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Introduction

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


• Weak Gravity Conjecture (WGC) [Arkani-Hamed, et. al. ‘06]: roughly states that 
gravity should be the weakest force in Quantum Gravity (QG) theories.


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


• [Cheung-Remmen ’14] first find possible connections between WGC on 
charged particles and positivity gives new charge/mass ratio                        
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Overview of positivity bounds implications’ on WGC

• [Andriolo-Junghans-Noumi-Siu ’18] extended the analysis to multiple  and 
motivated a stronger version of WGC called the subLattice/Tower WGC, [Chen-Huang-
Noumi-Wen ’18] for convex-hull type WGC for multiple .


• [Hamada-Noumi-Shiu ’18, Bellazzini-Lewandowski-Serra ’18, Arkani-Hamed et.al. ’21] 
derived connection to BH WGC, focusing on monotonicity of the extremal curve.


• [Alberte-Rham-Jaitly-Tolley ’21] incorpolated improved positivity into QED, [Aoki-TQL-
Noumi-Tokuda ’22] generalized to SM with magnetic WGC-type bound


                            


• In this talk, we study  processes in the EW (Weinberg-
Salam model) coupled to GR to derive possible extension of magnetic WGC: 

U(1)

U(1)

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]
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Positivity Bound: S-matrix properties (1)

Unitarity
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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. Helps neglect contribution at  contours.s → ∞

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.
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><

>:

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

Fixed , 

Poles from intermediary particles:

Branch-cuts from loops:

tarXiv:1605.06111 [hep-th] arXiv:1702.06134 [hep-th]
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u =
X

m2
ext. � s� t.

<latexit sha1_base64="EKQtW25hP2FTwktbICnuIIHdiOo=">AAAB9HicbVBNSwMxFHxbv2r9qnr0EiyCp7Irip6k0IvHCrYW2qVk07QNzWbX5G2hLP0dXjwo4tUf481/Y7bdg7YOBIaZ93iTCWIpDLrut1NYW9/Y3Cpul3Z29/YPyodHLRMlmvEmi2Sk2wE1XArFmyhQ8nasOQ0DyR+DcT3zHydcGxGpB5zG3A/pUImBYBSt5HdDiiNGZVqf9bxeueJW3TnIKvFyUoEcjV75q9uPWBJyhUxSYzqeG6OfUo2CST4rdRPDY8rGdMg7lioacuOn89AzcmaVPhlE2j6FZK7+3khpaMw0DOxkFtIse5n4n9dJcHDjp0LFCXLFFocGiSQYkawB0heaM5RTSyjTwmYlbEQ1ZWh7KtkSvOUvr5LWRdW7qrr3l5XabV5HEU7gFM7Bg2uowR00oAkMnuAZXuHNmTgvzrvzsRgtOPnOMfyB8/kDoPiR/Q==</latexit>

C1
<latexit sha1_base64="Xd1XViPpBnDppTVwirP0prSPY0c=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWaKoispdOOygn1AO5RMmmlDM5kxyRTK0O9w40IRt36MO//GTDsLbT0QOJxzL/fk+LHg2jjONypsbG5t7xR3S3v7B4dH5eOTto4SRVmLRiJSXZ9oJrhkLcONYN1YMRL6gnX8SSPzO1OmNI/ko5nFzAvJSPKAU2Ks5PVDYsaUiLQxH9QG5YpTdRbA68TNSQVyNAflr/4woknIpKGCaN1zndh4KVGGU8HmpX6iWUzohIxYz1JJQqa9dBF6ji+sMsRBpOyTBi/U3xspCbWehb6dzELqVS8T//N6iQluvZTLODFM0uWhIBHYRDhrAA+5YtSImSWEKm6zYjomilBjeyrZEtzVL6+Tdq3qXledh6tK/S6vowhncA6X4MIN1OEemtACCk/wDK/whqboBb2jj+VoAeU7p/AH6PMHonyR/g==</latexit>

