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Introduction

2

• When does General Relativity meet Standard Model? Are they independent? 

• Swampland Program [Cumrun Vafa ’05]: Which low-energy EFT are consistent 
with non-perturbative quantum gravity (UV completed) considerations? 

• (Gravitational) Positivity Bounds: UV completion conditions put positivity 
constraints on EFT’s (Wilson) coefficients.   

• EFT’s Cut-off scale + Parameters constraints: Derived from Positivity Bounds. 

• In this talk, we study  processes in the SM 
coupled to GR, a low-energy EFT of Quantum Gravity. 

γγ → γγ, HH → HH, γH → γH
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UV & IR Physics
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Fig. 1: The Swampland and Landscape of EFTs. 

arXiv: 2102.01111 [hep-th]

UV completion conditions:

- Lorentz inv.

- Unitary

- Locality

- Causality


Effective Field Theories (EFTs)

Quantum Gravity
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Positivity Bound: S-matrix properties (1)

Unitarity

5

Causality

Locality

Optical Theorem: 

Froissart-Martin Bound: lim
|s|!1

����
A(s, t)

s2

���� = 0 with t 6= m2, t < 4m2.
<latexit sha1_base64="on80ojYYVleecmZyFVdRdLq0u7A="></latexit>

Scattering Amplitude is Polynomially bounded.

Lorentz invariance

Crossing symmetry: A(s, t) is invariant under s $ u, t $ u, s $ t.
<latexit sha1_base64="r5IZWMLM+ifVhvTyemvE4l/gmj0="></latexit>

A(p1, p2, q1, q2) ! A(s, t),with Mandelstam var.

8
><

>:

s = �(p1 + p2)2 = E2
CM,

t = �(p1 � p2)2 = � s�4m2

2 (1� cos ✓),

u = �(p1 � q2)2 = 4m2 � s� t.
<latexit sha1_base64="tnPs6eFmN/LgdZ988kCuySDOI3c="></latexit>

Mandelstam variables:

(
S†S = 1

S = 1 + iM
) M �M† = iM†M.

<latexit sha1_base64="0ZP804YoodlfHth5X96chyU0h9w="></latexit>

Im M(p1p2 ! q1q2) =
1

2

X

n

Z
d⇧̃nM

⇤(p1p2 ! kn)M(q1q2 ! kn)

=
p

s(s� 4m2)�t > 0.
<latexit sha1_base64="kNsyKOoAJKmxsO65p5sO+4iQJlE="></latexit>

p1
<latexit sha1_base64="l+b9t2mqd9AsH0ceyvrCjWqeG/g=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmgckS5idzCZDZmeHmVlhWXLwA7zqJ3gTr36KX+BvOEn2YBILGoqqbrq7AsmZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8eJIrRJYh6rToA15UzQpmGG045UFEcBp+1gfDv1209UaRaLR5NK6kd4KFjICDZWepB9r1+uuFV3BrRKvJxUIEejX/7pDWKSRFQYwrHWXc+Vxs+wMoxwOin1Ek0lJmM8pF1LBY6o9rPZqRN0ZpUBCmNlSxg0U/9OZDjSOo0C2xlhM9LL3lT8z+smJrz2MyZkYqgg80VhwpGJ0fRvNGCKEsNTSzBRzN6KyAgrTIxNZ2GLHKWaET0p2WS85RxWSatW9S6qtfvLSv0mz6gIJ3AK5+DBFdThDhrQBAJDeIFXeHOenXfnw/mctxacfOYYFuB8/QLuhZaU</latexit>

p2
<latexit sha1_base64="eYnaDcwrmhtyzb3X1q0mz3UeGWo=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmgckS5idzCZDZmeHmVlhWXLwA7zqJ3gTr36KX+BvOEn2YBILGoqqbrq7AsmZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8eJIrRJYh6rToA15UzQpmGG045UFEcBp+1gfDv1209UaRaLR5NK6kd4KFjICDZWepD9Wr9ccavuDGiVeDmpQI5Gv/zTG8QkiagwhGOtu54rjZ9hZRjhdFLqJZpKTMZ4SLuWChxR7WezUyfozCoDFMbKljBopv6dyHCkdRoFtjPCZqSXvan4n9dNTHjtZ0zIxFBB5ovChCMTo+nfaMAUJYanlmCimL0VkRFWmBibzsIWOUo1I3pSssl4yzmsklat6l1Ua/eXlfpNnlERTuAUzsGDK6jDHTSgCQSG8AKv8OY8O+/Oh/M5by04+cwxLMD5+gXwHpaV</latexit>

