEkAZ5+5MUMyhBmRUGXcoIlGyuCMKdqV4iHiCMsVZ0lVUJ99uR5YjZqJzXjulluneVtFMEe2AcVUAdHoAUuQBuYAINH8AxewZv2pL1o79rHNFrQ8pld8Afa1w8DRJ6N</latexit><latexit sha1_base64="JQF6acQlcywFrnef3q2Mj4QJujI=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0VoEUpaCupCKLrRhVDR2EITy2QyaYdOHsxMhBLyH278FTcuVNyJG//GSZuFth4YOJxzLnPvcSJGhTSMb62wsLi0vFJcLa2tb2xu6ds7dyKMOSYmDlnIuw4ShNGAmJJKRroRJ8h3GOk4o/PM7zwQLmgY3MpxRGwfDQLqUYykkvp64waeQstHcug4yWUKDyGFlQa0Ilq9b0LLJUyiSlSdRjBiyVXa18tGzZgAzpN6TsogR7uvf1puiGOfBBIzJESvbkTSThCXFDOSlqxYkAjhERqQnqIB8omwk8ltKTxQigu9kKsXSDhRf08kyBdi7Dsqma0oZr1M/M/rxdI7thMaRLEkAZ5+5MUMyhBmRUGXcoIlGyuCMKdqV4iHiCMsVZ0lVUJ99uR5YjZqJzXjulluneVtFMEe2AcVUAdHoAUuQBuYAINH8AxewZv2pL1o79rHNFrQ8pld8Afa1w8DRJ6N</latexit>

Poincaré invariance: 

(optical theorem)

Little group covariant amplitudes.

 

local, causal?

Properties of scattering amplitudes in the complex plane of kinematical variables.

particle = (m, s)

S†S = I
<latexit sha1_base64="Vpw9UHK7GCzAnDpHrcCkh8rF64g=">AAACAHicbVBNS8NAEN34WetX1IvgZbEInkoignoQil70VqmxhSaWzWaTLt1swu5GKKFe/CtePKh49Wd489+4aXPQ1gcDj/dmmJnnp4xKZVnfxtz8wuLScmWlurq2vrFpbm3fySQTmDg4YYno+EgSRjlxFFWMdFJBUOwz0vYHl4XffiBC0oTfqmFKvBhFnIYUI6WlnrnbuncDFEVEwBY8h26MVN/38+tRz6xZdWsMOEvsktRAiWbP/HKDBGcx4QozJGXXtlLl5UgoihkZVd1MkhThAYpIV1OOYiK9fPzBCB5oJYBhInRxBcfq74kcxVIOY193FhfKaa8Q//O6mQpPvZzyNFOE48miMGNQJbCIAwZUEKzYUBOEBdW3QtxHAmGlQ6vqEOzpl2eJc1Q/q9s3x7XGRZlGBeyBfXAIbHACGuAKNIEDMHgEz+AVvBlPxovxbnxMWueMcmYH/IHx+QOOApXh</latexit><latexit sha1_base64="Vpw9UHK7GCzAnDpHrcCkh8rF64g=">AAACAHicbVBNS8NAEN34WetX1IvgZbEInkoignoQil70VqmxhSaWzWaTLt1swu5GKKFe/CtePKh49Wd489+4aXPQ1gcDj/dmmJnnp4xKZVnfxtz8wuLScmWlurq2vrFpbm3fySQTmDg4YYno+EgSRjlxFFWMdFJBUOwz0vYHl4XffiBC0oTfqmFKvBhFnIYUI6WlnrnbuncDFEVEwBY8h26MVN/38+tRz6xZdWsMOEvsktRAiWbP/HKDBGcx4QozJGXXtlLl5UgoihkZVd1MkhThAYpIV1OOYiK9fPzBCB5oJYBhInRxBcfq74kcxVIOY193FhfKaa8Q//O6mQpPvZzyNFOE48miMGNQJbCIAwZUEKzYUBOEBdW3QtxHAmGlQ6vqEOzpl2eJc1Q/q9s3x7XGRZlGBeyBfXAIbHACGuAKNIEDMHgEz+AVvBlPxovxbnxMWueMcmYH/IHx+QOOApXh</latexit><latexit sha1_base64="Vpw9UHK7GCzAnDpHrcCkh8rF64g=">AAACAHicbVBNS8NAEN34WetX1IvgZbEInkoignoQil70VqmxhSaWzWaTLt1swu5GKKFe/CtePKh49Wd489+4aXPQ1gcDj/dmmJnnp4xKZVnfxtz8wuLScmWlurq2vrFpbm3fySQTmDg4YYno+EgSRjlxFFWMdFJBUOwz0vYHl4XffiBC0oTfqmFKvBhFnIYUI6WlnrnbuncDFEVEwBY8h26MVN/38+tRz6xZdWsMOEvsktRAiWbP/HKDBGcx4QozJGXXtlLl5UgoihkZVd1MkhThAYpIV1OOYiK9fPzBCB5oJYBhInRxBcfq74kcxVIOY193FhfKaa8Q//O6mQpPvZzyNFOE48miMGNQJbCIAwZUEKzYUBOEBdW3QtxHAmGlQ6vqEOzpl2eJc1Q/q9s3x7XGRZlGBeyBfXAIbHACGuAKNIEDMHgEz+AVvBlPxovxbnxMWueMcmYH/IHx+QOOApXh</latexit><latexit sha1_base64="Vpw9UHK7GCzAnDpHrcCkh8rF64g=">AAACAHicbVBNS8NAEN34WetX1IvgZbEInkoignoQil70VqmxhSaWzWaTLt1swu5GKKFe/CtePKh49Wd489+4aXPQ1gcDj/dmmJnnp4xKZVnfxtz8wuLScmWlurq2vrFpbm3fySQTmDg4YYno+EgSRjlxFFWMdFJBUOwz0vYHl4XffiBC0oTfqmFKvBhFnIYUI6WlnrnbuncDFEVEwBY8h26MVN/38+tRz6xZdWsMOEvsktRAiWbP/HKDBGcx4QozJGXXtlLl5UgoihkZVd1MkhThAYpIV1OOYiK9fPzBCB5oJYBhInRxBcfq74kcxVIOY193FhfKaa8Q//O6mQpPvZzyNFOE48miMGNQJbCIAwZUEKzYUBOEBdW3QtxHAmGlQ6vqEOzpl2eJc1Q/q9s3x7XGRZlGBeyBfXAIbHACGuAKNIEDMHgEz+AVvBlPxovxbnxMWueMcmYH/IHx+QOOApXh</latexit>

2 to 2 scattering Mandelstam variables: s, t, u



|M̂(s)| < c · s log2 s
<latexit sha1_base64="ke/e7NbF9tTLxjI2aXR4ASJq+D4=">AAACEnicbVA9SwNBFNyLXzF+RS1tFoMQLcIlCCpYBG1shAieCeTOsLfZJEv2bo/dd0K45D/Y+FdsLFRsrez8N26SKzRxYGGYeY+3M34kuAbb/rYyC4tLyyvZ1dza+sbmVn57507LWFHmUCmkavhEM8FD5gAHwRqRYiTwBav7/cuxX39gSnMZ3sIgYl5AuiHvcErASK380dANCPQoEYnbI4CvR0V9OMTnmGKXtiVgjV0hu/cVrFv5gl2yJ8DzpJySAkpRa+W/3LakccBCoIJo3SzbEXgJUcCpYKOcG2sWEdonXdY0NCQB014yyTTCB0Zp445U5oWAJ+rvjYQEWg8C30yOA+hZbyz+5zVj6Jx6CQ+jGFhIp4c6scAg8bgg3OaKURADQwhV3PwV0x5RhIKpMWdKKM9GnidOpXRWsm+OC9WLtI0s2kP7qIjK6ARV0RWqIQdR9Iie0St6s56sF+vd+piOZqx0Zxf9gfX5AwoNnIs=</latexit><latexit sha1_base64="ke/e7NbF9tTLxjI2aXR4ASJq+D4=">AAACEnicbVA9SwNBFNyLXzF+RS1tFoMQLcIlCCpYBG1shAieCeTOsLfZJEv2bo/dd0K45D/Y+FdsLFRsrez8N26SKzRxYGGYeY+3M34kuAbb/rYyC4tLyyvZ1dza+sbmVn57507LWFHmUCmkavhEM8FD5gAHwRqRYiTwBav7/cuxX39gSnMZ3sIgYl5AuiHvcErASK380dANCPQoEYnbI4CvR0V9OMTnmGKXtiVgjV0hu/cVrFv5gl2yJ8DzpJySAkpRa+W/3LakccBCoIJo3SzbEXgJUcCpYKOcG2sWEdonXdY0NCQB014yyTTCB0Zp445U5oWAJ+rvjYQEWg8C30yOA+hZbyz+5zVj6Jx6CQ+jGFhIp4c6scAg8bgg3OaKURADQwhV3PwV0x5RhIKpMWdKKM9GnidOpXRWsm+OC9WLtI0s2kP7qIjK6ARV0RWqIQdR9Iie0St6s56sF+vd+piOZqx0Zxf9gfX5AwoNnIs=</latexit><latexit sha1_base64="ke/e7NbF9tTLxjI2aXR4ASJq+D4=">AAACEnicbVA9SwNBFNyLXzF+RS1tFoMQLcIlCCpYBG1shAieCeTOsLfZJEv2bo/dd0K45D/Y+FdsLFRsrez8N26SKzRxYGGYeY+3M34kuAbb/rYyC4tLyyvZ1dza+sbmVn57507LWFHmUCmkavhEM8FD5gAHwRqRYiTwBav7/cuxX39gSnMZ3sIgYl5AuiHvcErASK380dANCPQoEYnbI4CvR0V9OMTnmGKXtiVgjV0hu/cVrFv5gl2yJ8DzpJySAkpRa+W/3LakccBCoIJo3SzbEXgJUcCpYKOcG2sWEdonXdY0NCQB014yyTTCB0Zp445U5oWAJ+rvjYQEWg8C30yOA+hZbyz+5zVj6Jx6CQ+jGFhIp4c6scAg8bgg3OaKURADQwhV3PwV0x5RhIKpMWdKKM9GnidOpXRWsm+OC9WLtI0s2kP7qIjK6ARV0RWqIQdR9Iie0St6s56sF+vd+piOZqx0Zxf9gfX5AwoNnIs=</latexit>

Analyticity:
(cluster decomposition)

M(s, t, u)
<latexit sha1_base64="aISXjZ6mcxbH3ypVbic/johlj/8=">AAAB+nicbVDLSsNAFL2pr1pfsS7dDBahQimJCOqu6MaNUMHYQhvKZDpph04ezEzEEvIrblyouPVL3Pk3TtostPXAwOGce7lnjhdzJpVlfRulldW19Y3yZmVre2d3z9yvPsgoEYQ6JOKR6HpYUs5C6iimOO3GguLA47TjTa5zv/NIhWRReK+mMXUDPAqZzwhWWhqY1X6A1Zhgnt5mddlQjeRkYNaspjUDWiZ2QWpQoD0wv/rDiCQBDRXhWMqebcXKTbFQjHCaVfqJpDEmEzyiPU1DHFDpprPsGTrWyhD5kdAvVGim/t5IcSDlNPD0ZJ5ULnq5+J/XS5R/4aYsjBNFQzI/5CccqQjlRaAhE5QoPtUEE8F0VkTGWGCidF0VXYK9+OVl4pw2L5vW3VmtdVW0UYZDOII62HAOLbiBNjhA4Ame4RXejMx4Md6Nj/loySh2DuAPjM8fmp+Tsg==</latexit><latexit sha1_base64="aISXjZ6mcxbH3ypVbic/johlj/8=">AAAB+nicbVDLSsNAFL2pr1pfsS7dDBahQimJCOqu6MaNUMHYQhvKZDpph04ezEzEEvIrblyouPVL3Pk3TtostPXAwOGce7lnjhdzJpVlfRulldW19Y3yZmVre2d3z9yvPsgoEYQ6JOKR6HpYUs5C6iimOO3GguLA47TjTa5zv/NIhWRReK+mMXUDPAqZzwhWWhqY1X6A1Zhgnt5mddlQjeRkYNaspjUDWiZ2QWpQoD0wv/rDiCQBDRXhWMqebcXKTbFQjHCaVfqJpDEmEzyiPU1DHFDpprPsGTrWyhD5kdAvVGim/t5IcSDlNPD0ZJ5ULnq5+J/XS5R/4aYsjBNFQzI/5CccqQjlRaAhE5QoPtUEE8F0VkTGWGCidF0VXYK9+OVl4pw2L5vW3VmtdVW0UYZDOII62HAOLbiBNjhA4Ame4RXejMx4Md6Nj/loySh2DuAPjM8fmp+Tsg==</latexit><latexit sha1_base64="aISXjZ6mcxbH3ypVbic/johlj/8=">AAAB+nicbVDLSsNAFL2pr1pfsS7dDBahQimJCOqu6MaNUMHYQhvKZDpph04ezEzEEvIrblyouPVL3Pk3TtostPXAwOGce7lnjhdzJpVlfRulldW19Y3yZmVre2d3z9yvPsgoEYQ6JOKR6HpYUs5C6iimOO3GguLA47TjTa5zv/NIhWRReK+mMXUDPAqZzwhWWhqY1X6A1Zhgnt5mddlQjeRkYNaspjUDWiZ2QWpQoD0wv/rDiCQBDRXhWMqebcXKTbFQjHCaVfqJpDEmEzyiPU1DHFDpprPsGTrWyhD5kdAvVGim/t5IcSDlNPD0ZJ5ULnq5+J/XS5R/4aYsjBNFQzI/5CccqQjlRaAhE5QoPtUEE8F0VkTGWGCidF0VXYK9+OVl4pw2L5vW3VmtdVW0UYZDOII62HAOLbiBNjhA4Ame4RXejMx4Md6Nj/loySh2DuAPjM8fmp+Tsg==</latexit>
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poles

branch cuts

Crossing symmetry:

