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Our universe contains gravity.

Naturalness issues are based on a Wilsonian approach in QFT 
(without gravity)

But gravity behaves differently than other interactions.

Can this help to explain naturalness problems of our universe?

MOTIVATION

Requiring consistency with quantum gravity 
principles can have implications at low energies.

In this talk:

(Swampland program)



OUTLINE

Generic ideas/expectations

Explicit examples of ‘unnatural parameters’ from IR perspective

• UV/IR mixing of gravity

• Not everything goes (not every EFT can be consistently 
coupled to quantum gravity)

• Breaking of global symmetries

• Light scalars and Weak Gravity Conjecture

• Dynamical parameters and Distance Conjecture

• Small vacuum energy and dark dimension

• AdS vacua from SM and neutrino masses
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holes

scattering of particles 
at high energies

Evidence from String Theory 
(dualities, modular invariance…)
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Naturalness issues are an opportunity.

gravity
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UV/IR mixing by gravity

• Intrinsic hierarchy problem gets solved

• However, extrinsic hierarchy problem 
can still be there
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Using terminology of James Wells’ talk:

(as I understood it)

Once gravity kicks in, rules are different

(in fact, string theory implies infinity many states, 
but divergences are cured by UV/IR mixing)

At low energies, we get QFT coupled to Einstein 
gravity and Wilsonian paradigm seems to hold

Intermediate 
mass thresholds


make Higgs 
unnatural
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Energy Quantum Gravity

(e.g. String Theory)

Consistent with 
Quantum Gravity

Not consistent with 
Quantum Gravity
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[Van Beest,Calderon-
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Not everything goes

GENERIC ARGUMENTS

Swampland Lectures/Reviews:

[Brennan,Vafa’17]  [Palti’19]

[Van Beest,Calderon-
Infante,Mirfendereski,IV’21]

[Vafa’05]

Not every low energy EFT coupled 
to gravity can be UV completed 

(in a quantum gravity theory)
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Not everything goes

GENERIC ARGUMENTS

Goal of Swampland program:

Determine the constraints that an EFT must satisfy to be 
consistent with a UV completion in quantum gravity (QG)

Using:

• String Theory as a theoretical laboratory of QG to extract universal 
features

• Bottom-up arguments based on black hole physics, holography, 
scattering amplitudes/bootstrap,…
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Not everything goes

GENERIC ARGUMENTS

Following James Wells’ talk again:

Premise 2: Aleatory Parameters. Coefficients of the operators of the Ur-Theory 
are aleatorily assigned to each of the symmetry-allowed operators.

Let’s understand the space of parameters/theories that are UV 
consistent before concluding that something is ‘unnatural’

Maybe this can solve the extrinsic hierarchy problem!

It is false if imposing quantum gravity UV consistency

not the entire space of parameters is allowed 



1) Breaking of global symmetries

2) Light scalars and Weak Gravity Conjecture

3) Dynamical parameters and Distance Conjecture

4) Small vacuum energy and dark dimension

5) AdS vacua from SM and neutrino masses

EXPLICIT EXAMPLES
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EXPLICIT EXAMPLES 1) Breaking global symmetries

We cannot invoke the existence of UV global symmetries to avoid 
undesired higher dimensional operators

Immediate consequence:

Global symmetries Gauged symmetries

B-L in the SM

Continuous scalar shift symmetry

Electric charge

Modular symmetries, dualities

Discrete shift symmetry of a 
fundamental axion

Flavour symmetries

Exact symmetries of the UV theory cannot be global (only “gauged”)
[Banks-Dixon’88] [Horowitz,Strominger,…] [Banks,Seiberg’11][Susskind]

String Theory + black hole arguments + proof in AdS/CFTEvidence:
[Harlow,Ooguri ’18][Polchinski] [Harlow,Shaghoulian ’20] [Chen,Lin ’20] [Hsin et al ’20] [Yonekura ’20]

[Bah,Chen,Maldacena’22]
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EXPLICIT EXAMPLES 1) Breaking global symmetries
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• Ordinary (0-form) symmetries

We can suppress the breaking by lowering the cut-off scale

broken at least by
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EXPLICIT EXAMPLES 1) Breaking global symmetries
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EFT-preserving symmetry

• Non-invertible symmetries

… but only at loop order

broken by quantum effects in gravity
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[Heckman,McNamara,Montero,Sharon,Vafa,IV, ’24]

[Kaidi,Tachikawa,Zhang ’24]

• Ordinary (0-form) symmetries

We can suppress the breaking by lowering the cut-off scale

broken at least by
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2) There can be correlations to ensure all symmetries are broken
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EXPLICIT EXAMPLES 1) Breaking global symmetries

• Existence of axion helps us to avoid a global symmetry
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The other linear combinations remain as global symmetries and 
must be broken by quantum gravity consistency

there must be a way to transform one charge into another
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<latexit sha1_base64="vh/jm4w19SPbDLqgt7NTDJg0mwo=">AAACEXicbVBNS8NAEN34bf2KevSyWIR6KYmIehQF8ahgbaEJZbOZtoubD3Ynagn9C178K148KOLVmzf/jds2grY+WHj73gwz84JUCo2O82VNTc/Mzs0vLJaWlldW1+z1jWudZIpDjScyUY2AaZAihhoKlNBIFbAokFAPbk4Hfv0WlBZJfIW9FPyIdWLRFpyhkVp2xRMxUg/hHvMr1acVD4UMgZ55dxB2gP58d1t22ak6Q9BJ4hakTApctOxPL0x4FkGMXDKtm66Top8zhYJL6Je8TEPK+A3rQNPQmEWg/Xx4UZ/uGCWk7USZZ/Ybqr87chZp3YsCUxkx7OpxbyD+5zUzbB/5uYjTDCHmo0HtTFJM6CAeGgoFHGXPEMaVMLtS3mWKcTQhlkwI7vjJk+R6r+oeVPcv98vHJ0UcC2SLbJMKcckhOSbn5ILUCCcP5Im8kFfr0Xq23qz3UemUVfRskj+wPr4BGhOciw==</latexit>Z
Tr(F̃ ^ F̃ )

[Heidenreich,McNamara,Montero,Reece,Rudelius,IV, ’20]

2) There can be correlations to ensure all symmetries are broken



Can this ameliorate the QCD axion quality problem?

EXPLICIT EXAMPLES 1) Breaking global symmetries

<latexit sha1_base64="a83JbAnx+ZtTrqi9k0u02jsVD5o="></latexit>

L = � (Tr(F ^ F ) + Tr(F̃ ^ F̃ ) + Tr(R ^R) + . . . )

<latexit sha1_base64="Nmh47zjq45nT+NO0HcSdk/pc7bc=">AAACAHicbVDJSgNBEO2JW4xb1IMHL41BiJcwI0G9CEEheIyQDZIQejqVpE3PQneNGoZc/BUvHhTx6md482/sLAdNfFDweK+KqnpuKIVG2/62EkvLK6tryfXUxubW9k56d6+qg0hxqPBABqruMg1S+FBBgRLqoQLmuRJq7uB67NfuQWkR+GUchtDyWM8XXcEZGqmdPri7bCI8YlxWI5otNh+g0wNaPGmnM3bOnoAuEmdGMmSGUjv91ewEPPLARy6Z1g3HDrEVM4WCSxilmpGGkPEB60HDUJ95oFvx5IERPTZKh3YDZcpHOlF/T8TM03rouabTY9jX895Y/M9rRNi9aMXCDyMEn08XdSNJMaDjNGhHKOAoh4YwroS5lfI+U4yjySxlQnDmX14k1dOcc5bL3+YzhatZHElySI5IljjknBTIDSmRCuFkRJ7JK3mznqwX6936mLYmrNnMPvkD6/MHac6VpQ==</latexit>

j = Tr(F ^ F ) Chern-Weyl current of a (d-5)-form global symmetry
which is gauged thanks to the coupling to the axion

• Existence of axion helps us to avoid a global symmetry

• If the axion couples to other fields,  we get a new Chern-Weyl current for 
each term, and only 

<latexit sha1_base64="f0HgfiJzZNhVciAWa5+3StT0O6g="></latexit>

j = Tr(F ^ F ) + Tr(F̃ ^ F̃ ) + Tr(R ^R) + . . . is gauged

d=dimension space-time

The other linear combinations remain as global symmetries and 
must be broken by quantum gravity consistency

there must be a way to transform one charge into another
<latexit sha1_base64="5gNMpRVeXZXHv55C8j6Qwc+2+lg=">AAACA3icbVDJSgNBEO1xjXGLetNLYxDiJcxIUI9BIXiMkA0yIfR0KkmTnoXuGjUMAS/+ihcPinj1J7z5N3aWgyY+KHi8V0VVPS+SQqNtf1tLyyura+upjfTm1vbObmZvv6bDWHGo8lCGquExDVIEUEWBEhqRAuZ7Eure4Hrs1+9AaREGFRxG0PJZLxBdwRkaqZ05dEWA1EV4wKSiRjRXcu+h0wNaOm1nsnbenoAuEmdGsmSGcjvz5XZCHvsQIJdM66ZjR9hKmELBJYzSbqwhYnzAetA0NGA+6FYy+WFET4zSod1QmTIXTdTfEwnztR76nun0Gfb1vDcW//OaMXYvW4kIohgh4NNF3VhSDOk4ENoRCjjKoSGMK2FupbzPFONoYkubEJz5lxdJ7SzvnOcLt4Vs8WoWR4ockWOSIw65IEVyQ8qkSjh5JM/klbxZT9aL9W59TFuXrNnMAfkD6/MHqTCW4w==</latexit>Z

Tr(F ^ F )

<latexit sha1_base64="vh/jm4w19SPbDLqgt7NTDJg0mwo=">AAACEXicbVBNS8NAEN34bf2KevSyWIR6KYmIehQF8ahgbaEJZbOZtoubD3Ynagn9C178K148KOLVmzf/jds2grY+WHj73gwz84JUCo2O82VNTc/Mzs0vLJaWlldW1+z1jWudZIpDjScyUY2AaZAihhoKlNBIFbAokFAPbk4Hfv0WlBZJfIW9FPyIdWLRFpyhkVp2xRMxUg/hHvMr1acVD4UMgZ55dxB2gP58d1t22ak6Q9BJ4hakTApctOxPL0x4FkGMXDKtm66Top8zhYJL6Je8TEPK+A3rQNPQmEWg/Xx4UZ/uGCWk7USZZ/Ybqr87chZp3YsCUxkx7OpxbyD+5zUzbB/5uYjTDCHmo0HtTFJM6CAeGgoFHGXPEMaVMLtS3mWKcTQhlkwI7vjJk+R6r+oeVPcv98vHJ0UcC2SLbJMKcckhOSbn5ILUCCcP5Im8kFfr0Xq23qz3UemUVfRskj+wPr4BGhOciw==</latexit>Z
Tr(F̃ ^ F̃ )

[Heidenreich,McNamara,Montero,Reece,Rudelius,IV, ’20]

2) There can be correlations to ensure all symmetries are broken



Weak Gravity Conjecture:

EXPLICIT EXAMPLES 2) Light scalars, weak couplings 
and the Weak Gravity Conjecture

[Arkani-Hamed et al’06]



Weak Gravity Conjecture:

EXPLICIT EXAMPLES 2) Light scalars, weak couplings 
and the Weak Gravity Conjecture

there must exist a particle satisfying:
Given an EFT with a long-range gauge interaction and gravity,

Q

m
� 1

electric charge

Fe =
Q2

r2
Fg =

m2

r2
so that the gravitational force acts 

weaker than the gauge force
<latexit sha1_base64="ADeOkC4cdxj5L9q9CdzZbImCR6g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN3N0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzamZST+Bjv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7rlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jgZcIXMiIkllClubyVsRBVlxsZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQxG8Ayv8OZEzovz7nwsWgtOPnMMf+B8/gAX745J</latexit>

fixed by black hole 
extramality bound

mass in 
Planck 
units

[Arkani-Hamed et al’06]



Weak Gravity Conjecture:

EXPLICIT EXAMPLES 2) Light scalars, weak couplings 
and the Weak Gravity Conjecture

there must exist a particle satisfying:
Given an EFT with a long-range gauge interaction and gravity,

Q

m
� 1

electric charge

Fe =
Q2

r2
Fg =

m2

r2
so that the gravitational force acts 

weaker than the gauge force
<latexit sha1_base64="ADeOkC4cdxj5L9q9CdzZbImCR6g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN3N0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzamZST+Bjv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7rlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jgZcIXMiIkllClubyVsRBVlxsZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQxG8Ayv8OZEzovz7nwsWgtOPnMMf+B8/gAX745J</latexit>

fixed by black hole 
extramality bound

mass in 
Planck 
units

Satisfied by the electron in the SM, but puts constraints on 
BSM with weakly coupled dark photons

[Arkani-Hamed et al’06]



Weak Gravity Conjecture:

EXPLICIT EXAMPLES 2) Light scalars, weak couplings 
and the Weak Gravity Conjecture

there must exist a particle satisfying:
Given an EFT with a long-range gauge interaction and gravity,

Q

m
� 1

electric charge

Fe =
Q2

r2
Fg =

m2

r2
so that the gravitational force acts 

weaker than the gauge force
<latexit sha1_base64="ADeOkC4cdxj5L9q9CdzZbImCR6g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN3N0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzamZST+Bjv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7rlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jgZcIXMiIkllClubyVsRBVlxsZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQxG8Ayv8OZEzovz7nwsWgtOPnMMf+B8/gAX745J</latexit>

fixed by black hole 
extramality bound

mass in 
Planck 
units

Satisfied by the electron in the SM, but puts constraints on 
BSM with weakly coupled dark photons

[Arkani-Hamed et al’06]

Moreover, the EFT breaks down at
<latexit sha1_base64="CsGtT8meBlABCZnSKZ76jTC0lVc=">AAACCHicbVDLSgMxFM34rPU16tKFwSK4scxIUVdScONCoYJ9QGcYMplMG5pkhiQjlKFLN/6KGxeKuPUT3Pk3pu0stPVA4HDOudzcE6aMKu0439bC4tLyympprby+sbm1be/stlSSSUyaOGGJ7IRIEUYFaWqqGemkkiAeMtIOB1djv/1ApKKJuNfDlPgc9QSNKUbaSIF9AL0bk45QkHuSQ5zpkySOR56iHPZugzSwK07VmQDOE7cgFVCgEdhfXpTgjBOhMUNKdV0n1X6OpKaYkVHZyxRJER6gHukaKhAnys8nh4zgkVEiGCfSPKHhRP09kSOu1JCHJsmR7qtZbyz+53UzHV/4ORVpponA00VxxqBO4LgVGFFJsGZDQxCW1PwV4j6SCGvTXdmU4M6ePE9ap1X3rFq7q1Xql0UdJbAPDsExcME5qINr0ABNgMEjeAav4M16sl6sd+tjGl2wipk98AfW5w/5XJlR</latexit>

⇤cut�o↵ ⇠ gMp
(from applying WGC to 

magnetic gauge field)



EXPLICIT EXAMPLES 2) Light scalars, weak couplings 
and the Weak Gravity Conjecture

<latexit sha1_base64="aSbQ0Dr7j0MLJ3PoqZv7C0Q5rZc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3bpZhN3N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUbvSG+EiifrniVt05yCrxclKBHPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzcKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7Hcy4AqZERNLKFPc3krYiCrKjE2oZEPwll9eJa2LqndVvWxcVmq3eRxFOIFTOAcPrqEG91CHJjAYwzO8wpuTOC/Ou/OxaC04+cwx/IHz+QPU1I9A</latexit>

Q � mIs this “natural” for a scalar?

logarithmic running

quadratic divergences

How is this satisfied in explicit string theory examples?

• At weak coupling
<latexit sha1_base64="tWO1iRNtC9D/8w9YcBqNs1azAPY=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnqSgBePEcwDkiXMTnqTIbOz68ysEEJ+wosHRbz6O978GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWapcHXSGId94rltyKOwdZJV5GSpCh3it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfu+UnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ86TPFTIjxpZQpri9lbAhVZQZG1HBhuAtv7xKmhcV77JSva+WajdZHHk4gVMogwdXUIM7qEMDGAh4hld4cx6dF+fd+Vi05pxs5hj+wPn8AaHcjww=</latexit>

(g ⌧ 1) there is a tower of infinitely many particles

satisfying WGC changes scaling of quantum corrections [Grimm, Palti, IV’18]

[Heidenreich et al’18]

<latexit sha1_base64="mhCJ/ZU00w8CjSy/+ofcYBgPAag=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUS9KwYvHFty20C4lm2bb0Gx2TbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvCARXBvH+UaFtfWNza3idmlnd2//oHx41NJxqijzaCxi1QmIZoJL5hluBOskipEoEKwdjO9mfvuJKc1j+WAmCfMjMpQ85JQYK3nNm0c87JcrTtWZA68SNycVyNHol796g5imEZOGCqJ113US42dEGU4Fm5Z6qWYJoWMyZF1LJYmY9rP5sVN8ZpUBDmNlSxo8V39PZCTSehIFtjMiZqSXvZn4n9dNTXjtZ1wmqWGSLhaFqcAmxrPP8YArRo2YWEKo4vZWTEdEEWpsPiUbgrv88ippXVTdy2qtWavUb/M4inACp3AOLlxBHe6hAR5Q4PAMr/CGJHpB7+hj0VpA+cwx/AH6/AEX8Y43</latexit>

Q = qg(recall )



EXPLICIT EXAMPLES 2) Light scalars, weak couplings 
and the Weak Gravity Conjecture

<latexit sha1_base64="aSbQ0Dr7j0MLJ3PoqZv7C0Q5rZc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3bpZhN3N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUbvSG+EiifrniVt05yCrxclKBHPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzcKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7Hcy4AqZERNLKFPc3krYiCrKjE2oZEPwll9eJa2LqndVvWxcVmq3eRxFOIFTOAcPrqEG91CHJjAYwzO8wpuTOC/Ou/OxaC04+cwx/IHz+QPU1I9A</latexit>

Q � mIs this “natural” for a scalar?

logarithmic running

quadratic divergences

How is this satisfied in explicit string theory examples?

• At weak coupling
<latexit sha1_base64="tWO1iRNtC9D/8w9YcBqNs1azAPY=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnqSgBePEcwDkiXMTnqTIbOz68ysEEJ+wosHRbz6O978GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWapcHXSGId94rltyKOwdZJV5GSpCh3it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfu+UnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ86TPFTIjxpZQpri9lbAhVZQZG1HBhuAtv7xKmhcV77JSva+WajdZHHk4gVMogwdXUIM7qEMDGAh4hld4cx6dF+fd+Vi05pxs5hj+wPn8AaHcjww=</latexit>

(g ⌧ 1) there is a tower of infinitely many particles

satisfying WGC changes scaling of quantum corrections [Grimm, Palti, IV’18]

[Heidenreich et al’18]

1

g2IR
=

1

g2UV
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NX

k

✓
8q2k
3⇡2

log
⇤UV

mk

◆ for N fields

for infinite tower｝ (logarithmic running)

(power law!)
<latexit sha1_base64="ThKeLRBMXU6NCa5CZQJ6/P7YbBY=">AAACCnicbVDNSsNAGNz4W+tf1KOXaBE8lUSKelEKXjyoVDBtoQlhs920SzebuLsRypKzF1/FiwdFvPoE3nwbt20O2jqwMMzMx7ffhCklQtr2tzE3v7C4tFxaKa+urW9smlvbTZFkHGEXJTTh7RAKTAnDriSS4nbKMYxDilvh4GLktx4wFyRhd3KYYj+GPUYigqDUUmDueVc63IWBcpv5mRdxiNR1kObKE/dcqps8D8yKXbXHsGaJU5AKKNAIzC+vm6AsxkwiCoXoOHYqfQW5JIjivOxlAqcQDWAPdzRlMMbCV+NTcutAK10rSrh+TFpj9feEgrEQwzjUyRjKvpj2RuJ/XieT0amvCEsziRmaLIoyasnEGvVidQnHSNKhJhBxov9qoT7UdUjdXlmX4EyfPEuaR1XnuFq7rVXq50UdJbAL9sEhcMAJqINL0AAuQOARPINX8GY8GS/Gu/Exic4ZxcwO+APj8wdBOptG</latexit>

⇤UV =
Mpp
N

<latexit sha1_base64="ritPpqir2PR+QCy0glRx/83XgJ4=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxC3ZSkFHUlBTcuK9gHNGmZTCbt0JlJmJkIJXbhr7hxoYhbf8Odf+O0zUJbD1w4nHMv994TJIwq7Tjf1srq2vrGZmGruL2zu7dvHxy2VJxKTJo4ZrHsBEgRRgVpaqoZ6SSSIB4w0g5GN1O//UCkorG41+OE+BwNBI0oRtpIffu47IWEaQQH572sOvEU5ZD3qn275FScGeAycXNSAjkaffvLC2OcciI0Zkiprusk2s+Q1BQzMil6qSIJwiM0IF1DBeJE+dns/gk8M0oIo1iaEhrO1N8TGeJKjXlgOjnSQ7XoTcX/vG6qoys/oyJJNRF4vihKGdQxnIYBQyoJ1mxsCMKSmlshHiKJsDaRFU0I7uLLy6RVrbgXldpdrVS/zuMogBNwCsrABZegDm5BAzQBBo/gGbyCN+vJerHerY9564qVzxyBP7A+fwBtC5UU</latexit>

(�g)2 ⇠ m2

<latexit sha1_base64="Umz/UE6Sc9Nban+9CvLTV0tor+8=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQF5akFHUlBTeupIJ9QBPDZDJph84kYWYilNCVG3/FjQtF3PoN7vwbp20W2nrgwuGce7n3Hj9hVCrL+jYKS8srq2vF9dLG5tb2jrm715ZxKjBp4ZjFousjSRiNSEtRxUg3EQRxn5GOP7ya+J0HIiSNozs1SojLUT+iIcVIackzDytOQJhCsH9yn53Wxo6kHN44LO5D7lmeWbaq1hRwkdg5KYMcTc/8coIYp5xECjMkZc+2EuVmSCiKGRmXnFSSBOEh6pOephHiRLrZ9I0xPNZKAMNY6IoUnKq/JzLEpRxxX3dypAZy3puI/3m9VIUXbkajJFUkwrNFYcqgiuEkExhQQbBiI00QFlTfCvEACYSVTq6kQ7DnX14k7VrVPqvWb+vlxmUeRxEcgCNQATY4Bw1wDZqgBTB4BM/gFbwZT8aL8W58zFoLRj6zD/7A+PwBCGiXkg==</latexit>

(�g)�2 ⇠ N logm0

using (species scale)consistent with

<latexit sha1_base64="ukvTT4uz1jECLsgkwssZ39d7iFg=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBg5RdKepFKXjxWMF+YLuUbJptwybZJckKZem/8OJBEa/+G2/+G9N2D9r6YODx3gwz84KEM21c99sprKyurW8UN0tb2zu7e+X9g5aOU0Vok8Q8Vp0Aa8qZpE3DDKedRFEsAk7bQXQ79dtPVGkWywczTqgv8FCykBFsrPQo+tE1inpnSPTLFbfqzoCWiZeTCuRo9MtfvUFMUkGlIRxr3fXcxPgZVoYRTielXqppgkmEh7RrqcSCaj+bXTxBJ1YZoDBWtqRBM/X3RIaF1mMR2E6BzUgvelPxP6+bmvDKz5hMUkMlmS8KU45MjKbvowFTlBg+tgQTxeytiIywwsTYkEo2BG/x5WXSOq96F9Xafa1Sv8njKMIRHMMpeHAJdbiDBjSBgIRneIU3RzsvzrvzMW8tOPnMIfyB8/kDOAmP9w==</latexit>

mk = km
<latexit sha1_base64="j+tkytxH2SEzjuAR8cXh82fc9IY=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgopREirpRCm5cVrAPaEOZTCft0MkkzNyIIfRX3LhQxK0/4s6/cdpmoa0HBg7n3MO9c/xYcA2O820V1tY3NreK26Wd3b39A/uw3NZRoihr0UhEqusTzQSXrAUcBOvGipHQF6zjT25nfueRKc0j+QBpzLyQjCQPOCVgpIFdnlw7VbfaH0agq30uA0gHdsWpOXPgVeLmpIJyNAf2l4nTJGQSqCBa91wnBi8jCjgVbFrqJ5rFhE7IiPUMlSRk2svmt0/xqVGGOIiUeRLwXP2dyEiodRr6ZjIkMNbL3kz8z+slEFx5GZdxAkzSxaIgERgiPCsCD7liFERqCKGKm1sxHRNFKJi6SqYEd/nLq6R9XnMvavX7eqVxk9dRRMfoBJ0hF12iBrpDTdRCFD2hZ/SK3qyp9WK9Wx+L0YKVZ47QH1ifP6Nrk40=</latexit>

k = 0, 1, . . . ,1
<latexit sha1_base64="aSbQ0Dr7j0MLJ3PoqZv7C0Q5rZc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3bpZhN3N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUbvSG+EiifrniVt05yCrxclKBHPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzcKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7Hcy4AqZERNLKFPc3krYiCrKjE2oZEPwll9eJa2LqndVvWxcVmq3eRxFOIFTOAcPrqEG91CHJjAYwzO8wpuTOC/Ou/OxaC04+cwx/IHz+QPU1I9A</latexit>

Q � m
across the RG flow [Dvali’07]

<latexit sha1_base64="mhCJ/ZU00w8CjSy/+ofcYBgPAag=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUS9KwYvHFty20C4lm2bb0Gx2TbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvCARXBvH+UaFtfWNza3idmlnd2//oHx41NJxqijzaCxi1QmIZoJL5hluBOskipEoEKwdjO9mfvuJKc1j+WAmCfMjMpQ85JQYK3nNm0c87JcrTtWZA68SNycVyNHol796g5imEZOGCqJ113US42dEGU4Fm5Z6qWYJoWMyZF1LJYmY9rP5sVN8ZpUBDmNlSxo8V39PZCTSehIFtjMiZqSXvZn4n9dNTXjtZ1wmqWGSLhaFqcAmxrPP8YArRo2YWEKo4vZWTEdEEWpsPiUbgrv88ippXVTdy2qtWavUb/M4inACp3AOLlxBHe6hAR5Q4PAMr/CGJHpB7+hj0VpA+cwx/AH6/AEX8Y43</latexit>

Q = qg(recall )



EXPLICIT EXAMPLES 2) Light scalars, weak couplings 
and the Weak Gravity Conjecture

<latexit sha1_base64="aSbQ0Dr7j0MLJ3PoqZv7C0Q5rZc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3bpZhN3N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUbvSG+EiifrniVt05yCrxclKBHPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzcKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7Hcy4AqZERNLKFPc3krYiCrKjE2oZEPwll9eJa2LqndVvWxcVmq3eRxFOIFTOAcPrqEG91CHJjAYwzO8wpuTOC/Ou/OxaC04+cwx/IHz+QPU1I9A</latexit>

Q � mIs this “natural” for a scalar?

logarithmic running

quadratic divergences

How is this satisfied in explicit string theory examples?