Analiticity:  Analytical continuation to complex plane, integral relations and singularity conditions.

q1
<latexit sha1_base64="OXZTG70ZsAdl82dNQbE/65whFFg=">AAAB/3icbVDLSgNBEOzxGeMr6tHLYBA8hd0o6DHoxWNE84BkCbOT2WTI7Ow6MyssSw5+gFf9BG/i1U/xC/wNJ8keTGJBQ1HVTXeXHwuujeN8o5XVtfWNzcJWcXtnd2+/dHDY1FGiKGvQSESq7RPNBJesYbgRrB0rRkJfsJY/upn4rSemNI/kg0lj5oVkIHnAKTFWun/sub1S2ak4U+Bl4uakDDnqvdJPtx/RJGTSUEG07rhObLyMKMOpYONiN9EsJnREBqxjqSQh0142PXWMT63Sx0GkbEmDp+rfiYyEWqehbztDYoZ60ZuI/3mdxARXXsZlnBgm6WxRkAhsIjz5G/e5YtSI1BJCFbe3YjokilBj05nbEg9TzakeF20y7mIOy6RZrbjnlerdRbl2nWdUgGM4gTNw4RJqcAt1aACFAbzAK7yhZ/SOPtDnrHUF5TNHMAf09QvwIJaV</latexit>

q2
<latexit sha1_base64="d5x9lcPvB+MPSHHT1NK/qPl1flQ=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWNE84BkCbOT2WTI7Mw6MyssSw5+gFf9BG/i1U/xC/wNJ8keTGJBQ1HVTXdXEHOmjet+Oyura+sbm4Wt4vbO7t5+6eCwqWWiCG0QyaVqB1hTzgRtGGY4bceK4ijgtBWMbiZ+64kqzaR4MGlM/QgPBAsZwcZK94+9aq9UdivuFGiZeDkpQ456r/TT7UuSRFQYwrHWHc+NjZ9hZRjhdFzsJprGmIzwgHYsFTii2s+mp47RqVX6KJTKljBoqv6dyHCkdRoFtjPCZqgXvYn4n9dJTHjlZ0zEiaGCzBaFCUdGosnfqM8UJYanlmCimL0VkSFWmBibztyWeJhqRvS4aJPxFnNYJs1qxTuvVO8uyrXrPKMCHMMJnIEHl1CDW6hDAwgM4AVe4c15dt6dD+dz1rri5DNHMAfn6xfxuZaW</latexit>

p1
<latexit sha1_base64="l+b9t2mqd9AsH0ceyvrCjWqeG/g=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmgckS5idzCZDZmeHmVlhWXLwA7zqJ3gTr36KX+BvOEn2YBILGoqqbrq7AsmZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8eJIrRJYh6rToA15UzQpmGG045UFEcBp+1gfDv1209UaRaLR5NK6kd4KFjICDZWepB9r1+uuFV3BrRKvJxUIEejX/7pDWKSRFQYwrHWXc+Vxs+wMoxwOin1Ek0lJmM8pF1LBY6o9rPZqRN0ZpUBCmNlSxg0U/9OZDjSOo0C2xlhM9LL3lT8z+smJrz2MyZkYqgg80VhwpGJ0fRvNGCKEsNTSzBRzN6KyAgrTIxNZ2GLHKWaET0p2WS85RxWSatW9S6qtfvLSv0mz6gIJ3AK5+DBFdThDhrQBAJDeIFXeHOenXfnw/mctxacfOYYFuB8/QLuhZaU</latexit>