Polynomial boundedness:
(Froissart-Martin bound)

A

D

C

B

A

B

D

C

M(s, t, u)
<latexit sha1_base64="aISXjZ6mcxbH3ypVbic/johlj/8=">AAAB+nicbVDLSsNAFL2pr1pfsS7dDBahQimJCOqu6MaNUMHYQhvKZDpph04ezEzEEvIrblyouPVL3Pk3TtostPXAwOGce7lnjhdzJpVlfRulldW19Y3yZmVre2d3z9yvPsgoEYQ6JOKR6HpYUs5C6iimOO3GguLA47TjTa5zv/NIhWRReK+mMXUDPAqZzwhWWhqY1X6A1Zhgnt5mddlQjeRkYNaspjUDWiZ2QWpQoD0wv/rDiCQBDRXhWMqebcXKTbFQjHCaVfqJpDEmEzyiPU1DHFDpprPsGTrWyhD5kdAvVGim/t5IcSDlNPD0ZJ5ULnq5+J/XS5R/4aYsjBNFQzI/5CccqQjlRaAhE5QoPtUEE8F0VkTGWGCidF0VXYK9+OVl4pw2L5vW3VmtdVW0UYZDOII62HAOLbiBNjhA4Ame4RXejMx4Md6Nj/loySh2DuAPjM8fmp+Tsg==</latexit><latexit sha1_base64="aISXjZ6mcxbH3ypVbic/johlj/8=">AAAB+nicbVDLSsNAFL2pr1pfsS7dDBahQimJCOqu6MaNUMHYQhvKZDpph04ezEzEEvIrblyouPVL3Pk3TtostPXAwOGce7lnjhdzJpVlfRulldW19Y3yZmVre2d3z9yvPsgoEYQ6JOKR6HpYUs5C6iimOO3GguLA47TjTa5zv/NIhWRReK+mMXUDPAqZzwhWWhqY1X6A1Zhgnt5mddlQjeRkYNaspjUDWiZ2QWpQoD0wv/rDiCQBDRXhWMqebcXKTbFQjHCaVfqJpDEmEzyiPU1DHFDpprPsGTrWyhD5kdAvVGim/t5IcSDlNPD0ZJ5ULnq5+J/XS5R/4aYsjBNFQzI/5CccqQjlRaAhE5QoPtUEE8F0VkTGWGCidF0VXYK9+OVl4pw2L5vW3VmtdVW0UYZDOII62HAOLbiBNjhA4Ame4RXejMx4Md6Nj/loySh2DuAPjM8fmp+Tsg==</latexit><latexit sha1_base64="aISXjZ6mcxbH3ypVbic/johlj/8=">AAAB+nicbVDLSsNAFL2pr1pfsS7dDBahQimJCOqu6MaNUMHYQhvKZDpph04ezEzEEvIrblyouPVL3Pk3TtostPXAwOGce7lnjhdzJpVlfRulldW19Y3yZmVre2d3z9yvPsgoEYQ6JOKR6HpYUs5C6iimOO3GguLA47TjTa5zv/NIhWRReK+mMXUDPAqZzwhWWhqY1X6A1Zhgnt5mddlQjeRkYNaspjUDWiZ2QWpQoD0wv/rDiCQBDRXhWMqebcXKTbFQjHCaVfqJpDEmEzyiPU1DHFDpprPsGTrWyhD5kdAvVGim/t5IcSDlNPD0ZJ5ULnq5+J/XS5R/4aYsjBNFQzI/5CccqQjlRaAhE5QoPtUEE8F0VkTGWGCidF0VXYK9+OVl4pw2L5vW3VmtdVW0UYZDOII62HAOLbiBNjhA4Ame4RXejMx4Md6Nj/loySh2DuAPjM8fmp+Tsg==</latexit>

M(t, u, s)
<latexit sha1_base64="3nif7CrBNRjKshVCyrjMlgFZi34=">AAAB+nicbVDLSsNAFL2pr1pfsS7dDBahQimJCOqu6MaNUMHYQhvKZDpph04ezEzEEvIrblyouPVL3Pk3TtostPXAwOGce7lnjhdzJpVlfRulldW19Y3yZmVre2d3z9yvPsgoEYQ6JOKR6HpYUs5C6iimOO3GguLA47TjTa5zv/NIhWRReK+mMXUDPAqZzwhWWhqY1X6A1Zhgnt5mddVIGvJkYNaspjUDWiZ2QWpQoD0wv/rDiCQBDRXhWMqebcXKTbFQjHCaVfqJpDEmEzyiPU1DHFDpprPsGTrWyhD5kdAvVGim/t5IcSDlNPD0ZJ5ULnq5+J/XS5R/4aYsjBNFQzI/5CccqQjlRaAhE5QoPtUEE8F0VkTGWGCidF0VXYK9+OVl4pw2L5vW3VmtdVW0UYZDOII62HAOLbiBNjhA4Ame4RXejMx4Md6Nj/loySh2DuAPjM8fmqWTsg==</latexit><latexit sha1_base64="3nif7CrBNRjKshVCyrjMlgFZi34=">AAAB+nicbVDLSsNAFL2pr1pfsS7dDBahQimJCOqu6MaNUMHYQhvKZDpph04ezEzEEvIrblyouPVL3Pk3TtostPXAwOGce7lnjhdzJpVlfRulldW19Y3yZmVre2d3z9yvPsgoEYQ6JOKR6HpYUs5C6iimOO3GguLA47TjTa5zv/NIhWRReK+mMXUDPAqZzwhWWhqY1X6A1Zhgnt5mddVIGvJkYNaspjUDWiZ2QWpQoD0wv/rDiCQBDRXhWMqebcXKTbFQjHCaVfqJpDEmEzyiPU1DHFDpprPsGTrWyhD5kdAvVGim/t5IcSDlNPD0ZJ5ULnq5+J/XS5R/4aYsjBNFQzI/5CccqQjlRaAhE5QoPtUEE8F0VkTGWGCidF0VXYK9+OVl4pw2L5vW3VmtdVW0UYZDOII62HAOLbiBNjhA4Ame4RXejMx4Md6Nj/loySh2DuAPjM8fmqWTsg==</latexit><latexit sha1_base64="3nif7CrBNRjKshVCyrjMlgFZi34=">AAAB+nicbVDLSsNAFL2pr1pfsS7dDBahQimJCOqu6MaNUMHYQhvKZDpph04ezEzEEvIrblyouPVL3Pk3TtostPXAwOGce7lnjhdzJpVlfRulldW19Y3yZmVre2d3z9yvPsgoEYQ6JOKR6HpYUs5C6iimOO3GguLA47TjTa5zv/NIhWRReK+mMXUDPAqZzwhWWhqY1X6A1Zhgnt5mddVIGvJkYNaspjUDWiZ2QWpQoD0wv/rDiCQBDRXhWMqebcXKTbFQjHCaVfqJpDEmEzyiPU1DHFDpprPsGTrWyhD5kdAvVGim/t5IcSDlNPD0ZJ5ULnq5+J/XS5R/4aYsjBNFQzI/5CccqQjlRaAhE5QoPtUEE8F0VkTGWGCidF0VXYK9+OVl4pw2L5vW3VmtdVW0UYZDOII62HAOLbiBNjhA4Ame4RXejMx4Md6Nj/loySh2DuAPjM8fmqWTsg==</latexit>

forward limit,          .

Satisfied by massive* QFT & perturbative (open) string theories.

t ! 0
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Positivity constraint from a IR-UV connection.
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Dispersion Relation
(Gell-Mann, Goldberger, Thirring ’54)
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Theory of interacting photons:

Theories with wrong-sign coefficients live in the swampland of EFTs.

UV theories with canonical S-matrices give rise to EFTs satisfying positivity constraints. 
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(Euler, Heisenberg ’36)
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<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Turning on gravity gives rise to a universal forward (Coulomb) singularity.

M̂00
AB(s = 0) =

2

⇡

Z 1 ds

s2

X

X

�AB!X(s) > 0
<latexit sha1_base64="p0QXxiWEfCWb/ZB0tjppGPFrxtk="></latexit><latexit sha1_base64="p0QXxiWEfCWb/ZB0tjppGPFrxtk="></latexit><latexit sha1_base64="p0QXxiWEfCWb/ZB0tjppGPFrxtk="></latexit>

1 = 1
<latexit sha1_base64="+qB7DN9i3ZmzjTKN6O/uvnIsDVE=">AAAB+HicbZBNS8NAEIYnftb60ahHL4tF8FQSFfQiFL14rGA/oA1ls920SzebsDsRaukv8eJBEa/+FG/+G7dtDtr6wsLDOzPM7BumUhj0vG9nZXVtfWOzsFXc3tndK7n7Bw2TZJrxOktkolshNVwKxesoUPJWqjmNQ8mb4fB2Wm8+cm1Eoh5wlPIgpn0lIsEoWqvrljpCRTgi12QOXbfsVbyZyDL4OZQhV63rfnV6CctirpBJakzb91IMxlSjYJJPip3M8JSyIe3ztkVFY26C8ezwCTmxTo9EibZPIZm5vyfGNDZmFIe2M6Y4MIu1qflfrZ1hdBWMhUoz5IrNF0WZJJiQaQqkJzRnKEcWKNPC3krYgGrK0GZVtCH4i19ehsZZxT+vePcX5epNHkcBjuAYTsGHS6jCHdSgDgwyeIZXeHOenBfn3fmYt644+cwh/JHz+QM4RJLM</latexit>

Amplitudes’ positivity in gravitational theories useless unless we regulate the t-channel pole.
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+O(s)

<latexit sha1_base64="bhMMrmDrAAuxY8P2+QBuloVLTMk="></latexit>



Graviton Singularity Regularization
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<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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t ! 0
<latexit sha1_base64="Y3GBe+gEwmCVsK/ejRwixQClPAc=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQq6LLoxmUF+4A2lMl00g6dTMLMjVBCP8KNC0Xc+j3u/BunaRbaemDgcM69zD0nSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu7nfeeLaiFg94jThfkRHSoSCUbRSB0kfY+IOqjW37uYgq8QrSA0KNAfVr/4wZmnEFTJJjel5boJ+RjUKJvms0k8NTyib0BHvWapoxI2f5efOyJlVhiSMtX0KSa7+3shoZMw0CuxkRHFslr25+J/XSzG88TOhkhS5YouPwlQSG3GenQyF5gzl1BLKtLC3EjammjK0DVVsCd5y5FXSvqh7l3X34arWuC3qKMMJnMI5eHANDbiHJrSAwQSe4RXenMR5cd6dj8VoySl2juEPnM8fUuOO5Q==</latexit>

The source of the problem: in the forward limit, soft graviton probes the infinite (flat) space.

arbitrarily large distances
Figure1: 1
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qµ ! 0
<latexit sha1_base64="NUVZd7VWQ1r2tozLNq8BAkaVc2g=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNV0GXRjcsK9gEzQ8mkmTY0yYzJHaEM/Qw3LhRx69e4829M21lo64HA4Zx7yT0nSgU34LrfTmltfWNzq7xd2dnd2z+oHh51TJJpyto0EYnuRcQwwRVrAwfBeqlmREaCdaPx7czvPjFteKIeYJKyUJKh4jGnBKzkP/YDmeEAEuz2qzW37s6BV4lXkBoq0OpXv4JBQjPJFFBBjPE9N4UwJxo4FWxaCTLDUkLHZMh8SxWRzIT5/OQpPrPKAMeJtk8Bnqu/N3IijZnIyE5KAiOz7M3E/zw/g/g6zLlKM2CKLj6KM4FtxFl+POCaURATSwjV3N6K6YhoQsG2VLEleMuRV0mnUfcu6o37y1rzpqijjE7QKTpHHrpCTXSHWqiNKErQM3pFbw44L86787EYLTnFzjH6A+fzB2KKkKk=</latexit>

The idea of the solution: reduce available space.