• At weak coupling
<latexit sha1_base64="tWO1iRNtC9D/8w9YcBqNs1azAPY=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnqSgBePEcwDkiXMTnqTIbOz68ysEEJ+wosHRbz6O978GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWapcHXSGId94rltyKOwdZJV5GSpCh3it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfu+UnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ86TPFTIjxpZQpri9lbAhVZQZG1HBhuAtv7xKmhcV77JSva+WajdZHHk4gVMogwdXUIM7qEMDGAh4hld4cx6dF+fd+Vi05pxs5hj+wPn8AaHcjww=</latexit>

(g ⌧ 1) there is a tower of infinitely many particles

satisfying WGC changes scaling of quantum corrections

• For
<latexit sha1_base64="QRpjRT/3e+kyGR536sm6f7NOt/0=">AAAB/XicbVDLSsNAFL3xWesrPnZuBotQNyWRoq6k4MadFewDmlIm00k7dCYJMxOhhuKvuHGhiFv/w51/46TNQlsPDBzOuZd75vgxZ0o7zre1tLyyurZe2Chubm3v7Np7+00VJZLQBol4JNs+VpSzkDY005y2Y0mx8Dlt+aPrzG89UKlYFN7rcUy7Ag9CFjCCtZF69uHAU0wgT2A9JJint5Oye9qzS07FmQItEjcnJchR79lfXj8iiaChJhwr1XGdWHdTLDUjnE6KXqJojMkID2jH0BALqrrpNP0EnRilj4JImhdqNFV/b6RYKDUWvpnMUqp5LxP/8zqJDi67KQvjRNOQzA4FCUc6QlkVqM8kJZqPDcFEMpMVkSGWmGhTWNGU4M5/eZE0zyrueaV6Vy3VrvI6CnAEx1AGFy6gBjdQhwYQeIRneIU368l6sd6tj9nokpXvHMAfWJ8/jxuUow==</latexit>

g ⇠ O(1) we can have just a few WGC-states,

but examples under control are typically supersymmetric

Open question whether they can be scalars with
<latexit sha1_base64="x7esdYgEvjd+0jupa5MlQ+WLGH8=">AAAB+HicbVBNS8NAFHypX7V+tOrRy2IRPJVERD2IFLx48FDBtIU2hM1m0y7dbMLuRqihv8SLB0W8+lO8+W/ctjlo68DCMDOP93aClDOlbfvbKq2srq1vlDcrW9s7u9Xa3n5bJZkk1CUJT2Q3wIpyJqirmea0m0qK44DTTjC6mfqdRyoVS8SDHqfUi/FAsIgRrI3k16rxFerfmXyI/dxtT/xa3W7YM6Bl4hSkDgVafu2rHyYki6nQhGOleo6dai/HUjPC6aTSzxRNMRnhAe0ZKnBMlZfPDp+gY6OEKEqkeUKjmfp7IsexUuM4MMkY66Fa9Kbif14v09GllzORZpoKMl8UZRzpBE1bQCGTlGg+NgQTycytiAyxxESbriqmBGfxy8ukfdpwzhtn92f15nVRRxkO4QhOwIELaMIttMAFAhk8wyu8WU/Wi/VufcyjJauYOYA/sD5/AARSkq4=</latexit>

m < ⇤UV

<latexit sha1_base64="mhCJ/ZU00w8CjSy/+ofcYBgPAag=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUS9KwYvHFty20C4lm2bb0Gx2TbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvCARXBvH+UaFtfWNza3idmlnd2//oHx41NJxqijzaCxi1QmIZoJL5hluBOskipEoEKwdjO9mfvuJKc1j+WAmCfMjMpQ85JQYK3nNm0c87JcrTtWZA68SNycVyNHol796g5imEZOGCqJ113US42dEGU4Fm5Z6qWYJoWMyZF1LJYmY9rP5sVN8ZpUBDmNlSxo8V39PZCTSehIFtjMiZqSXvZn4n9dNTXjtZ1wmqWGSLhaFqcAmxrPP8YArRo2YWEKo4vZWTEdEEWpsPiUbgrv88ippXVTdy2qtWavUb/M4inACp3AOLlxBHe6hAR5Q4PAMr/CGJHpB7+hj0VpA+cwx/AH6/AEX8Y43</latexit>

Q = qg(recall )

[Grimm, Palti, IV’18]

[Heidenreich et al’18]



Every continuous parameter is dynamical: 

it is set by the vacuum expectation value of scalar fields

EXPLICIT EXAMPLES 3) Dynamical parameters and 
Distance Conjecture

Universal lesson from string theory,  also 
necessary to avoid (-1)-form global symmetries

<latexit sha1_base64="JD4B6NU9rxucpBXGUb/EpAH/1Pw=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QLiWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZlqQptEcqk7ETaUM0GblllOO0pTnESctqPx3cxvP1FtmBSPdqJomOChYDEj2DqpPaz01Ihd9Etlv+rPgVZJkJMy5Gj0S1+9gSRpQoUlHBvTDXxlwwxrywin02IvNVRhMsZD2nVU4ISaMJufO0XnThmgWGpXwqK5+nsiw4kxkyRynQm2I7PszcT/vG5q45swY0KllgqyWBSnHFmJZr+jAdOUWD5xBBPN3K2IjLDGxLqEii6EYPnlVdK6rAZX1dpDrVy/zeMowCmcQQUCuIY63EMDmkBgDM/wCm+e8l68d+9j0brm5TMn8Afe5w+g+I8e</latexit>

g(�)
<latexit sha1_base64="701l36LaEQR2ybep1aCq6uVeQYg=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QLiWbZtvQJBuSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpumSTVhDZJwhPdibChnEnatMxy2lGaYhFx2o7GdzO//US1YYl8tBNFQ4GHksWMYOuktqj01Ihd9Etlv+rPgVZJkJMy5Gj0S1+9QUJSQaUlHBvTDXxlwwxrywin02IvNVRhMsZD2nVUYkFNmM3PnaJzpwxQnGhX0qK5+nsiw8KYiYhcp8B2ZJa9mfif101tfBNmTKrUUkkWi+KUI5ug2e9owDQllk8cwUQzdysiI6wxsS6hogshWH55lbQuq8FVtfZQK9dv8zgKcApnUIEArqEO99CAJhAYwzO8wpunvBfv3ftYtK55+cwJ/IH3+QOqNI8k</latexit>

m(�), …

parametrize size/form extra 
dimensions in string theory



Every continuous parameter is dynamical: 

it is set by the vacuum expectation value of scalar fields

EXPLICIT EXAMPLES 3) Dynamical parameters and 
Distance Conjecture

Universal lesson from string theory,  also 
necessary to avoid (-1)-form global symmetries

<latexit sha1_base64="JD4B6NU9rxucpBXGUb/EpAH/1Pw=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QLiWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZlqQptEcqk7ETaUM0GblllOO0pTnESctqPx3cxvP1FtmBSPdqJomOChYDEj2DqpPaz01Ihd9Etlv+rPgVZJkJMy5Gj0S1+9gSRpQoUlHBvTDXxlwwxrywin02IvNVRhMsZD2nVU4ISaMJufO0XnThmgWGpXwqK5+nsiw4kxkyRynQm2I7PszcT/vG5q45swY0KllgqyWBSnHFmJZr+jAdOUWD5xBBPN3K2IjLDGxLqEii6EYPnlVdK6rAZX1dpDrVy/zeMowCmcQQUCuIY63EMDmkBgDM/wCm+e8l68d+9j0brm5TMn8Afe5w+g+I8e</latexit>

g(�)
<latexit sha1_base64="701l36LaEQR2ybep1aCq6uVeQYg=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QLiWbZtvQJBuSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpumSTVhDZJwhPdibChnEnatMxy2lGaYhFx2o7GdzO//US1YYl8tBNFQ4GHksWMYOuktqj01Ihd9Etlv+rPgVZJkJMy5Gj0S1+9QUJSQaUlHBvTDXxlwwxrywin02IvNVRhMsZD2nVUYkFNmM3PnaJzpwxQnGhX0qK5+nsiw8KYiYhcp8B2ZJa9mfif101tfBNmTKrUUkkWi+KUI5ug2e9owDQllk8cwUQzdysiI6wxsS6hogshWH55lbQuq8FVtfZQK9dv8zgKcApnUIEArqEO99CAJhAYwzO8wpunvBfv3ftYtK55+cwJ/IH3+QOqNI8k</latexit>

m(�), …

parameter space of the EFT 

=


scalar field space of string theory

.

.
<latexit sha1_base64="JD4B6NU9rxucpBXGUb/EpAH/1Pw=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QLiWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZlqQptEcqk7ETaUM0GblllOO0pTnESctqPx3cxvP1FtmBSPdqJomOChYDEj2DqpPaz01Ihd9Etlv+rPgVZJkJMy5Gj0S1+9gSRpQoUlHBvTDXxlwwxrywin02IvNVRhMsZD2nVU4ISaMJufO0XnThmgWGpXwqK5+nsiw4kxkyRynQm2I7PszcT/vG5q45swY0KllgqyWBSnHFmJZr+jAdOUWD5xBBPN3K2IjLDGxLqEii6EYPnlVdK6rAZX1dpDrVy/zeMowCmcQQUCuIY63EMDmkBgDM/wCm+e8l68d+9j0brm5TMn8Afe5w+g+I8e</latexit>

g(�)

<latexit sha1_base64="t0XNeZq3FO598wjM8ziboAMrIVk=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDjJexKUI9BLx4jmAckS5id9CZDZmfXmVkhhPyEFw+KePV3vPk3TpI9aGJBQ1HVTXdXkAiujet+Oyura+sbm7mt/PbO7t5+4eCwoeNUMayzWMSqFVCNgkusG24EthKFNAoENoPh7dRvPqHSPJYPZpSgH9G+5CFn1Fip1S91kgE/O+8Wim7ZnYEsEy8jRchQ6xa+Or2YpRFKwwTVuu25ifHHVBnOBE7ynVRjQtmQ9rFtqaQRan88u3dCTq3SI2GsbElDZurviTGNtB5Fge2MqBnoRW8q/ue1UxNe+2Muk9SgZPNFYSqIicn0edLjCpkRI0soU9zeStiAKsqMjShvQ/AWX14mjYuyd1mu3FeK1ZssjhwcwwmUwIMrqMId1KAODAQ8wyu8OY/Oi/PufMxbV5xs5gj+wPn8AQNmj08=</latexit>

g(�0)

parametrize size/form extra 
dimensions in string theory



Every continuous parameter is dynamical: 

it is set by the vacuum expectation value of scalar fields

EXPLICIT EXAMPLES 3) Dynamical parameters and 
Distance Conjecture

Universal lesson from string theory,  also 
necessary to avoid (-1)-form global symmetries

<latexit sha1_base64="JD4B6NU9rxucpBXGUb/EpAH/1Pw=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QLiWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZlqQptEcqk7ETaUM0GblllOO0pTnESctqPx3cxvP1FtmBSPdqJomOChYDEj2DqpPaz01Ihd9Etlv+rPgVZJkJMy5Gj0S1+9gSRpQoUlHBvTDXxlwwxrywin02IvNVRhMsZD2nVU4ISaMJufO0XnThmgWGpXwqK5+nsiw4kxkyRynQm2I7PszcT/vG5q45swY0KllgqyWBSnHFmJZr+jAdOUWD5xBBPN3K2IjLDGxLqEii6EYPnlVdK6rAZX1dpDrVy/zeMowCmcQQUCuIY63EMDmkBgDM/wCm+e8l68d+9j0brm5TMn8Afe5w+g+I8e</latexit>

g(�)
<latexit sha1_base64="701l36LaEQR2ybep1aCq6uVeQYg=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QLiWbZtvQJBuSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpumSTVhDZJwhPdibChnEnatMxy2lGaYhFx2o7GdzO//US1YYl8tBNFQ4GHksWMYOuktqj01Ihd9Etlv+rPgVZJkJMy5Gj0S1+9QUJSQaUlHBvTDXxlwwxrywin02IvNVRhMsZD2nVUYkFNmM3PnaJzpwxQnGhX0qK5+nsiw8KYiYhcp8B2ZJa9mfif101tfBNmTKrUUkkWi+KUI5ug2e9owDQllk8cwUQzdysiI6wxsS6hogshWH55lbQuq8FVtfZQK9dv8zgKcApnUIEArqEO99CAJhAYwzO8wpunvBfv3ftYtK55+cwJ/IH3+QOqNI8k</latexit>

m(�), …

parameter space of the EFT 

=


scalar field space of string theory

.

.
<latexit sha1_base64="JD4B6NU9rxucpBXGUb/EpAH/1Pw=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QLiWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZlqQptEcqk7ETaUM0GblllOO0pTnESctqPx3cxvP1FtmBSPdqJomOChYDEj2DqpPaz01Ihd9Etlv+rPgVZJkJMy5Gj0S1+9gSRpQoUlHBvTDXxlwwxrywin02IvNVRhMsZD2nVU4ISaMJufO0XnThmgWGpXwqK5+nsiw4kxkyRynQm2I7PszcT/vG5q45swY0KllgqyWBSnHFmJZr+jAdOUWD5xBBPN3K2IjLDGxLqEii6EYPnlVdK6rAZX1dpDrVy/zeMowCmcQQUCuIY63EMDmkBgDM/wCm+e8l68d+9j0brm5TMn8Afe5w+g+I8e</latexit>

g(�)

<latexit sha1_base64="t0XNeZq3FO598wjM8ziboAMrIVk=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDjJexKUI9BLx4jmAckS5id9CZDZmfXmVkhhPyEFw+KePV3vPk3TpI9aGJBQ1HVTXdXkAiujet+Oyura+sbm7mt/PbO7t5+4eCwoeNUMayzWMSqFVCNgkusG24EthKFNAoENoPh7dRvPqHSPJYPZpSgH9G+5CFn1Fip1S91kgE/O+8Wim7ZnYEsEy8jRchQ6xa+Or2YpRFKwwTVuu25ifHHVBnOBE7ynVRjQtmQ9rFtqaQRan88u3dCTq3SI2GsbElDZurviTGNtB5Fge2MqBnoRW8q/ue1UxNe+2Muk9SgZPNFYSqIicn0edLjCpkRI0soU9zeStiAKsqMjShvQ/AWX14mjYuyd1mu3FeK1ZssjhwcwwmUwIMrqMId1KAODAQ8wyu8OY/Oi/PufMxbV5xs5gj+wPn8AQNmj08=</latexit>

g(�0)

parametrize size/form extra 
dimensions in string theory

Naturalness issues get translated to finding a dynamical 
mechanism that stabilizes the scalars precisely at the 

values required to reproduce observations

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

<latexit sha1_base64="03WM2qv95IvtESwZtdXXafVlSwk=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QLiWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZlqQptEcqk7ETaUM0GblllOO0pTnESctqPx3cxvP1FtmBSPdqJomOChYDEj2Dqp3ar01Ihd9Etlv+rPgVZJkJMy5Gj0S1+9gSRpQoUlHBvTDXxlwwxrywin02IvNVRhMsZD2nVU4ISaMJufO0XnThmgWGpXwqK5+nsiw4kxkyRynQm2I7PszcT/vG5q45swY0KllgqyWBSnHFmJZr+jAdOUWD5xBBPN3K2IjLDGxLqEii6EYPnlVdK6rAZX1dpDrVy/zeMowCmcQQUCuIY63EMDmkBgDM/wCm+e8l68d+9j0brm5TMn8Afe5w+Gzo8N</latexit>

V (�)

Big challenge!



EXPLICIT EXAMPLES 3) Dynamical parameters and 
Distance Conjecture

Universal features:



EXPLICIT EXAMPLES 3) Dynamical parameters and 
Distance Conjecture

Universal features:

Global symmetries, vanishing couplings or large hierarchies 
occur at infinite distance in this field space

.

.
<latexit sha1_base64="JD4B6NU9rxucpBXGUb/EpAH/1Pw=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QLiWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZlqQptEcqk7ETaUM0GblllOO0pTnESctqPx3cxvP1FtmBSPdqJomOChYDEj2DqpPaz01Ihd9Etlv+rPgVZJkJMy5Gj0S1+9gSRpQoUlHBvTDXxlwwxrywin02IvNVRhMsZD2nVU4ISaMJufO0XnThmgWGpXwqK5+nsiw4kxkyRynQm2I7PszcT/vG5q45swY0KllgqyWBSnHFmJZr+jAdOUWD5xBBPN3K2IjLDGxLqEii6EYPnlVdK6rAZX1dpDrVy/zeMowCmcQQUCuIY63EMDmkBgDM/wCm+e8l68d+9j0brm5TMn8Afe5w+g+I8e</latexit>

g(�)

<latexit sha1_base64="t0XNeZq3FO598wjM8ziboAMrIVk=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDjJexKUI9BLx4jmAckS5id9CZDZmfXmVkhhPyEFw+KePV3vPk3TpI9aGJBQ1HVTXdXkAiujet+Oyura+sbm7mt/PbO7t5+4eCwoeNUMayzWMSqFVCNgkusG24EthKFNAoENoPh7dRvPqHSPJYPZpSgH9G+5CFn1Fip1S91kgE/O+8Wim7ZnYEsEy8jRchQ6xa+Or2YpRFKwwTVuu25ifHHVBnOBE7ynVRjQtmQ9rFtqaQRan88u3dCTq3SI2GsbElDZurviTGNtB5Fge2MqBnoRW8q/ue1UxNe+2Muk9SgZPNFYSqIicn0edLjCpkRI0soU9zeStiAKsqMjShvQ/AWX14mjYuyd1mu3FeK1ZssjhwcwwmUwIMrqMId1KAODAQ8wyu8OY/Oi/PufMxbV5xs5gj+wPn8AQNmj08=</latexit>

g(�0)

L = gij(�)@�
i@�j

metric in the field space



EXPLICIT EXAMPLES 3) Dynamical parameters and 
Distance Conjecture

Universal features:

Global symmetries, vanishing couplings or large hierarchies 
occur at infinite distance in this field space

.

.
<latexit sha1_base64="JD4B6NU9rxucpBXGUb/EpAH/1Pw=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QLiWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZlqQptEcqk7ETaUM0GblllOO0pTnESctqPx3cxvP1FtmBSPdqJomOChYDEj2DqpPaz01Ihd9Etlv+rPgVZJkJMy5Gj0S1+9gSRpQoUlHBvTDXxlwwxrywin02IvNVRhMsZD2nVU4ISaMJufO0XnThmgWGpXwqK5+nsiw4kxkyRynQm2I7PszcT/vG5q45swY0KllgqyWBSnHFmJZr+jAdOUWD5xBBPN3K2IjLDGxLqEii6EYPnlVdK6rAZX1dpDrVy/zeMowCmcQQUCuIY63EMDmkBgDM/wCm+e8l68d+9j0brm5TMn8Afe5w+g+I8e</latexit>

g(�)

<latexit sha1_base64="t0XNeZq3FO598wjM8ziboAMrIVk=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDjJexKUI9BLx4jmAckS5id9CZDZmfXmVkhhPyEFw+KePV3vPk3TpI9aGJBQ1HVTXdXkAiujet+Oyura+sbm7mt/PbO7t5+4eCwoeNUMayzWMSqFVCNgkusG24EthKFNAoENoPh7dRvPqHSPJYPZpSgH9G+5CFn1Fip1S91kgE/O+8Wim7ZnYEsEy8jRchQ6xa+Or2YpRFKwwTVuu25ifHHVBnOBE7ynVRjQtmQ9rFtqaQRan88u3dCTq3SI2GsbElDZurviTGNtB5Fge2MqBnoRW8q/ue1UxNe+2Muk9SgZPNFYSqIicn0edLjCpkRI0soU9zeStiAKsqMjShvQ/AWX14mjYuyd1mu3FeK1ZssjhwcwwmUwIMrqMId1KAODAQ8wyu8OY/Oi/PufMxbV5xs5gj+wPn8AQNmj08=</latexit>

g(�0)

L = gij(�)@�
i@�j

metric in the field space

<latexit sha1_base64="qdX9nzGR2eTc0uDHftpjArNpYqM=">AAACFHicbVDLSsNAFJ3UV62vqEs3wSIIQkmkqBuhqAuXFewDmlomk0k77eThzI1QQj7Cjb/ixoUibl2482+ctFlo64FhDufcy733OBFnEkzzWyssLC4trxRXS2vrG5tb+vZOU4axILRBQh6KtoMl5SygDWDAaTsSFPsOpy1ndJn5rQcqJAuDWxhHtOvjfsA8RjAoqacf2VeUA7ajATu3WQCGLe8FJP1ewoapm8l3bPoN055eNivmBMY8sXJSRjnqPf3LdkMS+zQAwrGUHcuMoJtgAYxwmpbsWNIIkxHu046iAfap7CaTo1LjQCmu4YVCPbXXRP3dkWBfyrHvqEofw0DOepn4n9eJwTvrJiyIYqABmQ7yYm5AaGQJGS4TlAAfK4KJYGpXgwywwARUjiUVgjV78jxpHlesk0r1plquXeRxFNEe2keHyEKnqIauUR01EEGP6Bm9ojftSXvR3rWPaWlBy3t20R9onz8kBp+J</latexit>

�� =

Z q
gijd�id�j

<latexit sha1_base64="AcU0tysW/iruLePmyWwzQtCY0eg=">AAACBXicbVA9SwNBEN2LXzF+RS21WAyCVbiToJZBLSwjmA/IhbC32UuW7O0eu3PKEdLY+FdsLBSx9T/Y+W/cJFdo4oOBx3szzMwLYsENuO63k1taXlldy68XNja3tneKu3sNoxJNWZ0qoXQrIIYJLlkdOAjWijUjUSBYMxheTfzmPdOGK3kHacw6EelLHnJKwErd4qF/zQQQPx5wX/P+AIjW6gH7XIaQdoslt+xOgReJl5ESylDrFr/8nqJJxCRQQYxpe24MnRHRwKlg44KfGBYTOiR91rZUkoiZzmj6xRgfW6WHQ6VtScBT9ffEiETGpFFgOyMCAzPvTcT/vHYC4UVnxGWcAJN0tihMBAaFJ5HgHteMgkgtIVRzeyumA6IJBRtcwYbgzb+8SBqnZe+sXLmtlKqXWRx5dICO0Any0DmqohtUQ3VE0SN6Rq/ozXlyXpx352PWmnOymX30B87nDxrtmPo=</latexit>

�� ! 1
.



EXPLICIT EXAMPLES 3) Dynamical parameters and 
Distance Conjecture

Universal features:

Global symmetries, vanishing couplings or large hierarchies 
occur at infinite distance in this field space

.

.
<latexit sha1_base64="JD4B6NU9rxucpBXGUb/EpAH/1Pw=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QLiWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZlqQptEcqk7ETaUM0GblllOO0pTnESctqPx3cxvP1FtmBSPdqJomOChYDEj2DqpPaz01Ihd9Etlv+rPgVZJkJMy5Gj0S1+9gSRpQoUlHBvTDXxlwwxrywin02IvNVRhMsZD2nVU4ISaMJufO0XnThmgWGpXwqK5+nsiw4kxkyRynQm2I7PszcT/vG5q45swY0KllgqyWBSnHFmJZr+jAdOUWD5xBBPN3K2IjLDGxLqEii6EYPnlVdK6rAZX1dpDrVy/zeMowCmcQQUCuIY63EMDmkBgDM/wCm+e8l68d+9j0brm5TMn8Afe5w+g+I8e</latexit>

g(�)

<latexit sha1_base64="t0XNeZq3FO598wjM8ziboAMrIVk=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDjJexKUI9BLx4jmAckS5id9CZDZmfXmVkhhPyEFw+KePV3vPk3TpI9aGJBQ1HVTXdXkAiujet+Oyura+sbm7mt/PbO7t5+4eCwoeNUMayzWMSqFVCNgkusG24EthKFNAoENoPh7dRvPqHSPJYPZpSgH9G+5CFn1Fip1S91kgE/O+8Wim7ZnYEsEy8jRchQ6xa+Or2YpRFKwwTVuu25ifHHVBnOBE7ynVRjQtmQ9rFtqaQRan88u3dCTq3SI2GsbElDZurviTGNtB5Fge2MqBnoRW8q/ue1UxNe+2Muk9SgZPNFYSqIicn0edLjCpkRI0soU9zeStiAKsqMjShvQ/AWX14mjYuyd1mu3FeK1ZssjhwcwwmUwIMrqMId1KAODAQ8wyu8OY/Oi/PufMxbV5xs5gj+wPn8AQNmj08=</latexit>

g(�0)

L = gij(�)@�
i@�j

metric in the field space

<latexit sha1_base64="qdX9nzGR2eTc0uDHftpjArNpYqM=">AAACFHicbVDLSsNAFJ3UV62vqEs3wSIIQkmkqBuhqAuXFewDmlomk0k77eThzI1QQj7Cjb/ixoUibl2482+ctFlo64FhDufcy733OBFnEkzzWyssLC4trxRXS2vrG5tb+vZOU4axILRBQh6KtoMl5SygDWDAaTsSFPsOpy1ndJn5rQcqJAuDWxhHtOvjfsA8RjAoqacf2VeUA7ajATu3WQCGLe8FJP1ewoapm8l3bPoN055eNivmBMY8sXJSRjnqPf3LdkMS+zQAwrGUHcuMoJtgAYxwmpbsWNIIkxHu046iAfap7CaTo1LjQCmu4YVCPbXXRP3dkWBfyrHvqEofw0DOepn4n9eJwTvrJiyIYqABmQ7yYm5AaGQJGS4TlAAfK4KJYGpXgwywwARUjiUVgjV78jxpHlesk0r1plquXeRxFNEe2keHyEKnqIauUR01EEGP6Bm9ojftSXvR3rWPaWlBy3t20R9onz8kBp+J</latexit>

�� =

Z q
gijd�id�j

<latexit sha1_base64="AcU0tysW/iruLePmyWwzQtCY0eg=">AAACBXicbVA9SwNBEN2LXzF+RS21WAyCVbiToJZBLSwjmA/IhbC32UuW7O0eu3PKEdLY+FdsLBSx9T/Y+W/cJFdo4oOBx3szzMwLYsENuO63k1taXlldy68XNja3tneKu3sNoxJNWZ0qoXQrIIYJLlkdOAjWijUjUSBYMxheTfzmPdOGK3kHacw6EelLHnJKwErd4qF/zQQQPx5wX/P+AIjW6gH7XIaQdoslt+xOgReJl5ESylDrFr/8nqJJxCRQQYxpe24MnRHRwKlg44KfGBYTOiR91rZUkoiZzmj6xRgfW6WHQ6VtScBT9ffEiETGpFFgOyMCAzPvTcT/vHYC4UVnxGWcAJN0tihMBAaFJ5HgHteMgkgtIVRzeyumA6IJBRtcwYbgzb+8SBqnZe+sXLmtlKqXWRx5dICO0Any0DmqohtUQ3VE0SN6Rq/ozXlyXpx352PWmnOymX30B87nDxrtmPo=</latexit>

�� ! 1
.