p2
<latexit sha1_base64="eYnaDcwrmhtyzb3X1q0mz3UeGWo=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmgckS5idzCZDZmeHmVlhWXLwA7zqJ3gTr36KX+BvOEn2YBILGoqqbrq7AsmZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8eJIrRJYh6rToA15UzQpmGG045UFEcBp+1gfDv1209UaRaLR5NK6kd4KFjICDZWepD9Wr9ccavuDGiVeDmpQI5Gv/zTG8QkiagwhGOtu54rjZ9hZRjhdFLqJZpKTMZ4SLuWChxR7WezUyfozCoDFMbKljBopv6dyHCkdRoFtjPCZqSXvan4n9dNTHjtZ0zIxFBB5ovChCMTo+nfaMAUJYanlmCimL0VkRFWmBibzsIWOUo1I3pSssl4yzmsklat6l1Ua/eXlfpNnlERTuAUzsGDK6jDHTSgCQSG8AKv8OY8O+/Oh/M5by04+cwxLMD5+gXwHpaV</latexit>

q1
<latexit sha1_base64="OXZTG70ZsAdl82dNQbE/65whFFg=">AAAB/3icbVDLSgNBEOzxGeMr6tHLYBA8hd0o6DHoxWNE84BkCbOT2WTI7Ow6MyssSw5+gFf9BG/i1U/xC/wNJ8keTGJBQ1HVTXeXHwuujeN8o5XVtfWNzcJWcXtnd2+/dHDY1FGiKGvQSESq7RPNBJesYbgRrB0rRkJfsJY/upn4rSemNI/kg0lj5oVkIHnAKTFWun/sub1S2ak4U+Bl4uakDDnqvdJPtx/RJGTSUEG07rhObLyMKMOpYONiN9EsJnREBqxjqSQh0142PXWMT63Sx0GkbEmDp+rfiYyEWqehbztDYoZ60ZuI/3mdxARXXsZlnBgm6WxRkAhsIjz5G/e5YtSI1BJCFbe3YjokilBj05nbEg9TzakeF20y7mIOy6RZrbjnlerdRbl2nWdUgGM4gTNw4RJqcAt1aACFAbzAK7yhZ/SOPtDnrHUF5TNHMAf09QvwIJaV</latexit>

q2
<latexit sha1_base64="d5x9lcPvB+MPSHHT1NK/qPl1flQ=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWNE84BkCbOT2WTI7Mw6MyssSw5+gFf9BG/i1U/xC/wNJ8keTGJBQ1HVTXdXEHOmjet+Oyura+sbm4Wt4vbO7t5+6eCwqWWiCG0QyaVqB1hTzgRtGGY4bceK4ijgtBWMbiZ+64kqzaR4MGlM/QgPBAsZwcZK94+9aq9UdivuFGiZeDkpQ456r/TT7UuSRFQYwrHWHc+NjZ9hZRjhdFzsJprGmIzwgHYsFTii2s+mp47RqVX6KJTKljBoqv6dyHCkdRoFtjPCZqgXvYn4n9dJTHjlZ0zEiaGCzBaFCUdGosnfqM8UJYanlmCimL0VkSFWmBibztyWeJhqRvS4aJPxFnNYJs1qxTuvVO8uyrXrPKMCHMMJnIEHl1CDW6hDAwgM4AVe4c15dt6dD+dz1rri5DNHMAfn6xfxuZaW</latexit>

kn
<latexit sha1_base64="1me1lvvwKDkwPh2iBAX8NVPGtlE=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmgckS5idzCZDZmeHmVlhWXLwA7zqJ3gTr36KX+BvOEn2YBILGoqqbrq7AsmZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8eJIrRJYh6rToA15UzQpmGG045UFEcBp+1gfDv1209UaRaLR5NK6kd4KFjICDZWehj3Rb9ccavuDGiVeDmpQI5Gv/zTG8QkiagwhGOtu54rjZ9hZRjhdFLqJZpKTMZ4SLuWChxR7WezUyfozCoDFMbKljBopv6dyHCkdRoFtjPCZqSXvan4n9dNTHjtZ0zIxFBB5ovChCMTo+nfaMAUJYanlmCimL0VkRFWmBibzsIWOUo1I3pSssl4yzmsklat6l1Ua/eXlfpNnlERTuAUzsGDK6jDHTSgCQSG8AKv8OY8O+/Oh/M5by04+cwxLMD5+gVIApbM</latexit>
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Analiticity

Twice subtracted Dispersion relation

A(s, t) =
1

2⇡i

I

C
desA(es, t)

es� s

=a(t) +
�

m2 � s
+

�

m2 � u
+

1

⇡

Z 1

4m2

dµ


(s� µp)2

(µ� µp)2(µ� s)
+

(s� µp)2

(µ� µp)2(µ� s)

�
ImA(µ, t).