M(t ! 0) = � 1
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<latexit sha1_base64="bhMMrmDrAAuxY8P2+QBuloVLTMk="></latexit>



Aµ , � , KK-modes
<latexit sha1_base64="yhn0RVJi+UmSmi1xbgDPVyhCYic=">AAACFXicbVDLSgMxFM3Ud31VXboJFsFFLTMq6NLHRuimgm2FTimZ9LYNTWaG5I5Yhv6EG3/FjQtF3Aru/BvTB/ioBxJOzrmXm3uCWAqDrvvpZGZm5+YXFpeyyyura+u5jc2qiRLNocIjGembgBmQIoQKCpRwE2tgKpBQC3oXQ792C9qIKLzGfgwNxTqhaAvO0ErNXOGs6auE+gVaGF5+uSu+Hwh3qFVaKu2rqAVm0Mzl3aI7Ap0m3oTkyQTlZu7Db0U8URAil8yYuufG2EiZRsElDLJ+YiBmvMc6ULc0ZApMIx1tNaC7VmnRdqTtCZGO1J8dKVPG9FVgKxXDrvnrDcX/vHqC7ZNGKsI4QQj5eFA7kRQjOoyItoQGjrJvCeNa2L9S3mWacbRBZm0I3t+Vp0n1oOgdFt2ro/zp+SSORbJNdsge8cgxOSWXpEwqhJN78kieyYvz4Dw5r87buDTjTHq2yC8471+iSZwL</latexit>

Compactification to 3D

(3+1)D flat space (2+1)D flat space

L
<latexit sha1_base64="9PF+tKjSQN8i8QYPTB/Bgp+YVSU=">AAAB6HicbVA9SwNBEJ3zM8avqKXNYhCswp0KWgZtLCwSMB+QHGFvM5es2ds7dveEcOQX2FgoYutPsvPfuEmu0MQHA4/3ZpiZFySCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDv1W0+oNI/lgxkn6Ed0IHnIGTVWqt/3SmW34s5AlomXkzLkqPVKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWCpphNrPZodOyKlV+iSMlS1pyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhtZ9xmaQGJZsvClNBTEymX5M+V8iMGFtCmeL2VsKGVFFmbDZFG4K3+PIyaZ5XvIuKW78sV2/yOApwDCdwBh5cQRXuoAYNYIDwDK/w5jw6L8678zFvXXHymSP4A+fzB6QzjNI=</latexit>

ĝMN
<latexit sha1_base64="oQGFSyJpq6ygUG4WDoFGxu5VaJQ=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRixelgv2ANJTNdtsu3WTD7kQooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYWV1b3yhulra2d3b3yvsHTaNSzXiDKal0O6SGSxHzBgqUvJ1oTqNQ8lY4upn6rSeujVDxI44THkR0EIu+YBSt5HeGFMmgm93dT7rlilt1ZyDLxMtJBXLUu+WvTk+xNOIxMkmN8T03wSCjGgWTfFLqpIYnlI3ogPuWxjTiJshmJ0/IiVV6pK+0rRjJTP09kdHImHEU2s6I4tAselPxP89PsX8VZCJOUuQxmy/qp5KgItP/SU9ozlCOLaFMC3srYUOqKUObUsmG4C2+vEyaZ1XvvOo+XFRq13kcRTiCYzgFDy6hBrdQhwYwUPAMr/DmoPPivDsf89aCk88cwh84nz/iApD8</latexit>

gµ⌫ , � , Vµ , KK-modes
<latexit sha1_base64="kYKgmsFiWb15su/aMKrsdDAz2Fg=">AAACLHicbVDLSgMxFM34rPVVdekmWAQXWmZU0GXRjeBGwVahU4ZMetuGJpkhuSOWoR/kxl8RxIUibv0O01rF14WEk3PO5eaeOJXCou8/exOTU9Mzs4W54vzC4tJyaWW1bpPMcKjxRCbmKmYWpNBQQ4ESrlIDTMUSLuPe8VC/vAZjRaIvsJ9CU7GOFm3BGToqKh13ojxUGQ11NqDhNt0eXqEVHcW+nvVo5PgUEW7QqPz0dEclLbADGpXKfsUfFf0LgjEok3GdRaWHsJXwTIFGLpm1jcBPsZkzg4JLGBTDzELKeI91oOGgZgpsMx8tO6CbjmnRdmLc0UhH7PeOnClr+yp2TsWwa39rQ/I/rZFh+7CZC51mCJp/DGpnkmJCh8nRljDAUfYdYNwI91fKu8wwji7fogsh+L3yX1DfrQR7Ff98v1w9GsdRIOtkg2yRgByQKjkhZ6RGOLkl9+SJPHt33qP34r1+WCe8cc8a+VHe2zuSAqQt</latexit>

non-dynamical metric

dilaton graviphoton m2
n ⇠ n2

L2
<latexit sha1_base64="6An14P3p/T1iFtEgQ02QCqOtNDU=">AAACBHicbVC7TsMwFL0pr1JeBcYuFhUSU5UUJBgrWBgYikQfUhsix3Vaq7YT2Q5SFXVg4VdYGECIlY9g429wHwO0HMnW8Tn36vqeMOFMG9f9dnIrq2vrG/nNwtb2zu5ecf+gqeNUEdogMY9VO8SaciZpwzDDaTtRFIuQ01Y4vJr4rQeqNIvlnRkl1Be4L1nECDZWCoolEcj7KupqJlDXRAqTzL7H2Y29gmLZrbhToGXizUkZ5qgHxa9uLyapoNIQjrXueG5i/Awrwwin40I31TTBZIj7tGOpxIJqP5suMUbHVumhKFb2SIOm6u+ODAutRyK0lQKbgV70JuJ/Xic10YWfMZmkhkoyGxSlHJkYTRJBPaYoMXxkCSaK2b8iMsA2CWNzK9gQvMWVl0mzWvFOK+7tWbl2OY8jDyU4ghPw4BxqcA11aACBR3iGV3hznpwX5935mJXmnHnPIfyB8/kD6mmXoA==</latexit>

ÂM
<latexit sha1_base64="xFJ14YTAnggGhQ4OnZ0VmpPzrH4=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPVixehgv3ANpTNdtMu3WzC7kQoof/CiwdFvPpvvPlv3LY5aPXBwOO9GWbmBYkUBl33yyksLa+srhXXSxubW9s75d29polTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdD31W49cGxGrexwn3I/oQIlQMIpWeugOKZLLXnY76ZUrbtWdgfwlXk4qkKPeK392+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx28YQcWaVPwljbUkhm6s+JjEbGjKPAdkYUh2bRm4r/eZ0Uwws/EypJkSs2XxSmkmBMpu+TvtCcoRxbQpkW9lbChlRThjakkg3BW3z5L2meVL3Tqnt3Vqld5XEU4QAO4Rg8OIca3EAdGsBAwRO8wKtjnGfnzXmftxacfGYffsH5+AYJD5B+</latexit>

photon scalar-photon

(Bellazzini, Lewandowski, JS ’19)

M,N = 0, 1, 2, 3
<latexit sha1_base64="Cgo1kTQ0NHp5VUGyx8vco+8acoU=">AAAB+nicbVDLSgNBEOyNrxhfGz16GQyChyXsJoJehKAXL0oE84BkCbOT2WTI7IOZWSWs+RQvHhTx6pd482+cJHvQxIKGoqqb7i4v5kwq2/42ciura+sb+c3C1vbO7p5Z3G/KKBGENkjEI9H2sKSchbShmOK0HQuKA4/Tlje6mvqtByoki8J7NY6pG+BByHxGsNJSzyzeWOgWXSDbQo6FKhaq9sySXbZnQMvEyUgJMtR75le3H5EkoKEiHEvZcexYuSkWihFOJ4VuImmMyQgPaEfTEAdUuuns9Ak61kof+ZHQFSo0U39PpDiQchx4ujPAaigXvan4n9dJlH/upiyME0VDMl/kJxypCE1zQH0mKFF8rAkmgulbERligYnSaRV0CM7iy8ukWSk71XLl7rRUu8ziyMMhHMEJOHAGNbiGOjSAwCM8wyu8GU/Gi/FufMxbc0Y2cwB/YHz+ALRkkGc=</latexit>

µ, ⌫ = 0, 1, 2
<latexit sha1_base64="O6GDEjIt183N7v/acyVhda/7ZQ0=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgopSkCroRim5cVrAPaEKZTCft0JlJmIdYQn/FjQtF3Poj7vwbp20W2nrgwuGce7n3nihlVGnP+3YKa+sbm1vF7dLO7t7+gXtYbqvESExaOGGJ7EZIEUYFaWmqGemmkiAeMdKJxrczv/NIpKKJeNCTlIQcDQWNKUbaSn23HHBThYEw8Bp6VehXYb3vVryaNwdcJX5OKiBHs+9+BYMEG06Exgwp1fO9VIcZkppiRqalwCiSIjxGQ9KzVCBOVJjNb5/CU6sMYJxIW0LDufp7IkNcqQmPbCdHeqSWvZn4n9czOr4KMypSo4nAi0WxYVAncBYEHFBJsGYTSxCW1N4K8QhJhLWNq2RD8JdfXiXtes0/r9XvLyqNmzyOIjgGJ+AM+OASNMAdaIIWwOAJPINX8OZMnRfn3flYtBacfOYI/IHz+QMGoZHU</latexit>

L ! 1
<latexit sha1_base64="AFFB6hO7uNxJN3NF08k/XOwJUws=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXQxsIigvmA3BH2NnvJkr29Y3dOCCF/w8ZCEVv/jJ3/xk1yhSY+GHi8N8PMvDCVwqDrfjuFtfWNza3idmlnd2//oHx41DJJphlvskQmuhNSw6VQvIkCJe+kmtM4lLwdjm5nfvuJayMS9YjjlAcxHSgRCUbRSv498TEhvlARjnvlilt15yCrxMtJBXI0euUvv5+wLOYKmaTGdD03xWBCNQom+bTkZ4anlI3ogHctVTTmJpjMb56SM6v0SZRoWwrJXP09MaGxMeM4tJ0xxaFZ9mbif143w+g6mAiVZsgVWyyKMknsn7MASF9ozlCOLaFMC3srYUOqKUMbU8mG4C2/vEpatap3Ua09XFbqN3kcRTiBUzgHD66gDnfQgCYwSOEZXuHNyZwX5935WLQWnHzmGP7A+fwBaECRRw==</latexit>

to recover 4D dynamics.