There is an infinite tower of states becoming exponentially light

at every infinite field distance limit

when �� ! 1
<latexit sha1_base64="q++KTPFdaEuqc2CW+uIyPBSh8vs=">AAACB3icbVDLSgNBEJz1GeMr6lGQwSB4MexKUE8S0IPHCOYB2Rh6J51kyMzuMjMrhCU3L/6KFw+KePUXvPk3Th4HTSxoKKq66e4KYsG1cd1vZ2FxaXllNbOWXd/Y3NrO7exWdZQohhUWiUjVA9AoeIgVw43AeqwQZCCwFvSvRn7tAZXmUXhnBjE2JXRD3uEMjJVauQPpay6pbLl4n574IOIe+NcoDPhxjw9bubxbcMeg88SbkjyZotzKffntiCUSQ8MEaN3w3Ng0U1CGM4HDrJ9ojIH1oYsNS0OQqJvp+I8hPbJKm3YiZSs0dKz+nkhBaj2Qge2UYHp61huJ/3mNxHQumikP48RgyCaLOomgJqKjUGibK2RGDCwBpri9lbIeKGDGRpe1IXizL8+T6mnBOysUb4v50uU0jgzZJ4fkmHjknJTIDSmTCmHkkTyTV/LmPDkvzrvzMWldcKYze+QPnM8fs86ZNw==</latexit>

m ⇠ m0e
�↵��

[Ooguri-Vafa’06]

(Distance Conjecture)

<latexit sha1_base64="XOPxoQyIXiyDMHt0bJ+Tp0yl7ws=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexK0BwDXjxGNA9IljA7mU2GzGOZmRXCkk/w4kERr36RN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSjnSY0FHgkWcwItk56EAN/UK74VX8BtE6CnFQgR3NQ/uoPFUkFlZZwbEwv8BMbZlhbRjidlfqpoQkmEzyiPUclFtSE2eLUGbpwyhDFSruSFi3U3xMZFsZMReQ6BbZjs+rNxf+8XmrjepgxmaSWSrJcFKccWYXmf6Mh05RYPnUEE83crYiMscbEunRKLoRg9eV10r6qBtfV2n2t0qjncRThDM7hEgK4gQbcQRNaQGAEz/AKbx73Xrx372PZWvDymVP4A+/zB/lHjZM=</latexit>m0

<latexit sha1_base64="V21cVIL9FwcKO+Brame4rrRfl+c=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexK0BwDXjxGNA9IljA7mU2GzGOZmRXCkk/w4kERr36RN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSjnSY0FHgkWcwItk56EINgUK74VX8BtE6CnFQgR3NQ/uoPFUkFlZZwbEwv8BMbZlhbRjidlfqpoQkmEzyiPUclFtSE2eLUGbpwyhDFSruSFi3U3xMZFsZMReQ6BbZjs+rNxf+8XmrjepgxmaSWSrJcFKccWYXmf6Mh05RYPnUEE83crYiMscbEunRKLoRg9eV10r6qBtfV2n2t0qjncRThDM7hEgK4gQbcQRNaQGAEz/AKbx73Xrx372PZWvDymVP4A+/zB/rLjZQ=</latexit>m1

<latexit sha1_base64="+GrCqxOC6IqNxKB+045UYratmZY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexK0BwDXjxGNA9IljA7mU2GzGOZmRXCkk/w4kERr36RN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSjnSY0FHgkWcwItk56EAM5KFf8qr8AWidBTiqQozkof/WHiqSCSks4NqYX+IkNM6wtI5zOSv3U0ASTCR7RnqMSC2rCbHHqDF04ZYhipV1Jixbq74kMC2OmInKdAtuxWfXm4n9eL7VxPcyYTFJLJVkuilOOrELzv9GQaUosnzqCiWbuVkTGWGNiXTolF0Kw+vI6aV9Vg+tq7b5WadTzOIpwBudwCQHcQAPuoAktIDCCZ3iFN497L96797FsLXj5zCn8gff5A1dOjdE=</latexit>mn.
.



In all string theory models that are known, the tower is (in some 
duality frame) either a:

EXPLICIT EXAMPLES 3) Dynamical parameters and 
Distance Conjecture

• Kaluza-Klein tower

• Oscillator modes of a string

decompactification of extra dimensions

perturbative string limit

[Lee,Lerche,Weigand’19]



In all string theory models that are known, the tower is (in some 
duality frame) either a:

EXPLICIT EXAMPLES 3) Dynamical parameters and 
Distance Conjecture

• Kaluza-Klein tower

• Oscillator modes of a string

decompactification of extra dimensions

perturbative string limit

[Lee,Lerche,Weigand’19]

Example: One large extra dimension
<latexit sha1_base64="iHtIQv6L9RMyUGY9BOCxtrKGDlg="></latexit>

mKK =
Mpl,d+1

r
= Mpl,d exp(�

r
d� 1

d� 2
��)

<latexit sha1_base64="jI/ChrOJu9DR43yUqpdDQHKnivY="></latexit>

S =
Md�2

pl,d

2

Z
ddx

 
R� 1

2

r
d� 1

d� 2

(@r)2

r2
+ . . .

!
<latexit sha1_base64="j5yzAS75lX+n0v/3ibvrOhH4SSw="></latexit>

=
Md�2

pl,d

2

Z
ddx

✓
R� 1

2
(@�)2 + . . .

◆

KK tower:

(from (d+1)- to d-dimensions)

As
<latexit sha1_base64="Cg2YPDbJk2A/Ytu3sYFs+OsDPVo=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi6koKblxWsA+YGUomzbShmWRI7gjD0M9w40IRt36NO//GtJ2Fth4IHM65l9xzolRwA6777VTW1jc2t6rbtZ3dvf2D+uFR16hMU9ahSijdj4hhgkvWAQ6C9VPNSBIJ1osmdzO/98S04Uo+Qp6yMCEjyWNOCVjJ1wEoHHAZQz6oN9ymOwdeJV5JGqhEe1D/CoaKZgmTQAUxxvfcFMKCaOBUsGktyAxLCZ2QEfMtlSRhJizmJ0/xmVWGOFbaPgl4rv7eKEhiTJ5EdjIhMDbL3kz8z/MziG/Cgss0Aybp4qM4E9jmnOXHQ64ZBZFbQqjm9lZMx0QTCralmi3BW468SroXTe+qeflw2WjdlnVU0Qk6RefIQ9eohe5RG3UQRQo9o1f05oDz4rw7H4vRilPuHKM/cD5/AEy8kUQ=</latexit>

r ! 1 KK tower becomes exponentially light in terms of 
canonically normalised radius



EXPLICIT EXAMPLES 3) Dynamical parameters and 
Distance Conjecture

Quantum gravity consistency requires this behaviour of Kaluza-Klein 
theory to be generic whenever any scalar field vev gets large

Take-home message:

<latexit sha1_base64="q++KTPFdaEuqc2CW+uIyPBSh8vs=">AAACB3icbVDLSgNBEJz1GeMr6lGQwSB4MexKUE8S0IPHCOYB2Rh6J51kyMzuMjMrhCU3L/6KFw+KePUXvPk3Th4HTSxoKKq66e4KYsG1cd1vZ2FxaXllNbOWXd/Y3NrO7exWdZQohhUWiUjVA9AoeIgVw43AeqwQZCCwFvSvRn7tAZXmUXhnBjE2JXRD3uEMjJVauQPpay6pbLl4n574IOIe+NcoDPhxjw9bubxbcMeg88SbkjyZotzKffntiCUSQ8MEaN3w3Ng0U1CGM4HDrJ9ojIH1oYsNS0OQqJvp+I8hPbJKm3YiZSs0dKz+nkhBaj2Qge2UYHp61huJ/3mNxHQumikP48RgyCaLOomgJqKjUGibK2RGDCwBpri9lbIeKGDGRpe1IXizL8+T6mnBOysUb4v50uU0jgzZJ4fkmHjknJTIDSmTCmHkkTyTV/LmPDkvzrvzMWldcKYze+QPnM8fs86ZNw==</latexit>

m ⇠ m0e
�↵�� when �� ! 1

depends on nature of the tower
<latexit sha1_base64="ShoFo/Zn93WPh0E8tQTlzVpuPmg=">AAACHXicbVDLSsNAFJ34rPUVdelmsAiuSlKLupKCG5cV7AOaUCbTSTt0MklnJkIJ+RE3/oobF4q4cCP+jZPHQlsPDBzOOZc793gRo1JZ1rexsrq2vrFZ2apu7+zu7ZsHh10ZxgKTDg5ZKPoekoRRTjqKKkb6kSAo8BjpedObzO89ECFpyO/VPCJugMac+hQjpaWh2XR8gXBip4kjZ0IljTR1GJlBB7FoggqaG0XuPM0SQ7Nm1a0ccJnYJamBEu2h+emMQhwHhCvMkJQD24qUmyChKGYkrTqxJBHCUzQmA005Coh0k/y6FJ5qZQT9UOjHFczV3xMJCqScB55OBkhN5KKXif95g1j5V25CeRQrwnGxyI8ZVCHMqoIjKghWbK4JwoLqv0I8QboGpQut6hLsxZOXSbdRty/qzbtmrXVd1lEBx+AEnAEbXIIWuAVt0AEYPIJn8ArejCfjxXg3PoroilHOHIE/ML5+AIFvo2o=</latexit>

1p
2
 ↵ 

r
3

2
in 4d [Etheredge et al’22]



EXPLICIT EXAMPLES 3) Dynamical parameters and 
Distance Conjecture

Quantum gravity consistency requires this behaviour of Kaluza-Klein 
theory to be generic whenever any scalar field vev gets large

Take-home message:

<latexit sha1_base64="q++KTPFdaEuqc2CW+uIyPBSh8vs=">AAACB3icbVDLSgNBEJz1GeMr6lGQwSB4MexKUE8S0IPHCOYB2Rh6J51kyMzuMjMrhCU3L/6KFw+KePUXvPk3Th4HTSxoKKq66e4KYsG1cd1vZ2FxaXllNbOWXd/Y3NrO7exWdZQohhUWiUjVA9AoeIgVw43AeqwQZCCwFvSvRn7tAZXmUXhnBjE2JXRD3uEMjJVauQPpay6pbLl4n574IOIe+NcoDPhxjw9bubxbcMeg88SbkjyZotzKffntiCUSQ8MEaN3w3Ng0U1CGM4HDrJ9ojIH1oYsNS0OQqJvp+I8hPbJKm3YiZSs0dKz+nkhBaj2Qge2UYHp61huJ/3mNxHQumikP48RgyCaLOomgJqKjUGibK2RGDCwBpri9lbIeKGDGRpe1IXizL8+T6mnBOysUb4v50uU0jgzZJ4fkmHjknJTIDSmTCmHkkTyTV/LmPDkvzrvzMWldcKYze+QPnM8fs86ZNw==</latexit>

m ⇠ m0e
�↵�� when �� ! 1

depends on nature of the tower
<latexit sha1_base64="ShoFo/Zn93WPh0E8tQTlzVpuPmg=">AAACHXicbVDLSsNAFJ34rPUVdelmsAiuSlKLupKCG5cV7AOaUCbTSTt0MklnJkIJ+RE3/oobF4q4cCP+jZPHQlsPDBzOOZc793gRo1JZ1rexsrq2vrFZ2apu7+zu7ZsHh10ZxgKTDg5ZKPoekoRRTjqKKkb6kSAo8BjpedObzO89ECFpyO/VPCJugMac+hQjpaWh2XR8gXBip4kjZ0IljTR1GJlBB7FoggqaG0XuPM0SQ7Nm1a0ccJnYJamBEu2h+emMQhwHhCvMkJQD24qUmyChKGYkrTqxJBHCUzQmA005Coh0k/y6FJ5qZQT9UOjHFczV3xMJCqScB55OBkhN5KKXif95g1j5V25CeRQrwnGxyI8ZVCHMqoIjKghWbK4JwoLqv0I8QboGpQut6hLsxZOXSbdRty/qzbtmrXVd1lEBx+AEnAEbXIIWuAVt0AEYPIJn8ArejCfjxXg3PoroilHOHIE/ML5+AIFvo2o=</latexit>

1p
2
 ↵ 

r
3

2
in 4d [Etheredge et al’22]

QFT breaks down at a cut-off scale known as the species scale

<latexit sha1_base64="leaQrM0tfaxG5LpAfuq/rD5d73Q=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxISWRom6Ugi5cKFSwD2hCmEwm7dCZJMxMhBLyB278FTcuFHHr1p1/4/SxqK0HBg7nnMude/yEUaks68coLCwuLa8UV0tr6xubW+b2TlPGqcCkgWMWi7aPJGE0Ig1FFSPtRBDEfUZafv9q6LceiZA0jh7UICEuR92IhhQjpSXPPHRudThAF3de5ggOE3YMr3OHMTglBLlnlq2KNQKcJ/aElMEEdc/8doIYp5xECjMkZce2EuVmSCiKGclLTipJgnAfdUlH0whxIt1sdE8OD7QSwDAW+kUKjtTpiQxxKQfc10mOVE/OekPxP6+TqvDczWiUpIpEeLwoTBlUMRyWAwMqCFZsoAnCguq/QtxDAmGlKyzpEuzZk+dJ86Rin1aq99Vy7XJSRxHsgX1wBGxwBmrgBtRBA2DwBF7AG3g3no1X48P4HEcLxmRmF/yB8fUL6UKbUA==</latexit>

⇤ = Mpl,D ⌧ Mpl,d

<latexit sha1_base64="mG0t9tbfIfvgN3UFE3wTBxEgPF8=">AAACE3icbVDNS8MwHE39nPOr6tFLcAgiMloZ6kkGXjwoTHAfsJaSpukWlrQ1SYVR+j948V/x4kERr168+d+YbRV080Hg5b33I/k9P2FUKsv6MubmFxaXlksr5dW19Y1Nc2u7JeNUYNLEMYtFx0eSMBqRpqKKkU4iCOI+I21/cDHy2/dESBpHt2qYEJejXkRDipHSkmceOlc6HCBHUk7u4LWXOYJDqUTuMPZzTdgRDHLPrFhVaww4S+yCVECBhmd+OkGMU04ihRmSsmtbiXIzJBTFjORlJ5UkQXiAeqSraYQ4kW423imH+1oJYBgLfSIFx+rviQxxKYfc10mOVF9OeyPxP6+bqvDMzWiUpIpEePJQmDKoYjgqCAZUEKzYUBOEBdV/hbiPBMJK11jWJdjTK8+S1nHVPqnWbmqV+nlRRwnsgj1wAGxwCurgEjRAE2DwAJ7AC3g1Ho1n4814n0TnjGJmB/yB8fENRMydww==</latexit>

⇤ ' Mstr ⌧ Mpl,d

If KK tower:

If string tower:
[Castellano,Ruiz,IV’23]

<latexit sha1_base64="4XRNEvlkfzQ9P3pOGr/Tcd2mlt8=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS1EoCNhYWEcwDkiXMzs4mQ2Znl5m7Qgj5CBsLRWz9Hjv/xkmyhSYeGDiccy5z7wlSKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy2TZJrxJktkojsBNVwKxZsoUPJOqjmNA8nbweh25refuDYiUY84Trkf04ESkWAUrdTu3dtoSPvlilt15yCrxMtJBXI0+uWvXpiwLOYKmaTGdD03RX9CNQom+bTUywxPKRvRAe9aqmjMjT+ZrzslZ1YJSZRo+xSSufp7YkJjY8ZxYJMxxaFZ9mbif143w+janwiVZsgVW3wUZZJgQma3k1BozlCOLaFMC7srYUOqKUPbUMmW4C2fvEpaF1Xvslp7qFXqN3kdRTiBUzgHD66gDnfQgCYwGMEzvMKbkzovzrvzsYgWnHzmGP7A+fwBDV+PYg==</latexit>

⇤ [Dvali’07]

<latexit sha1_base64="XoBWla8nQqk1XpoCFdrPeZeOShE=">AAACL3icbVDLSgMxFM34rPVVdekmWARXZaaIulEKgrhwUcHWQqeUO5mMDSaZIckUyjB/5MZf6UZEEbf+helD0NYDgcM55ya5J0g408Z1X52FxaXlldXCWnF9Y3Nru7Sz29RxqghtkJjHqhWAppxJ2jDMcNpKFAURcHofPF6O/Ps+VZrF8s4MEtoR8CBZxAgYK3VLV36kgGR+nxJfQsABizwTuU/C2OA5z7+xN4eQZz/kfBzxqt1S2a24Y+B54k1JGU1R75aGfhiTVFBpCAet256bmE4GyjDCaV70U00TII/wQNuWShBUd7Lxvjk+tEqIo1jZIw0eq78nMhBaD0RgkwJMT896I/E/r52a6KyTMZmkhkoyeShKOTYxHpWHQ6YoMXxgCRDF7F8x6YFtwNiKi7YEb3bledKsVryTyvHtcbl2Ma2jgPbRATpCHjpFNXSN6qiBCHpCQ/SG3p1n58X5cD4n0QVnOrOH/sD5+gYCuao2</latexit>

~rm

m
·
~r⇤

⇤
=

1

2



<latexit sha1_base64="AcU0tysW/iruLePmyWwzQtCY0eg=">AAACBXicbVA9SwNBEN2LXzF+RS21WAyCVbiToJZBLSwjmA/IhbC32UuW7O0eu3PKEdLY+FdsLBSx9T/Y+W/cJFdo4oOBx3szzMwLYsENuO63k1taXlldy68XNja3tneKu3sNoxJNWZ0qoXQrIIYJLlkdOAjWijUjUSBYMxheTfzmPdOGK3kHacw6EelLHnJKwErd4qF/zQQQPx5wX/P+AIjW6gH7XIaQdoslt+xOgReJl5ESylDrFr/8nqJJxCRQQYxpe24MnRHRwKlg44KfGBYTOiR91rZUkoiZzmj6xRgfW6WHQ6VtScBT9ffEiETGpFFgOyMCAzPvTcT/vHYC4UVnxGWcAJN0tihMBAaFJ5HgHteMgkgtIVRzeyumA6IJBRtcwYbgzb+8SBqnZe+sXLmtlKqXWRx5dICO0Any0DmqohtUQ3VE0SN6Rq/ozXlyXpx352PWmnOymX30B87nDxrtmPo=</latexit>

�� ! 1

EXPLICIT EXAMPLES 3) Dynamical parameters and 
Distance Conjecture

parameter space 
= field space



EXPLICIT EXAMPLES 3) Dynamical parameters and 
Distance Conjecture

<latexit sha1_base64="AcU0tysW/iruLePmyWwzQtCY0eg=">AAACBXicbVA9SwNBEN2LXzF+RS21WAyCVbiToJZBLSwjmA/IhbC32UuW7O0eu3PKEdLY+FdsLBSx9T/Y+W/cJFdo4oOBx3szzMwLYsENuO63k1taXlldy68XNja3tneKu3sNoxJNWZ0qoXQrIIYJLlkdOAjWijUjUSBYMxheTfzmPdOGK3kHacw6EelLHnJKwErd4qF/zQQQPx5wX/P+AIjW6gH7XIaQdoslt+xOgReJl5ESylDrFr/8nqJJxCRQQYxpe24MnRHRwKlg44KfGBYTOiR91rZUkoiZzmj6xRgfW6WHQ6VtScBT9ffEiETGpFFgOyMCAzPvTcT/vHYC4UVnxGWcAJN0tihMBAaFJ5HgHteMgkgtIVRzeyumA6IJBRtcwYbgzb+8SBqnZe+sXLmtlKqXWRx5dICO0Any0DmqohtUQ3VE0SN6Rq/ozXlyXpx352PWmnOymX30B87nDxrtmPo=</latexit>

�� ! 1

<latexit sha1_base64="AcU0tysW/iruLePmyWwzQtCY0eg=">AAACBXicbVA9SwNBEN2LXzF+RS21WAyCVbiToJZBLSwjmA/IhbC32UuW7O0eu3PKEdLY+FdsLBSx9T/Y+W/cJFdo4oOBx3szzMwLYsENuO63k1taXlldy68XNja3tneKu3sNoxJNWZ0qoXQrIIYJLlkdOAjWijUjUSBYMxheTfzmPdOGK3kHacw6EelLHnJKwErd4qF/zQQQPx5wX/P+AIjW6gH7XIaQdoslt+xOgReJl5ESylDrFr/8nqJJxCRQQYxpe24MnRHRwKlg44KfGBYTOiR91rZUkoiZzmj6xRgfW6WHQ6VtScBT9ffEiETGpFFgOyMCAzPvTcT/vHYC4UVnxGWcAJN0tihMBAaFJ5HgHteMgkgtIVRzeyumA6IJBRtcwYbgzb+8SBqnZe+sXLmtlKqXWRx5dICO0Any0DmqohtUQ3VE0SN6Rq/ozXlyXpx352PWmnOymX30B87nDxrtmPo=</latexit>

�� ! 1

<latexit sha1_base64="AcU0tysW/iruLePmyWwzQtCY0eg=">AAACBXicbVA9SwNBEN2LXzF+RS21WAyCVbiToJZBLSwjmA/IhbC32UuW7O0eu3PKEdLY+FdsLBSx9T/Y+W/cJFdo4oOBx3szzMwLYsENuO63k1taXlldy68XNja3tneKu3sNoxJNWZ0qoXQrIIYJLlkdOAjWijUjUSBYMxheTfzmPdOGK3kHacw6EelLHnJKwErd4qF/zQQQPx5wX/P+AIjW6gH7XIaQdoslt+xOgReJl5ESylDrFr/8nqJJxCRQQYxpe24MnRHRwKlg44KfGBYTOiR91rZUkoiZzmj6xRgfW6WHQ6VtScBT9ffEiETGpFFgOyMCAzPvTcT/vHYC4UVnxGWcAJN0tihMBAaFJ5HgHteMgkgtIVRzeyumA6IJBRtcwYbgzb+8SBqnZe+sXLmtlKqXWRx5dICO0Any0DmqohtUQ3VE0SN6Rq/ozXlyXpx352PWmnOymX30B87nDxrtmPo=</latexit>

�� ! 1

´

´´



.
.


.
.


.
.


<latexit sha1_base64="4XRNEvlkfzQ9P3pOGr/Tcd2mlt8=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS1EoCNhYWEcwDkiXMzs4mQ2Znl5m7Qgj5CBsLRWz9Hjv/xkmyhSYeGDiccy5z7wlSKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy2TZJrxJktkojsBNVwKxZsoUPJOqjmNA8nbweh25refuDYiUY84Trkf04ESkWAUrdTu3dtoSPvlilt15yCrxMtJBXI0+uWvXpiwLOYKmaTGdD03RX9CNQom+bTUywxPKRvRAe9aqmjMjT+ZrzslZ1YJSZRo+xSSufp7YkJjY8ZxYJMxxaFZ9mbif143w+janwiVZsgVW3wUZZJgQma3k1BozlCOLaFMC7srYUOqKUPbUMmW4C2fvEpaF1Xvslp7qFXqN3kdRTiBUzgHD66gDnfQgCYwGMEzvMKbkzovzrvzsYgWnHzmGP7A+fwBDV+PYg==</latexit>

⇤QG cut-off
<latexit sha1_base64="q7Sxsobl5MeFOCsyjNJEJdiJOeQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvHgRKtoPaEPZbCft0s0m7G6EEvoTvHhQxKu/yJv/xm2bg7Y+GHi8N8PMvCARXBvX/XYKK6tr6xvFzdLW9s7uXnn/oKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0c3Ubz2h0jyWj2acoB/RgeQhZ9RY6eGul/TKFbfqzkCWiZeTCuSo98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IiVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGVn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48jJpnlW9i+r5/Xmldp3HUYQjOIZT8OASanALdWgAgwE8wyu8OcJ5cd6dj3lrwclnDuEPnM8fK2SNuQ==</latexit>

Mp

<latexit sha1_base64="XCChJL/1e8KJGmRIA68AH28cN/I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHrTjLk=</latexit>

0

EXPLICIT EXAMPLES 3) Dynamical parameters and 
Distance Conjecture

The cut-off     is field dependent and becomes parametrically smaller 
than         at the infinite field distance boundaries

<latexit sha1_base64="bmTYi6C7sg/sSSyECvDb6EvzkN4=">AAACEXicbVC7SgNBFJ2Nrxhfq5Y2g0GIhWFXglpJQAsLhQjmAdklzE5ukiGzu8PMrBiW/IKNv2JjoYitnZ1/4+RRaOKBgcM553LnnkBwprTjfFuZhcWl5ZXsam5tfWNzy97eqak4kRSqNOaxbAREAWcRVDXTHBpCAgkDDvWgfzHy6/cgFYujOz0Q4IekG7EOo0QbqWUXvGsTbhNPsRDftIQHD6Jw5PGxiL1L4Jp4oscOW3beKT pj4HniTkkeTVFp2V9eO6ZJCJGmnCjVdB2h/ZRIzSiHYc5LFAhC+6QLTUMjEoLy0/FFQ3xglDbuxNK8SOOx+nsiJaFSgzAwyZDonpr1RuJ/XjPRnTM/ZZFINER0sqiTcKxjPKoHt5kEqvnAEEIlM3/FtEckodqUmDMluLMnz5PacdE9KZZuS/ny+bSOLNpD+6iAXHSKyugKVVAVUfSIntErerOerBfr3fqYRDPWdGYX/YH1+QM/BJyl</latexit>

⇤ ⇠ Mp exp(����)
<latexit sha1_base64="OSvi63naHdMSRfv89FsAFCeiG0U=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVop6k4MWLUMF+QLuUbJptQ7NJSLJCWfojvHhQxKu/x5v/xrTdg7Y+GHi8N8PMvEhxZqzvf3uFtfWNza3idmlnd2//oHx41DIy1YQ2ieRSdyJsKGeCNi2znHaUpjiJOG1H49uZ336i2jApHu1E0TDBQ8FiRrB1UrvHObrvq3654lf9OdAqCXJSgRyNfvmrN5AkTaiwhGNjuoGvbJhhbRnhdFrqpYYqTMZ4SLuOCpxQE2bzc6fozCkDFEvtSlg0V39PZDgxZpJErjPBdmSWvZn4n9dNbXwdZkyo1FJBFovilCMr0ex3NGCaEssnjmCimbsVkRHWmFiXUMmFECy/vEpaF9Xgslp7qFXqN3kcRTiBUziHAK6gDnfQgCYQGMMzvMKbp7wX7937WLQWvHzmGP7A+/wByNKPNQ==</latexit>

⌧ Mp

<latexit sha1_base64="4XRNEvlkfzQ9P3pOGr/Tcd2mlt8=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS1EoCNhYWEcwDkiXMzs4mQ2Znl5m7Qgj5CBsLRWz9Hjv/xkmyhSYeGDiccy5z7wlSKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy2TZJrxJktkojsBNVwKxZsoUPJOqjmNA8nbweh25refuDYiUY84Trkf04ESkWAUrdTu3dtoSPvlilt15yCrxMtJBXI0+uWvXpiwLOYKmaTGdD03RX9CNQom+bTUywxPKRvRAe9aqmjMjT+ZrzslZ1YJSZRo+xSSufp7YkJjY8ZxYJMxxaFZ9mbif143w+janwiVZsgVW3wUZZJgQma3k1BozlCOLaFMC7srYUOqKUPbUMmW4C2fvEpaF1Xvslp7qFXqN3kdRTiBUzgHD66gDnfQgCYwGMEzvMKbkzovzrvzsYgWnHzmGP7A+fwBDV+PYg==</latexit>

⇤
<latexit sha1_base64="q7Sxsobl5MeFOCsyjNJEJdiJOeQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvHgRKtoPaEPZbCft0s0m7G6EEvoTvHhQxKu/yJv/xm2bg7Y+GHi8N8PMvCARXBvX/XYKK6tr6xvFzdLW9s7uXnn/oKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0c3Ubz2h0jyWj2acoB/RgeQhZ9RY6eGul/TKFbfqzkCWiZeTCuSo98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IiVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGVn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48jJpnlW9i+r5/Xmldp3HUYQjOIZT8OASanALdWgAgwE8wyu8OcJ5cd6dj3lrwclnDuEPnM8fK2SNuQ==</latexit>

Mp



.
.