<latexit sha1_base64="T1gDRHYVrLc1ymi+MnkeiHxVVuQ="></latexit>

A(s, t) =
1

2⇡i

I

C
desA(es, t)

es� s

=
�

m2 � s
+

�

m2 � u
+

Z

C±1
desA(es, t)

es� s
+

1

⇡

Z 1

4m2

dµ


1

µ� s
+

1

µ� u

�
ImA(µ, t).

<latexit sha1_base64="iefYqAE0Cc73u8THSFro8liUdow="></latexit>

Positivity Bound: S-matrix properties (2)

Dispersion relation

1

µ� s
=

(s� µp)2

(µ� µp)2
1

µ� s
+ 2

(s� µp)

(µ� µp)2
+

(µ� s)

(µ� µp)2
.

<latexit sha1_base64="zCYWiCfnSiNE2eGbfI/v7nHLeLk="></latexit>

Identity

s

Fixed t, 

Poles from intermediary particles:

Branch-cuts from loops:

u = 4m2 � s� t.
<latexit sha1_base64="pOZcfQBNgtMKyuQtWgKCGk2sz/Q=">AAACD3icbVDLSsNAFJ34rPWV6tLNYBHcGJJa0I1QdOOygn1AG8tkOmmHzkzCzEQJoR/hB7jVT3Anbv0Ev8DfcNpmYVsPXDiccy/ncoKYUaVd99taWV1b39gsbBW3d3b39u3SQVNFicSkgSMWyXaAFGFUkIammpF2LAniASOtYHQz8VuPRCoaiXudxsTnaCBoSDHSRurZpQRewSp/qMAzqMxop2eXXcedAi4TLydlkKPes3+6/QgnnAiNGVKq47mx9jMkNcWMjIvdRJEY4REakI6hAnGi/Gz6+hieGKUPw0iaERpO1b8XGeJKpTwwmxzpoVr0JuJ/XifR4aWfUREnmgg8CwoTBnUEJz3APpUEa5YagrCk5leIh0girE1bcynxMFUUq3HRNOMt9rBMmhXHO3cqd9Vy7TrvqACOwDE4BR64ADVwC+qgATB4Ai/gFbxZz9a79WF9zlZXrPzmEMzB+voFeDKaYw==</latexit>arXiv:1605.06111 [hep-th] arXiv:1702.06134 [hep-th]

s = m2
<latexit sha1_base64="/ExPA+qWScsWYjaHWCWJNW9ooa8=">AAACAXicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EUIevEYwU0CyRpmJ5NkyMzsMjMrLEtOfoBX/QRv4tUv8Qv8DSfJHkxiQUNR1U13Vxhzpo3rfjsrq2vrG5uFreL2zu7efungsKGjRBHqk4hHqhViTTmT1DfMcNqKFcUi5LQZjm4nfvOJKs0i+WDSmAYCDyTrM4KNlXx9LR6r3VLZrbhToGXi5aQMOerd0k+nF5FEUGkIx1q3PTc2QYaVYYTTcbGTaBpjMsID2rZUYkF1kE2PHaNTq/RQP1K2pEFT9e9EhoXWqQhtp8BmqBe9ifif105M/yrImIwTQyWZLeonHJkITT5HPaYoMTy1BBPF7K2IDLHCxNh85rbEw1QzosdFm4y3mMMyaVQr3nmlen9Rrt3kGRXgGE7gDDy4hBrcQR18IMDgBV7hzXl23p0P53PWuuLkM0cwB+frF0+Al1U=</latexit>