Little group:

Several important comments on scattering in 3D.

massless:   helicity

massive:      spin U(1)
<latexit sha1_base64="q2WuGEAWhnbklAv/FKUZhSFbBLY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkpSBT0WvXisYGqhDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHHR2nilCfxDxW3RBrypmkvmGG026iKBYhp4/h5Db3H5+o0iyWD2aa0EDgkWQRI9jkkl/3zgfVmttw50CrxCtIDQq0B9Wv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZV0mg3votG8v6y1boo4ynACp1AHD66gBXfQBh8IjOEZXuHNEc6L8+58LFpLTjFzDH/gfP4A58SNfQ==</latexit>

Any (even) massless field is dual to a scalar field.

little group

�S =

Z
d3x

p
�g 1

2Fµ⌫✏
µ⌫⇢@⇢'

<latexit sha1_base64="GMYsIghDGxUGSuBU1baUDSodjQU="></latexit>

e.g. 3D photon:

Z2
<latexit sha1_base64="BL1HuyYbONUQR+LdKm15KBak+Ig=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/cA2lM120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrp/rFX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrVindeqd5dlGvXeRwFOIYTOAMPLqEGt1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QPgv42H</latexit>
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<latexit sha1_base64="GQuRgEX9Nhg15WNfBeDjBNH7nQ0="></latexit>
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<latexit sha1_base64="jqrFgOI/sTgE1obJp2vTY31aaaw="></latexit>

Non-propagating, yet gravity is non-trivial: Aharonov-Bohm-like scattering

They mediate gravitational interactions.

Gravitational scattering:

(Deser, Jackiw, ’t Hooft ’84 
’t Hooft ’88

Deser, Jackiw ’88
Ciafaloni ’92

Zeni ’93
Deser, McCarthy, Steif ’94

…)

Forward limit is regular — leading gravitational amplitude can be explicitly subtracted.
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<latexit sha1_base64="+MHH7I0LfGa4UimiMca1Je7O1CA="></latexit>

Several important comments on scattering in 3D.
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<latexit sha1_base64="GQuRgEX9Nhg15WNfBeDjBNH7nQ0="></latexit>
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p
�gLEM [Rµ⌫ , �, V µ⌫ , �, Fµ⌫ ]

<latexit sha1_base64="jqrFgOI/sTgE1obJp2vTY31aaaw="></latexit>

Non-propagating, yet gravity is non-trivial: scattering on a conical space

They mediate gravitational interactions.

Gravitational scattering:

(Sommerfeld, 19th century)

Forward limit is regular — leading gravitational amplitude can be explicitly subtracted.

Several important comments on scattering in 3D.



Weak Gravity Conjecture



Weak Gravity Conjecture

The (mild form of the) WGC is a statement about extremal Black Holes being able to decay.

(Arkani-Hamed, Motl, Nicolis, Vafa ’06)

M = Q
<latexit sha1_base64="gYwsw3pqfMhZ3HYugtb0jEpdYdY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQ9OJFaMG0hTaUzXbSLt1swu5GKKW/wYsHRbz6g7z5b9y2OWj1wcDjvRlm5oWp4Nq47pdTWFldW98obpa2tnd298r7B02dZIqhzxKRqHZINQou0TfcCGynCmkcCmyFo9uZ33pEpXkiH8w4xSCmA8kjzqixkn9PrkmjV664VXcO8pd4OalAjnqv/NntJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mxU3JilT6JEmVLGjJXf05MaKz1OA5tZ0zNUC97M/E/r5OZ6CqYcJlmBiVbLIoyQUxCZp+TPlfIjBhbQpni9lbChlRRZmw+JRuCt/zyX9I8q3rnVbdxUand5HEU4QiO4RQ8uIQa3EEdfGDA4Qle4NWRzrPz5rwvWgtOPnMIv+B8fANz143J</latexit>
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<latexit sha1_base64="7PTmfI+0mN3aU7iUPXbxE32DZx8=">AAACNnicbVDLThsxFPVQXg2vUJbdWERILFA0k1aCFUKwYRMplRpAykSRx7mTWNiewb6DiMx8FZt+R3fZsAChbvsJdUKk8jqSpeNzzpV9T5JLYTEMx8Hcp/mFxaXlz5WV1bX1jermlzObFYZDm2cyMxcJsyCFhjYKlHCRG2AqkXCeXJ5M/PNrMFZk+ieOcugqNtAiFZyhl3rVZiwhxTqN7ZVB1yjjPTqgzZ6LEW7QKNeSZUm9GKeGcXdVOuWvRgyGePs/pIT2qUMa9aq1sB5OQd+TaEZqZIZWr/o77me8UKCRS2ZtJwpz7DpmUHAJZSUuLOSMX7IBdDzVTIHtuunaJd3xSp+mmfFHI52qLyccU9aOVOKTiuHQvvUm4kdep8D0oOuEzgsEzZ8fSgtJMaOTDmlfGOAoR54wboT/K+VD5gtC33TFlxC9Xfk9OWvUo2/1xo/vtaPjWR3L5CvZJ rskIvvkiJySFmkTTu7ImDyQx+BXcB88BX+eo3PBbGaLvELw9x8QEqzD</latexit>

There must exist states for which gravity is the weakest force — seems statement beyond EFT.

extremal BH

m, q
<latexit sha1_base64="NpwqM4D+r9+TecryvpwaJmbeq7o=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBQym7VdBj0YvHCvYD2qVk02wbmmTXJCuUpT/CiwdFvPp7vPlvTLd70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJrdzv/NElWaRfDDTmPoCjyQLGcHGSh1RRf0qehyUK27NzYBWiZeTCuRoDspf/WFEEkGlIRxr3fPc2PgpVoYRTmelfqJpjMkEj2jPUokF1X6anTtDZ1YZojBStqRBmfp7IsVC66kIbKfAZqyXvbn4n9dLTHjtp0zGiaGSLBaFCUcmQvPf0ZApSgyfWoKJYvZWRMZYYWJsQiUbgrf88ipp12veRa1+f1lp3ORxFOEETuEcPLiCBtxBE1pAYALP8ApvTuy8OO/Ox6K14OQzx/AHzucP1wiOlg==</latexit>

p
2 gMPl ⌘ 1

<latexit sha1_base64="C7LIXbhtRrVXn7YeOx/J5bmU5u0=">AAACDnicbVA9SwNBEN2L3/Hr1NJmMQQsJNxFQUvRxkaIYEwgF8LeZpIs2fvI7lwwHPcLbPwrNhaK2Frb+W/cxBSa+GDg8d4MM/P8WAqNjvNl5RYWl5ZXVtfy6xubW9v2zu6djhLFocojGam6zzRIEUIVBUqoxwpY4Euo+f3LsV8bgtIiCm9xFEMzYN1QdARnaKSWXfT0QGFazrwj2qXXrdRDuEcVpBWZZdSDQSKG1G3ZBafkTEDniTslBTJFpWV/eu2IJwGEyCXTuuE6MTZTplBwCVneSzTEjPdZFxqGhiwA3Uwn72S0aJQ27UTKVIh0ov6eSFmg9SjwTWfAsKdnvbH4n9dIsHPWTEUYJwgh/1nUSSTFiI6zoW2hgKMcGcK4EuZWyntMMY4mwbwJwZ19eZ7clUvucal8c1I4v5jGsUr2yQE5JC45JefkilRIlXDyQJ7IC3m1Hq1n6816/2nNWdOZPfIH1sc3yaOb7w==</latexit>

state (?)

X

i

mi =
X

i

mi

|qi|
|qi| >

X

i

|qi| = M
<latexit sha1_base64="GqnRf/rmmcvciGpTHTxg+Wqo0x0=">AAACJ3icbVDLSsNAFJ3UV62vqEs3g0VwVZIq6Kal6MaNUME+oAlhMp20QycPZyZCSfM3bvwVN4KK6NI/cZpG0NYLlzn33HO5c48bMSqkYXxqhaXlldW14nppY3Nre0ff3WuLMOaYtHDIQt51kSCMBqQlqWSkG3GCfJeRjju6nPY794QLGga3chwR20eDgHoUI6koR69bIvYdCqdZg3lheRzhRKE0mdw5dJLC7IH1H8GsrMFrRy8bFSMLuAjMHJRBHk1Hf7H6IY59EkjMkBA904iknSAuKWYkLVmxIBHCIzQgPQUD5BNhJ9mdKTxSTB96IVcZSJixvycS5Asx9l2l9JEcivnelPyv14uld24nNIhiSQI8W+TFDMoQTk2DfcoJlmysAMKcqr9CPETKJKmsLSkTzPmTF0G7WjFPKtWb03LjIrejCA7AITgGJjgDDXAFmqAFMHgAT+AVvGmP2rP2rn3MpAUtn9kHf0L7+gaAuaWw</latexit>



Einstein-Maxwell EFT

Effects of leading higher-dimensional operators on BH extremality condition.

If                      , extremal BHs are in fact the required states.2↵1 � ↵3 > 0
<latexit sha1_base64="XPPwFmQHUV/BcUZm16D6/r9FkuU=">AAAB/3icbZDLSsNAFIZPvNZ6iwpu3AwWwY0laQVdSdGNywr2Am0Ik+mkHTqZhJmJUGIXvoobF4q49TXc+TZO2yy09YeBj/+cwznzBwlnSjvOt7W0vLK6tl7YKG5ube/s2nv7TRWnktAGiXks2wFWlDNBG5ppTtuJpDgKOG0Fw5tJvfVApWKxuNejhHoR7gsWMoK1sXz7sNLFPBlg3z3LoYqukOPbJafsTIUWwc2hBLnqvv3V7cUkjajQhGOlOq6TaC/DUjPC6bjYTRVNMBniPu0YFDiiysum94/RiXF6KIyleUKjqft7IsORUqMoMJ0R1gM1X5uY/9U6qQ4vvYyJJNVUkNmiMOVIx2gSBuoxSYnmIwOYSGZuRWSAJSbaRFY0IbjzX16EZqXsVsvO3Xmpdp3HUYAjOIZTcOECanALdWgAgUd4hld4s56sF+vd+pi1Lln5zAH8kfX5A4pRlHw=</latexit>

Weyl tensor

M4
Pl

⇤2M2 = (⇤RS)
�2

<latexit sha1_base64="eZ2LDx1m83E7nxGCC6r+PAfOt/I="></latexit>

expansion parameter

p
2 gMPl

Q

M

����
extremal

= 1 + 4
5 (4⇡)

2M
2
Pl

M2
(2↵1 � ↵3)

<latexit sha1_base64="xMxAwy+3tGDuj71f3Q2mnZ/qC00="></latexit>

(Arkani-Hamed, Motl, Nicolis, Vafa ’06)

S =

Z
d4x

p
�g


1
2M

2
Pl R� 1
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+ ↵1
1

4M4
Pl

�
FMNFMN

�2
+ ↵2

1
4M4

Pl

⇣
eFMNFMN

⌘2
+ ↵3

1
2M2

Pl
FMNFRSW

MNRS

�

<latexit sha1_base64="SY1e3EMsNURN0LWle1zxixCNbkM="></latexit>



The mild form of the WGC follows from prime principles of the S-matrix.

M̂(�� ! ��) =
2s2

M4
PlL

(2↵1 � ↵3) > 0

M̂(AA ! AA) =
2s2

M4
PlL

(2↵1 + ↵3) > 0

M̂(�A ! �A) =
4s2

M4
PlL

↵2 > 0
<latexit sha1_base64="U3NVVAl5cmYjGGHtTjQrPQZzQfY="></latexit>

Proof of the WGC

M̂00
AB(s = 0) =

2

⇡

Z 1 ds

s2

X

X

�AB!X(s) > 0
<latexit sha1_base64="p0QXxiWEfCWb/ZB0tjppGPFrxtk="></latexit><latexit sha1_base64="p0QXxiWEfCWb/ZB0tjppGPFrxtk="></latexit><latexit sha1_base64="p0QXxiWEfCWb/ZB0tjppGPFrxtk="></latexit>

Scattering photon 3D zero-modes.