.
.


.
.


<latexit sha1_base64="4XRNEvlkfzQ9P3pOGr/Tcd2mlt8=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS1EoCNhYWEcwDkiXMzs4mQ2Znl5m7Qgj5CBsLRWz9Hjv/xkmyhSYeGDiccy5z7wlSKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy2TZJrxJktkojsBNVwKxZsoUPJOqjmNA8nbweh25refuDYiUY84Trkf04ESkWAUrdTu3dtoSPvlilt15yCrxMtJBXI0+uWvXpiwLOYKmaTGdD03RX9CNQom+bTUywxPKRvRAe9aqmjMjT+ZrzslZ1YJSZRo+xSSufp7YkJjY8ZxYJMxxaFZ9mbif143w+janwiVZsgVW3wUZZJgQma3k1BozlCOLaFMC7srYUOqKUPbUMmW4C2fvEpaF1Xvslp7qFXqN3kdRTiBUzgHD66gDnfQgCYwGMEzvMKbkzovzrvzsYgWnHzmGP7A+fwBDV+PYg==</latexit>

⇤QG cut-off
<latexit sha1_base64="q7Sxsobl5MeFOCsyjNJEJdiJOeQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvHgRKtoPaEPZbCft0s0m7G6EEvoTvHhQxKu/yJv/xm2bg7Y+GHi8N8PMvCARXBvX/XYKK6tr6xvFzdLW9s7uXnn/oKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0c3Ubz2h0jyWj2acoB/RgeQhZ9RY6eGul/TKFbfqzkCWiZeTCuSo98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IiVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGVn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48jJpnlW9i+r5/Xmldp3HUYQjOIZT8OASanALdWgAgwE8wyu8OcJ5cd6dj3lrwclnDuEPnM8fK2SNuQ==</latexit>

Mp

<latexit sha1_base64="XCChJL/1e8KJGmRIA68AH28cN/I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHrTjLk=</latexit>

0

EXPLICIT EXAMPLES 3) Dynamical parameters and 
Distance Conjecture

The cut-off     is field dependent and becomes parametrically smaller 
than         at the infinite field distance boundaries

<latexit sha1_base64="6tz6CexoH78LfOC23lOY787rLYE="></latexit>

S =

Z
d4x

 
R+ LEFT[g(�),m(�), . . . ] +

X
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⇤n�4(�)

!

<latexit sha1_base64="bmTYi6C7sg/sSSyECvDb6EvzkN4=">AAACEXicbVC7SgNBFJ2Nrxhfq5Y2g0GIhWFXglpJQAsLhQjmAdklzE5ukiGzu8PMrBiW/IKNv2JjoYitnZ1/4+RRaOKBgcM553LnnkBwprTjfFuZhcWl5ZXsam5tfWNzy97eqak4kRSqNOaxbAREAWcRVDXTHBpCAgkDDvWgfzHy6/cgFYujOz0Q4IekG7EOo0QbqWUXvGsTbhNPsRDftIQHD6Jw5PGxiL1L4Jp4oscOW3beKT pj4HniTkkeTVFp2V9eO6ZJCJGmnCjVdB2h/ZRIzSiHYc5LFAhC+6QLTUMjEoLy0/FFQ3xglDbuxNK8SOOx+nsiJaFSgzAwyZDonpr1RuJ/XjPRnTM/ZZFINER0sqiTcKxjPKoHt5kEqvnAEEIlM3/FtEckodqUmDMluLMnz5PacdE9KZZuS/ny+bSOLNpD+6iAXHSKyugKVVAVUfSIntErerOerBfr3fqYRDPWdGYX/YH1+QM/BJyl</latexit>

⇤ ⇠ Mp exp(����)
<latexit sha1_base64="OSvi63naHdMSRfv89FsAFCeiG0U=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVop6k4MWLUMF+QLuUbJptQ7NJSLJCWfojvHhQxKu/x5v/xrTdg7Y+GHi8N8PMvEhxZqzvf3uFtfWNza3idmlnd2//oHx41DIy1YQ2ieRSdyJsKGeCNi2znHaUpjiJOG1H49uZ336i2jApHu1E0TDBQ8FiRrB1UrvHObrvq3654lf9OdAqCXJSgRyNfvmrN5AkTaiwhGNjuoGvbJhhbRnhdFrqpYYqTMZ4SLuOCpxQE2bzc6fozCkDFEvtSlg0V39PZDgxZpJErjPBdmSWvZn4n9dNbXwdZkyo1FJBFovilCMr0ex3NGCaEssnjmCimbsVkRHWmFiXUMmFECy/vEpaF9Xgslp7qFXqN3kcRTiBUziHAK6gDnfQgCYQGMMzvMKbp7wX7937WLQWvHzmGP7A+/wByNKPNQ==</latexit>

⌧ Mp

<latexit sha1_base64="4XRNEvlkfzQ9P3pOGr/Tcd2mlt8=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS1EoCNhYWEcwDkiXMzs4mQ2Znl5m7Qgj5CBsLRWz9Hjv/xkmyhSYeGDiccy5z7wlSKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy2TZJrxJktkojsBNVwKxZsoUPJOqjmNA8nbweh25refuDYiUY84Trkf04ESkWAUrdTu3dtoSPvlilt15yCrxMtJBXI0+uWvXpiwLOYKmaTGdD03RX9CNQom+bTUywxPKRvRAe9aqmjMjT+ZrzslZ1YJSZRo+xSSufp7YkJjY8ZxYJMxxaFZ9mbif143w+janwiVZsgVW3wUZZJgQma3k1BozlCOLaFMC7srYUOqKUPbUMmW4C2fvEpaF1Xvslp7qFXqN3kdRTiBUzgHD66gDnfQgCYwGMEzvMKbkzovzrvzsYgWnHzmGP7A+fwBDV+PYg==</latexit>

⇤
<latexit sha1_base64="q7Sxsobl5MeFOCsyjNJEJdiJOeQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvHgRKtoPaEPZbCft0s0m7G6EEvoTvHhQxKu/yJv/xm2bg7Y+GHi8N8PMvCARXBvX/XYKK6tr6xvFzdLW9s7uXnn/oKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0c3Ubz2h0jyWj2acoB/RgeQhZ9RY6eGul/TKFbfqzkCWiZeTCuSo98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IiVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGVn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48jJpnlW9i+r5/Xmldp3HUYQjOIZT8OASanALdWgAgwE8wyu8OcJ5cd6dj3lrwclnDuEPnM8fK2SNuQ==</latexit>

Mp



.
.


.
.


.
.


<latexit sha1_base64="4XRNEvlkfzQ9P3pOGr/Tcd2mlt8=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS1EoCNhYWEcwDkiXMzs4mQ2Znl5m7Qgj5CBsLRWz9Hjv/xkmyhSYeGDiccy5z7wlSKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy2TZJrxJktkojsBNVwKxZsoUPJOqjmNA8nbweh25refuDYiUY84Trkf04ESkWAUrdTu3dtoSPvlilt15yCrxMtJBXI0+uWvXpiwLOYKmaTGdD03RX9CNQom+bTUywxPKRvRAe9aqmjMjT+ZrzslZ1YJSZRo+xSSufp7YkJjY8ZxYJMxxaFZ9mbif143w+janwiVZsgVW3wUZZJgQma3k1BozlCOLaFMC7srYUOqKUPbUMmW4C2fvEpaF1Xvslp7qFXqN3kdRTiBUzgHD66gDnfQgCYwGMEzvMKbkzovzrvzsYgWnHzmGP7A+fwBDV+PYg==</latexit>

⇤QG cut-off
<latexit sha1_base64="q7Sxsobl5MeFOCsyjNJEJdiJOeQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvHgRKtoPaEPZbCft0s0m7G6EEvoTvHhQxKu/yJv/xm2bg7Y+GHi8N8PMvCARXBvX/XYKK6tr6xvFzdLW9s7uXnn/oKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0c3Ubz2h0jyWj2acoB/RgeQhZ9RY6eGul/TKFbfqzkCWiZeTCuSo98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IiVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGVn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48jJpnlW9i+r5/Xmldp3HUYQjOIZT8OASanALdWgAgwE8wyu8OcJ5cd6dj3lrwclnDuEPnM8fK2SNuQ==</latexit>

Mp

<latexit sha1_base64="XCChJL/1e8KJGmRIA68AH28cN/I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHrTjLk=</latexit>

0

EXPLICIT EXAMPLES 3) Dynamical parameters and 
Distance Conjecture

The cut-off     is field dependent and becomes parametrically smaller 
than         at the infinite field distance boundaries

<latexit sha1_base64="6tz6CexoH78LfOC23lOY787rLYE="></latexit>

S =

Z
d4x

 
R+ LEFT[g(�),m(�), . . . ] +

X

n

On+4

⇤n�4(�)

!

given this

we can 
determine this 

(sometimes)

<latexit sha1_base64="bmTYi6C7sg/sSSyECvDb6EvzkN4=">AAACEXicbVC7SgNBFJ2Nrxhfq5Y2g0GIhWFXglpJQAsLhQjmAdklzE5ukiGzu8PMrBiW/IKNv2JjoYitnZ1/4+RRaOKBgcM553LnnkBwprTjfFuZhcWl5ZXsam5tfWNzy97eqak4kRSqNOaxbAREAWcRVDXTHBpCAgkDDvWgfzHy6/cgFYujOz0Q4IekG7EOo0QbqWUXvGsTbhNPsRDftIQHD6Jw5PGxiL1L4Jp4oscOW3beKT pj4HniTkkeTVFp2V9eO6ZJCJGmnCjVdB2h/ZRIzSiHYc5LFAhC+6QLTUMjEoLy0/FFQ3xglDbuxNK8SOOx+nsiJaFSgzAwyZDonpr1RuJ/XjPRnTM/ZZFINER0sqiTcKxjPKoHt5kEqvnAEEIlM3/FtEckodqUmDMluLMnz5PacdE9KZZuS/ny+bSOLNpD+6iAXHSKyugKVVAVUfSIntErerOerBfr3fqYRDPWdGYX/YH1+QM/BJyl</latexit>

⇤ ⇠ Mp exp(����)
<latexit sha1_base64="OSvi63naHdMSRfv89FsAFCeiG0U=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVop6k4MWLUMF+QLuUbJptQ7NJSLJCWfojvHhQxKu/x5v/xrTdg7Y+GHi8N8PMvEhxZqzvf3uFtfWNza3idmlnd2//oHx41DIy1YQ2ieRSdyJsKGeCNi2znHaUpjiJOG1H49uZ336i2jApHu1E0TDBQ8FiRrB1UrvHObrvq3654lf9OdAqCXJSgRyNfvmrN5AkTaiwhGNjuoGvbJhhbRnhdFrqpYYqTMZ4SLuOCpxQE2bzc6fozCkDFEvtSlg0V39PZDgxZpJErjPBdmSWvZn4n9dNbXwdZkyo1FJBFovilCMr0ex3NGCaEssnjmCimbsVkRHWmFiXUMmFECy/vEpaF9Xgslp7qFXqN3kcRTiBUziHAK6gDnfQgCYQGMMzvMKbp7wX7937WLQWvHzmGP7A+/wByNKPNQ==</latexit>

⌧ Mp

<latexit sha1_base64="4XRNEvlkfzQ9P3pOGr/Tcd2mlt8=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS1EoCNhYWEcwDkiXMzs4mQ2Znl5m7Qgj5CBsLRWz9Hjv/xkmyhSYeGDiccy5z7wlSKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy2TZJrxJktkojsBNVwKxZsoUPJOqjmNA8nbweh25refuDYiUY84Trkf04ESkWAUrdTu3dtoSPvlilt15yCrxMtJBXI0+uWvXpiwLOYKmaTGdD03RX9CNQom+bTUywxPKRvRAe9aqmjMjT+ZrzslZ1YJSZRo+xSSufp7YkJjY8ZxYJMxxaFZ9mbif143w+janwiVZsgVW3wUZZJgQma3k1BozlCOLaFMC7srYUOqKUPbUMmW4C2fvEpaF1Xvslp7qFXqN3kdRTiBUzgHD66gDnfQgCYwGMEzvMKbkzovzrvzsYgWnHzmGP7A+fwBDV+PYg==</latexit>

⇤
<latexit sha1_base64="q7Sxsobl5MeFOCsyjNJEJdiJOeQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvHgRKtoPaEPZbCft0s0m7G6EEvoTvHhQxKu/yJv/xm2bg7Y+GHi8N8PMvCARXBvX/XYKK6tr6xvFzdLW9s7uXnn/oKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0c3Ubz2h0jyWj2acoB/RgeQhZ9RY6eGul/TKFbfqzkCWiZeTCuSo98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IiVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGVn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48jJpnlW9i+r5/Xmldp3HUYQjOIZT8OASanALdWgAgwE8wyu8OcJ5cd6dj3lrwclnDuEPnM8fK2SNuQ==</latexit>

Mp



Approximate global 
symmetries, small couplings, 

large hierarchies, …

Infinite distance 
in field space

Existence of tower 
of states which 

lowers the cut-off

EXPLICIT EXAMPLES 3) Dynamical parameters and 
Distance Conjecture

quantum 
gravity



EXPLICIT EXAMPLES 3) Dynamical parameters and 
Distance Conjecture

Implications:



EXPLICIT EXAMPLES 3) Dynamical parameters and 
Distance Conjecture

Implications:

<latexit sha1_base64="bmTYi6C7sg/sSSyECvDb6EvzkN4=">AAACEXicbVC7SgNBFJ2Nrxhfq5Y2g0GIhWFXglpJQAsLhQjmAdklzE5ukiGzu8PMrBiW/IKNv2JjoYitnZ1/4+RRaOKBgcM553LnnkBwprTjfFuZhcWl5ZXsam5tfWNzy97eqak4kRSqNOaxbAREAWcRVDXTHBpCAgkDDvWgfzHy6/cgFYujOz0Q4IekG7EOo0QbqWUXvGsTbhNPsRDftIQHD6Jw5PGxiL1L4Jp4oscOW3beKTpj4HniTkkeTVFp2V9eO6ZJCJGmnCjVdB2h/ZRIzSiHYc5LFAhC+6QLTUMjEoLy0/FFQ3xglDbuxNK8SOOx+nsiJaFSgzAwyZDonpr1RuJ/XjPRnTM/ZZFINER0sqiTcKxjPKoHt5kEqvnAEEIlM3/FtEckodqUmDMluLMnz5PacdE9KZZuS/ny+bSOLNpD+6iAXHSKyugKVVAVUfSIntErerOerBfr3fqYRDPWdGYX/YH1+QM/BJyl</latexit>

⇤ ⇠ Mp exp(����)

<latexit sha1_base64="UMusmqrd5tbxVX9EnfR9Xhe7WKM="></latexit>

�� . 1

�
log

✓
Mp

⇤

◆

1) Bound on the maximum scalar field range that can be accommodated 
in a given EFT as a function of the Quantum Gravity cut-off

Constraints on large field inflation, cosmological relaxation, …
[Ibanez et al’15] [Scalisi,IV18] , … 



EXPLICIT EXAMPLES 3) Dynamical parameters and 
Distance Conjecture

Implications:

2) Bound on how small gauge couplings can be
<latexit sha1_base64="I+5PnyS9yE5yt8Scem62pCcb2iE=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEF1JmpKgrKbhxoVDBPqAzDplM2oYmmSHJCGUobvwVNy4UcetXuPNvTNtZaOuBwOGcc7m5J0wYVdpxvq3CwuLS8kpxtbS2vrG5ZW/vNFWcSkwaOGaxbIdIEUYFaWiqGWknkiAeMtIKB5djv/VApKKxuNPDhPgc9QTtUoy0kQJ7z7s24Qh5jCilKIe9+4F3DG+CJLDLTsWZAM4TNydlkKMe2F9eFOOUE6ExQ0p1XCfRfoakppiRUclLFUkQHqAe6RgqECfKzyYnjOChUSLYjaV5QsOJ+nsiQ1ypIQ9NkiPdV7PeWPzP66S6e+5nVCSpJgJPF3VTBnUMx33AiEqCNRsagrCk5q8Q95FEWJvWSqYEd/bkedI8qbinlepttVy7yOsogn1wAI6AC85ADVyBOmgADB7BM3gFb9aT9WK9Wx/TaMHKZ3bBH1ifP0w7lrc=</latexit>

⇤ . gk Mp
<latexit sha1_base64="yukN0TbsxtorFARFgMtt/jWvmak=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5poUVdScOOygn1AG8pketMOnUzizESooV/ixoUibv0Ud/6N0zQLbT1wL4dz7mXuHD/mTGnH+bYKK6tr6xvFzdLW9s5u2d7bb6kokRSaNOKR7PhEAWcCmpppDp1YAgl9Dm1/fDPz248gFYvEvZ7E4IVkKFjAKNFG6ttl9/S8x+EBj7Pu9u2KU3Uy4GXi5qSCcjT69ldvENEkBKEpJ0p1XSfWXkqkZpTDtNRLFMSEjskQuoYKEoLy0uzwKT42ygAHkTQlNM7U3xspCZWahL6ZDIkeqUVvJv7ndRMdXHkpE3GiQdD5Q0HCsY7wLAU8YBKo5hNDCJXM3IrpiEhCtcmqZEJwF7+8TFpnVfeiWrurVerXeRxFdIiO0Aly0SWqo1vUQE1EUYKe0St6s56sF+vd+piPFqx85wD9gfX5A+JukfE=</latexit>

1/3  k  1

Constraints on weakly coupled dark photons, Stuckelberg couplings, …
[Reece’18] [Montero,Muñoz,Obied’22] , … 

<latexit sha1_base64="bmTYi6C7sg/sSSyECvDb6EvzkN4=">AAACEXicbVC7SgNBFJ2Nrxhfq5Y2g0GIhWFXglpJQAsLhQjmAdklzE5ukiGzu8PMrBiW/IKNv2JjoYitnZ1/4+RRaOKBgcM553LnnkBwprTjfFuZhcWl5ZXsam5tfWNzy97eqak4kRSqNOaxbAREAWcRVDXTHBpCAgkDDvWgfzHy6/cgFYujOz0Q4IekG7EOo0QbqWUXvGsTbhNPsRDftIQHD6Jw5PGxiL1L4Jp4oscOW3beKTpj4HniTkkeTVFp2V9eO6ZJCJGmnCjVdB2h/ZRIzSiHYc5LFAhC+6QLTUMjEoLy0/FFQ3xglDbuxNK8SOOx+nsiJaFSgzAwyZDonpr1RuJ/XjPRnTM/ZZFINER0sqiTcKxjPKoHt5kEqvnAEEIlM3/FtEckodqUmDMluLMnz5PacdE9KZZuS/ny+bSOLNpD+6iAXHSKyugKVVAVUfSIntErerOerBfr3fqYRDPWdGYX/YH1+QM/BJyl</latexit>

⇤ ⇠ Mp exp(����)

<latexit sha1_base64="UMusmqrd5tbxVX9EnfR9Xhe7WKM="></latexit>

�� . 1

�
log

✓
Mp

⇤

◆

1) Bound on the maximum scalar field range that can be accommodated 
in a given EFT as a function of the Quantum Gravity cut-off

Constraints on large field inflation, cosmological relaxation, …
[Ibanez et al’15] [Scalisi,IV18] , … 
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dark dimension



EXPLICIT EXAMPLES 4) Small vacuum energy and 
dark dimension

<latexit sha1_base64="LYOnHgRHzPVZLo+JC32NkEucDrw=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjLtOG03UnDjwkUF+4B2KJlM2oZmMkOSEcrQj3DjQhG3fo87/8b0IajogcDhnHPJvSdIOFMaoQ8rt7a+sbmV3y7s7O7tHxQPj9oqTiWhLRLzWHYDrChngrY005x2E0lxFHDaCSZXc79zT6VisbjT04T6ER4JNmQEayN1+jcmGuJBsYRsVKt6nguRXanXLlxkiFeul50KdGy0QAms0BwU3/thTNKICk04VqrnoET7GZaaEU5nhX6qaILJBI9oz1CBI6r8bLHuDJ4ZJYTDWJonNFyo3ycyHCk1jQKTjLAeq9/eXPzL66V6WPMzJpJUU0GWHw1TDnUM57fDkElKNJ8agolkZldIxlhiok1DBVPC16Xwf9Iu245nu7duqXG5qiMPTsApOAcOqIIGuAZN0AIETMADeALPVmI9Wi/W6zKas1Yzx+AHrLdPhd2PtQ==</latexit>

⇤Vacuum energy (if positive an below    ) vanishes asymptotically

(at infinite field distance)

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

<latexit sha1_base64="03WM2qv95IvtESwZtdXXafVlSwk=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QLiWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZlqQptEcqk7ETaUM0GblllOO0pTnESctqPx3cxvP1FtmBSPdqJomOChYDEj2Dqp3ar01Ihd9Etlv+rPgVZJkJMy5Gj0S1+9gSRpQoUlHBvTDXxlwwxrywin02IvNVRhMsZD2nVU4ISaMJufO0XnThmgWGpXwqK5+nsiw4kxkyRynQm2I7PszcT/vG5q45swY0KllgqyWBSnHFmJZr+jAdOUWD5xBBPN3K2IjLDGxLqEii6EYPnlVdK6rAZX1dpDrVy/zeMowCmcQQUCuIY63EMDmkBgDM/wCm+e8l68d+9j0brm5TMn8Afe5w+Gzo8N</latexit>

V (�)



EXPLICIT EXAMPLES 4) Small vacuum energy and 
dark dimension

how come? it looks “unnatural”
string theory contains infinitely many massive states!

<latexit sha1_base64="LYOnHgRHzPVZLo+JC32NkEucDrw=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjLtOG03UnDjwkUF+4B2KJlM2oZmMkOSEcrQj3DjQhG3fo87/8b0IajogcDhnHPJvSdIOFMaoQ8rt7a+sbmV3y7s7O7tHxQPj9oqTiWhLRLzWHYDrChngrY005x2E0lxFHDaCSZXc79zT6VisbjT04T6ER4JNmQEayN1+jcmGuJBsYRsVKt6nguRXanXLlxkiFeul50KdGy0QAms0BwU3/thTNKICk04VqrnoET7GZaaEU5nhX6qaILJBI9oz1CBI6r8bLHuDJ4ZJYTDWJonNFyo3ycyHCk1jQKTjLAeq9/eXPzL66V6WPMzJpJUU0GWHw1TDnUM57fDkElKNJ8agolkZldIxlhiok1DBVPC16Xwf9Iu245nu7duqXG5qiMPTsApOAcOqIIGuAZN0AIETMADeALPVmI9Wi/W6zKas1Yzx+AHrLdPhd2PtQ==</latexit>

⇤Vacuum energy (if positive an below    ) vanishes asymptotically

(at infinite field distance)

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

<latexit sha1_base64="03WM2qv95IvtESwZtdXXafVlSwk=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QLiWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZlqQptEcqk7ETaUM0GblllOO0pTnESctqPx3cxvP1FtmBSPdqJomOChYDEj2Dqp3ar01Ihd9Etlv+rPgVZJkJMy5Gj0S1+9gSRpQoUlHBvTDXxlwwxrywin02IvNVRhMsZD2nVU4ISaMJufO0XnThmgWGpXwqK5+nsiw4kxkyRynQm2I7PszcT/vG5q45swY0KllgqyWBSnHFmJZr+jAdOUWD5xBBPN3K2IjLDGxLqEii6EYPnlVdK6rAZX1dpDrVy/zeMowCmcQQUCuIY63EMDmkBgDM/wCm+e8l68d+9j0brm5TMn8Afe5w+Gzo8N</latexit>

V (�)



EXPLICIT EXAMPLES 4) Small vacuum energy and 
dark dimension

how come? it looks “unnatural”
string theory contains infinitely many massive states!