u = m2, s = 3m2 � t
<latexit sha1_base64="yy/EF/jKi8hP8s2GhsLSY8BIdfc=">AAACEHicbZDLSsNAFIYnXmu9xbp0M1gEF1qSVtBNoejGZQV7gTaWyXTSDp2ZhJmJGEJfwgdwq4/gTtz6Bj6Br+G0zcK2/nDg4z/ncA6/HzGqtON8Wyura+sbm7mt/PbO7t6+fVBoqjCWmDRwyELZ9pEijArS0FQz0o4kQdxnpOWPbib91iORiobiXicR8TgaCBpQjLSxenYhrvKH8hlUsAorhuC57tlFp+RMBZfBzaAIMtV79k+3H+KYE6ExQ0p1XCfSXoqkppiRcb4bKxIhPEID0jEoECfKS6e/j+GJcfowCKUpoeHU/buRIq5Uwn0zyZEeqsXexPyv14l1cOWlVESxJgLPDgUxgzqEkyBgn0qCNUsMICyp+RXiIZIIaxPX3JVomCiK1ThvknEXc1iGZrnkVkrlu4ti7TrLKAeOwDE4BS64BDVwC+qgATB4Ai/gFbxZz9a79WF9zkZXrGznEMzJ+voF6dWbNw==</latexit>

s > 4m2
<latexit sha1_base64="/9RdVGWLAULY4LWklTAeNKimlpo=">AAACAnicbVDLSgNBEOz1GeMr6tHLYBA8hd0Y0JMEvXiMYB6QrGF2MpuMmZldZmaFZcnND/Cqn+BNvPojfoG/4eRxMIkFDUVVN91dQcyZNq777aysrq1vbOa28ts7u3v7hYPDho4SRWidRDxSrQBrypmkdcMMp61YUSwCTpvB8GbsN5+o0iyS9yaNqS9wX7KQEWys1NBXFfFQ7haKbsmdAC0Tb0aKMEOtW/jp9CKSCCoN4VjrtufGxs+wMoxwOsp3Ek1jTIa4T9uWSiyo9rPJtSN0apUeCiNlSxo0Uf9OZFhonYrAdgpsBnrRG4v/ee3EhJd+xmScGCrJdFGYcGQiNH4d9ZiixPDUEkwUs7ciMsAKE2MDmtsSD1LNiB7lbTLeYg7LpFEueeel8l2lWL2eZZSDYziBM/DgAqpwCzWoA4FHeIFXeHOenXfnw/mctq44s5kjmIPz9QvKfpeU</latexit>

u > 4m2, s < �t
<latexit sha1_base64="rYiXXWTjyqziaq978Y1EJoPlR3U=">AAACB3icbVBLSgNBEO3xG+Mv6tJNYxBcaJiJAV2IBN24jGA+MBlDT6cnadKfobtHGEIO4AHc6hHciVuP4Qm8hp1kFibxQcHjvSqq6oUxo9q47reztLyyurae28hvbm3v7Bb29htaJgqTOpZMqlaINGFUkLqhhpFWrAjiISPNcHA79ptPRGkqxYNJYxJw1BM0ohgZK/nJdYU/lk/11ZnpFIpuyZ0ALhIvI0WQodYp/LS7EiecCIMZ0tr33NgEQ6QMxYyM8u1EkxjhAeoR31KBONHBcHLyCB5bpQsjqWwJAyfq34kh4lqnPLSdHJm+nvfG4n+en5joMhhSESeGCDxdFCUMGgnH/8MuVQQbllqCsKL2Voj7SCFsbEozW+J+qinWo7xNxpvPYZE0yiXvvFS+rxSrN1lGOXAIjsAJ8MAFqII7UAN1gIEEL+AVvDnPzrvz4XxOW5ecbOYAzMD5+gXySJlE</latexit>

https://arxiv.org/abs/1605.06111
https://arxiv.org/abs/1702.06134
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Positivity Bound: 
Subtracted Scattering Amplitude & Improved Positivity Bound

7

Improved positivity

B(s, t) = A(s, t)� �

m2 � s
� �

m2 � u
� �

m2 � t
.

<latexit sha1_base64="66mvqjNwcPS2AA1H6HZkcq/vXvU="></latexit>

eB(v, t) := B(s, t)|s=v+2m2�t/2.
<latexit sha1_base64="n7CuKO/CsSUqGdKTWQ9GvTVlldM="></latexit>

B2N,0(t) =
(2N)!2

⇡

Z 1

4m2

dµ
ImA(µ, t)

(µ� 2m2 + t
2 )

2N+1
> 0, with no t derivative (in forward limit, t ! 0).