C2

<latexit sha1_base64="la1ucDPIGuxUc2FoRKazbcJiwDE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzU0P1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4A3/eM+w==</latexit>s<latexit sha1_base64="G1CZNhNqllTIAISO1KKC9pyPGPA=">AAAB/XicbVDLSsNAFL2pr1pf8bFzEyyCIJREFF1JoRuXFewDmhgm00k7dDIJMxMhhuKvuHGhiFv/w51/46TtQlsPDBzOuZd75gQJo1LZ9rdRWlpeWV0rr1c2Nre2d8zdvbaMU4FJC8csFt0AScIoJy1FFSPdRBAUBYx0glGj8DsPREga8zuVJcSL0IDTkGKktOSbB26E1BAjljfG96e+S3moMt+s2jV7AmuRODNShRmavvnl9mOcRoQrzJCUPcdOlJcjoShmZFxxU0kShEdoQHqachQR6eWT9GPrWCt9K4yFflxZE/X3Ro4iKbMo0JNFVjnvFeJ/Xi9V4ZWXU56kinA8PRSmzFKxVVRh9akgWLFME4QF1VktPEQCYaULq+gSnPkvL5L2Wc25qNm359X69ayOMhzCEZyAA5dQhxtoQgswPMIzvMKb8WS8GO/Gx3S0ZMx29uEPjM8foDGVUg==</latexit>

C+
1

<latexit sha1_base64="UMnLSxiwbjmugXcRuLe+GkvmlMs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpQQ+CQbniVt0FyDrxclKBHM1B+as/jFkaoTRMUK17npsYP6PKcCZwVuqnGhPKJnSEPUsljVD72eLUGbmwypCEsbIlDVmovycyGmk9jQLbGVEz1qveXPzP66UmvPEzLpPUoGTLRWEqiInJ/G8y5AqZEVNLKFPc3krYmCrKjE2nZEPwVl9eJ+2rqlevuve1SqOWx1GEMziHS/DgGhpwB01oAYMRPMMrvDnCeXHenY9la8HJZ07hD5zPH0tyjcI=</latexit>sb
<latexit sha1_base64="4ZBv3BTDfdkbtbUNL4U+YuUSOnE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBPJREKnosePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWejD9i3654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGN74mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1WfWuqu59rVKv5XEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wf2g42K</latexit>s⇤

<latexit sha1_base64="NmUTQVc48EJbKyaAAlansckETWw=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgpSWRih4LXjxWsLXQhrLZbtq1m92wOxFK6H/w4kERr/4fb/4bt20O2vpg4PHeDDPzwkRwg5737RTW1jc2t4rbpZ3dvf2D8uFR26hUU9aiSijdCYlhgkvWQo6CdRLNSBwK9hCOb2b+wxPThit5j5OEBTEZSh5xStBK7arph1XslytezZvDXSV+TiqQo9kvf/UGiqYxk0gFMabrewkGGdHIqWDTUi81LCF0TIasa6kkMTNBNr926p5ZZeBGStuS6M7V3xMZiY2ZxKHtjAmOzLI3E//zuilG10HGZZIik3SxKEqFi8qdve4OuGYUxcQSQjW3t7p0RDShaAMq2RD85ZdXSfui5l/WvLt6pVHP4yjCCZzCOfhwBQ24hSa0gMIjPMMrvDnKeXHenY9Fa8HJZ47hD5zPH/Xtjq4=</latexit>�sb � t

<latexit sha1_base64="Heo5LOFw84ux2Nv94xxETOBeSso=">AAACA3icbVDLSsNAFJ34rPEVdaebYBFcaEmKosuCG5cV7AOaGCbTSTt0kgkzN2IJBTf+ihsXirj1J9z5N07bLLT1wIXDOffO3HvClDMFjvNtLCwuLa+sltbM9Y3NrW1rZ7epRCYJbRDBhWyHWFHOEtoABpy2U0lxHHLaCgdXY791T6ViIrmFYUr9GPcSFjGCQUuBte8BfYBcnaaC05HnmXGQcyHS0V01sMpOxZnAniduQcqoQD2wvryuIFlMEyAcK9VxnRT8HEtgRD9uepmiKSYD3KMdTRMcU+XnkxtG9pFWunYkpK4E7In6eyLHsVLDONSdMYa+mvXG4n9eJ4Po0s9ZkmZAEzL9KMq4DcIeB2J3maQE+FATTCTTu9qkjyUmoGMzdQju7MnzpFmtuOcV5+asXDsp4iihA3SIjpGLLlANXaM6aiCCHtEzekVvxpPxYrwbH9PWBaOY2UN/YHz+AELRl9Y=</latexit>

