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It is generally believed that all global symmetries are broken, or become gauged, in the
full theory of quantum gravity
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T. Banks and N. Seiberg, “Symmetries and Strings in Field Theory and Gravity,”
Phys. Rev. D83 (2011) 084019, arXiv:1011.5120 [hep-thl].

The gravitational collapse of global-charged objects creates black holes of arbitrarily large
global charge. After Hawking radiation, this leads to an infinite number of microstates violating
he Bekenstein-Hawking entropy formula




If the symmetry is gauge, in known models of quantum gravity (string theory), gauge groups are constrained
SO(32) or Es x Es

This constraint is directly visible in the S-matrix
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Require the residues on factorization poles to be consistent with unitarity
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Require the residues on factorization poles to be consistent with unitarity
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Can we see this tension in a more general context ?




The Gravitation EFT

Why now ?
* Experience in bootstrapping perturbative amplitudes with high multiplicity and loop level
* AdS/CFT allows us to put properties of S-matrix in quantum gravity on firm footing
* Numeric methods developed in the CFT bootstrap -> semi-definite programming (ML ?)
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Dispersion with gravity

Causality implies twice subtraction Haring Zhibbedoy a0z, 08380
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We expand in t on both sides to get dispersive representation for the Wilson coefficients, but not
with gravity




A proof of species bound Simon Caron-Huot, Yue-Zhou Li arXiv:2408.06440

A longstanding observation is that in the presence of a large number N of matter fields below the scale A, the
“quantum gravity cutoff” A should be parametrically lower than the Planck mass

ATEN(A) S O() M2

Consider the four-graviton amplitude M(17273747) = (23)*[14]* (s, u)

Which satisfies Kramers-Kronig-type sum rules s s
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A longstanding observation is that in the presence of a large number N of matter fields below the scale A, the
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Plan:
Consider a general colored EFT (Adjoint or Fundamental), derive optimal bounds on the Wilson coefficients
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Dispersion with gravity

Improved dispersion relation
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We can reduce to three couplings in a dispersion relation




Dispersion with gravity
The low energy couplings are in the trace basis, but the UV is in the projector basis

[t will be convenient to put in t-channel projector basis where the graviton pole is isolated
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D. Simmons-Duffin, A Semidefinite Program Solver for the Conformal Bootstrap, JHEP 06
We utilize semidefinite programming (SDPB)  (2015) 174, [1502.02033],

W. Landry and D. Simmons-Duffin, Scaling the semidefinite program solver SDPB,
1909.09745.
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Explicit bounds

[t is difficult to find bounds due to both signs appearing in the dispersion relation from the projectors
But when we do find bounds
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Without gravity they are independent on the rank of SO(N), only dependence comes from spacetime D




First consider the QFT (EFT) limit G=0
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We can also consider supersymmetry. Consider maximal SUSY (16 super charges)
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Let us assume that at the gap, there is an isolated state
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Let us assume that at the gap, there is an isolated state
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We can probe the maximal value of the coupling vs EFT Wilson coefficients
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Comments:

* We observe that the introduction of graviton poles always induce new rank-dependence on the Wilson coefficients

* Assuming maximal SUSY, we also see rank-dependence. (Coloumb branch Wilson coefficients are far from the boundary)

* For maximal SUSY the bounds are stable with respect to dimensions.

Current/Next stage:

* (Global vs Gauge): We are doing twice subtraction, which does not capture the massless gauge pole. There is no-distinction
between local and global symmetries.

* Consider one subtraction for certain smeared amplitudes (Haring, Zhiboedov 2202.08280 )

* Consider four-dimensional helicity states




The Gravitation EFT

Arising from perturbative completion
Essentially a " "bottom up” approach where the EFT

operators serve as IR parameterization of UV completions
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The Gravitation S-matrix

The EFT operators are encoded in the four-graviton S-matrix which is subject to it’'s own consistency
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The Gravitation S-matrix

1 EFT information is embedded in the low-energy limit of  M(s, )
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The Gravitation S-matrix

EFT information is embedded in the low-energy limit of M(s, t)
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Dispersion relations for S-matrix
Arising from perturbative completion
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The High Energy Behavior

At large s the amplitude satisfies twice subtraction (at fixed t<o)
Haring, Zhiboedov 2202.08280

M(s.,t
lim (5,2)

|s|—00 ‘S|2

=0

At fixed large impact parameter b scattering is well described by GR

Since fixed b at large energy corresponds to large spin

ﬂ
NG

J — 00

" F(dz;4) Gns

_1 > J d B 8GN s? d—4
M(S,t)_2§anJ(S)PJ(1 2t/s) = -2 (14 0Gwslt*F)) =>4 e




The Graviton Pole

» Since the amplitude is bounded by s* at s — o
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* For n =2 the low energy graviton pole contributes
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The Graviton Pole
* Consider smeared amplitude Caron-Huot Mazac, Rastelli, Simmons-Duffin 2102.08951
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For fixed derivative

D8 R*

couplings, with sdpb

Z. Bern D. Kosmopoulos, A Zhiboedov 2103.12729
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Bounds with respect to Gn
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Let us now combine color with gravity




Let us begin with general low energy amplitude of 4 adjoint scalars
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The twice subtraction dispersion relation reads
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The color projectors can be linearly map to the trace basis
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To avoid infrared divergences
for smeared amplitudes, we first
consider D=5
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Minimize U1 gives the upper bound on the ratio




First consider the QFT (EFT) limit G=0
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Figure 2. Adjoint representation, G = 0
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We can also consider supersymmetry. Consider maximal SUSY (16 super charges)

Mt = 5°(Q)f (s, (@) ~ 5
This leads to zero subtraction dispersion relations for the couplings since

lim f(s,t) < s’
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Figure 5. Adjoint representation, maximal SUSY, G = 0 Figure 6. Adjoint representation, maximal SUSY, G = 0.1




Summary and Outlook
* We've seen that by combining color and gravity, the S-matrix bootstrap exhibits sensitivity to the rank of the group

* Imposing maximal susy also induces rank-dependent bounds

* Generalization to SU(N), higher dimensions can be done straightforwardly (critical dimensions ?)

* D=4 would require regularization, Hubble scale as IR scale

* So far there’s no distinction between global or local symmetry, we are not sensitive to the gauge pole

Under the assumption that black hole physics can be reproduced at long distances implies 1ISDR

Haring, Zhiboedov 2202.08280
Ty d—3 (3)

a>d—4,b>%

= 0.

lim
|s| =00 |8|

—P The dispersion relations will be sensitive to both gauge and gravity poles.

We can also consider the scattering of massless vectors




(Immediate) Future Directions: The spin-4 Compton
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Consistent mixed (spin-4) amplitudes