<latexit sha1_base64="jpSL7dvMS0ypowPRZqR3dPb4tKA="></latexit>

B2N,M (t) =
1

M !
@2N
v @M

t
eB(v, t)

��
v=0

.
<latexit sha1_base64="J5G2SyVOHa1Jy6YXBpVNyzmx8UE="></latexit>

(Subtract the known part from

unknown parts to enhance the positivity).

Substracted Scattering Amplitude

B2N,0
⇤EFT

(t) :=
(2N)!2

⇡

 Z 1

4m2

�
Z ⇤2

EFT

4m2

!
dµ

ImA(µ, t)

(µ� 2m2 + t
2 )

2N+1
> 0

=
(2N)!2

⇡

Z 1

⇤2
EFT

dµ
ImA(µ, t)

(µ� 2m2 + t
2 )

2N+1
> 0.

<latexit sha1_base64="ducnQHI4bCNGsqJMFH4El7TUH/A="></latexit>
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Gravitational Positivity Bound

Analytical structure

8

Issue: Massless loop create a branch cut along x-axis,  

disconnecting the 2 half-planes. 

Solution: The theory UV completed at Planck scale. In linearised theory, 

  

 Graviton loop is supressed at UV completion of gravity, so we can neglect it.→

Adding massless Graviton causes some troubles sarXiv:2007.15009 [hep-th]
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Issue: Encounter a non-gapped system: with massless particles  cannot use Froissart bound. 

Solution: We assume the Regge behavior, 

→
Boundedness 

At forward scattering limit, substracted amplitude reads
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derivative operators representing corrections from (un-
known) UV physics, which will be taken care of in the
following discussion. As we will see, they turn out to be
irrelevant for our purpose except for the QED case.

Because the SM is a renormalizable theory, the SM am-
plitude satisfies the twice-subtracted dispersion relation,
meaning that the relations
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4
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ds0
ImAi(s0 + i✏)

s03
(8)

have to hold for i = QED, Weak, and QCD. Here,
Ai(s) := Mi(s, t = 0) is the forward limit amplitude.

The relations (8) conclude B(2)
i (⇤ ! 1) = 0. The same

relation does not need to apply to the GR sector, how-
ever, because GR is not UV complete; as we will see,

B(2)
GR(⇤ ! 1) ! constant < 0. As ⇤ increases, the GR

contribution eventually dominates over the SM contribu-
tions, leading to violation of (6). The maximum cuto↵
scale of the SM coupled to GR is determined when the
inequality (6) is saturated.

Positivity in QED.— We begin with the light-by-light
scattering in QED coupled to GR which was discussed
recently in [25]. The leading QED contribution is the
one-loop diagram shown in the first diagram of Fig. 2.
The forward limit amplitude is given by
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for ⇤ � me. Regarding MGR, we have the tree and one-
loop diagrams up to O(M�2

Pl ) as shown in Fig. 2. The
tree level (pole) contribution is cancelled with the high-
energy integral of RHS of (4). As a result, the one-loop
diagram is the leading gravitational contribution to the
bound (6). In the high-energy limit, we obtain
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45⇡m2
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2
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Whereas B(2)
QED vanishes as ⇤ ! 1, B(2)

GR approaches
a negative constant in the limit ⇤ ! 1. This is why
we obtain a nontrivial cuto↵ scale from (approximate)
positivity bounds.

We remark that the result (11) can be used even in
the later analysis beyond QED. In general, the one-loop

contribution to B(2)
GR from charged particles should be

proportional to e2/M2
Pl and the dimensional analysis con-

cludes B(2)
GR / e2/(m2M2

Pl), where m is the mass of the
propagating particle in the loop. Therefore, the lightest
charged particle should provide the dominant contribu-

tion to B(2)
GR. We thus take into account the electron loop

only to compute B(2)
GR throughout this letter.

Now we discuss implications of the gravitational pos-
itivity bound (6). First, we can simply discard the
O(M�2

Pl M
�2
s ) uncertainty in (6) because the GR contri-

bution (11) is much larger than the uncertainty. Second,
as we mentioned earlier, there are potential higher deriva-
tive corrections that are originated from UV physics
above the cuto↵ scale ⇤. From the EFT perspective,

its contribution to B(2) can be estimated as B(2)
UV = ↵UV

⇤4 ,
where |↵UV| . 1 characterizes the size of interactions at
the scale ⇤.