<latexit sha1_base64="LYOnHgRHzPVZLo+JC32NkEucDrw=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjLtOG03UnDjwkUF+4B2KJlM2oZmMkOSEcrQj3DjQhG3fo87/8b0IajogcDhnHPJvSdIOFMaoQ8rt7a+sbmV3y7s7O7tHxQPj9oqTiWhLRLzWHYDrChngrY005x2E0lxFHDaCSZXc79zT6VisbjT04T6ER4JNmQEayN1+jcmGuJBsYRsVKt6nguRXanXLlxkiFeul50KdGy0QAms0BwU3/thTNKICk04VqrnoET7GZaaEU5nhX6qaILJBI9oz1CBI6r8bLHuDJ4ZJYTDWJonNFyo3ycyHCk1jQKTjLAeq9/eXPzL66V6WPMzJpJUU0GWHw1TDnUM57fDkElKNJ8agolkZldIxlhiok1DBVPC16Xwf9Iu245nu7duqXG5qiMPTsApOAcOqIIGuAZN0AIETMADeALPVmI9Wi/W6zKas1Yzx+AHrLdPhd2PtQ==</latexit>

⇤Vacuum energy (if positive an below    ) vanishes asymptotically

(at infinite field distance)

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

<latexit sha1_base64="03WM2qv95IvtESwZtdXXafVlSwk=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QLiWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZlqQptEcqk7ETaUM0GblllOO0pTnESctqPx3cxvP1FtmBSPdqJomOChYDEj2Dqp3ar01Ihd9Etlv+rPgVZJkJMy5Gj0S1+9gSRpQoUlHBvTDXxlwwxrywin02IvNVRhMsZD2nVU4ISaMJufO0XnThmgWGpXwqK5+nsiw4kxkyRynQm2I7PszcT/vG5q45swY0KllgqyWBSnHFmJZr+jAdOUWD5xBBPN3K2IjLDGxLqEii6EYPnlVdK6rAZX1dpDrVy/zeMowCmcQQUCuIY63EMDmkBgDM/wCm+e8l68d+9j0brm5TMn8Afe5w+Gzo8N</latexit>

V (�)

regardless of supersymmetry

Asymmptotically (at parametrically late times) the universe 
becomes nearly flat (Minkowski)

[Obied et al’18] [Dvali’s work]



EXPLICIT EXAMPLES 4) Small vacuum energy and 
dark dimension

how come? it looks “unnatural”
regardless of supersymmetry

e.g. Non-SUSY heterotic string theory
<latexit sha1_base64="thuWFWHailsxguNaftCxeqTzzjQ=">AAACEnicbVBNSwMxFMz6bf2qevQSLIJSKLsi6kUpePFYwbZCW0o2fdVgNlmSt2JZ9jd48a948aCIV0/e/Ddm2x7UOhCYzLwheRPGUlj0/S9vanpmdm5+YbGwtLyyulZc32hYnRgOda6lNlchsyCFgjoKlHAVG2BRKKEZ3p7lfvMOjBVaXeIghk7ErpXoC87QSd3iXuOk0U3bJqJoALIyzW8I95hqBVRqHWdZud3TaLvFkl/xh6CTJBiTEhmj1i1+uhxPIlDIJbO2FfgxdlJmUHAJWaGdWIgZv2XX0HJUsQhsJx2ulNEdp/RoXxt3FNKh+jORssjaQRS6yYjhjf3r5eJ/XivB/nEnFSpOEBQfPdRPJEVN835oTxjgKAeOMG6E+yvlN8wwjq7Fgish+LvyJGnsV4LDysHFQal6Oq5jgWyRbbJLAnJEquSc1EidcPJAnsgLefUevWfvzXsfjU5548wm+QXv4xt9d54D</latexit>

V = Vtree + Vone loop + . . .

0
(conformal invariance of 
the string worldsheet)

<latexit sha1_base64="hJDX86MvgeCRBNdX+99NBk0Lwxw=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6sIyI0VdScGNywr2AZ2hZNJMG5pkQpIRS+3CX3HjQhG3/oY7/8a0nYW2HrhwOOde7r0nkoxq43nfTm5peWV1Lb9e2Njc2t5xd/caOkkVJnWcsES1IqQJo4LUDTWMtKQiiEeMNKPB9cRv3hOlaSLuzFCSkKOeoDHFyFip4x4EmvKAPMjSadBDnCMYyD496bhFr+xNAReJn5EiyFDruF9BN8EpJ8JghrRu+5404QgpQzEj40KQaiIRHqAeaVsqECc6HE3vH8Njq3RhnChbwsCp+ntihLjWQx7ZTo5MX897E/E/r52a+DIcUSFTQwSeLYpTBk0CJ2HALlUEGza0BGFF7a0Q95FC2NjICjYEf/7lRdI4K/vn5cptpVi9yuLIg0NwBErABxegCm5ADdQBBo/gGbyCN+fJeXHenY9Za87JZvbBHzifPwXjlXQ=</latexit>

⇠ exp(���)

string theory contains infinitely many massive states!

Vacuum energy (if positive an below    ) vanishes asymptotically

(at infinite field distance)

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

<latexit sha1_base64="03WM2qv95IvtESwZtdXXafVlSwk=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QLiWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZlqQptEcqk7ETaUM0GblllOO0pTnESctqPx3cxvP1FtmBSPdqJomOChYDEj2Dqp3ar01Ihd9Etlv+rPgVZJkJMy5Gj0S1+9gSRpQoUlHBvTDXxlwwxrywin02IvNVRhMsZD2nVU4ISaMJufO0XnThmgWGpXwqK5+nsiw4kxkyRynQm2I7PszcT/vG5q45swY0KllgqyWBSnHFmJZr+jAdOUWD5xBBPN3K2IjLDGxLqEii6EYPnlVdK6rAZX1dpDrVy/zeMowCmcQQUCuIY63EMDmkBgDM/wCm+e8l68d+9j0brm5TMn8Afe5w+Gzo8N</latexit>

V (�)

<latexit sha1_base64="LYOnHgRHzPVZLo+JC32NkEucDrw=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjLtOG03UnDjwkUF+4B2KJlM2oZmMkOSEcrQj3DjQhG3fo87/8b0IajogcDhnHPJvSdIOFMaoQ8rt7a+sbmV3y7s7O7tHxQPj9oqTiWhLRLzWHYDrChngrY005x2E0lxFHDaCSZXc79zT6VisbjT04T6ER4JNmQEayN1+jcmGuJBsYRsVKt6nguRXanXLlxkiFeul50KdGy0QAms0BwU3/thTNKICk04VqrnoET7GZaaEU5nhX6qaILJBI9oz1CBI6r8bLHuDJ4ZJYTDWJonNFyo3ycyHCk1jQKTjLAeq9/eXPzL66V6WPMzJpJUU0GWHw1TDnUM57fDkElKNJ8agolkZldIxlhiok1DBVPC16Xwf9Iu245nu7duqXG5qiMPTsApOAcOqIIGuAZN0AIETMADeALPVmI9Wi/W6zKas1Yzx+AHrLdPhd2PtQ==</latexit>

⇤

(“Casimir energy” 
of string states)



EXPLICIT EXAMPLES 4) Small vacuum energy and 
dark dimension

how come? it looks “unnatural”
regardless of supersymmetry string theory contains infinitely many massive states!

It is crucial to integrate out the infinite towers of states to obtain a finite 
result that it is smaller than expected if you only considered quantum 

corrections form a finite number of fields

[see Steven’s talk]

Vacuum energy (if positive an below    ) vanishes asymptotically

(at infinite field distance)

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

<latexit sha1_base64="03WM2qv95IvtESwZtdXXafVlSwk=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QLiWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZlqQptEcqk7ETaUM0GblllOO0pTnESctqPx3cxvP1FtmBSPdqJomOChYDEj2Dqp3ar01Ihd9Etlv+rPgVZJkJMy5Gj0S1+9gSRpQoUlHBvTDXxlwwxrywin02IvNVRhMsZD2nVU4ISaMJufO0XnThmgWGpXwqK5+nsiw4kxkyRynQm2I7PszcT/vG5q45swY0KllgqyWBSnHFmJZr+jAdOUWD5xBBPN3K2IjLDGxLqEii6EYPnlVdK6rAZX1dpDrVy/zeMowCmcQQUCuIY63EMDmkBgDM/wCm+e8l68d+9j0brm5TMn8Afe5w+Gzo8N</latexit>

V (�)

<latexit sha1_base64="LYOnHgRHzPVZLo+JC32NkEucDrw=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjLtOG03UnDjwkUF+4B2KJlM2oZmMkOSEcrQj3DjQhG3fo87/8b0IajogcDhnHPJvSdIOFMaoQ8rt7a+sbmV3y7s7O7tHxQPj9oqTiWhLRLzWHYDrChngrY005x2E0lxFHDaCSZXc79zT6VisbjT04T6ER4JNmQEayN1+jcmGuJBsYRsVKt6nguRXanXLlxkiFeul50KdGy0QAms0BwU3/thTNKICk04VqrnoET7GZaaEU5nhX6qaILJBI9oz1CBI6r8bLHuDJ4ZJYTDWJonNFyo3ycyHCk1jQKTjLAeq9/eXPzL66V6WPMzJpJUU0GWHw1TDnUM57fDkElKNJ8agolkZldIxlhiok1DBVPC16Xwf9Iu245nu7duqXG5qiMPTsApOAcOqIIGuAZN0AIETMADeALPVmI9Wi/W6zKas1Yzx+AHrLdPhd2PtQ==</latexit>

⇤



EXPLICIT EXAMPLES 4) Small vacuum energy and 
dark dimension

how come? it looks “unnatural”
regardless of supersymmetry string theory contains infinitely many massive states!

This is a universal result in string theory and can also be motivated by the 
Swampland Distance conjecture (i.e. the existence of the tower of states)

V

<latexit sha1_base64="nsbcyjbzBxgowsUQ15WmJkQsNV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePHYgq2FNpTNdtKu3U3C7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKHiELcONwE6ikMpA4EMwvp35D0+oNI+jezNJ0Jd0GPGQM2qs1JT9csWtunOQVeLlpAI5Gv3yV28Qs1RiZJigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkZUovaz+aFTcmaVAQljZSsyZK7+nsio1HoiA9spqRnpZW8m/ud1UxNe+xmPktRgxBaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+ANdHjPY=</latexit>m

V
<latexit sha1_base64="nsbcyjbzBxgowsUQ15WmJkQsNV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePHYgq2FNpTNdtKu3U3C7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKHiELcONwE6ikMpA4EMwvp35D0+oNI+jezNJ0Jd0GPGQM2qs1JT9csWtunOQVeLlpAI5Gv3yV28Qs1RiZJigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkZUovaz+aFTcmaVAQljZSsyZK7+nsio1HoiA9spqRnpZW8m/ud1UxNe+xmPktRgxBaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+ANdHjPY=</latexit>m

Vacuum energy (if positive an below    ) vanishes asymptotically

(at infinite field distance)

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

<latexit sha1_base64="03WM2qv95IvtESwZtdXXafVlSwk=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QLiWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZlqQptEcqk7ETaUM0GblllOO0pTnESctqPx3cxvP1FtmBSPdqJomOChYDEj2Dqp3ar01Ihd9Etlv+rPgVZJkJMy5Gj0S1+9gSRpQoUlHBvTDXxlwwxrywin02IvNVRhMsZD2nVU4ISaMJufO0XnThmgWGpXwqK5+nsiw4kxkyRynQm2I7PszcT/vG5q45swY0KllgqyWBSnHFmJZr+jAdOUWD5xBBPN3K2IjLDGxLqEii6EYPnlVdK6rAZX1dpDrVy/zeMowCmcQQUCuIY63EMDmkBgDM/wCm+e8l68d+9j0brm5TMn8Afe5w+Gzo8N</latexit>

V (�)

<latexit sha1_base64="LYOnHgRHzPVZLo+JC32NkEucDrw=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjLtOG03UnDjwkUF+4B2KJlM2oZmMkOSEcrQj3DjQhG3fo87/8b0IajogcDhnHPJvSdIOFMaoQ8rt7a+sbmV3y7s7O7tHxQPj9oqTiWhLRLzWHYDrChngrY005x2E0lxFHDaCSZXc79zT6VisbjT04T6ER4JNmQEayN1+jcmGuJBsYRsVKt6nguRXanXLlxkiFeul50KdGy0QAms0BwU3/thTNKICk04VqrnoET7GZaaEU5nhX6qaILJBI9oz1CBI6r8bLHuDJ4ZJYTDWJonNFyo3ycyHCk1jQKTjLAeq9/eXPzL66V6WPMzJpJUU0GWHw1TDnUM57fDkElKNJ8agolkZldIxlhiok1DBVPC16Xwf9Iu245nu7duqXG5qiMPTsApOAcOqIIGuAZN0AIETMADeALPVmI9Wi/W6zKas1Yzx+AHrLdPhd2PtQ==</latexit>

⇤

[Ooguri et al’18]

[Montero,Vafa,IV’22]
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EXPLICIT EXAMPLES 4) Small vacuum energy and 
dark dimension

Could it be that the dark energy (vacuum energy) in our universe is small 

?
<latexit sha1_base64="JJsxVRbWCPiMsCCUEjSGG/+IuVc=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIREnRE0FAGRB5SYkXnyzo+5fzQ3RkpWPkDWqjpEC1/Q8mfcA4uSMJUszuz2t3xEsGVtu0vq7Syura+Ud6sbG3v7O5V9w/aKk4lwxaLRSy7HlUoeIQtzbXAbiKRhp7Ajje+yfXOI0rF4+hBTxJ0QzqKuM8Z1aZ1f1UZVGt23Z6BLBOnIDUo0BxUv/vDmKUhRpoJqlTPsRPtZlRqzgROK/1UYULZmI6wZ2hEQ1RuNrt0Sk78WBIdIJnVf70ZDZWahJ7xhFQHalHLm/9pvVT7l27GoyTVGDFjMZqfCqJjkj9Mhlwi02JiCGWSmysJC6ikTJtY5rYo806Aw2meibOYwDJpn9Udu+7cndca10U6ZTiCYzgFBy6gAbfQhBYw8OEZXuDVerLerHfr49dasoqZQ5iD9fkDWDqTRQ==</latexit><latexit sha1_base64="JJsxVRbWCPiMsCCUEjSGG/+IuVc=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIREnRE0FAGRB5SYkXnyzo+5fzQ3RkpWPkDWqjpEC1/Q8mfcA4uSMJUszuz2t3xEsGVtu0vq7Syura+Ud6sbG3v7O5V9w/aKk4lwxaLRSy7HlUoeIQtzbXAbiKRhp7Ajje+yfXOI0rF4+hBTxJ0QzqKuM8Z1aZ1f1UZVGt23Z6BLBOnIDUo0BxUv/vDmKUhRpoJqlTPsRPtZlRqzgROK/1UYULZmI6wZ2hEQ1RuNrt0Sk78WBIdIJnVf70ZDZWahJ7xhFQHalHLm/9pvVT7l27GoyTVGDFjMZqfCqJjkj9Mhlwi02JiCGWSmysJC6ikTJtY5rYo806Aw2meibOYwDJpn9Udu+7cndca10U6ZTiCYzgFBy6gAbfQhBYw8OEZXuDVerLerHfr49dasoqZQ5iD9fkDWDqTRQ==</latexit><latexit sha1_base64="JJsxVRbWCPiMsCCUEjSGG/+IuVc=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIREnRE0FAGRB5SYkXnyzo+5fzQ3RkpWPkDWqjpEC1/Q8mfcA4uSMJUszuz2t3xEsGVtu0vq7Syura+Ud6sbG3v7O5V9w/aKk4lwxaLRSy7HlUoeIQtzbXAbiKRhp7Ajje+yfXOI0rF4+hBTxJ0QzqKuM8Z1aZ1f1UZVGt23Z6BLBOnIDUo0BxUv/vDmKUhRpoJqlTPsRPtZlRqzgROK/1UYULZmI6wZ2hEQ1RuNrt0Sk78WBIdIJnVf70ZDZWahJ7xhFQHalHLm/9pvVT7l27GoyTVGDFjMZqfCqJjkj9Mhlwi02JiCGWSmysJC6ikTJtY5rYo806Aw2meibOYwDJpn9Udu+7cndca10U6ZTiCYzgFBy6gAbfQhBYw8OEZXuDVerLerHfr49dasoqZQ5iD9fkDWDqTRQ==</latexit><latexit sha1_base64="JJsxVRbWCPiMsCCUEjSGG/+IuVc=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIREnRE0FAGRB5SYkXnyzo+5fzQ3RkpWPkDWqjpEC1/Q8mfcA4uSMJUszuz2t3xEsGVtu0vq7Syura+Ud6sbG3v7O5V9w/aKk4lwxaLRSy7HlUoeIQtzbXAbiKRhp7Ajje+yfXOI0rF4+hBTxJ0QzqKuM8Z1aZ1f1UZVGt23Z6BLBOnIDUo0BxUv/vDmKUhRpoJqlTPsRPtZlRqzgROK/1UYULZmI6wZ2hEQ1RuNrt0Sk78WBIdIJnVf70ZDZWahJ7xhFQHalHLm/9pvVT7l27GoyTVGDFjMZqfCqJjkj9Mhlwi02JiCGWSmysJC6ikTJtY5rYo806Aw2meibOYwDJpn9Udu+7cndca10U6ZTiCYzgFBy6gAbfQhBYw8OEZXuDVerLerHfr49dasoqZQ5iD9fkDWDqTRQ==</latexit>

<latexit sha1_base64="6iX+hDHSGVY5d9WtUa8UglHqmvc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVE9S8OKxgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpne533uiSrNYPppZQn2BJ5KFjGCTS8MkYqNqza27C6B14hWkBgXao+rXcByTVFBpCMdaDzw3MX6GlWGE03llmGqaYDLFEzqwVGJBtZ8tbp2jC6uMURgrW9Kghfp7IsNC65kIbKfAJtKrXi7+5w1SE974GZNJaqgky0VhypGJUf44GjNFieEzSzBRzN6KSIQVJsbGU7EheKsvr5PuVd1r1hsPjVrrtoijDGdwDpfgwTW04B7a0AECETzDK7w5wnlx3p2PZWvJKWZO4Q+czx8VQo5E</latexit>

�

<latexit sha1_base64="QwkcQDC/mpDR68EEn4kkmLcUnD8=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVop6k4MVjBfsB7VKyabYNzSYhyQpl6Y/w4kERr/4eb/4b03YP2vpg4PHeDDPzIsWZsb7/7a2tb2xubRd2irt7+weHpaPjlpGpJrRJJJe6E2FDORO0aZnltKM0xUnEaTsa38389hPVhknxaCeKhgkeChYzgq2T2q1KT43YRb9U9qv+HGiVBDkpQ45Gv/TVG0iSJlRYwrEx3cBXNsywtoxwOi32UkMVJmM8pF1HBU6oCbP5uVN07pQBiqV2JSyaq78nMpwYM0ki15lgOzLL3kz8z+umNr4JMyZUaqkgi0VxypGVaPY7GjBNieUTRzDRzN2KyAhrTKxLqOhCCJZfXiWty2pwVa091Mr12zyOApzCGVQggGuowz00oAkExvAMr/DmKe/Fe/c+Fq1rXj5zAn/gff4AhZqPCQ==</latexit>

V (�)
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Could it be that the dark energy (vacuum energy) in our universe is small 

not because of a huge fine-tuning of many contributions

?
<latexit sha1_base64="JJsxVRbWCPiMsCCUEjSGG/+IuVc=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIREnRE0FAGRB5SYkXnyzo+5fzQ3RkpWPkDWqjpEC1/Q8mfcA4uSMJUszuz2t3xEsGVtu0vq7Syura+Ud6sbG3v7O5V9w/aKk4lwxaLRSy7HlUoeIQtzbXAbiKRhp7Ajje+yfXOI0rF4+hBTxJ0QzqKuM8Z1aZ1f1UZVGt23Z6BLBOnIDUo0BxUv/vDmKUhRpoJqlTPsRPtZlRqzgROK/1UYULZmI6wZ2hEQ1RuNrt0Sk78WBIdIJnVf70ZDZWahJ7xhFQHalHLm/9pvVT7l27GoyTVGDFjMZqfCqJjkj9Mhlwi02JiCGWSmysJC6ikTJtY5rYo806Aw2meibOYwDJpn9Udu+7cndca10U6ZTiCYzgFBy6gAbfQhBYw8OEZXuDVerLerHfr49dasoqZQ5iD9fkDWDqTRQ==</latexit><latexit sha1_base64="JJsxVRbWCPiMsCCUEjSGG/+IuVc=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIREnRE0FAGRB5SYkXnyzo+5fzQ3RkpWPkDWqjpEC1/Q8mfcA4uSMJUszuz2t3xEsGVtu0vq7Syura+Ud6sbG3v7O5V9w/aKk4lwxaLRSy7HlUoeIQtzbXAbiKRhp7Ajje+yfXOI0rF4+hBTxJ0QzqKuM8Z1aZ1f1UZVGt23Z6BLBOnIDUo0BxUv/vDmKUhRpoJqlTPsRPtZlRqzgROK/1UYULZmI6wZ2hEQ1RuNrt0Sk78WBIdIJnVf70ZDZWahJ7xhFQHalHLm/9pvVT7l27GoyTVGDFjMZqfCqJjkj9Mhlwi02JiCGWSmysJC6ikTJtY5rYo806Aw2meibOYwDJpn9Udu+7cndca10U6ZTiCYzgFBy6gAbfQhBYw8OEZXuDVerLerHfr49dasoqZQ5iD9fkDWDqTRQ==</latexit><latexit sha1_base64="JJsxVRbWCPiMsCCUEjSGG/+IuVc=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIREnRE0FAGRB5SYkXnyzo+5fzQ3RkpWPkDWqjpEC1/Q8mfcA4uSMJUszuz2t3xEsGVtu0vq7Syura+Ud6sbG3v7O5V9w/aKk4lwxaLRSy7HlUoeIQtzbXAbiKRhp7Ajje+yfXOI0rF4+hBTxJ0QzqKuM8Z1aZ1f1UZVGt23Z6BLBOnIDUo0BxUv/vDmKUhRpoJqlTPsRPtZlRqzgROK/1UYULZmI6wZ2hEQ1RuNrt0Sk78WBIdIJnVf70ZDZWahJ7xhFQHalHLm/9pvVT7l27GoyTVGDFjMZqfCqJjkj9Mhlwi02JiCGWSmysJC6ikTJtY5rYo806Aw2meibOYwDJpn9Udu+7cndca10U6ZTiCYzgFBy6gAbfQhBYw8OEZXuDVerLerHfr49dasoqZQ5iD9fkDWDqTRQ==</latexit><latexit sha1_base64="JJsxVRbWCPiMsCCUEjSGG/+IuVc=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIREnRE0FAGRB5SYkXnyzo+5fzQ3RkpWPkDWqjpEC1/Q8mfcA4uSMJUszuz2t3xEsGVtu0vq7Syura+Ud6sbG3v7O5V9w/aKk4lwxaLRSy7HlUoeIQtzbXAbiKRhp7Ajje+yfXOI0rF4+hBTxJ0QzqKuM8Z1aZ1f1UZVGt23Z6BLBOnIDUo0BxUv/vDmKUhRpoJqlTPsRPtZlRqzgROK/1UYULZmI6wZ2hEQ1RuNrt0Sk78WBIdIJnVf70ZDZWahJ7xhFQHalHLm/9pvVT7l27GoyTVGDFjMZqfCqJjkj9Mhlwi02JiCGWSmysJC6ikTJtY5rYo806Aw2meibOYwDJpn9Udu+7cndca10U6ZTiCYzgFBy6gAbfQhBYw8OEZXuDVerLerHfr49dasoqZQ5iD9fkDWDqTRQ==</latexit>

<latexit sha1_base64="6iX+hDHSGVY5d9WtUa8UglHqmvc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVE9S8OKxgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpne533uiSrNYPppZQn2BJ5KFjGCTS8MkYqNqza27C6B14hWkBgXao+rXcByTVFBpCMdaDzw3MX6GlWGE03llmGqaYDLFEzqwVGJBtZ8tbp2jC6uMURgrW9Kghfp7IsNC65kIbKfAJtKrXi7+5w1SE974GZNJaqgky0VhypGJUf44GjNFieEzSzBRzN6KSIQVJsbGU7EheKsvr5PuVd1r1hsPjVrrtoijDGdwDpfgwTW04B7a0AECETzDK7w5wnlx3p2PZWvJKWZO4Q+czx8VQo5E</latexit>

�

<latexit sha1_base64="QwkcQDC/mpDR68EEn4kkmLcUnD8=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVop6k4MVjBfsB7VKyabYNzSYhyQpl6Y/w4kERr/4eb/4b03YP2vpg4PHeDDPzIsWZsb7/7a2tb2xubRd2irt7+weHpaPjlpGpJrRJJJe6E2FDORO0aZnltKM0xUnEaTsa38389hPVhknxaCeKhgkeChYzgq2T2q1KT43YRb9U9qv+HGiVBDkpQ45Gv/TVG0iSJlRYwrEx3cBXNsywtoxwOi32UkMVJmM8pF1HBU6oCbP5uVN07pQBiqV2JSyaq78nMpwYM0ki15lgOzLL3kz8z+umNr4JMyZUaqkgi0VxypGVaPY7GjBNieUTRzDRzN2KyAhrTKxLqOhCCJZfXiWty2pwVa091Mr12zyOApzCGVQggGuowz00oAkExvAMr/DmKe/Fe/c+Fq1rXj5zAn/gff4AhZqPCQ==</latexit>

V (�)
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dark dimension

Could it be that the dark energy (vacuum energy) in our universe is small 

not because of a huge fine-tuning of many contributions

but because we live near and asymptotic limit where it naturally goes to zero?