[s
<latexit sha1_base64="IaX0Milgg0npjQkQn9NOj8B2UfI=">AAACHnicbVDLSsNAFJ3UV62vqks3wSK4KkkVdFl047KCfUASy2R60wydPJi5EUrof7hUP8aduNVvceO0zcK2Hhg4nHPv3HuPnwqu0LK+jdLa+sbmVnm7srO7t39QPTzqqCSTDNosEYns+VSB4DG0kaOAXiqBRr6Arj+6nfrdJ5CKJ/EDjlPwIjqMecAZRS09ugICdJQr+TDEer9as+rWDOYqsQtSIwVa/eqPO0hYFkGMTFClHNtK0cupRM4ETCpupiClbESH4Gga0wiUl8+2nphnWhmYQSL1i9GcqX87chopNY58XRlRDNWyNxX/85wMg2sv53GaIcRsPijIhImJOY3AHHAJDMVYE8ok17uaLKSSMtRBLUxR+qgQBguH5PpTpfev6LTs5WxWSadRty/qjfvLWvOmyK1MTsgpOSc2uSJNckdapE0YkeSZvJI348V4Nz6Mz3lpySh6jskCjK9f/caj6g==</latexit>

UV discotinuity

IR discotinuity

KK threshold production
<latexit sha1_base64="ovMYIh9DrVZ5R4F4EWuWy4+CD4Q="></latexit>

s̄
<latexit sha1_base64="kZPV9J5CaL/ASvNWBgddTAFVgl4=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSqxcSjU2/XPGq3hx4lfg5qUCORr/81RsomsZMWiqIMV3fS2yQEW05FWxa6qWGJYSOyZB1HZUkZibI5tdO8ZlTBjhS2pW0eK7+nshIbMwkDl1nTOzILHsz8T+vm9roOsi4TFLLJF0silKBrcKz1/GAa0atmDhCqObuVkxHRBNqXUAlF4K//PIqadWq/kW1dn9Zqd/kcRThBE7hHHy4gjrcQQOaQOERnuEV3pBCL+gdfSxaCyifOYY/QJ8/LnaO3g==</latexit>

s0
<latexit sha1_base64="yJM4Ai0EJPdL7iSoxZdGVSDE2fo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPtuv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAD3I2e</latexit>

⇤2
UV

<latexit sha1_base64="PbmoYubO2IaL+D1tSclIuJq8sz4=">AAAB9XicbVBNT8JAFHzFL8Qv1KOXjcTEE2mRRI9ELx48YGKBBArZbrewYbttdrca0vA/vHjQGK/+F2/+GxfoQcFJNpnMzMt7O37CmdK2/W0V1tY3NreK26Wd3b39g/LhUUvFqSTUJTGPZcfHinImqKuZ5rSTSIojn9O2P76Z+e1HKhWLxYOeJNSL8FCwkBGsjdTv3ZlogAeZ25r2a4Nyxa7ac6BV4uSkAjmag/JXL4hJGlGhCcdKdR070V6GpWaE02mplyqaYDLGQ9o1VOCIKi+bXz1FZ0YJUBhL84RGc/X3RIYjpSaRb5IR1iO17M3E/7xuqsMrL2MiSTUVZLEoTDnSMZpVgAImKdF8YggmkplbERlhiYk2RZVMCc7yl1dJq1Z1Lqq1+3qlcZ3XUYQTOIVzcOASGnALTXCBgIRneIU368l6sd6tj0W0YOUzx/AH1ucPD9qSOQ==</latexit>

C̄
<latexit sha1_base64="+8uM1n8ZBd18TZABvJ9T727NSeo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY/FXjxWsLXQLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqG5VqylpUCaU7ITFMcMlallvBOolmJA4FewjHjZn/8MS04Ure20nCgpgMJY84JdZJ7V5ING70yxWv6s2BV4mfkwrkaPbLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNroOMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vknat6l9Ua3eXlfpNHkcRTuAUzsGHK6jDLTShBRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5A+Wnjq4=</latexit>

C0
<latexit sha1_base64="olH7zl76boTBzXmnnL5BEPeSUnU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjsxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WBcn/ntJ1Sax/LRTBL0IzqUPOSMGis91Ptuv1R2K+4cZJV4OSlDjka/9NUbxCyNUBomqNZdz02Mn1FlOBM4LfZSjQllYzrErqWSRqj9bH7qlJxbZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMT3vgZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTtCF4yy+vkla14l1WqvdX5dptHkcBTuEMLsCDa6jBHTSgCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gC6rY1u</latexit>

�
<latexit sha1_base64="TpKeaG0OJqUYQLDStGvEDMT02h4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfZdB+uGq3bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+NjjiE=</latexit>

�
<latexit sha1_base64="TpKeaG0OJqUYQLDStGvEDMT02h4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfZdB+uGq3bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+NjjiE=</latexit>

�
<latexit sha1_base64="TpKeaG0OJqUYQLDStGvEDMT02h4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfZdB+uGq3bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+NjjiE=</latexit>

�
<latexit sha1_base64="TpKeaG0OJqUYQLDStGvEDMT02h4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfZdB+uGq3bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+NjjiE=</latexit>

+
<latexit sha1_base64="26BDQsRl0AvWjqpXxBRvcak+khY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSIIQklU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3dRvPaHSPJYPZpygH9GB5CFn1Fipft4rld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeVHxLitu/apcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fci+MsQ==</latexit>

�
<latexit sha1_base64="TpKeaG0OJqUYQLDStGvEDMT02h4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfZdB+uGq3bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+NjjiE=</latexit>

�
<latexit sha1_base64="TpKeaG0OJqUYQLDStGvEDMT02h4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfZdB+uGq3bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+NjjiE=</latexit>

�
<latexit sha1_base64="TpKeaG0OJqUYQLDStGvEDMT02h4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfZdB+uGq3bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+NjjiE=</latexit>

�
<latexit sha1_base64="TpKeaG0OJqUYQLDStGvEDMT02h4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfZdB+uGq3bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+NjjiE=</latexit>

=<latexit sha1_base64="2wsinhV7OEj9020G2B+xBypL2+k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKehGKXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7qZ+6wmV5rF8MOME/YgOJA85o8ZK9ZteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1Fx65fl6m0eRwGO4QTOwIMrqMI91KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AI13jMM=</latexit>

�
<latexit sha1_base64="TpKeaG0OJqUYQLDStGvEDMT02h4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfZdB+uGq3bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+NjjiE=</latexit>

�
<latexit sha1_base64="TpKeaG0OJqUYQLDStGvEDMT02h4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfZdB+uGq3bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+NjjiE=</latexit>

�
<latexit sha1_base64="TpKeaG0OJqUYQLDStGvEDMT02h4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfZdB+uGq3bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+NjjiE=</latexit>

�
<latexit sha1_base64="TpKeaG0OJqUYQLDStGvEDMT02h4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cI9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTec3BV+94kqzRL5aKYpDQQeSxYxgk0hDfyYDesNt+nOgVaJV5IGlPCH9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmuglyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJZ2LpnfZdB+uGq3bMo4qnMApnIMH19CCe/ChDQRieIZXeHOE8+K8Ox+L1opTzhzDHzifP+NjjiE=</latexit>

�
<latexit sha1_base64="uveq51XskeZ/BmBbyb/DEzkG8yU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ipp1arBRbV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPna2PJw==</latexit>

KK
<latexit sha1_base64="3gxnIn1iJIOnSo8hoXJonx7RJHk=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL0IuEcwDkiXMTmaTMfNYZmaFEPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dUcKZsb7/7eXW1jc2t/LbhZ3dvf2D4uFR06hUE9ogiivdjrChnEnasMxy2k40xSLitBWNbmd+64lqw5R8sOOEhgIPJIsZwdZJza4WqFbrFUt+2Z8DrZIgIyXIUO8Vv7p9RVJBpSUcG9MJ/MSGE6wtI5xOC93U0ASTER7QjqMSC2rCyfzaKTpzSh/FSruSFs3V3xMTLIwZi8h1CmyHZtmbif95ndTG1+GEySS1VJLFojjlyCo0ex31mabE8rEjmGjmbkVkiDUm1gVUcCEEyy+vkmalHFyUK/eXpepNFkceTuAUziGAK6jCHdShAQQe4Rle4c1T3ov37n0sWnNeNnMMf+B9/gDhBo6r</latexit>

Several important comments on the result are in order.

Loop corrections:

Positive contribution to the RG running of the higher-dimensional operators —can be subtracted.

↵i(s̄)
<latexit sha1_base64="h032lqXBPDGGACAV6b7exH+prKI=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahXkpSBT0WvXisYD+gCWGy3bRLN5uwuymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmhSlnSjvOt1Xa2Nza3invVvb2Dw6P7OOTjkoySWibJDyRvRAU5UzQtmaa014qKcQhp91wfD/3uxMqFUvEk56m1I9hKFjECGgjBbbtAU9HELCaF4LE6jKwq07dWQCvE7cgVVSgFdhf3iAhWUyFJhyU6rtOqv0cpGaE01nFyxRNgYxhSPuGCoip8vPF5TN8YZQBjhJpSmi8UH9P5BArNY1D0xmDHqlVby7+5/UzHd36ORNppqkgy0VRxrFO8DwGPGCSEs2nhgCRzNyKyQgkEG3CqpgQ3NWX10mnUXev6o3H62rzroijjM7QOaohF92gJnpALdRGBE3QM3pFb1ZuvVjv1seytWQVM6foD6zPH4ZQku4=</latexit>

↵i(s0)
<latexit sha1_base64="g0AlE55LQRxunkP59GjSQvfM3lM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BItQLyWpgh6LXjxWsLXQhjDZbtqlm03c3RRK6O/w4kERr/4Yb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqsrW9sbhW3Szu7e/sH5cOjtopTSWiLxDyWnQAV5UzQlmaa004iKUYBp4/B6HbmP46pVCwWD3qSUC/CgWAhI6iN5PWQJ0P0WVX5zrlfrjg1Zw57lbg5qUCOpl/+6vVjkkZUaMJRqa7rJNrLUGpGOJ2WeqmiCZIRDmjXUIERVV42P3pqnxmlb4exNCW0PVd/T2QYKTWJAtMZoR6qZW8m/ud1Ux1eexkTSaqpIItFYcptHduzBOw+k5RoPjEEiWTmVpsMUSLRJqeSCcFdfnmVtOs196JWv7+sNG7yOIpwAqdQBReuoAF30IQWEHiCZ3iFN2tsvVjv1seitWDlM8fwB9bnD9h/kX0=</latexit>

X

KK

⇠ log s̄/s0
<latexit sha1_base64="tQxtqUPPb/nDVL8Jy6ibsphgITo=">AAACEnicbVA9SwNBEN2LXzF+RS1tFoOgTbyLgpZBGyFNBPMBuePY22ySJbt3x+6cGI78Bhv/io2FIrZWdv4bN8kVmvhg4PHeDDPzglhwDbb9beWWlldW1/LrhY3Nre2d4u5eU0eJoqxBIxGpdkA0EzxkDeAgWDtWjMhAsFYwvJ74rXumNI/COxjFzJOkH/IepwSM5BdPXJ1IP3WBPYCSaa02HmNXc4ldEfWxGxCFNT7F2rf9Ysku21PgReJkpIQy1P3il9uNaCJZCFQQrTuOHYOXEgWcCjYuuIlmMaFD0mcdQ0MimfbS6UtjfGSULu5FylQIeKr+nkiJ1HokA9MpCQz0vDcR//M6CfQuvZSHcQIspLNFvURgiPAkH9zlilEQI0MIVdzciumAKELBpFgwITjzLy+SZqXsnJUrt+el6lUWRx4doEN0jBx0garoBtVRA1H0iJ7RK3qznqwX6936mLXmrGxmH/2B9fkDKhadFw==</latexit>

�2↵1±↵3 < 0 , �↵2 < 0
<latexit sha1_base64="IocPFXy17Ej/Ura5ZrKZjfeJ8bQ=">AAACK3icbVDLSgMxFM34rPU16tJNsAguSplpBV24KHXjsoJ9QGcY7qRpG5p5kGSEMvR/3PgrLnThA7f+h+l0BG29kOTknHNJ7vFjzqSyrHdjZXVtfWOzsFXc3tnd2zcPDtsySgShLRLxSHR9kJSzkLYUU5x2Y0Eh8Dnt+OPrmd65p0KyKLxTk5i6AQxDNmAElKY8s+H4VIGXVrEDPB6BZ2MnDn4utSm+whZ2yrisN33k7lyuZrJnlqyKlRVeBnYOSiivpmc+O/2IJAENFeEgZc+2YuWmIBQjnE6LTiJpDGQMQ9rTMISASjfNZp3iU8308SASeoUKZ+zvjhQCKSeBr50BqJFc1Gbkf1ovUYNLN2VhnCgakvlDg4RjFeFZcLjPBCWKTzQAIpj+KyYjEECUjreoQ7AXR14G7WrFrlWqt+eleiOPo4CO0Qk6Qza6QHV0g5qohQh6QE/oFb0Zj8aL8WF8zq0rRt5zhP6U8fUNfumkIQ==</latexit>