All in all, the gravitational positivity implies the bound
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GR > 0, yielding

64↵2

⇤4

✓
ln

⇤

me
�

1

4

◆
+

↵UV

⇤4
>

22↵

45⇡m2
eM

2
Pl

. (12)

If the first term is dominant, we have the same bound
as [25], ⇤ .

p
emeMPl. On the other hand, if the second

term is dominant and ↵UV ⇠ 1, we find ⇤ .
p

meMPl/e,
which is the one obtained in [18] from a slightly di↵erent
setup (see footnote 2). In either case, the typical size is
⇤ < ⇤QED ⇠ 108GeV which is regarded as the maximum

Leading QED contribution and GR For GR, tree-level contribution canceled, 
only 1-loop level contribute
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derivative operators representing corrections from (un-
known) UV physics, which will be taken care of in the
following discussion. As we will see, they turn out to be
irrelevant for our purpose except for the QED case.

Because the SM is a renormalizable theory, the SM am-
plitude satisfies the twice-subtracted dispersion relation,
meaning that the relations
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have to hold for i = QED, Weak, and QCD. Here,
Ai(s) := Mi(s, t = 0) is the forward limit amplitude.

The relations (8) conclude B(2)
i (⇤ ! 1) = 0. The same

relation does not need to apply to the GR sector, how-
ever, because GR is not UV complete; as we will see,

B(2)
GR(⇤ ! 1) ! constant < 0. As ⇤ increases, the GR

contribution eventually dominates over the SM contribu-
tions, leading to violation of (6). The maximum cuto↵
scale of the SM coupled to GR is determined when the
inequality (6) is saturated.

Positivity in QED.— We begin with the light-by-light
scattering in QED coupled to GR which was discussed
recently in [25]. The leading QED contribution is the
one-loop diagram shown in the first diagram of Fig. 2.
The forward limit amplitude is given by
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in the high-energy limit |s| � m2
e, where ↵ = e2/4⇡ is the

fine-structure constant. B(2)(⇤) from the QED process
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for ⇤ � me. Regarding MGR, we have the tree and one-
loop diagrams up to O(M�2

Pl ) as shown in Fig. 2. The
tree level (pole) contribution is cancelled with the high-
energy integral of RHS of (4). As a result, the one-loop
diagram is the leading gravitational contribution to the
bound (6). In the high-energy limit, we obtain

B(2)
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22↵

45⇡m2
eM

2
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. (11)

Whereas B(2)
QED vanishes as ⇤ ! 1, B(2)

GR approaches
a negative constant in the limit ⇤ ! 1. This is why
we obtain a nontrivial cuto↵ scale from (approximate)
positivity bounds.

We remark that the result (11) can be used even in
the later analysis beyond QED. In general, the one-loop

contribution to B(2)
GR from charged particles should be

proportional to e2/M2
Pl and the dimensional analysis con-

cludes B(2)
GR / e2/(m2M2

Pl), where m is the mass of the
propagating particle in the loop. Therefore, the lightest
charged particle should provide the dominant contribu-

tion to B(2)
GR. We thus take into account the electron loop

only to compute B(2)
GR throughout this letter.

Now we discuss implications of the gravitational pos-
itivity bound (6). First, we can simply discard the
O(M�2

Pl M
�2
s ) uncertainty in (6) because the GR contri-

bution (11) is much larger than the uncertainty. Second,
as we mentioned earlier, there are potential higher deriva-
tive corrections that are originated from UV physics
above the cuto↵ scale ⇤. From the EFT perspective,

its contribution to B(2) can be estimated as B(2)
UV = ↵UV

⇤4 ,
where |↵UV| . 1 characterizes the size of interactions at
the scale ⇤.

All in all, the gravitational positivity implies the bound
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If the first term is dominant, we have the same bound
as [25], ⇤ .

p
emeMPl. On the other hand, if the second

term is dominant and ↵UV ⇠ 1, we find ⇤ .
p

meMPl/e,
which is the one obtained in [18] from a slightly di↵erent
setup (see footnote 2). In either case, the typical size is
⇤ < ⇤QED ⇠ 108GeV which is regarded as the maximum
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derivative operators representing corrections from (un-
known) UV physics, which will be taken care of in the
following discussion. As we will see, they turn out to be
irrelevant for our purpose except for the QED case.