?
<latexit sha1_base64="JJsxVRbWCPiMsCCUEjSGG/+IuVc=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIREnRE0FAGRB5SYkXnyzo+5fzQ3RkpWPkDWqjpEC1/Q8mfcA4uSMJUszuz2t3xEsGVtu0vq7Syura+Ud6sbG3v7O5V9w/aKk4lwxaLRSy7HlUoeIQtzbXAbiKRhp7Ajje+yfXOI0rF4+hBTxJ0QzqKuM8Z1aZ1f1UZVGt23Z6BLBOnIDUo0BxUv/vDmKUhRpoJqlTPsRPtZlRqzgROK/1UYULZmI6wZ2hEQ1RuNrt0Sk78WBIdIJnVf70ZDZWahJ7xhFQHalHLm/9pvVT7l27GoyTVGDFjMZqfCqJjkj9Mhlwi02JiCGWSmysJC6ikTJtY5rYo806Aw2meibOYwDJpn9Udu+7cndca10U6ZTiCYzgFBy6gAbfQhBYw8OEZXuDVerLerHfr49dasoqZQ5iD9fkDWDqTRQ==</latexit><latexit sha1_base64="JJsxVRbWCPiMsCCUEjSGG/+IuVc=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIREnRE0FAGRB5SYkXnyzo+5fzQ3RkpWPkDWqjpEC1/Q8mfcA4uSMJUszuz2t3xEsGVtu0vq7Syura+Ud6sbG3v7O5V9w/aKk4lwxaLRSy7HlUoeIQtzbXAbiKRhp7Ajje+yfXOI0rF4+hBTxJ0QzqKuM8Z1aZ1f1UZVGt23Z6BLBOnIDUo0BxUv/vDmKUhRpoJqlTPsRPtZlRqzgROK/1UYULZmI6wZ2hEQ1RuNrt0Sk78WBIdIJnVf70ZDZWahJ7xhFQHalHLm/9pvVT7l27GoyTVGDFjMZqfCqJjkj9Mhlwi02JiCGWSmysJC6ikTJtY5rYo806Aw2meibOYwDJpn9Udu+7cndca10U6ZTiCYzgFBy6gAbfQhBYw8OEZXuDVerLerHfr49dasoqZQ5iD9fkDWDqTRQ==</latexit><latexit sha1_base64="JJsxVRbWCPiMsCCUEjSGG/+IuVc=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIREnRE0FAGRB5SYkXnyzo+5fzQ3RkpWPkDWqjpEC1/Q8mfcA4uSMJUszuz2t3xEsGVtu0vq7Syura+Ud6sbG3v7O5V9w/aKk4lwxaLRSy7HlUoeIQtzbXAbiKRhp7Ajje+yfXOI0rF4+hBTxJ0QzqKuM8Z1aZ1f1UZVGt23Z6BLBOnIDUo0BxUv/vDmKUhRpoJqlTPsRPtZlRqzgROK/1UYULZmI6wZ2hEQ1RuNrt0Sk78WBIdIJnVf70ZDZWahJ7xhFQHalHLm/9pvVT7l27GoyTVGDFjMZqfCqJjkj9Mhlwi02JiCGWSmysJC6ikTJtY5rYo806Aw2meibOYwDJpn9Udu+7cndca10U6ZTiCYzgFBy6gAbfQhBYw8OEZXuDVerLerHfr49dasoqZQ5iD9fkDWDqTRQ==</latexit><latexit sha1_base64="JJsxVRbWCPiMsCCUEjSGG/+IuVc=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIREnRE0FAGRB5SYkXnyzo+5fzQ3RkpWPkDWqjpEC1/Q8mfcA4uSMJUszuz2t3xEsGVtu0vq7Syura+Ud6sbG3v7O5V9w/aKk4lwxaLRSy7HlUoeIQtzbXAbiKRhp7Ajje+yfXOI0rF4+hBTxJ0QzqKuM8Z1aZ1f1UZVGt23Z6BLBOnIDUo0BxUv/vDmKUhRpoJqlTPsRPtZlRqzgROK/1UYULZmI6wZ2hEQ1RuNrt0Sk78WBIdIJnVf70ZDZWahJ7xhFQHalHLm/9pvVT7l27GoyTVGDFjMZqfCqJjkj9Mhlwi02JiCGWSmysJC6ikTJtY5rYo806Aw2meibOYwDJpn9Udu+7cndca10U6ZTiCYzgFBy6gAbfQhBYw8OEZXuDVerLerHfr49dasoqZQ5iD9fkDWDqTRQ==</latexit>

<latexit sha1_base64="6iX+hDHSGVY5d9WtUa8UglHqmvc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVE9S8OKxgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpne533uiSrNYPppZQn2BJ5KFjGCTS8MkYqNqza27C6B14hWkBgXao+rXcByTVFBpCMdaDzw3MX6GlWGE03llmGqaYDLFEzqwVGJBtZ8tbp2jC6uMURgrW9Kghfp7IsNC65kIbKfAJtKrXi7+5w1SE974GZNJaqgky0VhypGJUf44GjNFieEzSzBRzN6KSIQVJsbGU7EheKsvr5PuVd1r1hsPjVrrtoijDGdwDpfgwTW04B7a0AECETzDK7w5wnlx3p2PZWvJKWZO4Q+czx8VQo5E</latexit>

�

<latexit sha1_base64="QwkcQDC/mpDR68EEn4kkmLcUnD8=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVop6k4MVjBfsB7VKyabYNzSYhyQpl6Y/w4kERr/4eb/4b03YP2vpg4PHeDDPzIsWZsb7/7a2tb2xubRd2irt7+weHpaPjlpGpJrRJJJe6E2FDORO0aZnltKM0xUnEaTsa38389hPVhknxaCeKhgkeChYzgq2T2q1KT43YRb9U9qv+HGiVBDkpQ45Gv/TVG0iSJlRYwrEx3cBXNsywtoxwOi32UkMVJmM8pF1HBU6oCbP5uVN07pQBiqV2JSyaq78nMpwYM0ki15lgOzLL3kz8z+umNr4JMyZUaqkgi0VxypGVaPY7GjBNieUTRzDRzN2KyAhrTKxLqOhCCJZfXiWty2pwVa091Mr12zyOApzCGVQggGuowz00oAkExvAMr/DmKe/Fe/c+Fq1rXj5zAn/gff4AhZqPCQ==</latexit>

V (�)
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Could it be that the dark energy (vacuum energy) in our universe is small 

not because of a huge fine-tuning of many contributions

but because we live near and asymptotic limit where it naturally goes to zero?

?
<latexit sha1_base64="JJsxVRbWCPiMsCCUEjSGG/+IuVc=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIREnRE0FAGRB5SYkXnyzo+5fzQ3RkpWPkDWqjpEC1/Q8mfcA4uSMJUszuz2t3xEsGVtu0vq7Syura+Ud6sbG3v7O5V9w/aKk4lwxaLRSy7HlUoeIQtzbXAbiKRhp7Ajje+yfXOI0rF4+hBTxJ0QzqKuM8Z1aZ1f1UZVGt23Z6BLBOnIDUo0BxUv/vDmKUhRpoJqlTPsRPtZlRqzgROK/1UYULZmI6wZ2hEQ1RuNrt0Sk78WBIdIJnVf70ZDZWahJ7xhFQHalHLm/9pvVT7l27GoyTVGDFjMZqfCqJjkj9Mhlwi02JiCGWSmysJC6ikTJtY5rYo806Aw2meibOYwDJpn9Udu+7cndca10U6ZTiCYzgFBy6gAbfQhBYw8OEZXuDVerLerHfr49dasoqZQ5iD9fkDWDqTRQ==</latexit><latexit sha1_base64="JJsxVRbWCPiMsCCUEjSGG/+IuVc=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIREnRE0FAGRB5SYkXnyzo+5fzQ3RkpWPkDWqjpEC1/Q8mfcA4uSMJUszuz2t3xEsGVtu0vq7Syura+Ud6sbG3v7O5V9w/aKk4lwxaLRSy7HlUoeIQtzbXAbiKRhp7Ajje+yfXOI0rF4+hBTxJ0QzqKuM8Z1aZ1f1UZVGt23Z6BLBOnIDUo0BxUv/vDmKUhRpoJqlTPsRPtZlRqzgROK/1UYULZmI6wZ2hEQ1RuNrt0Sk78WBIdIJnVf70ZDZWahJ7xhFQHalHLm/9pvVT7l27GoyTVGDFjMZqfCqJjkj9Mhlwi02JiCGWSmysJC6ikTJtY5rYo806Aw2meibOYwDJpn9Udu+7cndca10U6ZTiCYzgFBy6gAbfQhBYw8OEZXuDVerLerHfr49dasoqZQ5iD9fkDWDqTRQ==</latexit><latexit sha1_base64="JJsxVRbWCPiMsCCUEjSGG/+IuVc=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIREnRE0FAGRB5SYkXnyzo+5fzQ3RkpWPkDWqjpEC1/Q8mfcA4uSMJUszuz2t3xEsGVtu0vq7Syura+Ud6sbG3v7O5V9w/aKk4lwxaLRSy7HlUoeIQtzbXAbiKRhp7Ajje+yfXOI0rF4+hBTxJ0QzqKuM8Z1aZ1f1UZVGt23Z6BLBOnIDUo0BxUv/vDmKUhRpoJqlTPsRPtZlRqzgROK/1UYULZmI6wZ2hEQ1RuNrt0Sk78WBIdIJnVf70ZDZWahJ7xhFQHalHLm/9pvVT7l27GoyTVGDFjMZqfCqJjkj9Mhlwi02JiCGWSmysJC6ikTJtY5rYo806Aw2meibOYwDJpn9Udu+7cndca10U6ZTiCYzgFBy6gAbfQhBYw8OEZXuDVerLerHfr49dasoqZQ5iD9fkDWDqTRQ==</latexit><latexit sha1_base64="JJsxVRbWCPiMsCCUEjSGG/+IuVc=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIREnRE0FAGRB5SYkXnyzo+5fzQ3RkpWPkDWqjpEC1/Q8mfcA4uSMJUszuz2t3xEsGVtu0vq7Syura+Ud6sbG3v7O5V9w/aKk4lwxaLRSy7HlUoeIQtzbXAbiKRhp7Ajje+yfXOI0rF4+hBTxJ0QzqKuM8Z1aZ1f1UZVGt23Z6BLBOnIDUo0BxUv/vDmKUhRpoJqlTPsRPtZlRqzgROK/1UYULZmI6wZ2hEQ1RuNrt0Sk78WBIdIJnVf70ZDZWahJ7xhFQHalHLm/9pvVT7l27GoyTVGDFjMZqfCqJjkj9Mhlwi02JiCGWSmysJC6ikTJtY5rYo806Aw2meibOYwDJpn9Udu+7cndca10U6ZTiCYzgFBy6gAbfQhBYw8OEZXuDVerLerHfr49dasoqZQ5iD9fkDWDqTRQ==</latexit>

<latexit sha1_base64="6iX+hDHSGVY5d9WtUa8UglHqmvc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVE9S8OKxgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpne533uiSrNYPppZQn2BJ5KFjGCTS8MkYqNqza27C6B14hWkBgXao+rXcByTVFBpCMdaDzw3MX6GlWGE03llmGqaYDLFEzqwVGJBtZ8tbp2jC6uMURgrW9Kghfp7IsNC65kIbKfAJtKrXi7+5w1SE974GZNJaqgky0VhypGJUf44GjNFieEzSzBRzN6KSIQVJsbGU7EheKsvr5PuVd1r1hsPjVrrtoijDGdwDpfgwTW04B7a0AECETzDK7w5wnlx3p2PZWvJKWZO4Q+czx8VQo5E</latexit>

�

<latexit sha1_base64="QwkcQDC/mpDR68EEn4kkmLcUnD8=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVop6k4MVjBfsB7VKyabYNzSYhyQpl6Y/w4kERr/4eb/4b03YP2vpg4PHeDDPzIsWZsb7/7a2tb2xubRd2irt7+weHpaPjlpGpJrRJJJe6E2FDORO0aZnltKM0xUnEaTsa38389hPVhknxaCeKhgkeChYzgq2T2q1KT43YRb9U9qv+HGiVBDkpQ45Gv/TVG0iSJlRYwrEx3cBXNsywtoxwOi32UkMVJmM8pF1HBU6oCbP5uVN07pQBiqV2JSyaq78nMpwYM0ki15lgOzLL3kz8z+umNr4JMyZUaqkgi0VxypGVaPY7GjBNieUTRzDRzN2KyAhrTKxLqOhCCJZfXiWty2pwVa091Mr12zyOApzCGVQggGuowz00oAkExvAMr/DmKe/Fe/c+Fq1rXj5zAn/gff4AhZqPCQ==</latexit>

V (�)

If so, one thing is clear: There should be a tower of states becoming light

<latexit sha1_base64="HJn84n/remnRHyk5F+Q+rlDkcNM=">AAAB7nicdVDLSgMxFM34rPVVdekmWIS6GTLjVNuNFNy4rGAf0A4lk6ZtaDITkoxQhn6EGxeKuPV73Pk3pg9BRQ9cOJxzL/feE0nOtEHow1lZXVvf2Mxt5bd3dvf2CweHTZ2kitAGSXii2hHWlLOYNgwznLalolhEnLai8fXMb91TpVkS35mJpKHAw5gNGMHGSi1R6soRO+sVisitVlEQlCFyy8j3/Yol6NyvVD3ouWiOIlii3iu8d/sJSQWNDeFY646HpAkzrAwjnE7z3VRTickYD2nH0hgLqsNsfu4UnlqlDweJshUbOFe/T2RYaD0Rke0U2Iz0b28m/uV1UjOohBmLZWpoTBaLBimHJoGz32GfKUoMn1iCiWL2VkhGWGFibEJ5G8LXp/B/0vRd78INboNi7WoZRw4cgxNQAh64BDVwA+qgAQgYgwfwBJ4d6Tw6L87ronXFWc4cgR9w3j4BEvSPaQ==</latexit>

m(�)



<latexit sha1_base64="4ZSU0Cl2IT3cI9koBNKcQ53zG7g=">AAACCnicbZDLSgMxFIYz9VbrbdSlm2gRXNWZUtSVFNy4rGAv0I4lk2ba0CQzJBmhDLN246u4caGIW5/AnW9jOh1EWw8EPv7/HE7O70eMKu04X1ZhaXllda24XtrY3NresXf3WiqMJSZNHLJQdnykCKOCNDXVjHQiSRD3GWn746up374nUtFQ3OpJRDyOhoIGFCNtpL592LpL3NNq2mNEKUU55D+UObW0b5edipMVXAQ3hzLIq9G3P3uDEMecCI0ZUqrrOpH2EiQ1xYykpV6sSITwGA1J16BAnCgvyU5J4bFRBjAIpXlCw0z9PZEgrtSE+6aTIz1S895U/M/rxjq48BIqolgTgWeLgphBHcJpLnBAJcGaTQwgLKn5K8QjJBHWJr2SCcGdP3kRWtWKe1ap3dTK9cs8jiI4AEfgBLjgHNTBNWiAJsDgATyBF/BqPVrP1pv1PmstWPnMPvhT1sc3EgSZ3Q==</latexit>

V 1/2 . m . V 1/4

Theoretical bounds Experimental bounds on 
deviations of Newton’s law 
and astrophysical bounds

Higuchi bound no fine-tuning of 
quantum corrections

Combining:

EXPLICIT EXAMPLES 4) Small vacuum energy and 
dark dimension

+



<latexit sha1_base64="4ZSU0Cl2IT3cI9koBNKcQ53zG7g=">AAACCnicbZDLSgMxFIYz9VbrbdSlm2gRXNWZUtSVFNy4rGAv0I4lk2ba0CQzJBmhDLN246u4caGIW5/AnW9jOh1EWw8EPv7/HE7O70eMKu04X1ZhaXllda24XtrY3NresXf3WiqMJSZNHLJQdnykCKOCNDXVjHQiSRD3GWn746up374nUtFQ3OpJRDyOhoIGFCNtpL592LpL3NNq2mNEKUU55D+UObW0b5edipMVXAQ3hzLIq9G3P3uDEMecCI0ZUqrrOpH2EiQ1xYykpV6sSITwGA1J16BAnCgvyU5J4bFRBjAIpXlCw0z9PZEgrtSE+6aTIz1S895U/M/rxjq48BIqolgTgWeLgphBHcJpLnBAJcGaTQwgLKn5K8QjJBHWJr2SCcGdP3kRWtWKe1ap3dTK9cs8jiI4AEfgBLjgHNTBNWiAJsDgATyBF/BqPVrP1pv1PmstWPnMPvhT1sc3EgSZ3Q==</latexit>

V 1/2 . m . V 1/4

Theoretical bounds Experimental bounds on 
deviations of Newton’s law 
and astrophysical bounds

Higuchi bound no fine-tuning of 
quantum corrections

Combining:

EXPLICIT EXAMPLES 4) Small vacuum energy and 
dark dimension

+

The first state of the tower should have a mass:
<latexit sha1_base64="X13dz33NTRHfmk/3nEEMgHDZ/KA=">AAAB+HicbVBNSwMxEJ31s9aPrnr0EiyCp7orRT0WvXisYD+gXZdsmrahSXZJskJd+ku8eFDEqz/Fm//GtN2Dtj4YeLw3w8y8KOFMG8/7dlZW19Y3Ngtbxe2d3b2Su3/Q1HGqCG2QmMeqHWFNOZO0YZjhtJ0oikXEaSsa3Uz91iNVmsXy3owTGgg8kKzPCDZWCt2S6GomUDP0HjL/rDoJ3bJX8WZAy8TPSRly1EP3q9uLSSqoNIRjrTu+l5ggw8owwumk2E01TTAZ4QHtWCqxoDrIZodP0IlVeqgfK1vSoJn6eyLDQuuxiGynwGaoF72p+J/XSU3/KsiYTFJDJZkv6qccmRhNU0A9pigxfGwJJorZWxEZYoWJsVkVbQj+4svLpHle8S8q1btquXadx1GAIziGU/DhEmpwC3VoAIEUnuEV3pwn58V5dz7mrStOPnMIf+B8/gBrf5JL</latexit>

m ⇠ V 1/4
0 neutrino scale!

Tower of right handed neutrinos?

<latexit sha1_base64="F82xxBYzmeCMPaWH0ivMj8UPiDI=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdVMSKeqy6MadFewDmlAm02k7dCYJMxOhhIK/4saFIm79Dnf+jZM2C209MHA4517umRPEnCntON9WYWV1bX2juFna2t7Z3bP3D1oqSiShTRLxSHYCrChnIW1qpjntxJJiEXDaDsY3md9+pFKxKHzQk5j6Ag9DNmAEayP17CNPMYE8gfWIYJ7eTSuCts56dtmpOjOgZeLmpAw5Gj37y+tHJBE01IRjpbquE2s/xVIzwum05CWKxpiM8ZB2DQ2xoMpPZ/Gn6NQofTSIpHmhRjP190aKhVITEZjJLKda9DLxP6+b6MGVn7IwTjQNyfzQIOFIRyjrAvWZpETziSGYSGayIjLCEhNtGiuZEtzFLy+T1nnVvajW7mvl+nVeRxGO4QQq4MIl1OEWGtAEAik8wyu8WU/Wi/VufcxHC1a+cwh/YH3+AJcslUE=</latexit>

⇠ O(meV )



<latexit sha1_base64="4ZSU0Cl2IT3cI9koBNKcQ53zG7g=">AAACCnicbZDLSgMxFIYz9VbrbdSlm2gRXNWZUtSVFNy4rGAv0I4lk2ba0CQzJBmhDLN246u4caGIW5/AnW9jOh1EWw8EPv7/HE7O70eMKu04X1ZhaXllda24XtrY3NresXf3WiqMJSZNHLJQdnykCKOCNDXVjHQiSRD3GWn746up374nUtFQ3OpJRDyOhoIGFCNtpL592LpL3NNq2mNEKUU55D+UObW0b5edipMVXAQ3hzLIq9G3P3uDEMecCI0ZUqrrOpH2EiQ1xYykpV6sSITwGA1J16BAnCgvyU5J4bFRBjAIpXlCw0z9PZEgrtSE+6aTIz1S895U/M/rxjq48BIqolgTgWeLgphBHcJpLnBAJcGaTQwgLKn5K8QjJBHWJr2SCcGdP3kRWtWKe1ap3dTK9cs8jiI4AEfgBLjgHNTBNWiAJsDgATyBF/BqPVrP1pv1PmstWPnMPvhT1sc3EgSZ3Q==</latexit>

V 1/2 . m . V 1/4

Theoretical bounds Experimental bounds on 
deviations of Newton’s law 
and astrophysical bounds

Higuchi bound no fine-tuning of 
quantum corrections

Combining:

EXPLICIT EXAMPLES 4) Small vacuum energy and 
dark dimension

+

The first state of the tower should have a mass:
<latexit sha1_base64="X13dz33NTRHfmk/3nEEMgHDZ/KA=">AAAB+HicbVBNSwMxEJ31s9aPrnr0EiyCp7orRT0WvXisYD+gXZdsmrahSXZJskJd+ku8eFDEqz/Fm//GtN2Dtj4YeLw3w8y8KOFMG8/7dlZW19Y3Ngtbxe2d3b2Su3/Q1HGqCG2QmMeqHWFNOZO0YZjhtJ0oikXEaSsa3Uz91iNVmsXy3owTGgg8kKzPCDZWCt2S6GomUDP0HjL/rDoJ3bJX8WZAy8TPSRly1EP3q9uLSSqoNIRjrTu+l5ggw8owwumk2E01TTAZ4QHtWCqxoDrIZodP0IlVeqgfK1vSoJn6eyLDQuuxiGynwGaoF72p+J/XSU3/KsiYTFJDJZkv6qccmRhNU0A9pigxfGwJJorZWxEZYoWJsVkVbQj+4svLpHle8S8q1btquXadx1GAIziGU/DhEmpwC3VoAIEUnuEV3pwn58V5dz7mrStOPnMIf+B8/gBrf5JL</latexit>

m ⇠ V 1/4
0 neutrino scale!

Tower of right handed neutrinos?

<latexit sha1_base64="F82xxBYzmeCMPaWH0ivMj8UPiDI=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdVMSKeqy6MadFewDmlAm02k7dCYJMxOhhIK/4saFIm79Dnf+jZM2C209MHA4517umRPEnCntON9WYWV1bX2juFna2t7Z3bP3D1oqSiShTRLxSHYCrChnIW1qpjntxJJiEXDaDsY3md9+pFKxKHzQk5j6Ag9DNmAEayP17CNPMYE8gfWIYJ7eTSuCts56dtmpOjOgZeLmpAw5Gj37y+tHJBE01IRjpbquE2s/xVIzwum05CWKxpiM8ZB2DQ2xoMpPZ/Gn6NQofTSIpHmhRjP190aKhVITEZjJLKda9DLxP6+b6MGVn7IwTjQNyfzQIOFIRyjrAvWZpETziSGYSGayIjLCEhNtGiuZEtzFLy+T1nnVvajW7mvl+nVeRxGO4QQq4MIl1OEWGtAEAik8wyu8WU/Wi/VufcxHC1a+cwh/YH3+AJcslUE=</latexit>

⇠ O(meV )

<latexit sha1_base64="tQNV1giqOLQpvIHEBkK9y/IUAmg=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCF0MiRT1JwYvHCvYDmlA22027dDcJuxuhhPpXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMvDDlTGnX/bZKa+sbm1vl7crO7t7+gX141FZJJgltkYQnshtiRTmLaUszzWk3lRSLkNNOOL6d+Z1HKhVL4gc9SWkg8DBmESNYG6lvV7mvmECu46Fz5Lm+yJDo2zXXcedAq8QrSA0KNPv2lz9ISCZorAnHSvU8N9VBjqVmhNNpxc8UTTEZ4yHtGRpjQVWQz4+folOjDFCUSFOxRnP190SOhVITEZpOgfVILXsz8T+vl+noOshZnGaaxmSxKMo40gmaJYEGTFKi+cQQTCQztyIywhITbfKqmBC85ZdXSfvC8S6d+n291rgp4ijDMZzAGXhwBQ24gya0gMAEnuEV3qwn68V6tz4WrSWrmKnCH1ifP5ELksc=</latexit>

l ⇠ 0.1� 10µmimplying one large extra dimension

The Dark Dimension [Montero,Vafa,IV’22]

currently testing it in 
New ISLE at the 

Conrad Observatory

[Aspelmeyer,Adelberger,
Shayeghi,Zito…]



EXPLICIT EXAMPLES

There is another instance in which  a tower with 
<latexit sha1_base64="KiS09GQIhpd+6ZlN1v/efuWzguA=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxlQRVwIQqsTAwFIk+pCZEjuO0Vu0ksh1QFeUHWPgVFgYQYmVn429w2wzQciRLR+fco+t7/IRRqSzr2ygtLC4tr5RXK2vrG5tb5vZOW8apwKSFYxaLro8kYTQiLUUVI91EEMR9Rjr+8HLsd+6JkDSObtUoIS5H/YiGFCOlJc884F7mCA5V/EBE7kjKoXOt4wHyMozzu8w+rueeWbVq1gRwntgFqYICTc/8coIYp5xECjMkZc+2EuVmSCiKGckrTipJgvAQ9UlP0whxIt1sck0OD7USwDAW+kUKTtTfiQxxKUfc15McqYGc9cbif14vVeG5m9EoSRWJ8HRRmDJ9OxxXAwMqCFZspAnCguq/QjxAAmGlC6zoEuzZk+dJ+6Rmn9bqN/Vq46Koowz2wD44AjY4Aw1wBZqgBTB4BM/gFbwZT8aL8W58TEdLRpHZBX9gfP4AgVib0Q==</latexit>

mtower ⇠ ⇤1/4
cc

seems necessary to comply with Swampland constraints

5) AdS SM vacua and neutrino masses



EXPLICIT EXAMPLES

There is another instance in which  a tower with 
<latexit sha1_base64="KiS09GQIhpd+6ZlN1v/efuWzguA=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxlQRVwIQqsTAwFIk+pCZEjuO0Vu0ksh1QFeUHWPgVFgYQYmVn429w2wzQciRLR+fco+t7/IRRqSzr2ygtLC4tr5RXK2vrG5tb5vZOW8apwKSFYxaLro8kYTQiLUUVI91EEMR9Rjr+8HLsd+6JkDSObtUoIS5H/YiGFCOlJc884F7mCA5V/EBE7kjKoXOt4wHyMozzu8w+rueeWbVq1gRwntgFqYICTc/8coIYp5xECjMkZc+2EuVmSCiKGckrTipJgvAQ9UlP0whxIt1sck0OD7USwDAW+kUKTtTfiQxxKUfc15McqYGc9cbif14vVeG5m9EoSRWJ8HRRmDJ9OxxXAwMqCFZspAnCguq/QjxAAmGlC6zoEuzZk+dJ+6Rmn9bqN/Vq46Koowz2wD44AjY4Aw1wBZqgBTB4BM/gFbwZT8aL8W58TEdLRpHZBX9gfP4AgVib0Q==</latexit>

mtower ⇠ ⇤1/4
cc

seems necessary to comply with Swampland constraints

5) AdS SM vacua and neutrino masses

� 4

720⇡R6

massive particles: 
neutrinos,…

+
X

i

(2⇡R)

R3
(�1)sini⇢i(R)V (R) =

2⇡⇤4

R2

graviton, photon

Take Standard Model + gravity and compactify to 3d on a circle:



EXPLICIT EXAMPLES

There is another instance in which  a tower with 
<latexit sha1_base64="KiS09GQIhpd+6ZlN1v/efuWzguA=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxlQRVwIQqsTAwFIk+pCZEjuO0Vu0ksh1QFeUHWPgVFgYQYmVn429w2wzQciRLR+fco+t7/IRRqSzr2ygtLC4tr5RXK2vrG5tb5vZOW8apwKSFYxaLro8kYTQiLUUVI91EEMR9Rjr+8HLsd+6JkDSObtUoIS5H/YiGFCOlJc884F7mCA5V/EBE7kjKoXOt4wHyMozzu8w+rueeWbVq1gRwntgFqYICTc/8coIYp5xECjMkZc+2EuVmSCiKGckrTipJgvAQ9UlP0whxIt1sck0OD7USwDAW+kUKTtTfiQxxKUfc15McqYGc9cbif14vVeG5m9EoSRWJ8HRRmDJ9OxxXAwMqCFZspAnCguq/QjxAAmGlC6zoEuzZk+dJ+6Rmn9bqN/Vq46Koowz2wD44AjY4Aw1wBZqgBTB4BM/gFbwZT8aL8W58TEdLRpHZBX9gfP4AgVib0Q==</latexit>

mtower ⇠ ⇤1/4
cc

seems necessary to comply with Swampland constraints

5) AdS SM vacua and neutrino masses

Depending on the value of 
Dirac neutrino masses, we get 
3-dimensional AdS, Minkowski 
or dS vacua.