s-pole

m2
loop

<latexit sha1_base64="KRBDcz+79FqY2HTmqtX4oIVX+uY=">AAACGnicbVDLSgNBEJz1GeMr6tHLYDB4MGE3KHoMePEYwTwgG5fZySQZMrOzzPSKYcl3ePFXvHhQxJt48W+cPA6aWNBQVHXT3RXGghtw3W9naXlldW09s5Hd3Nre2c3t7deNSjRlNaqE0s2QGCZ4xGrAQbBmrBmRoWCNcHA19hv3TBuuolsYxqwtSS/iXU4JWCnIeQUf2AOkSTFWgo18P1vwTSKxDKa6rdLorlyUQSqUii0Ncnm35E6AF4k3I3k0QzXIffodRRPJIqCCGNPy3BjaKdHAqV2Z9RPDYkIHpMdalkZEMtNOJ6+N8LFVOrirtK0I8ET9PZESacxQhrZTEuibeW8s/ue1EuhetlMexQmwiE4XdROBQeFxTrjDNaMghpYQqrm9FdM+0YSCTTNrQ/DmX14k9XLJOy+5N2f5yuksjgw6REfoBHnoAlXQNaqiGqLoET2jV/TmPDkvzrvzMW1dcmYzB+gPnK8fVIeg/A==</latexit>

u-pole
X

m2
ext. �m2

loop

<latexit sha1_base64="NeSMlCqoSG8o6Z3TYzT4uolGLoY=">AAAB/XicbVDLSsNAFL2pr1pf8bFzEyyCG0siii6L3bisYB/QxDCZTtqhk0mYmQgxFH/FjQtF3Pof7vwbJ20X2npg4HDOvdwzJ0gYlcq2v43S0vLK6lp5vbKxubW9Y+7utWWcCkxaOGax6AZIEkY5aSmqGOkmgqAoYKQTjBqF33kgQtKY36ksIV6EBpyGFCOlJd88cCOkhhixvDG+P/VdykOV+WbVrtkTWIvEmZEqzND0zS+3H+M0IlxhhqTsOXaivBwJRTEj44qbSpIgPEID0tOUo4hIL5+kH1vHWulbYSz048qaqL83chRJmUWBniyyynmvEP/zeqkKr7yc8iRVhOPpoTBlloqtogqrTwXBimWaICyozmrhIRIIK11YRZfgzH95kbTPas5Fzb49r9avZ3WU4RCO4AQcuIQ63EATWoDhEZ7hFd6MJ+PFeDc+pqMlY7azD39gfP4ApHuVWA==</latexit>

C�
1

https://arxiv.org/abs/1605.06111
https://arxiv.org/abs/1702.06134
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Positivity Bound:

Subtracted Scattering Amplitude & Improved Positivity Bound

8

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

9

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]

gµ⌫ = ⌘µ⌫ +

p
32⇡

MPl
hµ⌫ .

<latexit sha1_base64="WbkWriT423Qj140ETRBNZeBQKhw="></latexit>

https://arxiv.org/abs/2007.15009
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Gravitational Positivity Bound

10

Issue: Encounter a non-gapped system: with massless particles  cannot use Froissart bound.


Solution: We assume the Regge behavior, 

→
Boundedness 

B(2)(⇤, t)� 8

M2
Plt

=
4

⇡

Z 1

⇤2

ds0
ImM(s0 + i✏, t)

(s0 + (t/2))3
.

<latexit sha1_base64="QG6OcAu8gMs5I83kub2ld/ORqN0="></latexit>

ImM(s, t) = f(t)

✓
s

M2
s

◆2+↵0t+↵00t2+···
+ · · ·

<latexit sha1_base64="urMPbXKXapkNZIBEemC628nhvQU="></latexit>

lim
|s|!1

����
M(s, t < 0)

s2

���� = 0.
<latexit sha1_base64="rMgWoiTr4fqNQcyLcMaITqRqAv8="></latexit>

B(2)(⇤) := B(2)(⇤, 0) > �O(M�2
Pl M

�2
s ) ,

<latexit sha1_base64="IqTQDWFsJ/pqArFYeE88zrg6wWc="></latexit>

|(@tf/f)t=0|, |↵
00/↵0

|,↵0 . O(M�2
s ).