Because the SM is a renormalizable theory, the SM am-
plitude satisfies the twice-subtracted dispersion relation,
meaning that the relations
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i (⇤) =
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⇤2

ds0
ImAi(s0 + i✏)
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have to hold for i = QED, Weak, and QCD. Here,
Ai(s) := Mi(s, t = 0) is the forward limit amplitude.

The relations (8) conclude B(2)
i (⇤ ! 1) = 0. The same

relation does not need to apply to the GR sector, how-
ever, because GR is not UV complete; as we will see,

B(2)
GR(⇤ ! 1) ! constant < 0. As ⇤ increases, the GR

contribution eventually dominates over the SM contribu-
tions, leading to violation of (6). The maximum cuto↵
scale of the SM coupled to GR is determined when the
inequality (6) is saturated.

Positivity in QED.— We begin with the light-by-light
scattering in QED coupled to GR which was discussed
recently in [25]. The leading QED contribution is the
one-loop diagram shown in the first diagram of Fig. 2.
The forward limit amplitude is given by
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in the high-energy limit |s| � m2
e, where ↵ = e2/4⇡ is the
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for ⇤ � me. Regarding MGR, we have the tree and one-
loop diagrams up to O(M�2

Pl ) as shown in Fig. 2. The
tree level (pole) contribution is cancelled with the high-
energy integral of RHS of (4). As a result, the one-loop
diagram is the leading gravitational contribution to the
bound (6). In the high-energy limit, we obtain
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Whereas B(2)
QED vanishes as ⇤ ! 1, B(2)

GR approaches
a negative constant in the limit ⇤ ! 1. This is why
we obtain a nontrivial cuto↵ scale from (approximate)
positivity bounds.

We remark that the result (11) can be used even in
the later analysis beyond QED. In general, the one-loop

contribution to B(2)
GR from charged particles should be

proportional to e2/M2
Pl and the dimensional analysis con-

cludes B(2)
GR / e2/(m2M2

Pl), where m is the mass of the
propagating particle in the loop. Therefore, the lightest
charged particle should provide the dominant contribu-

tion to B(2)
GR. We thus take into account the electron loop

only to compute B(2)
GR throughout this letter.

Now we discuss implications of the gravitational pos-
itivity bound (6). First, we can simply discard the
O(M�2

Pl M
�2
s ) uncertainty in (6) because the GR contri-

bution (11) is much larger than the uncertainty. Second,
as we mentioned earlier, there are potential higher deriva-
tive corrections that are originated from UV physics
above the cuto↵ scale ⇤. From the EFT perspective,

its contribution to B(2) can be estimated as B(2)
UV = ↵UV

⇤4 ,
where |↵UV| . 1 characterizes the size of interactions at
the scale ⇤.

All in all, the gravitational positivity implies the bound
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GR > 0, yielding
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If the first term is dominant, we have the same bound
as [25], ⇤ .

p
emeMPl. On the other hand, if the second

term is dominant and ↵UV ⇠ 1, we find ⇤ .
p

meMPl/e,
which is the one obtained in [18] from a slightly di↵erent
setup (see footnote 2). In either case, the typical size is
⇤ < ⇤QED ⇠ 108GeV which is regarded as the maximum
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Effects of anomalous threshold to gauge couplings
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Conclusions & Outlooks

• Conclusions: 

- Gravitational positivity bounds of light-by-light scattering yields cut-off scale of order  GeV. 

- More insight to Swampland program (correlations between gauge couplings as given by the 
Electro-Weak bounds). 

- Pomeron plays an important role & may have some phenomenological implications. 

• Outlooks: 

- Anomalous threshold of SM + GR consistent with UV completion? 

- Find implications from Dark Matter models.
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- Gravitational positivity bounds of light-by-light scattering yields cut-off scale of order  GeV. 

- More insight to Swampland program (correlations between gauge couplings as given by the 
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- Weakly coupled charged particles up to spin-1 do not help to push up the cutoff scale, hence 
BSM Physics at E >> GeV will be irrelevant. 

- Pomeron plays an important role & may have some phenomenological implications. 

• Outlooks: 

- Anomalous threshold of SM + GR consistent with UV completion? 

- Find implications from Dark Matter models.
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