[Arkani-Hamed et al’07]

� 4

720⇡R6

massive particles: 
neutrinos,…

+
X

i

(2⇡R)

R3
(�1)sini⇢i(R)V (R) =

2⇡⇤4

R2

graviton, photon

Take Standard Model + gravity and compactify to 3d on a circle:



EXPLICIT EXAMPLES

These AdS vacua are in tension with certain Swampland constraints 
(like the AdS Distance conjecture)

[Gonzalo et al’18-21][Martin-Lozano,Ibanez,IV’17]

5) AdS SM vacua and neutrino masses

[Luest,Palti,Vafa’19]



EXPLICIT EXAMPLES

These AdS vacua are in tension with certain Swampland constraints 
(like the AdS Distance conjecture)

1) There are more than two Dirac fermions with


2) There is an infinite tower of states in 4d scaling as

Neutrinos!!!
<latexit sha1_base64="EM/e0E8kBzbZ9yxIJnFffRp/nrU=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSExlQRVwIQqsTAwFIk+pCZEjuO0Vm0nsh2kKsrCwq+wMIAQK//Axt/gPgZoOZKlo3Pu0fU9Ycqo0o7zbS0sLi2vrJbWyusbm1vb9s5uSyWZxKSJE5bITogUYVSQpqaakU4qCeIhI+1wcDXy2w9EKpqIOz1Mic9RT9CYYqSNFNgH3GNEKUU59G5MLEJBjnFxn7sntSKwK07VGQPOE3dKKmCKRmB/eVGCM06Exgwp1XWdVPs5kppiRoqylymSIjxAPdI1VCBOlJ+PryjgkVEiGCfSPKHhWP2dyBFXashDM8mR7qtZbyT+53UzHV/4ORVpponAk0VxxqBO4KgSGFFJsGZDQxCW1PwV4j6SCGtTXNmU4M6ePE9ap1X3rFq7rVXql9M6SmAfHIJj4IJzUAfXoAGaAINH8AxewZv1ZL1Y79bHZHTBmmb2wB9Ynz8kIZhV</latexit>

m . ⇤1/4
cc

<latexit sha1_base64="KiS09GQIhpd+6ZlN1v/efuWzguA=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxlQRVwIQqsTAwFIk+pCZEjuO0Vu0ksh1QFeUHWPgVFgYQYmVn429w2wzQciRLR+fco+t7/IRRqSzr2ygtLC4tr5RXK2vrG5tb5vZOW8apwKSFYxaLro8kYTQiLUUVI91EEMR9Rjr+8HLsd+6JkDSObtUoIS5H/YiGFCOlJc884F7mCA5V/EBE7kjKoXOt4wHyMozzu8w+rueeWbVq1gRwntgFqYICTc/8coIYp5xECjMkZc+2EuVmSCiKGckrTipJgvAQ9UlP0whxIt1sck0OD7USwDAW+kUKTtTfiQxxKUfc15McqYGc9cbif14vVeG5m9EoSRWJ8HRRmDJ9OxxXAwMqCFZspAnCguq/QjxAAmGlC6zoEuzZk+dJ+6Rmn9bqN/Vq46Koowz2wD44AjY4Aw1wBZqgBTB4BM/gFbwZT8aL8W58TEdLRpHZBX9gfP4AgVib0Q==</latexit>

mtower ⇠ ⇤1/4
cc

[Gonzalo et al’18-21][Martin-Lozano,Ibanez,IV’17]

5) AdS SM vacua and neutrino masses

[Luest,Palti,Vafa’19]



EXPLICIT EXAMPLES

These AdS vacua are in tension with certain Swampland constraints 
(like the AdS Distance conjecture)

1) There are more than two Dirac fermions with


2) There is an infinite tower of states in 4d scaling as

Neutrinos!!!
<latexit sha1_base64="EM/e0E8kBzbZ9yxIJnFffRp/nrU=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSExlQRVwIQqsTAwFIk+pCZEjuO0Vm0nsh2kKsrCwq+wMIAQK//Axt/gPgZoOZKlo3Pu0fU9Ycqo0o7zbS0sLi2vrJbWyusbm1vb9s5uSyWZxKSJE5bITogUYVSQpqaakU4qCeIhI+1wcDXy2w9EKpqIOz1Mic9RT9CYYqSNFNgH3GNEKUU59G5MLEJBjnFxn7sntSKwK07VGQPOE3dKKmCKRmB/eVGCM06Exgwp1XWdVPs5kppiRoqylymSIjxAPdI1VCBOlJ+PryjgkVEiGCfSPKHhWP2dyBFXashDM8mR7qtZbyT+53UzHV/4ORVpponAk0VxxqBO4KgSGFFJsGZDQxCW1PwV4j6SCGtTXNmU4M6ePE9ap1X3rFq7rVXql9M6SmAfHIJj4IJzUAfXoAGaAINH8AxewZv1ZL1Y79bHZHTBmmb2wB9Ynz8kIZhV</latexit>

m . ⇤1/4
cc

<latexit sha1_base64="KiS09GQIhpd+6ZlN1v/efuWzguA=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxlQRVwIQqsTAwFIk+pCZEjuO0Vu0ksh1QFeUHWPgVFgYQYmVn429w2wzQciRLR+fco+t7/IRRqSzr2ygtLC4tr5RXK2vrG5tb5vZOW8apwKSFYxaLro8kYTQiLUUVI91EEMR9Rjr+8HLsd+6JkDSObtUoIS5H/YiGFCOlJc884F7mCA5V/EBE7kjKoXOt4wHyMozzu8w+rueeWbVq1gRwntgFqYICTc/8coIYp5xECjMkZc+2EuVmSCiKGckrTipJgvAQ9UlP0whxIt1sck0OD7USwDAW+kUKTtTfiQxxKUfc15McqYGc9cbif14vVeG5m9EoSRWJ8HRRmDJ9OxxXAwMqCFZspAnCguq/QjxAAmGlC6zoEuzZk+dJ+6Rmn9bqN/Vq46Koowz2wD44AjY4Aw1wBZqgBTB4BM/gFbwZT8aL8W58TEdLRpHZBX9gfP4AgVib0Q==</latexit>

mtower ⇠ ⇤1/4
cc

[Gonzalo et al’18-21][Martin-Lozano,Ibanez,IV’17]

5) AdS SM vacua and neutrino masses

We can translate the bound on neutrino 
masses to an upper bound on the EW scale 

in terms of the cosmological constant:

hHi . 1.6
⇤1/4

Y⌫1

Parameters leading to a higher 
EW scale would not yield theories 
consistent with quantum gravity

[Luest,Palti,Vafa’19]



EXPLICIT EXAMPLES

These AdS vacua are in tension with certain Swampland constraints 
(like the AdS Distance conjecture)

1) There are more than two Dirac fermions with


2) There is an infinite tower of states in 4d scaling as

Neutrinos!!!
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[Gonzalo et al’18-21]

Potential loopholes. But proof of principle 
that space of parameters consistent with 
quantum gravity can be smaller than 
expected, not everything goes!

[Martin-Lozano,Ibanez,IV’17]

5) AdS SM vacua and neutrino masses

We can translate the bound on neutrino 
masses to an upper bound on the EW scale 

in terms of the cosmological constant:

hHi . 1.6
⇤1/4

Y⌫1

Parameters leading to a higher 
EW scale would not yield theories 
consistent with quantum gravity

[Luest,Palti,Vafa’19]



CONCLUSIONS

Requiring quantum gravity UV consistency can have implications at low 
energies and potentially shed new light into naturalness problems. 

• We saw examples of Swampland constraints that imply ‘surprising’ or ‘unnatural’ 
results from an IR perspective, but they are natural from the UV complete theory

• None of them clearly solves the concrete naturalness issues of our universe 
(EW hierarchy problem, cosmological constant problem, etc.)

but they provide interesting avenues to pursue.

• This is only the beginning.  What other guiding principles for BSM can we 
learn from quantum gravity?

Can we make the UV/IR mixing more manifest?

Thank you!



Thank you!

Online series of Swampland seminars / open mic discussions

on Tuesdays at 11 am ET (5 pm CET)

Everybody is welcome!  :)

https://web.lists.fas.harvard.edu/mailman/lists/hetg-swampland.lists.fas.harvard.edu/You can subscribe here:

https://web.lists.fas.harvard.edu/mailman/lists/hetg-swampland.lists.fas.harvard.edu/


back-up slides



Lower bound on gauge coupling!

(Weak Gravity Conjecture)

For weak coupling limits:

It can rule out some BSM proposals

EFT breaks down at
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m  �BH q gYM Mp

gauge coupling
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9 tower with
quantized charge

factor

[Reece’18]

[Montero,Muñoz,Obied’22] 

ruled out by 
swampland

ruled out by 
swampland

How does the tower/cut-off behaves 
in terms of EFT data?

[Arkani-Hamed et al’06]
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and been tested experimentally



Consistency under dimensional reduction

Background independence of quantum gravity implies that:

If we start with a theory 
consistent with QG

Compactifications of that theory 
should also be consistent



Consistency under dimensional reduction

bosonic d.o.f
fermionic d.o.f

nb :
nf :

Take a 4-dimensional theory, and compactify one dimension on a circle of 
radius R. The 3-dimensional EFT contains a new scalar with potential:

+ Casimir energyV (R) =
2⇡⇤4

R2

tree-level one-loop corrections

(nb, nf ,mb,mf )

Background independence of quantum gravity implies that:

If we start with a theory 
consistent with QG

Compactifications of that theory 
should also be consistent



Consistency under dimensional reduction

bosonic d.o.f
fermionic d.o.f

nb :
nf :

Take a 4-dimensional theory, and compactify one dimension on a circle of 
radius R. The 3-dimensional EFT contains a new scalar with potential:

+ Casimir energyV (R) =
2⇡⇤4

R2

tree-level one-loop corrections

(nb, nf ,mb,mf )

Goal: Determine constraints on the 4d field spectra that guarantee that 
V(R) is consistent with Swampland conjectures

Background independence of quantum gravity implies that:

If we start with a theory 
consistent with QG

Compactifications of that theory 
should also be consistent



Compactification of the SM to 3d

Standard Model + Gravity on     :S1

� 4

720⇡R6
V (R) =

2⇡⇤4

R2

massless  particles: 
graviton, photon



� 4

720⇡R6

Dirac 
neutrinos

Standard Model + Gravity on     :S1 massive particles: 
neutrinos,…

Majorana 
neutrinos

The more massive the neutrinos, the deeper the AdS vacuum

+
X

i

(2⇡R)

R3
(�1)sini⇢i(R)V (R) =

2⇡⇤4

R2

massless  particles: 
graviton, photon

[Ibanez,Martin-Lozano,IV’17] (see also [Hamada-Shiu’17])

Compactification of the SM to 3d



• By scanning a family of 4d theories with different values of the 
neutrino masses (e.g. by scanning the Higgs vev), we can cross 
the flat space limit.

Results: • Depending on the value of Dirac mass for the neutrinos, we 
get 3-dimensional AdS, Minkowski or dS vacua.

We cross the flat space 
limit when neutrino masses:
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Compactification of the SM to 3d



1) There is a surplus of light fermions with


2) There is an infinite tower of states in 4d scaling as

According to the Generalized (AdS) Distance Conjecture, there 
should be a tower of states becoming light in the flat space limit

(larger masses are obstructed by quantum gravity consistency)

Two possible resolutions:
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The KK tower of the Dark Dimension ensures that 
compactifications of the SM are consistent with the 

Swampland conjectures

Compactification of the SM to 3d



Naturalness issues

We can translate the bound on neutrino 
masses to an upper bound on the EW scale 

in terms of the cosmological constant:

hHi . 1.6
⇤1/4

Y⌫1

Parameters leading to a higher EW scale do not 
yield theories consistent with quantum gravity

Solution to EW 
hierarchy porblem?

[Martin-Lozano,Ibanez,IV’17]

[Rudelius’21]…)(see also [Gonzalo et al’18-21]

Space of parameters consistent with quantum gravity is smaller 
than expected, not everything goes!

We need to revisit the logic of naturalness



String Theory Evidence

All known holographic AdS vacua
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V0 ⇠ m↵
tower in Planck units,     as

[Luest,Palti,Vafa’19]



String Theory Evidence

[Andriot et al’20]

4d N=1 flux string compactifications with positive runaways
[Lanza,Marchesano,Martucci,IV’20]

All known holographic AdS vacua
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String Theory Evidence

Non-SUSY string theories with positive runaways

[Andriot et al’20]

4d N=1 flux string compactifications with positive runaways
[Lanza,Marchesano,Martucci,IV’20]

All known holographic AdS vacua
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<latexit sha1_base64="1L89BOZKyY+2bslrv51UCcLh8O4=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUpQBYwVLIxFog+pCdGN67RW7SSyHVAVdWHhV1gYQIiVf2Djb3AfA7QcydLROffq+pww5Uxpx/m2CkvLK6trxfXSxubW9o69u9dUSSYJbZCEJ7IdgqKcxbShmea0nUoKIuS0FQ6uxn7rnkrFkvhWD1PqC+jFLGIEtJEC+7AZOJ5iAos7D3jahyD3pMA6eaByFNhlp+JMgBeJOyNlNEM9sL+8bkIyQWNNOCjVcZ1U+zlIzQino5KXKZoCGUCPdgyNQVDl55MUI3xslC6OEmlerPFE/b2Rg1BqKEIzKUD31bw3Fv/zOpmOLvycxWmmaUymh6KMm5B4XAnuMkmJ5kNDgEhm/opJHyQQbYormRLc+ciLpHlacc8q1ZtquXY5q6OIDtAROkEuOkc1dI3qqIEIekTP6BW9WU/Wi/VufUxHC9ZsZx/9gfX5A2CCmIY=</latexit>

V0 ⇠ m↵
tower in Planck units,     as

[Luest,Palti,Vafa’19]



String Theory Evidence

Non-SUSY string theories with positive runaways

[Andriot et al’20]

4d N=1 flux string compactifications with positive runaways
[Lanza,Marchesano,Martucci,IV’20]

All known holographic AdS vacua

<latexit sha1_base64="g8lfZOb5fonk21RfSmWT+yp/SUY=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1JMUvHisYD+gDWGz3bRLN7thd1Mpof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMi1LOtPG8b6e0tr6xuVXeruzs7u0fuIdHLS0zRWiTSC5VJ8KaciZo0zDDaSdVFCcRp+1odDfz22OqNJPi0UxSGiR4IFjMCDZWCl23FXo9xQZDg5WST8gL3apX8+ZAq8QvSBUKNEL3q9eXJEuoMIRjrbu+l5ogx8owwum00ss0TTEZ4QHtWipwQnWQzy+fojOr9FEslS1h0Fz9PZHjROtJEtnOBJuhXvZm4n9eNzPxTZAzkWaGCrJYFGccGYlmMaA+U5QYPrEEE8XsrYgMscLE2LAqNgR/+eVV0rqo+Ve1y4fLav22iKMMJ3AK5+DDNdThHhrQBAJjeIZXeHNy58V5dz4WrSWnmDmGP3A+fwDfzJMq</latexit>

V0 ! 0
<latexit sha1_base64="1L89BOZKyY+2bslrv51UCcLh8O4=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUpQBYwVLIxFog+pCdGN67RW7SSyHVAVdWHhV1gYQIiVf2Djb3AfA7QcydLROffq+pww5Uxpx/m2CkvLK6trxfXSxubW9o69u9dUSSYJbZCEJ7IdgqKcxbShmea0nUoKIuS0FQ6uxn7rnkrFkvhWD1PqC+jFLGIEtJEC+7AZOJ5iAos7D3jahyD3pMA6eaByFNhlp+JMgBeJOyNlNEM9sL+8bkIyQWNNOCjVcZ1U+zlIzQino5KXKZoCGUCPdgyNQVDl55MUI3xslC6OEmlerPFE/b2Rg1BqKEIzKUD31bw3Fv/zOpmOLvycxWmmaUymh6KMm5B4XAnuMkmJ5kNDgEhm/opJHyQQbYormRLc+ciLpHlacc8q1ZtquXY5q6OIDtAROkEuOkc1dI3qqIEIekTP6BW9WU/Wi/VufUxHC9ZsZx/9gfX5A2CCmIY=</latexit>

V0 ⇠ m↵
tower in Planck units,     as

[Luest,Palti,Vafa’19]

KKLT-like proposals for dS in string theory [Blumenhagen et al’22]



Non-SUSY example

Recall: SO(16)xSO(16) non-SUSY (tachyon-
free) heterotic string theory:

 Positive runaway on the dilaton

V

<latexit sha1_base64="8AweZr7sK0fKc1LeWzZlGBxOVpo=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1JMUvHisYD+gDWGz3bRLN7thd1Ipof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMi1LBDXjet1NaW9/Y3CpvV3Z29/YP3MOjllGZpqxJlVC6ExHDBJesCRwE66SakSQSrB2N7mZ+e8y04Uo+wiRlQUIGksecErBS6LqD0PQ0HwyBaK2esBe6Va/mzYFXiV+QKirQCN2vXl/RLGESqCDGdH0vhSAnGjgVbFrpZYalhI7IgHUtlSRhJsjnl0/xmVX6OFbalgQ8V39P5CQxZpJEtjMhMDTL3kz8z+tmEN8EOZdpBkzSxaI4ExgUnsWA+1wzCmJiCaGa21sxHRJNKNiwKjYEf/nlVdK6qPlXtcuHy2r9toijjE7QKTpHPrpGdXSPGqiJKBqjZ/SK3pzceXHenY9Fa8kpZo7RHzifP2ORk34=</latexit>

gs ! 0

Failure of EFT expectation



Non-SUSY example

Recall: SO(16)xSO(16) non-SUSY (tachyon-
free) heterotic string theory:

 Positive runaway on the dilaton
<latexit sha1_base64="NYw/8mYfv7v/inH8l5FkvcI1XwQ=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqCcpePEiVLAf0i4lm2bb0CS7JFmhLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXpgIbqznfaPCyura+kZxs7S1vbO7V94/aJo41ZQ1aCxi3Q6JYYIr1rDcCtZONCMyFKwVjm6mfuuJacNj9WDHCQskGSgecUqskx5l13CJ73qmV654VW8GvEz8nFQgR71X/ur2Y5pKpiwVxJiO7yU2yIi2nAo2KXVTwxJCR2TAOo4qIpkJstnBE3zilD6OYu1KWTxTf09kRBozlqHrlMQOzaI3Ff/zOqmNroKMqyS1TNH5oigV2MZ4+j3uc82oFWNHCNXc3YrpkGhCrcuo5ELwF19eJs2zqn9RPb8/r9Su8ziKcATHcAo+XEINbqEODaAg4Rle4Q1p9ILe0ce8tYDymUP4A/T5A25BkCo=</latexit>

m ⇠ Ms

Tower of string modes becoming light 
in the weak coupling limit, starting at

V

<latexit sha1_base64="8AweZr7sK0fKc1LeWzZlGBxOVpo=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1JMUvHisYD+gDWGz3bRLN7thd1Ipof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMi1LBDXjet1NaW9/Y3CpvV3Z29/YP3MOjllGZpqxJlVC6ExHDBJesCRwE66SakSQSrB2N7mZ+e8y04Uo+wiRlQUIGksecErBS6LqD0PQ0HwyBaK2esBe6Va/mzYFXiV+QKirQCN2vXl/RLGESqCDGdH0vhSAnGjgVbFrpZYalhI7IgHUtlSRhJsjnl0/xmVX6OFbalgQ8V39P5CQxZpJEtjMhMDTL3kz8z+tmEN8EOZdpBkzSxaI4ExgUnsWA+1wzCmJiCaGa21sxHRJNKNiwKjYEf/nlVdK6qPlXtcuHy2r9toijjE7QKTpHPrpGdXSPGqiJKBqjZ/SK3pzceXHenY9Fa8kpZo7RHzifP2ORk34=</latexit>

gs ! 0

Failure of EFT expectation



Non-SUSY example

Recall: SO(16)xSO(16) non-SUSY (tachyon-
free) heterotic string theory:

 Positive runaway on the dilaton
<latexit sha1_base64="NYw/8mYfv7v/inH8l5FkvcI1XwQ=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqCcpePEiVLAf0i4lm2bb0CS7JFmhLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXpgIbqznfaPCyura+kZxs7S1vbO7V94/aJo41ZQ1aCxi3Q6JYYIr1rDcCtZONCMyFKwVjm6mfuuJacNj9WDHCQskGSgecUqskx5l13CJ73qmV654VW8GvEz8nFQgR71X/ur2Y5pKpiwVxJiO7yU2yIi2nAo2KXVTwxJCR2TAOo4qIpkJstnBE3zilD6OYu1KWTxTf09kRBozlqHrlMQOzaI3Ff/zOqmNroKMqyS1TNH5oigV2MZ4+j3uc82oFWNHCNXc3YrpkGhCrcuo5ELwF19eJs2zqn9RPb8/r9Su8ziKcATHcAo+XEINbqEODaAg4Rle4Q1p9ILe0ce8tYDymUP4A/T5A25BkCo=</latexit>

m ⇠ Ms

Tower of string modes becoming light 
in the weak coupling limit, starting at

<latexit sha1_base64="lolH0KzJkig2wG601wSvb2tdY9w="></latexit>
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<latexit sha1_base64="8AweZr7sK0fKc1LeWzZlGBxOVpo=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1JMUvHisYD+gDWGz3bRLN7thd1Ipof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMi1LBDXjet1NaW9/Y3CpvV3Z29/YP3MOjllGZpqxJlVC6ExHDBJesCRwE66SakSQSrB2N7mZ+e8y04Uo+wiRlQUIGksecErBS6LqD0PQ0HwyBaK2esBe6Va/mzYFXiV+QKirQCN2vXl/RLGESqCDGdH0vhSAnGjgVbFrpZYalhI7IgHUtlSRhJsjnl0/xmVX6OFbalgQ8V39P5CQxZpJEtjMhMDTL3kz8z+tmEN8EOZdpBkzSxaI4ExgUnsWA+1wzCmJiCaGa21sxHRJNKNiwKjYEf/nlVdK6qPlXtcuHy2r9toijjE7QKTpHPrpGdXSPGqiJKBqjZ/SK3pzceXHenY9Fa8kpZo7RHzifP2ORk34=</latexit>

gs ! 0

Failure of EFT expectation



Non-SUSY example

Recall: SO(16)xSO(16) non-SUSY (tachyon-
free) heterotic string theory:

 Positive runaway on the dilaton

<latexit sha1_base64="an88l/p9IwS43njacnGbMQOg+pg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePFYwX5AE8tmu2mX7m7C7kYooX/DiwdFvPpnvPlv3KY5aOuDgcd7M8zMCxPOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpOFaFtEvNY9UKsKWeStg0znPYSRbEIOe2Gk9u5332iSrNYPphpQgOBR5JFjGBjJb/jayaQeMw8dzao1ty6mwOtEq8gNSjQGlS//GFMUkGlIRxr3ffcxAQZVoYRTmcVP9U0wWSCR7RvqcSC6iDLb56hM6sMURQrW9KgXP09kWGh9VSEtlNgM9bL3lz8z+unJroOMiaT1FBJFouilCMTo3kAaMgUJYZPLcFEMXsrImOsMDE2pooNwVt+eZV0LureZb1x36g1b4o4ynACp3AOHlxBE+6gBW0gkMAzvMKbkzovzrvzsWgtOcXMMfyB8/kDUDWRNg==</latexit>

V ⇠ m10

<latexit sha1_base64="NYw/8mYfv7v/inH8l5FkvcI1XwQ=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqCcpePEiVLAf0i4lm2bb0CS7JFmhLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXpgIbqznfaPCyura+kZxs7S1vbO7V94/aJo41ZQ1aCxi3Q6JYYIr1rDcCtZONCMyFKwVjm6mfuuJacNj9WDHCQskGSgecUqskx5l13CJ73qmV654VW8GvEz8nFQgR71X/ur2Y5pKpiwVxJiO7yU2yIi2nAo2KXVTwxJCR2TAOo4qIpkJstnBE3zilD6OYu1KWTxTf09kRBozlqHrlMQOzaI3Ff/zOqmNroKMqyS1TNH5oigV2MZ4+j3uc82oFWNHCNXc3YrpkGhCrcuo5ELwF19eJs2zqn9RPb8/r9Su8ziKcATHcAo+XEINbqEODaAg4Rle4Q1p9ILe0ce8tYDymUP4A/T5A25BkCo=</latexit>

m ⇠ Ms

Tower of string modes becoming light 
in the weak coupling limit, starting at

<latexit sha1_base64="lolH0KzJkig2wG601wSvb2tdY9w="></latexit>
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<latexit sha1_base64="8AweZr7sK0fKc1LeWzZlGBxOVpo=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1JMUvHisYD+gDWGz3bRLN7thd1Ipof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMi1LBDXjet1NaW9/Y3CpvV3Z29/YP3MOjllGZpqxJlVC6ExHDBJesCRwE66SakSQSrB2N7mZ+e8y04Uo+wiRlQUIGksecErBS6LqD0PQ0HwyBaK2esBe6Va/mzYFXiV+QKirQCN2vXl/RLGESqCDGdH0vhSAnGjgVbFrpZYalhI7IgHUtlSRhJsjnl0/xmVX6OFbalgQ8V39P5CQxZpJEtjMhMDTL3kz8z+tmEN8EOZdpBkzSxaI4ExgUnsWA+1wzCmJiCaGa21sxHRJNKNiwKjYEf/nlVdK6qPlXtcuHy2r9toijjE7QKTpHPrpGdXSPGqiJKBqjZ/SK3pzceXHenY9Fa8kpZo7RHzifP2ORk34=</latexit>

gs ! 0

Failure of EFT expectation



Non-SUSY example

Recall: SO(16)xSO(16) non-SUSY (tachyon-
free) heterotic string theory:

 Positive runaway on the dilaton

<latexit sha1_base64="an88l/p9IwS43njacnGbMQOg+pg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePFYwX5AE8tmu2mX7m7C7kYooX/DiwdFvPpnvPlv3KY5aOuDgcd7M8zMCxPOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpOFaFtEvNY9UKsKWeStg0znPYSRbEIOe2Gk9u5332iSrNYPphpQgOBR5JFjGBjJb/jayaQeMw8dzao1ty6mwOtEq8gNSjQGlS//GFMUkGlIRxr3ffcxAQZVoYRTmcVP9U0wWSCR7RvqcSC6iDLb56hM6sMURQrW9KgXP09kWGh9VSEtlNgM9bL3lz8z+unJroOMiaT1FBJFouilCMTo3kAaMgUJYZPLcFEMXsrImOsMDE2pooNwVt+eZV0LureZb1x36g1b4o4ynACp3AOHlxBE+6gBW0gkMAzvMKbkzovzrvzsWgtOcXMMfyB8/kDUDWRNg==</latexit>

V ⇠ m10

Contribution of massive string excitations is cut-off at Ms due to modular invariance

<latexit sha1_base64="NYw/8mYfv7v/inH8l5FkvcI1XwQ=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqCcpePEiVLAf0i4lm2bb0CS7JFmhLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXpgIbqznfaPCyura+kZxs7S1vbO7V94/aJo41ZQ1aCxi3Q6JYYIr1rDcCtZONCMyFKwVjm6mfuuJacNj9WDHCQskGSgecUqskx5l13CJ73qmV654VW8GvEz8nFQgR71X/ur2Y5pKpiwVxJiO7yU2yIi2nAo2KXVTwxJCR2TAOo4qIpkJstnBE3zilD6OYu1KWTxTf09kRBozlqHrlMQOzaI3Ff/zOqmNroKMqyS1TNH5oigV2MZ4+j3uc82oFWNHCNXc3YrpkGhCrcuo5ELwF19eJs2zqn9RPb8/r9Su8ziKcATHcAo+XEINbqEODaAg4Rle4Q1p9ILe0ce8tYDymUP4A/T5A25BkCo=</latexit>

m ⇠ Ms

Tower of string modes becoming light 
in the weak coupling limit, starting at

<latexit sha1_base64="lolH0KzJkig2wG601wSvb2tdY9w="></latexit>
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<latexit sha1_base64="8AweZr7sK0fKc1LeWzZlGBxOVpo=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1JMUvHisYD+gDWGz3bRLN7thd1Ipof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMi1LBDXjet1NaW9/Y3CpvV3Z29/YP3MOjllGZpqxJlVC6ExHDBJesCRwE66SakSQSrB2N7mZ+e8y04Uo+wiRlQUIGksecErBS6LqD0PQ0HwyBaK2esBe6Va/mzYFXiV+QKirQCN2vXl/RLGESqCDGdH0vhSAnGjgVbFrpZYalhI7IgHUtlSRhJsjnl0/xmVX6OFbalgQ8V39P5CQxZpJEtjMhMDTL3kz8z+tmEN8EOZdpBkzSxaI4ExgUnsWA+1wzCmJiCaGa21sxHRJNKNiwKjYEf/nlVdK6qPlXtcuHy2r9toijjE7QKTpHPrpGdXSPGqiJKBqjZ/SK3pzceXHenY9Fa8kpZo7RHzifP2ORk34=</latexit>

gs ! 0

Failure of EFT expectation



It is very important to integrate out the entire infinite tower of states

Failure of EFT expectation



It is very important to integrate out the entire infinite tower of states

The result is drastically different than if integrating out only a finite 
number of them

..