[s
<latexit sha1_base64="IaX0Milgg0npjQkQn9NOj8B2UfI=">AAACHnicbVDLSsNAFJ3UV62vqks3wSK4KkkVdFl047KCfUASy2R60wydPJi5EUrof7hUP8aduNVvceO0zcK2Hhg4nHPv3HuPnwqu0LK+jdLa+sbmVnm7srO7t39QPTzqqCSTDNosEYns+VSB4DG0kaOAXiqBRr6Arj+6nfrdJ5CKJ/EDjlPwIjqMecAZRS09ugICdJQr+TDEer9as+rWDOYqsQtSIwVa/eqPO0hYFkGMTFClHNtK0cupRM4ETCpupiClbESH4Gga0wiUl8+2nphnWhmYQSL1i9GcqX87chopNY58XRlRDNWyNxX/85wMg2sv53GaIcRsPijIhImJOY3AHHAJDMVYE8ok17uaLKSSMtRBLUxR+qgQBguH5PpTpfev6LTs5WxWSadRty/qjfvLWvOmyK1MTsgpOSc2uSJNckdapE0YkeSZvJI348V4Nz6Mz3lpySh6jskCjK9f/caj6g==</latexit>

UV discotinuity

IR discotinuity

KK threshold production
<latexit sha1_base64="ovMYIh9DrVZ5R4F4EWuWy4+CD4Q="></latexit>

s̄
<latexit sha1_base64="kZPV9J5CaL/ASvNWBgddTAFVgl4=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSqxcSjU2/XPGq3hx4lfg5qUCORr/81RsomsZMWiqIMV3fS2yQEW05FWxa6qWGJYSOyZB1HZUkZibI5tdO8ZlTBjhS2pW0eK7+nshIbMwkDl1nTOzILHsz8T+vm9roOsi4TFLLJF0silKBrcKz1/GAa0atmDhCqObuVkxHRBNqXUAlF4K//PIqadWq/kW1dn9Zqd/kcRThBE7hHHy4gjrcQQOaQOERnuEV3pBCL+gdfSxaCyifOYY/QJ8/LnaO3g==</latexit>

s0
<latexit sha1_base64="yJM4Ai0EJPdL7iSoxZdGVSDE2fo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPtuv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAD3I2e</latexit>

⇤2
UV

<latexit sha1_base64="PbmoYubO2IaL+D1tSclIuJq8sz4=">AAAB9XicbVBNT8JAFHzFL8Qv1KOXjcTEE2mRRI9ELx48YGKBBArZbrewYbttdrca0vA/vHjQGK/+F2/+GxfoQcFJNpnMzMt7O37CmdK2/W0V1tY3NreK26Wd3b39g/LhUUvFqSTUJTGPZcfHinImqKuZ5rSTSIojn9O2P76Z+e1HKhWLxYOeJNSL8FCwkBGsjdTv3ZlogAeZ25r2a4Nyxa7ac6BV4uSkAjmag/JXL4hJGlGhCcdKdR070V6GpWaE02mplyqaYDLGQ9o1VOCIKi+bXz1FZ0YJUBhL84RGc/X3RIYjpSaRb5IR1iO17M3E/7xuqsMrL2MiSTUVZLEoTDnSMZpVgAImKdF8YggmkplbERlhiYk2RZVMCc7yl1dJq1Z1Lqq1+3qlcZ3XUYQTOIVzcOASGnALTXCBgIRneIU368l6sd6tj0W0YOUzx/AH1ucPD9qSOQ==</latexit>

C̄
<latexit sha1_base64="+8uM1n8ZBd18TZABvJ9T727NSeo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY/FXjxWsLXQLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqG5VqylpUCaU7ITFMcMlallvBOolmJA4FewjHjZn/8MS04Ure20nCgpgMJY84JdZJ7V5ING70yxWv6s2BV4mfkwrkaPbLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNroOMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vknat6l9Ua3eXlfpNHkcRTuAUzsGHK6jDLTShBRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5A+Wnjq4=</latexit>

C0
<latexit sha1_base64="olH7zl76boTBzXmnnL5BEPeSUnU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjsxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WBcn/ntJ1Sax/LRTBL0IzqUPOSMGis91Ptuv1R2K+4cZJV4OSlDjka/9NUbxCyNUBomqNZdz02Mn1FlOBM4LfZSjQllYzrErqWSRqj9bH7qlJxbZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMT3vgZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTtCF4yy+vkla14l1WqvdX5dptHkcBTuEMLsCDa6jBHTSgCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gC6rY1u</latexit>



[s
<latexit sha1_base64="IaX0Milgg0npjQkQn9NOj8B2UfI=">AAACHnicbVDLSsNAFJ3UV62vqks3wSK4KkkVdFl047KCfUASy2R60wydPJi5EUrof7hUP8aduNVvceO0zcK2Hhg4nHPv3HuPnwqu0LK+jdLa+sbmVnm7srO7t39QPTzqqCSTDNosEYns+VSB4DG0kaOAXiqBRr6Arj+6nfrdJ5CKJ/EDjlPwIjqMecAZRS09ugICdJQr+TDEer9as+rWDOYqsQtSIwVa/eqPO0hYFkGMTFClHNtK0cupRM4ETCpupiClbESH4Gga0wiUl8+2nphnWhmYQSL1i9GcqX87chopNY58XRlRDNWyNxX/85wMg2sv53GaIcRsPijIhImJOY3AHHAJDMVYE8ok17uaLKSSMtRBLUxR+qgQBguH5PpTpfev6LTs5WxWSadRty/qjfvLWvOmyK1MTsgpOSc2uSJNckdapE0YkeSZvJI348V4Nz6Mz3lpySh6jskCjK9f/caj6g==</latexit>

UV discotinuity

IR discotinuity

KK threshold production
<latexit sha1_base64="ovMYIh9DrVZ5R4F4EWuWy4+CD4Q="></latexit>

s̄
<latexit sha1_base64="kZPV9J5CaL/ASvNWBgddTAFVgl4=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSqxcSjU2/XPGq3hx4lfg5qUCORr/81RsomsZMWiqIMV3fS2yQEW05FWxa6qWGJYSOyZB1HZUkZibI5tdO8ZlTBjhS2pW0eK7+nshIbMwkDl1nTOzILHsz8T+vm9roOsi4TFLLJF0silKBrcKz1/GAa0atmDhCqObuVkxHRBNqXUAlF4K//PIqadWq/kW1dn9Zqd/kcRThBE7hHHy4gjrcQQOaQOERnuEV3pBCL+gdfSxaCyifOYY/QJ8/LnaO3g==</latexit>

s0
<latexit sha1_base64="yJM4Ai0EJPdL7iSoxZdGVSDE2fo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPtuv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAD3I2e</latexit>

⇤2
UV

<latexit sha1_base64="PbmoYubO2IaL+D1tSclIuJq8sz4=">AAAB9XicbVBNT8JAFHzFL8Qv1KOXjcTEE2mRRI9ELx48YGKBBArZbrewYbttdrca0vA/vHjQGK/+F2/+GxfoQcFJNpnMzMt7O37CmdK2/W0V1tY3NreK26Wd3b39g/LhUUvFqSTUJTGPZcfHinImqKuZ5rSTSIojn9O2P76Z+e1HKhWLxYOeJNSL8FCwkBGsjdTv3ZlogAeZ25r2a4Nyxa7ac6BV4uSkAjmag/JXL4hJGlGhCcdKdR070V6GpWaE02mplyqaYDLGQ9o1VOCIKi+bXz1FZ0YJUBhL84RGc/X3RIYjpSaRb5IR1iO17M3E/7xuqsMrL2MiSTUVZLEoTDnSMZpVgAImKdF8YggmkplbERlhiYk2RZVMCc7yl1dJq1Z1Lqq1+3qlcZ3XUYQTOIVzcOASGnALTXCBgIRneIU368l6sd6tj0W0YOUzx/AH1ucPD9qSOQ==</latexit>

C̄
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Several important comments on the result are in order.
[s

<latexit sha1_base64="IaX0Milgg0npjQkQn9NOj8B2UfI=">AAACHnicbVDLSsNAFJ3UV62vqks3wSK4KkkVdFl047KCfUASy2R60wydPJi5EUrof7hUP8aduNVvceO0zcK2Hhg4nHPv3HuPnwqu0LK+jdLa+sbmVnm7srO7t39QPTzqqCSTDNosEYns+VSB4DG0kaOAXiqBRr6Arj+6nfrdJ5CKJ/EDjlPwIjqMecAZRS09ugICdJQr+TDEer9as+rWDOYqsQtSIwVa/eqPO0hYFkGMTFClHNtK0cupRM4ETCpupiClbESH4Gga0wiUl8+2nphnWhmYQSL1i9GcqX87chopNY58XRlRDNWyNxX/85wMg2sv53GaIcRsPijIhImJOY3AHHAJDMVYE8ok17uaLKSSMtRBLUxR+qgQBguH5PpTpfev6LTs5WxWSadRty/qjfvLWvOmyK1MTsgpOSc2uSJNckdapE0YkeSZvJI348V4Nz6Mz3lpySh6jskCjK9f/caj6g==</latexit>

UV discotinuity

IR discotinuity

KK threshold production
<latexit sha1_base64="ovMYIh9DrVZ5R4F4EWuWy4+CD4Q="></latexit>

s̄
<latexit sha1_base64="kZPV9J5CaL/ASvNWBgddTAFVgl4=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSqxcSjU2/XPGq3hx4lfg5qUCORr/81RsomsZMWiqIMV3fS2yQEW05FWxa6qWGJYSOyZB1HZUkZibI5tdO8ZlTBjhS2pW0eK7+nshIbMwkDl1nTOzILHsz8T+vm9roOsi4TFLLJF0silKBrcKz1/GAa0atmDhCqObuVkxHRBNqXUAlF4K//PIqadWq/kW1dn9Zqd/kcRThBE7hHHy4gjrcQQOaQOERnuEV3pBCL+gdfSxaCyifOYY/QJ8/LnaO3g==</latexit>

s0
<latexit sha1_base64="yJM4Ai0EJPdL7iSoxZdGVSDE2fo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPtuv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAD3I2e</latexit>

⇤2
UV

<latexit sha1_base64="PbmoYubO2IaL+D1tSclIuJq8sz4=">AAAB9XicbVBNT8JAFHzFL8Qv1KOXjcTEE2mRRI9ELx48YGKBBArZbrewYbttdrca0vA/vHjQGK/+F2/+GxfoQcFJNpnMzMt7O37CmdK2/W0V1tY3NreK26Wd3b39g/LhUUvFqSTUJTGPZcfHinImqKuZ5rSTSIojn9O2P76Z+e1HKhWLxYOeJNSL8FCwkBGsjdTv3ZlogAeZ25r2a4Nyxa7ac6BV4uSkAjmag/JXL4hJGlGhCcdKdR070V6GpWaE02mplyqaYDLGQ9o1VOCIKi+bXz1FZ0YJUBhL84RGc/X3RIYjpSaRb5IR1iO17M3E/7xuqsMrL2MiSTUVZLEoTDnSMZpVgAImKdF8YggmkplbERlhiYk2RZVMCc7yl1dJq1Z1Lqq1+3qlcZ3XUYQTOIVzcOASGnALTXCBgIRneIU368l6sd6tj0W0YOUzx/AH1ucPD9qSOQ==</latexit>

C̄
<latexit sha1_base64="+8uM1n8ZBd18TZABvJ9T727NSeo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY/FXjxWsLXQLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqG5VqylpUCaU7ITFMcMlallvBOolmJA4FewjHjZn/8MS04Ure20nCgpgMJY84JdZJ7V5ING70yxWv6s2BV4mfkwrkaPbLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNroOMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vknat6l9Ua3eXlfpNHkcRTuAUzsGHK6jDLTShBRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5A+Wnjq4=</latexit>

C0
<latexit sha1_base64="olH7zl76boTBzXmnnL5BEPeSUnU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjsxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WBcn/ntJ1Sax/LRTBL0IzqUPOSMGis91Ptuv1R2K+4cZJV4OSlDjka/9NUbxCyNUBomqNZdz02Mn1FlOBM4LfZSjQllYzrErqWSRqj9bH7qlJxbZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMT3vgZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTtCF4yy+vkla14l1WqvdX5dptHkcBTuEMLsCDa6jBHTSgCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gC6rY1u</latexit>

This was to be expected from a purely 4D calculation:
(Deser, Nieuwenhuizen ’74)

This implies that asymptotically large extremal BHs automatically satisfy the WGC.