<latexit sha1_base64="Fdjlo56ofmQuPvxA3wnTCWglmtU="></latexit>

Small amount of negativity is still allowed, R.H.S. is suppressed by not only  but also  
which is small enough to provide the constraints on the SM amplitudes with gravity.

M−2
Pl M−2

s

with Single scaling,

arXiv:2007.15009 [hep-th]

with similar bound,

↵ > 0
<latexit sha1_base64="onG++yt5xypMbZQwOl7kQCB4JCI=">AAACBHicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S9OIxgnlAsoTZyWwyZHZ2mJkVliVXP8CrfoI38ep/+AX+hpNkDyaxoKGo6qa7K5CcaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKEKbJOax6gRYU84EbRpmOO1IRXEUcNoOxndTv/1ElWaxeDSppH6Eh4KFjGBjpU4PcznCN26/XHGr7gxolXg5qUCORr/80xvEJImoMIRjrbueK42fYWUY4XRS6iWaSkzGeEi7lgocUe1ns3sn6MwqAxTGypYwaKb+nchwpHUaBbYzwmakl72p+J/XTUx47WdMyMRQQeaLwoQjE6Pp82jAFCWGp5Zgopi9FZERVpgYG9HCFjlKNSN6UrLJeMs5rJJWrepdVGsPl5X6bZ5REU7gFM7Bgyuowz00oAkEOLzAK7w5z8678+F8zlsLTj5zDAtwvn4BlrWYlg==</latexit>

https://arxiv.org/abs/2007.15009
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Set-up

11

<latexit sha1_base64="TvuVQ6m7KZmuZHBZ0I2Tr5ZAZJo="></latexit>

B(2)
EW =

4

⇡

Z 1

⇤2

ImA(s)

(s� s⇤)3
ds,

<latexit sha1_base64="hmm7EC1VieDs/gKt2cnV2uinRbQ="></latexit>

B(2)
GR =

d2

ds2
A(s)

����
s=s⇤

� 4

⇡

Z ⇤2

s2b

ImA(s)

(s� s⇤)3
ds.

<latexit sha1_base64="Ul2BguluXBsOziuY6f+EMMpcZuU="></latexit>

(h1, h2, h3, h4) 2 {(±,±,±,±), (±,⌥,±,⌥)}
<latexit sha1_base64="3Sjmr70ceNSTytU+AWFTMq8NsK0=">AAACEXicbVDLSsNAFJ3UV62vaJduBovQ0lISH+hGKLpxWcE+oA1hMp02QyeTMDMRQuhX+AFu9RPciVu/wC/wN5y2WdjWAxcO59zLuRwvYlQqy/o2cmvrG5tb+e3Czu7e/oF5eNSWYSwwaeGQhaLrIUkY5aSlqGKkGwmCAo+Rjje+m/qdJyIkDfmjSiLiBGjE6ZBipLTkmsWy79o16LvnFXgDy9UarFZcs2TVrRngKrEzUgIZmq750x+EOA4IV5ghKXu2FSknRUJRzMik0I8liRAeoxHpacpRQKSTzp6fwFOtDOAwFHq4gjP170WKAimTwNObAVK+XPam4n9eL1bDayelPIoV4XgeNIwZVCGcNgEHVBCsWKIJwoLqXyH2kUBY6b4WUiI/kRTLSUE3Yy/3sEraZ3X7sm49XJQat1lHeXAMTkAZ2OAKNMA9aIIWwCABL+AVvBnPxrvxYXzOV3NGdlMECzC+fgGrZppk</latexit>

(h1, h3) = (+,+)

<latexit sha1_base64="EZLrr3lI/CfRVpeieh56bOIo/Zs="></latexit>

M(s, t) =
X

i=QED, Weak, Higgs

MEW,i(s, t) +MGR,i(s, t)