↵1,2(s0) = ↵1,2(s̄) +
1

8⇡2
137
60 log s̄

s0
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Loop corrections:



Rest of positivity bounds:
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magnetic extremal BH

dyonic extremal BH
p

Q2+ eQ2

M > 1
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M > 1
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(e.g. Jones, McPeak ’19)

Continuous positivity bounds associated with arbitrary linear polarizations.

Q = eQ
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↵3(c2✓1 + c2✓2) + 4↵1c
2
✓1+✓2 + 4↵2s

2
✓1+✓2 > 0

<latexit sha1_base64="7uIkS7vw70CphkVfvOIYp8SjdYY="></latexit>

Match those derived from ΔS > 0 for dyonic, non-extremal BHs.
(Cheung, Liu, Remmen ’19)

Several important comments on the result are in order.
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Q = M

Q

M

Figure 4: The charge M of the heterotic string states of charge Q approaches the M = Q line
from below. The yellow area denotes the allowed region.

We can compare this with the spectrum of perturbative heterotic string states, given by

M2 =
1

2
Q2

R + NR =
1

2
Q2

L + NL − 1 (4.5)

where NR,L are the string oscillator contributions and where we chose units with α′ = 4.

The −1, coming from the tachyon in the left-moving bosonic string, is crucial. Note that

this spectrum nicely explains the BH spectrum of the theory, as the highly excited strings

are progenitors of extremal black holes. Consider large QL, QR , with Q2
R > Q2

L. Then,

the minimal M2 compatible with these charges will have NR = 0, NL = 1
2(Q2

R − Q2
L) + 1,

which are BPS, with M2 = 1
2Q2

R. On the other hand, for Q2
L > Q2

R, the minimal M2 is

with NL = 0, and NR = 1
2(Q2

L −Q2
R)− 1. These are not BPS, but for large Q2

L, they have

M2 = 1
2Q2

L.

But the string spectrum also guarantees that, as we go down to smaller charges along

a basis of directions in charge space, we are guaranteed to find a state with a mass/charge

ratio smaller than for extremal BH’s. The inequality is saturated for the BPS states which

have Q2
R > Q2

L, but for Q2
L > Q2

R the extremal black holes have M2 = 1
2Q2

L while there is

always a state with mass

M2 =
1

2
Q2

R =
1

2
Q2

L − 1 (4.6)

since there is a charge vector with Q2
L − Q2

R = 2 on the charge lattice.

4.1 Gauge symmetries vs. global symmetries

It is possible to generalize this argument to any perturbative heterotic string compactifica-

tion, including compactifications on K3 and arbitrary Calabi-Yau threefolds, as a straight-

forward generalization of the familiar argument that all global symmetries in this theory

are gauged. For any integral U(1) gauge symmetry coming from the left-movers of het-

erotic string, there is a worldsheet current J(z). Because it is a (1, 0) primary field, one can

construct the (1, 1) vertex operator J(z) ∂̄Xµ eikX(z, z̄) with k2 = 0 for a spacetime gauge

field and prove that the corresponding symmetry is a gauge symmetry. (Analogously, a
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Indication of super-extremal (q > m) sub-Planckian particle content,

MPl
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(Arkani-Hamed, Motl, Nicolis, Vafa ’06)

Several important comments on the result are in order.

Beyond EFT leap:

(e.g. Heidenreich, Reece, Rudelius ’17)
might follow from modular invariance in perturbative string theory.



Several important comments on the result are in order.

Relaxing Froissart bound:

Main UV input is polynomial bound — maximal consistent departure

lim
s!1

|M̂(s)/s2| ⇠ 1

⇤2M2
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Such behaviour is suggested by scattering of (3D) gravitational zero-modes.

M̂(�� ! ��) = �M̂(A� ! A�) =
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(Camanho, Edelstein, Maldacena, Zhiboedov ’14)

Retaining Froissart bound for scattering of (3D) photon zero-modes

⇤ . gMPl
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Modified gravity



Axion and P(X) theory
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Late time cosmology:

a > 0
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Gravity turned off:

f ⇠
p

MPlH
<latexit sha1_base64="5icCjK9VQ5fdkwJYtAC/KFiOc7I=">AAACA3icbVDLSgMxFM34rPU16k43wSK4KjNV0GXRTTdCBfuAzjBk0kwbmmTGJCOUYcCNv+LGhSJu/Ql3/o1pOwttPXAvh3PuJbknTBhV2nG+raXlldW19dJGeXNre2fX3ttvqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOrid+54FIRWNxp8cJ8TkaCBpRjLSRAvswgp6i3LR7qbObIPMkh02Ww0Ye2BWn6kwBF4lbkAoo0AzsL68f45QToTFDSvVcJ9F+hqSmmJG87KWKJAiP0ID0DBWIE+Vn0xtyeGKUPoxiaUpoOFV/b2SIKzXmoZnkSA/VvDcR//N6qY4u/YyKJNVE4NlDUcqgjuEkENinkmDNxoYgLKn5K8RDJBHWJrayCcGdP3mRtGtV96xauz2v1K+KOErgCByDU+CCC1AHDdAELYDBI3gGr+DNerJerHfrYza6ZBU7B+APrM8fN+yXPw==</latexit>

�
<latexit sha1_base64="U7EeqmYiKeTo/r/N2HofpG7Xero=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOuk26t5VvfHQrLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEU1o5D</latexit>

�
<latexit sha1_base64="U7EeqmYiKeTo/r/N2HofpG7Xero=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOuk26t5VvfHQrLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEU1o5D</latexit>

�
<latexit sha1_base64="U7EeqmYiKeTo/r/N2HofpG7Xero=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOuk26t5VvfHQrLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEU1o5D</latexit>

�
<latexit sha1_base64="U7EeqmYiKeTo/r/N2HofpG7Xero=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOuk26t5VvfHQrLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEU1o5D</latexit>

M(t ! 0) ⇠ � 1
M2

Pl

s
2

H2
+ a

s
2

f4
<latexit sha1_base64="dLoCv2ZdFcOSzOuIi5vcFc0NVEU="></latexit>

+
<latexit sha1_base64="26BDQsRl0AvWjqpXxBRvcak+khY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSIIQklU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3dRvPaHSPJYPZpygH9GB5CFn1Fipft4rld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeVHxLitu/apcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fci+MsQ==</latexit>

�
<latexit sha1_base64="U7EeqmYiKeTo/r/N2HofpG7Xero=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOuk26t5VvfHQrLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEU1o5D</latexit>

�
<latexit sha1_base64="U7EeqmYiKeTo/r/N2HofpG7Xero=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOuk26t5VvfHQrLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEU1o5D</latexit>

�
<latexit sha1_base64="U7EeqmYiKeTo/r/N2HofpG7Xero=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOuk26t5VvfHQrLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEU1o5D</latexit>

�
<latexit sha1_base64="U7EeqmYiKeTo/r/N2HofpG7Xero=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOuk26t5VvfHQrLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEU1o5D</latexit>

Aµ , � , KK-modes
<latexit sha1_base64="yhn0RVJi+UmSmi1xbgDPVyhCYic=">AAACFXicbVDLSgMxFM3Ud31VXboJFsFFLTMq6NLHRuimgm2FTimZ9LYNTWaG5I5Yhv6EG3/FjQtF3Aru/BvTB/ioBxJOzrmXm3uCWAqDrvvpZGZm5+YXFpeyyyura+u5jc2qiRLNocIjGembgBmQIoQKCpRwE2tgKpBQC3oXQ792C9qIKLzGfgwNxTqhaAvO0ErNXOGs6auE+gVaGF5+uSu+Hwh3qFVaKu2rqAVm0Mzl3aI7Ap0m3oTkyQTlZu7Db0U8URAil8yYuufG2EiZRsElDLJ+YiBmvMc6ULc0ZApMIx1tNaC7VmnRdqTtCZGO1J8dKVPG9FVgKxXDrvnrDcX/vHqC7ZNGKsI4QQj5eFA7kRQjOoyItoQGjrJvCeNa2L9S3mWacbRBZm0I3t+Vp0n1oOgdFt2ro/zp+SSORbJNdsge8cgxOSWXpEwqhJN78kieyYvz4Dw5r87buDTjTHq2yC8471+iSZwL</latexit>

Compactification to 3D

To regulate the forward singularity while retaining Lorentz invariance, reduce the space.

(3+1)D flat space (2+1)D flat space

L
<latexit sha1_base64="9PF+tKjSQN8i8QYPTB/Bgp+YVSU=">AAAB6HicbVA9SwNBEJ3zM8avqKXNYhCswp0KWgZtLCwSMB+QHGFvM5es2ds7dveEcOQX2FgoYutPsvPfuEmu0MQHA4/3ZpiZFySCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDv1W0+oNI/lgxkn6Ed0IHnIGTVWqt/3SmW34s5AlomXkzLkqPVKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWCpphNrPZodOyKlV+iSMlS1pyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhtZ9xmaQGJZsvClNBTEymX5M+V8iMGFtCmeL2VsKGVFFmbDZFG4K3+PIyaZ5XvIuKW78sV2/yOApwDCdwBh5cQRXuoAYNYIDwDK/w5jw6L8678zFvXXHymSP4A+fzB6QzjNI=</latexit>

ĝMN
<latexit sha1_base64="oQGFSyJpq6ygUG4WDoFGxu5VaJQ=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRixelgv2ANJTNdtsu3WTD7kQooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYWV1b3yhulra2d3b3yvsHTaNSzXiDKal0O6SGSxHzBgqUvJ1oTqNQ8lY4upn6rSeujVDxI44THkR0EIu+YBSt5HeGFMmgm93dT7rlilt1ZyDLxMtJBXLUu+WvTk+xNOIxMkmN8T03wSCjGgWTfFLqpIYnlI3ogPuWxjTiJshmJ0/IiVV6pK+0rRjJTP09kdHImHEU2s6I4tAselPxP89PsX8VZCJOUuQxmy/qp5KgItP/SU9ozlCOLaFMC3srYUOqKUObUsmG4C2+vEyaZ1XvvOo+XFRq13kcRTiCYzgFDy6hBrdQhwYwUPAMr/DmoPPivDsf89aCk88cwh84nz/iApD8</latexit>

gµ⌫ , � , Vµ , KK-modes
<latexit sha1_base64="kYKgmsFiWb15su/aMKrsdDAz2Fg=">AAACLHicbVDLSgMxFM34rPVVdekmWAQXWmZU0GXRjeBGwVahU4ZMetuGJpkhuSOWoR/kxl8RxIUibv0O01rF14WEk3PO5eaeOJXCou8/exOTU9Mzs4W54vzC4tJyaWW1bpPMcKjxRCbmKmYWpNBQQ4ESrlIDTMUSLuPe8VC/vAZjRaIvsJ9CU7GOFm3BGToqKh13ojxUGQ11NqDhNt0eXqEVHcW+nvVo5PgUEW7QqPz0dEclLbADGpXKfsUfFf0LgjEok3GdRaWHsJXwTIFGLpm1jcBPsZkzg4JLGBTDzELKeI91oOGgZgpsMx8tO6CbjmnRdmLc0UhH7PeOnClr+yp2TsWwa39rQ/I/rZFh+7CZC51mCJp/DGpnkmJCh8nRljDAUfYdYNwI91fKu8wwji7fogsh+L3yX1DfrQR7Ff98v1w9GsdRIOtkg2yRgByQKjkhZ6RGOLkl9+SJPHt33qP34r1+WCe8cc8a+VHe2zuSAqQt</latexit>

non-dynamical metric

dilaton graviphoton m2
n ⇠ n2

L2
<latexit sha1_base64="6An14P3p/T1iFtEgQ02QCqOtNDU=">AAACBHicbVC7TsMwFL0pr1JeBcYuFhUSU5UUJBgrWBgYikQfUhsix3Vaq7YT2Q5SFXVg4VdYGECIlY9g429wHwO0HMnW8Tn36vqeMOFMG9f9dnIrq2vrG/nNwtb2zu5ecf+gqeNUEdogMY9VO8SaciZpwzDDaTtRFIuQ01Y4vJr4rQeqNIvlnRkl1Be4L1nECDZWCoolEcj7KupqJlDXRAqTzL7H2Y29gmLZrbhToGXizUkZ5qgHxa9uLyapoNIQjrXueG5i/Awrwwin40I31TTBZIj7tGOpxIJqP5suMUbHVumhKFb2SIOm6u+ODAutRyK0lQKbgV70JuJ/Xic10YWfMZmkhkoyGxSlHJkYTRJBPaYoMXxkCSaK2b8iMsA2CWNzK9gQvMWVl0mzWvFOK+7tWbl2OY8jDyU4ghPw4BxqcA11aACBR3iGV3hznpwX5935mJXmnHnPIfyB8/kD6mmXoA==</latexit>