At forward scattering limit                        , subtracted amplitude reads,                    <latexit sha1_base64="E/HyFrSvBsDcX+ZJ46J2rj9hdCA=">AAACIXicbVDdSsMwGE3n35x/Uy+9CQ5hAxmtKIogTL3xRpjgfmArI83SLSxNS5IKpfQBfA4fwFt9BO/EO/EBfA3TrYjbPBA4nHM+vi/HCRiVyjQ/jdzC4tLySn61sLa+sblV3N5pSj8UmDSwz3zRdpAkjHLSUFQx0g4EQZ7DSMsZXad+64EISX1+r6KA2B4acOpSjJSWesVS10NqiBGLL5OyrJxfxL/CbaKVQ2hWdMqsmmPAeWJlpAQy1HvF727fx6FHuMIMSdmxzEDZMRKKYkaSQjeUJEB4hAakoylHHpF2PP5MAg+00oeuL/TjCo7VvxMx8qSMPEcn00vlrJeK/3mdULlndkx5ECrC8WSRGzKofJg2A/tUEKxYpAnCgupbIR4igbDS/U1tCYaRpFgmBd2MNdvDPGkeVa2Tqnl3XKpdZR3lwR7YB2VggVNQAzegDhoAg0fwDF7Aq/FkvBnvxsckmjOymV0wBePrBxVTo2I=</latexit>

A(s) := M(s, 0)

Helicity set-up

HH

��

h

HH

��

h

W/e

W/e

W/e

HH

��

h

W W

HH

��

h

Z/W/H/e

Z/W/H/e

Z/W/H/e

HH

��

h

Z/W/H/e Z/W/H/e

HH

��

H

W/e

W/e

W/e

HH

��

W

W

W

HH

��

W

W

W

HH

��

W/e

W/e

W/e

W/e

HH

��

H

W W

HH

��

WW

Hγ→Hγ
γγ→γγ

2-by-2 processes HH → HH, γγ → γγ, Hγ → Hγ

<latexit sha1_base64="VKoOfjjdfW/0jKezKt7nBYocj/4="></latexit>

s⇤ =
X

m2
ext./2� t/2 + iµ.

<latexit sha1_base64="j8U00DyzwzTdWiq5w7nXnE8N++U=">AAACMHicbVDLSgMxFM34rPVVdekmWAQ3lplS0Y1QdONSwarQjkMmTdtgMhmSO2IZ5j/8Dj/ArX6CrsSV4FeYjrOorQfu5XDOvdzkhLHgBlz33ZmZnZtfWCwtlZdXVtfWKxubV0YlmrIWVULpm5AYJnjEWsBBsJtYMyJDwa7Du9ORf33PtOEquoRhzHxJ+hHvcUrASkGlboLwuIFlkHaAPQBOhVIxzrLb+n7HJHLMsK2WG0Gl6tbcHHiaeAWpogLnQeWr01U0kSwCKogxbc+NwU+JBk4Fy8qdxLCY0DvSZ21LIyKZ8dP8bxnetUoX95S2FQHO1fGNlEhjhjK0k5LAwEx6I/E/r51A78hPeRQnwCL6e6iXCAwKj4LCXa4ZBTG0hFDN7VsxHRBNKNg4/1yJB0PDqcnKNhlvModpclWveQc196JRbZ4UGZXQNtpBe8hDh6iJztA5aiGKHtEzekGvzpPz5nw4n7+jM06xs4X+wPn+AbPbqfE=</latexit>

sb = 4m2
loop �

X
m2

ext.
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Aside: Sub-dominant contribution
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HH

HH

H

h

H

HH

HH

H

h

H

HH

HH

H

h

H

H

HH

HH

H

h

H

H

kind 1 kind 2 kind 3 kind 4

<latexit sha1_base64="mLcsySSn2///vZsjPodNjF937pk="></latexit>

1

M2
Pl

�iP (d)
µ⌫⇢�

q + i✏
! 1

M2
Pl

�iP (d)
µ⌫⇢�

q �m2
g + i✏

Omitted topologies
- Either amplitude is less than 
- Or imaginary part is suppressed

IR div. diagrams: 2105.01436 [hep-th]
- Assume dressed by soft grav. cloud

- Add fictious graviton mass as

a pole in graviton propagator

<latexit sha1_base64="8t5VX5KKBc+N1jikec/QSEFlpBU="></latexit>

B2
⇠ O

�
⇤�2M�2

Pl

�
.

 

<latexit sha1_base64="XScpjGqxcMwdAKWMsqAdN/b0CuU="></latexit>

O
�
⇤�2M�2

Pl

�
.

<latexit sha1_base64="b1HMnNJ8x4VSgmLyXRzi2JLJWXo=">AAACD3icbVDLSsNAFJ34rPWV6tLNYBHqJiRF0WXRjTsr2Ae0sUymk3boZBJmJkoI+Qg/wK1+gjtx6yf4Bf6GkzYL23rgwuGce7mH40WMSmXb38bK6tr6xmZpq7y9s7u3b1YO2jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxJte533kkQtKQ36skIm6ARpz6FCOlpYFZ6QdIjTFi6W1Wkw/1U2tgVm3LngIuE6cgVVCgOTB/+sMQxwHhCjMkZc+xI+WmSCiKGcnK/ViSCOEJGpGephwFRLrpNHoGT7QyhH4o9HAFp+rfixQFUiaBpzfzoHLRy8X/vF6s/Es3pTyKFeF49siPGVQhzHuAQyoIVizRBGFBdVaIx0ggrHRbc1+icSIplllZN+Ms9rBM2nXLObfsu7Nq46roqASOwDGoAQdcgAa4AU3QAhg8gRfwCt6MZ+Pd+DA+Z6srRnFzCOZgfP0Cn5acUA==</latexit>

O(s2).

 Only t-channel diagrams with a graviton propagator contribute to →
<latexit sha1_base64="YZkR6s495e8U44X9272ov5ySuN0=">AAACEnicbVC7SgNBFJ2NrxhfUUubwSBoE3ZF0TJo4TZCFPOA7BpmJ5NkyOyDmbtqWPYbbPwVGwtFbK3s/BsnyRaaeGDgcM693DnHiwRXYJrfRm5ufmFxKb9cWFldW98obm7VVRhLymo0FKFsekQxwQNWAw6CNSPJiO8J1vAG5yO/ccek4mFwA8OIuT7pBbzLKQEttYsHjk+gT4lILtO2A+wBkovr9DaxbUfyXh+IlOE9tu203C6WzLI5Bp4lVkZKKEO1XfxyOiGNfRYAFUSplmVG4CZEAqeCpQUnViwidEB6rKVpQHym3GQcKcV7Wungbij1CwCP1d8bCfGVGvqenhwFUNPeSPzPa8XQPXUTHkQxsIBODnVjgSHEo35wh0tGQQw1IVRy/VdM+0QSCrrFgi7Bmo48S+qHZeu4bF4dlSpnWR15tIN20T6y0AmqIBtVUQ1R9Iie0St6M56MF+Pd+JiM5oxsZxv9gfH5A/CAnj4=</latexit>

MHH!HH

GR .

https://arxiv.org/abs/2105.01436
https://arxiv.org/abs/2105.01436
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Constraint to gauge couplings at zero Higgs mass

13

0 1 2
0

1

2

1

1

1

<latexit sha1_base64="1GH7PRV0xcBURcw0izaR9UP0sDk=">AAAB+XicbZBLSwMxFIXv1Fetr1GXboJFcFVmRNFlQZBZVrAPaIeSSTNtaCYZkkylDAV/iBsXirj1n7jz35g+Ftp6IPBxzg25OVHKmTae9+0U1tY3NreK26Wd3b39A/fwqKFlpgitE8mlakVYU84ErRtmOG2liuIk4rQZDW+neXNElWZSPJhxSsME9wWLGcHGWl3XDYKOYv2BwUrJRxQEXbfsVbyZ0Cr4CyjDQrWu+9XpSZIlVBjCsdZt30tNmGNlGOF0UupkmqaYDHGfti0KnFAd5rPNJ+jMOj0US2WPMGjm/r6R40TrcRLZyQSbgV7OpuZ/WTsz8U2YM5FmhgoyfyjOODISTWtAPaYoMXxsARPF7K6IDLDCxNiySrYEf/nLq9C4qPhXFe/+sly9e5rXUYQTOIVz8OEaqhBADepAYATP8ApvTu68OO/Ox3y04CwqPIY/cj5/ABfck7g=</latexit>
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to be simultaneously small.
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The constraints prevent either  or  coupling 

from being small on their own.
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Anomalous threshold 

[Zhiboedov’s Notes on

the analytic S-matrix, 

Aoki-Huang ‘2023] 
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Conclusions & Outlooks

• Conclusions:


- Akin to the magnetic WGC, the constraints suggest that when the coupling constants  are 
small, the effective theory breaks down at a relatively low scale.


- More insight to Swampland program (constraints & correlations between gauge couplings from 
the Electro-Weak bounds).


• Outlooks: 

- Conduct the analysis to determine implications from 


• massive graviton theories 


• stringy set-ups

g1, g2
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