ÂM
<latexit sha1_base64="xFJ14YTAnggGhQ4OnZ0VmpPzrH4=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPVixehgv3ANpTNdtMu3WzC7kQoof/CiwdFvPpvvPlv3LY5aPXBwOO9GWbmBYkUBl33yyksLa+srhXXSxubW9s75d29polTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdD31W49cGxGrexwn3I/oQIlQMIpWeugOKZLLXnY76ZUrbtWdgfwlXk4qkKPeK392+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx28YQcWaVPwljbUkhm6s+JjEbGjKPAdkYUh2bRm4r/eZ0Uwws/EypJkSs2XxSmkmBMpu+TvtCcoRxbQpkW9lbChlRThjakkg3BW3z5L2meVL3Tqnt3Vqld5XEU4QAO4Rg8OIca3EAdGsBAwRO8wKtjnGfnzXmftxacfGYffsH5+AYJD5B+</latexit>

photon scalar-photon

(Bellazzini, Lewandowski, JS ’19)

M,N = 0, 1, 2, 3
<latexit sha1_base64="Cgo1kTQ0NHp5VUGyx8vco+8acoU=">AAAB+nicbVDLSgNBEOyNrxhfGz16GQyChyXsJoJehKAXL0oE84BkCbOT2WTI7IOZWSWs+RQvHhTx6pd482+cJHvQxIKGoqqb7i4v5kwq2/42ciura+sb+c3C1vbO7p5Z3G/KKBGENkjEI9H2sKSchbShmOK0HQuKA4/Tlje6mvqtByoki8J7NY6pG+BByHxGsNJSzyzeWOgWXSDbQo6FKhaq9sySXbZnQMvEyUgJMtR75le3H5EkoKEiHEvZcexYuSkWihFOJ4VuImmMyQgPaEfTEAdUuuns9Ak61kof+ZHQFSo0U39PpDiQchx4ujPAaigXvan4n9dJlH/upiyME0VDMl/kJxypCE1zQH0mKFF8rAkmgulbERligYnSaRV0CM7iy8ukWSk71XLl7rRUu8ziyMMhHMEJOHAGNbiGOjSAwCM8wyu8GU/Gi/FufMxbc0Y2cwB/YHz+ALRkkGc=</latexit>

µ, ⌫ = 0, 1, 2
<latexit sha1_base64="O6GDEjIt183N7v/acyVhda/7ZQ0=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgopSkCroRim5cVrAPaEKZTCft0JlJmIdYQn/FjQtF3Poj7vwbp20W2nrgwuGce7n3nihlVGnP+3YKa+sbm1vF7dLO7t7+gXtYbqvESExaOGGJ7EZIEUYFaWmqGemmkiAeMdKJxrczv/NIpKKJeNCTlIQcDQWNKUbaSn23HHBThYEw8Bp6VehXYb3vVryaNwdcJX5OKiBHs+9+BYMEG06Exgwp1fO9VIcZkppiRqalwCiSIjxGQ9KzVCBOVJjNb5/CU6sMYJxIW0LDufp7IkNcqQmPbCdHeqSWvZn4n9czOr4KMypSo4nAi0WxYVAncBYEHFBJsGYTSxCW1N4K8QhJhLWNq2RD8JdfXiXtes0/r9XvLyqNmzyOIjgGJ+AM+OASNMAdaIIWwOAJPINX8OZMnRfn3flYtBacfOYI/IHz+QMGoZHU</latexit>

a > 0
<latexit sha1_base64="GN3u9Ksk9bF03ocuvTrGldA03Vo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpevFYwbSFNpTNdtIu3WzC7kYopb/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1PBtXHdb6ewtr6xuVXcLu3s7u0flA+PmjrJFEOfJSJR7ZBqFFyib7gR2E4V0jgU2ApHdzO/9YRK80Q+mnGKQUwHkkecUWMln5Ib4vbKFbfqzkFWiZeTCuRo9Mpf3X7CshilYYJq3fHc1AQTqgxnAqelbqYxpWxEB9ixVNIYdTCZHzslZ1bpkyhRtqQhc/X3xITGWo/j0HbG1Az1sjcT//M6mYmugwmXaWZQssWiKBPEJGT2OelzhcyIsSWUKW5vJWxIFWXG5lOyIXjLL6+SZq3qXVRrD5eV+m0eRxFO4BTOwYMrqMM9NMAHBhye4RXeHOm8OO/Ox6K14OQzx/AHzucPYp2Nvw==</latexit>



Weakly Broken Galileon
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<latexit sha1_base64="suX2KQP14w7OU/jpFbjIRnDNDeM="></latexit>

Admits stable Galileon-preserving vs -breaking hierarchy:

⇤4
2 ' H

2
M

2
Pl , ⇤3

3 ' H
2
MPl

<latexit sha1_base64="OzHmH0ATTeE2otEslctyZdZx0oQ="></latexit>

(Pirtskhalava, Santoni, Trincherini, Vernizzi ’15)

Aµ , � , KK-modes
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Regime of calculability limited — EFT needs UV completion at macroscopic distances.



Outlook



The WGC has many versions, ramifications, generalizations — checks.

Multiple U(1)s.

Supersymmetric extremal BHs.

Axion decay constant.

Einstein-Maxwell-dilaton.

…

Gauss-Bonnet term.

Inflationary models.

General scalar-tensor theories.

Scalar gravity.

There are many potential applications of the gravitational positivity constraints.



Positivity Constrains on the GRSMEFT
(Ruhdorfer, JS, Weiler ’19)

Most general non-redundant basis of operators for the SM + gravity EFT.

with y = {v, w, z1, z2} being the variables that parameterize the SU(3)C ×SU(2)W ×U(1)Y

gauge group. The characters χa for the single particle modules of the spurions are a compo-

sition of the characters for the conformal and gauge group representation R of the spurions,

χa(D; x, y) = χ[∆a,la](D; x) · χU(1)Y
Ra

(v) · χSU(2)W
Ra

(w) · χSU(3)C
Ra

(z1, z2) . (64)

The explicit form of the group measures and characters is given in appendix A. Note that

in order to fully describe the flavor structure of the SM we would have to work with three

independent instances of each fermion to implement the three fermion generations. This

would increase the number of terms in the generating function at each order exponentially.

However, we can still get some information about the number of invariants with Nf flavors

by simply suppressing the flavor indices and adding the same fermion spurion Nf times,

i.e. we can write the complete PE as

PE

[{

φa

D∆a

}]

=
∏

b

PE

[{

φb

D∆b

}]

∏

f

PEF

[{

φf

D∆f

}]Nf

, (65)

where the index b runs over all bosons and f over all fermions. Next we expand the Hilbert

series according to the mass dimension of the operators. We will neglect all pure SM con-

tributions to the Hilbert series, which are given in [1]. The first gravity operators appear at

dimension 6, the Hilbert series being

H6 = C3
L+C3

R+B2
LCL+B2

RCR+HC2
LH

†+HC2
RH

†+CLG
2
L+CRG

2
R+CLW

2
L+CRW

2
R . (66)

This includes the pure gravity contributions discussed in section IVA plus mixed SM-gravity

terms. Note that at this mass dimension, the latter operators only contain SM bosons. An

explicit operator basis is given by

L6 =
c1
Λ2

Cµν
ρσCµναβCαβρσ +

c̃1
Λ2

Cµν
ρσCµναβC̃αβρσ

+
c2
Λ2

H†HCµνρσC
µνρσ +

c̃2
Λ2

H†HCµνρσC̃
µνρσ

+
c3
Λ2

BµνBρσCµνρσ +
c̃3
Λ2

BµνBρσC̃µνρσ +
c4
Λ2

GµνGρσCµνρσ +
c̃4
Λ2

GµνGρσC̃µνρσ

+
c5
Λ2

W µνW ρσCµνρσ +
c̃5
Λ2

W µνW ρσC̃µνρσ . (67)

There are no new gravity operators at mass dimension 7. However, there is a multitude of

terms in the Hilbert series at mass dimension 8. This is the first order where operators with

25

Hilbert series plus Weyl tensor as basic gravitational building block.

Constraints imposed by amplitudes’ positivity.
Aµ , � , KK-modes
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Compactification to 3D

To regulate the forward singularity while retaining Lorentz invariance, reduce the space.

(3+1)D flat space (2+1)D flat space
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Possibility to learn about the connection of the SM with gravity’s UV completion.



Fast Gravity Conjecture

Our positivity bounds have been found to imply gravity is the fastest force.
(de Rham, Tolley ’19)
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from leading R2, C2 operators — in FLRW and warped geometries.

Only relative speeds are physical.
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Possibility this leads to a more general/deeper swampland criterion.



Conclusions

Amplitudes’ positivity can be implemented in gravitational theories. 

Obstruction due to graviton forward singularity avoided by 3D compactification.

The (mild) WGC is the result, from an EFT IR perspective, 

of a UV theory of quantum gravity with a consistent S-matrix (unitary, local and causal).

Modified gravity theories suffer from limited regime of predictivity. 

Is string theory the only UV completion with such a canonical S-matrix?

Do all string theories in fact satisfy our assumptions?

Much remains to be explored within the EFT approach.



Thank you.
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Figure 3: The field between the plates of a charged capacitor coaxial with a current-carrying solenoid is of the
form E⃗ = A

r
r̂ and B⃗ = Bẑ. When c1 < 0, small fluctuations at fixed r propagate superluminally. For sufficiently

large fieldstrengths, but still within the regime of validity of the effective field theory, the “causal cone” of small
fluctuations dips below horizontal, allowing for purely spacelike evolution all the way around the capacitor at fixed
t, a dramatic violation of locality and causality.

remarkable fact that if the matter dynamics do not feature either instabilities or superluminal
modes then the energy momentum tensor satisfies the null energy condition [12]. Conversely, as
soon as superluminal modes are allowed, the null energy condition is lost, even in the absence of
instabilities within the matter dynamics [12], and CTC’s can in principle appear with respect to
the gravitational metric gµν as well. Therefore, whether gravity is dynamical or not, superluminal
propagation generally leads to a global breakdown of causality.

Another well-known energy condition closely related to superluminality is the dominant energy
condition. It states that Tµνtν should a be future directed time-like vector for any future directed
time-like tµ, i.e., there should be no energy-momentum flow outside the light-cone for any observer.
This condition is trivially violated by a negative cosmological constant, as well as negative tension
objects such as orientifold planes in string theory. To make it meaningful one must assume that
the vacuum contribution is subtracted from Tµν . In this form the dominant energy condition
follows from the absence of superluminality for a large class of systems. For instance, the sound
velocity in a fluid is given by dp/dρ, and the dominant energy condition p < ρ follows from the
absence of superluminality dp/dρ < 1. For a single derivatively coupled scalar field the absence
of superluminality for a general background requires the lagrangian to be a convex function of
X ≡ (∂µπ)2, L′′(X) ≥ 0. This is not the same as the dominant energy condition, which requires
L′(X) · X − L(X) > 0. For small fluctuations around the trivial background with X = 0,
these conditions agree, but for a general background, the absence of superluminality is a stronger
condition. Thus the absence of superluminality is a more direct and fundamental requirement
than the dominant energy condition.
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capacitor

Theories with wrong-sign coefficients lead to violation of causality in non-trivial backgrounds.

solenoid

| ~E| = | ~B| , ~E · ~B = 0
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Superluminality
(Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi ’06)



Compactifying Einstein-Maxwell
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