<latexit sha1_base64="K04kj/IydeXjTaDWx27/40V/2kE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3a3STsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgkfYMtwI7CYKqQwEdoLJ3dzvPKHSPI4ezDRBX9JRxEPOqLFSUw7KFbfqLkDWiZeTCuRoDMpf/WHMUomRYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZGlGJ2s8Wh87IhVWGJIyVrciQhfp7IqNS66kMbKekZqxXvbn4n9dLTVjzMx4lqcGILReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1/I4inAG53AJHtxCHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kD1XmM8A==</latexit>m

<latexit sha1_base64="kWJoJH1wTdMcN/31oApLvbowBf8=">AAAB6XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyWoj0WvHisYmuhXUo2zbahSXZJskJZ+g+8eFDEq//Im//GtN2Dtj4YeLw3w8y8MBHcWM/7RoWNza3tneJuaW//4PCofHzSMXGqKWvTWMS6GxLDBFesbbkVrJtoRmQo2GM4uZn7j09MGx6rBztNWCDJSPGIU2KddF+Tg3LFq3oL4HXi56QCOVqD8ld/GNNUMmWpIMb0fC+xQUa05VSwWamfGpYQOiEj1nNUEclMkC0uneELpwxxFGtXyuKF+nsiI9KYqQxdpyR2bFa9ufif10tt1AgyrpLUMkWXi6JUYBvj+dt4yDWjVkwdIVRzdyumY6IJtS6ckgvBX315nXRqVf+qWr+rV5qNPI4inME5XIIP19CEW2hBGyhE8Ayv8IYm6AW9o49lawHlM6fwB+jzB0ZmjSw=</latexit>

2m

<latexit sha1_base64="rNYzpFSawx7vcVzAykXej1++49A=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexq0BwDXjxGMSaQLGF2MpsMmccyMyuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx49GpVqQltEcaU7ETaUM0lblllOO4mmWESctqPxzcxvP1FtmJIPdpLQUOChZDEj2Drp/lL0yxW/6s+BVkmQkwrkaPbLX72BIqmg0hKOjekGfmLDDGvLCKfTUi81NMFkjIe066jEgpowm186RWdOGaBYaVfSorn6eyLDwpiJiFynwHZklr2Z+J/XTW1cDzMmk9RSSRaL4pQjq9DsbTRgmhLLJ45gopm7FZER1phYF07JhRAsv7xKHi+qwVW1dlerNOp5HEU4gVM4hwCuoQG30IQWEIjhGV7hzRt7L96797FoLXj5zDH8gff5A0frjS0=</latexit>

3m

..

.

Failure of EFT expectation



It is very important to integrate out the entire infinite tower of states

The result is drastically different than if integrating out only a finite 
number of them

..

<latexit sha1_base64="K04kj/IydeXjTaDWx27/40V/2kE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3a3STsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgkfYMtwI7CYKqQwEdoLJ3dzvPKHSPI4ezDRBX9JRxEPOqLFSUw7KFbfqLkDWiZeTCuRoDMpf/WHMUomRYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZGlGJ2s8Wh87IhVWGJIyVrciQhfp7IqNS66kMbKekZqxXvbn4n9dLTVjzMx4lqcGILReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1/I4inAG53AJHtxCHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kD1XmM8A==</latexit>m

<latexit sha1_base64="kWJoJH1wTdMcN/31oApLvbowBf8=">AAAB6XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyWoj0WvHisYmuhXUo2zbahSXZJskJZ+g+8eFDEq//Im//GtN2Dtj4YeLw3w8y8MBHcWM/7RoWNza3tneJuaW//4PCofHzSMXGqKWvTWMS6GxLDBFesbbkVrJtoRmQo2GM4uZn7j09MGx6rBztNWCDJSPGIU2KddF+Tg3LFq3oL4HXi56QCOVqD8ld/GNNUMmWpIMb0fC+xQUa05VSwWamfGpYQOiEj1nNUEclMkC0uneELpwxxFGtXyuKF+nsiI9KYqQxdpyR2bFa9ufif10tt1AgyrpLUMkWXi6JUYBvj+dt4yDWjVkwdIVRzdyumY6IJtS6ckgvBX315nXRqVf+qWr+rV5qNPI4inME5XIIP19CEW2hBGyhE8Ayv8IYm6AW9o49lawHlM6fwB+jzB0ZmjSw=</latexit>

2m

<latexit sha1_base64="rNYzpFSawx7vcVzAykXej1++49A=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexq0BwDXjxGMSaQLGF2MpsMmccyMyuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx49GpVqQltEcaU7ETaUM0lblllOO4mmWESctqPxzcxvP1FtmJIPdpLQUOChZDEj2Drp/lL0yxW/6s+BVkmQkwrkaPbLX72BIqmg0hKOjekGfmLDDGvLCKfTUi81NMFkjIe066jEgpowm186RWdOGaBYaVfSorn6eyLDwpiJiFynwHZklr2Z+J/XTW1cDzMmk9RSSRaL4pQjq9DsbTRgmhLLJ45gopm7FZER1phYF07JhRAsv7xKHi+qwVW1dlerNOp5HEU4gVM4hwCuoQG30IQWEIjhGV7hzRt7L96797FoLXj5zDH8gff5A0frjS0=</latexit>

3m

..

.
first light state of the tower!

<latexit sha1_base64="PaSSTu+uyW0iqQkmb68pq1YW29E=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVop6k4MVjBfsB7bpks9k2NMmuSbZQSn+HFw+KePXHePPfmLZ70NYHA4/3ZpiZF6acaeO6305hbX1jc6u4XdrZ3ds/KB8etXSSKUKbJOGJ6oRYU84kbRpmOO2kimIRctoOh7czvz2iSrNEPphxSn2B+5LFjGBjJb8VuD3NBBKB9xgF5YpbdedAq8TLSQVyNILyVy9KSCaoNIRjrbuemxp/gpVhhNNpqZdpmmIyxH3atVRiQbU/mR89RWdWiVCcKFvSoLn6e2KChdZjEdpOgc1AL3sz8T+vm5n42p8wmWaGSrJYFGccmQTNEkARU5QYPrYEE8XsrYgMsMLE2JxKNgRv+eVV0rqoepfV2n2tUr/J4yjCCZzCOXhwBXW4gwY0gcATPMMrvDkj58V5dz4WrQUnnzmGP3A+fwC3UpFq</latexit>

V0 ⇠ md
1

• If integrating out the infinite tower:

Failure of EFT expectation



It is very important to integrate out the entire infinite tower of states

The result is drastically different than if integrating out only a finite 
number of them

..

<latexit sha1_base64="K04kj/IydeXjTaDWx27/40V/2kE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3a3STsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgkfYMtwI7CYKqQwEdoLJ3dzvPKHSPI4ezDRBX9JRxEPOqLFSUw7KFbfqLkDWiZeTCuRoDMpf/WHMUomRYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZGlGJ2s8Wh87IhVWGJIyVrciQhfp7IqNS66kMbKekZqxXvbn4n9dLTVjzMx4lqcGILReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1/I4inAG53AJHtxCHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kD1XmM8A==</latexit>m

<latexit sha1_base64="kWJoJH1wTdMcN/31oApLvbowBf8=">AAAB6XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyWoj0WvHisYmuhXUo2zbahSXZJskJZ+g+8eFDEq//Im//GtN2Dtj4YeLw3w8y8MBHcWM/7RoWNza3tneJuaW//4PCofHzSMXGqKWvTWMS6GxLDBFesbbkVrJtoRmQo2GM4uZn7j09MGx6rBztNWCDJSPGIU2KddF+Tg3LFq3oL4HXi56QCOVqD8ld/GNNUMmWpIMb0fC+xQUa05VSwWamfGpYQOiEj1nNUEclMkC0uneELpwxxFGtXyuKF+nsiI9KYqQxdpyR2bFa9ufif10tt1AgyrpLUMkWXi6JUYBvj+dt4yDWjVkwdIVRzdyumY6IJtS6ckgvBX315nXRqVf+qWr+rV5qNPI4inME5XIIP19CEW2hBGyhE8Ayv8IYm6AW9o49lawHlM6fwB+jzB0ZmjSw=</latexit>

2m

<latexit sha1_base64="rNYzpFSawx7vcVzAykXej1++49A=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexq0BwDXjxGMSaQLGF2MpsMmccyMyuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx49GpVqQltEcaU7ETaUM0lblllOO4mmWESctqPxzcxvP1FtmJIPdpLQUOChZDEj2Drp/lL0yxW/6s+BVkmQkwrkaPbLX72BIqmg0hKOjekGfmLDDGvLCKfTUi81NMFkjIe066jEgpowm186RWdOGaBYaVfSorn6eyLDwpiJiFynwHZklr2Z+J/XTW1cDzMmk9RSSRaL4pQjq9DsbTRgmhLLJ45gopm7FZER1phYF07JhRAsv7xKHi+qwVW1dlerNOp5HEU4gVM4hwCuoQG30IQWEIjhGV7hzRt7L96797FoLXj5zDH8gff5A0frjS0=</latexit>

3m

..

.
first light state of the tower!

<latexit sha1_base64="PaSSTu+uyW0iqQkmb68pq1YW29E=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVop6k4MVjBfsB7bpks9k2NMmuSbZQSn+HFw+KePXHePPfmLZ70NYHA4/3ZpiZF6acaeO6305hbX1jc6u4XdrZ3ds/KB8etXSSKUKbJOGJ6oRYU84kbRpmOO2kimIRctoOh7czvz2iSrNEPphxSn2B+5LFjGBjJb8VuD3NBBKB9xgF5YpbdedAq8TLSQVyNILyVy9KSCaoNIRjrbuemxp/gpVhhNNpqZdpmmIyxH3atVRiQbU/mR89RWdWiVCcKFvSoLn6e2KChdZjEdpOgc1AL3sz8T+vm5n42p8wmWaGSrJYFGccmQTNEkARU5QYPrYEE8XsrYgMsMLE2JxKNgRv+eVV0rqoepfV2n2tUr/J4yjCCZzCOXhwBXW4gwY0gcATPMMrvDkj58V5dz4WrQUnnzmGP3A+fwC3UpFq</latexit>

V0 ⇠ md
1

• If integrating out the infinite tower:

<latexit sha1_base64="YEHqnJJwVWz/RmRu1eFBaVBLjgU=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJVEirqSghuXFewDmhgmk0k7dGYSZiaFELrxV9y4UMStn+HOv3HaZqGtBy4czrmXe+8JU0aVdpxva2V1bX1js7JV3d7Z3du3Dw47KskkJm2csET2QqQIo4K0NdWM9FJJEA8Z6Yaj26nfHROpaCIedJ4Sn6OBoDHFSBspsI87geMpyiEPCk9yOCRonE8eo8CuOXVnBrhM3JLUQIlWYH95UYIzToTGDCnVd51U+wWSmmJGJlUvUyRFeIQGpG+oQJwov5g9MIFnRolgnEhTQsOZ+nuiQFypnIemkyM9VIveVPzP62c6vvYLKtJME4Hni+KMQZ3AaRowopJgzXJDEJbU3ArxEEmEtcmsakJwF19eJp2LuntZb9w3as2bMo4KOAGn4By44Ao0wR1ogTbAYAKewSt4s56sF+vd+pi3rljlzBH4A+vzB1LHlj4=</latexit>

V0 ⇠ md
heavy the heavy states dominate

• If integrating a finite number of fields below a cut-off:

Failure of EFT expectation



Experimental constraints

<latexit sha1_base64="4ZSU0Cl2IT3cI9koBNKcQ53zG7g=">AAACCnicbZDLSgMxFIYz9VbrbdSlm2gRXNWZUtSVFNy4rGAv0I4lk2ba0CQzJBmhDLN246u4caGIW5/AnW9jOh1EWw8EPv7/HE7O70eMKu04X1ZhaXllda24XtrY3NresXf3WiqMJSZNHLJQdnykCKOCNDXVjHQiSRD3GWn746up374nUtFQ3OpJRDyOhoIGFCNtpL592LpL3NNq2mNEKUU55D+UObW0b5edipMVXAQ3hzLIq9G3P3uDEMecCI0ZUqrrOpH2EiQ1xYykpV6sSITwGA1J16BAnCgvyU5J4bFRBjAIpXlCw0z9PZEgrtSE+6aTIz1S895U/M/rxjq48BIqolgTgWeLgphBHcJpLnBAJcGaTQwgLKn5K8QjJBHWJr2SCcGdP3kRWtWKe1ap3dTK9cs8jiI4AEfgBLjgHNTBNWiAJsDgATyBF/BqPVrP1pv1PmstWPnMPvhT1sc3EgSZ3Q==</latexit>

V 1/2 . m . V 1/4Is a tower with

compatible with experimental constraints?

<latexit sha1_base64="TDti5PvAUkiKX7f2Ym1PO9aa6tU=">AAACA3icbVDLSgMxFM3UV62vUXe6CRahgpYZKepKCm7cWcE+oDOWTJppQ5PMkGSEMhTc+CtuXCji1p9w59+YtrPQ1gOBwznncnNPEDOqtON8W7mFxaXllfxqYW19Y3PL3t5pqCiRmNRxxCLZCpAijApS11Qz0oolQTxgpBkMrsZ+84FIRSNxp4cx8TnqCRpSjLSROvYev09P3JHX0ybD4U3JdY68Y48nkHfsolN2JoDzxM1IEWSodewvrxvhhBOhMUNKtV0n1n6KpKaYkVHBSxSJER6gHmkbKhAnyk8nN4zgoVG6MIykeULDifp7IkVcqSEPTJIj3Vez3lj8z2snOrzwUyriRBOBp4vChEEdwXEhsEslwZoNDUFYUvNXiPtIIqxNbQVTgjt78jxpnJbds3LltlKsXmZ15ME+OAAl4IJzUAXXoAbqAINH8AxewZv1ZL1Y79bHNJqzspld8AfW5w+l+ZY7</latexit>

m
�1 & O(10)µmIn our universe:

<latexit sha1_base64="ybSufJxpeM+CW6xWaIe9qsjsh6w=">AAACBHicbVA9SwNBEN3zM8avqGWaxSBYxbsY1EoCNpYRzAckMextJsmS3btjd04MRwob/4qNhSK2/gg7/42bj0ITHww83pthZp4fSWHQdb+dpeWV1bX11EZ6c2t7Zzezt181Yaw5VHgoQ133mQEpAqigQAn1SANTvoSaP7ga+7V70EaEwS0OI2gp1gtEV3CGVmpnstW7xDspjppGKFrIn3pNhAdMqILqqJ3JuXl3ArpIvBnJkRnK7cxXsxPyWEGAXDJjGp4bYSthGgWXMEo3YwMR4wPWg4alAVNgWsnkiRE9skqHdkNtK0A6UX9PJEwZM1S+7VQM+2beG4v/eY0YuxetRARRjBDw6aJuLCmGdJwI7QgNHOXQEsa1sLdS3meacbS5pW0I3vzLi6RayHtn+eJNMVe6nMWRIllySI6JR85JiVyTMqkQTh7JM3klb86T8+K8Ox/T1iVnNnNA/sD5/AHD1Zbo</latexit>

V 1/4 ⇠ 2.31 meV

Experimental constraints:

Astrophysical bounds: 
[Hannestad and Raffelt ’03]

m�1  10�4 µm (n = 2)
<latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="E1OW80mK5chpUMa3hvL0LSVtbhg=">AAAB6HicbZC7TsNAEEXH4RVMgFDTrIiQqCKbBkokGsogkYeUWNF6PY5XWT+0OwZFVn6AlpoO8U+U/AmbkIIk3Oru3CvtzAkLJQ153pdT29nd2z+oH7pHDff45LTZ6Jm81AK7Ile5HoTcoJIZdkmSwkGhkaehwn44vV/k/WfURubZE80KDFI+yWQsBSc76oybLa/tLcW2jb8yLVhp3PweRbkoU8xIKG7M0PcKCiquSQqFc3dUGiy4mPIJDq3NeIomqJZrztllnGtGCbLl+2+34qkxszS0nZRTYjazxfC/bFhSfBtUMitKwkzYis3iUjHK2eJaFkmNgtTMGi60tFsykXDNBVkma78Ye06C0dy1SPxNANumd932vbb/6EEdzuECrsCHG7iDB+hAFwRE8Apvzovz7nz8oqs5K4ZnsCbn8wdw55CX</latexit><latexit sha1_base64="XG7EJBQ6PGHGi+gFOciwZWXRzjk=">AAACF3icbZDNSgMxFIXv1L9aq1a3boJFUNEyUwTdCIIblxVsK3RqyaS3bWgyM00yQhnmHXwIn8Gtrt2JK5e+iWntQq1nEb7ccyC5J4gF18Z1P5zcwuLS8kp+tbBWXN/YLG0VGzpKFMM6i0SkbgOqUfAQ64YbgbexQioDgc1geDnxm/eoNI/CGzOOsS1pP+Q9zqixo07pUN6lx17mCxwRz7V8kvlHxJcJkf4ood3pQfbD8+pBp1R2K+5UZB68GZRhplqn9Ol3I5ZIDA0TVOuW58amnVJlOBOYFfxEY0zZkPaxZTGkEnU7ne6Ukb1epIgZIJnef2ZTKrUey8BmJDUD/debDP/zWonpnbVTHsaJwZDZiPV6iSAmIpNqSJcrZEaMLVCmuP0lYQOqKDO2wF+vaLvOALtZwXbi/W1gHhrViudWvGsX8rADu7APHpzCBVxBDerA4AGe4BlenEfn1Xn7bi/nzGrchl9y3r8ABkug9g==</latexit><latexit sha1_base64="XG7EJBQ6PGHGi+gFOciwZWXRzjk=">AAACF3icbZDNSgMxFIXv1L9aq1a3boJFUNEyUwTdCIIblxVsK3RqyaS3bWgyM00yQhnmHXwIn8Gtrt2JK5e+iWntQq1nEb7ccyC5J4gF18Z1P5zcwuLS8kp+tbBWXN/YLG0VGzpKFMM6i0SkbgOqUfAQ64YbgbexQioDgc1geDnxm/eoNI/CGzOOsS1pP+Q9zqixo07pUN6lx17mCxwRz7V8kvlHxJcJkf4ood3pQfbD8+pBp1R2K+5UZB68GZRhplqn9Ol3I5ZIDA0TVOuW58amnVJlOBOYFfxEY0zZkPaxZTGkEnU7ne6Ukb1epIgZIJnef2ZTKrUey8BmJDUD/debDP/zWonpnbVTHsaJwZDZiPV6iSAmIpNqSJcrZEaMLVCmuP0lYQOqKDO2wF+vaLvOALtZwXbi/W1gHhrViudWvGsX8rADu7APHpzCBVxBDerA4AGe4BlenEfn1Xn7bi/nzGrchl9y3r8ABkug9g==</latexit><latexit sha1_base64="W/V4nF/k9etdmSmpPuFl1bsmqQQ="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit>

m�1  44µm (n = 1)
<latexit sha1_base64="ipFtF/yb+AzhHNfylKqUOyUA+nM=">AAACHXicbVDLSgMxFM34rPVVdekmWAoVtMxIQTdC0Y3LCvYBnVoy6W0bmsxMk4xQhn6BH+E3uNW1O3ErLv0T03EWtvUsLif3nEvuPV7ImdK2/WUtLa+srq1nNrKbW9s7u7m9/boKIkmhRgMeyKZHFHDmQ00zzaEZSiDC49DwhtdTvfEAUrHAv9PjENqC9H3WY5Ro0+rkCuI+PnUmLocRLpfdE+yKCAt3FJFuUnDRv3SOO7m8XbIT4EXipCSPUlQ7uW+3G9BIgK8pJ0q1HDvU7ZhIzSiHSdaNFISEDkkfWob6RIBqx8k5E1zoBRLrAeDk/dcbE6HUWHjGI4geqHlt2vxPa0W6d9GOmR9GGnxqLEbrRRzrAE9TwV0mgWo+NoRQycyWmA6IJFSb7GZ+UeacAXQnWZOJM5/AIqmflRy75NyW85WrNJ0MOkRHqIgcdI4q6AZVUQ1R9Iie0Qt6tZ6sN+vd+vi1LlnpzAGagfX5A1mToKA=</latexit><latexit sha1_base64="ipFtF/yb+AzhHNfylKqUOyUA+nM=">AAACHXicbVDLSgMxFM34rPVVdekmWAoVtMxIQTdC0Y3LCvYBnVoy6W0bmsxMk4xQhn6BH+E3uNW1O3ErLv0T03EWtvUsLif3nEvuPV7ImdK2/WUtLa+srq1nNrKbW9s7u7m9/boKIkmhRgMeyKZHFHDmQ00zzaEZSiDC49DwhtdTvfEAUrHAv9PjENqC9H3WY5Ro0+rkCuI+PnUmLocRLpfdE+yKCAt3FJFuUnDRv3SOO7m8XbIT4EXipCSPUlQ7uW+3G9BIgK8pJ0q1HDvU7ZhIzSiHSdaNFISEDkkfWob6RIBqx8k5E1zoBRLrAeDk/dcbE6HUWHjGI4geqHlt2vxPa0W6d9GOmR9GGnxqLEbrRRzrAE9TwV0mgWo+NoRQycyWmA6IJFSb7GZ+UeacAXQnWZOJM5/AIqmflRy75NyW85WrNJ0MOkRHqIgcdI4q6AZVUQ1R9Iie0Qt6tZ6sN+vd+vi1LlnpzAGagfX5A1mToKA=</latexit><latexit sha1_base64="ipFtF/yb+AzhHNfylKqUOyUA+nM=">AAACHXicbVDLSgMxFM34rPVVdekmWAoVtMxIQTdC0Y3LCvYBnVoy6W0bmsxMk4xQhn6BH+E3uNW1O3ErLv0T03EWtvUsLif3nEvuPV7ImdK2/WUtLa+srq1nNrKbW9s7u7m9/boKIkmhRgMeyKZHFHDmQ00zzaEZSiDC49DwhtdTvfEAUrHAv9PjENqC9H3WY5Ro0+rkCuI+PnUmLocRLpfdE+yKCAt3FJFuUnDRv3SOO7m8XbIT4EXipCSPUlQ7uW+3G9BIgK8pJ0q1HDvU7ZhIzSiHSdaNFISEDkkfWob6RIBqx8k5E1zoBRLrAeDk/dcbE6HUWHjGI4geqHlt2vxPa0W6d9GOmR9GGnxqLEbrRRzrAE9TwV0mgWo+NoRQycyWmA6IJFSb7GZ+UeacAXQnWZOJM5/AIqmflRy75NyW85WrNJ0MOkRHqIgcdI4q6AZVUQ1R9Iie0Qt6tZ6sN+vd+vi1LlnpzAGagfX5A1mToKA=</latexit><latexit sha1_base64="ipFtF/yb+AzhHNfylKqUOyUA+nM=">AAACHXicbVDLSgMxFM34rPVVdekmWAoVtMxIQTdC0Y3LCvYBnVoy6W0bmsxMk4xQhn6BH+E3uNW1O3ErLv0T03EWtvUsLif3nEvuPV7ImdK2/WUtLa+srq1nNrKbW9s7u7m9/boKIkmhRgMeyKZHFHDmQ00zzaEZSiDC49DwhtdTvfEAUrHAv9PjENqC9H3WY5Ro0+rkCuI+PnUmLocRLpfdE+yKCAt3FJFuUnDRv3SOO7m8XbIT4EXipCSPUlQ7uW+3G9BIgK8pJ0q1HDvU7ZhIzSiHSdaNFISEDkkfWob6RIBqx8k5E1zoBRLrAeDk/dcbE6HUWHjGI4geqHlt2vxPa0W6d9GOmR9GGnxqLEbrRRzrAE9TwV0mgWo+NoRQycyWmA6IJFSb7GZ+UeacAXQnWZOJM5/AIqmflRy75NyW85WrNJ0MOkRHqIgcdI4q6AZVUQ1R9Iie0Qt6tZ6sN+vd+vi1LlnpzAGagfX5A1mToKA=</latexit>

Dev. from Newton’s laws (n=1): 
[Lee et al ’21]

m�1  30µm
<latexit sha1_base64="ygKJmasUeHZcfJFpdJWyzPWABcM=">AAACDXicbZC7TsMwGIWdcivlVkBMLBYVEgNUCSDBWMHCWCR6kZpQOe6fxqqdBNtBqqI+A8/ACjMbYuUZGHkT3JKBtpzp+D/H8u/PTzhT2ra/rMLC4tLySnG1tLa+sblV3t5pqjiVFBo05rFs+0QBZxE0NNMc2okEInwOLX9wPc5bjyAVi6M7PUzAE6QfsYBRos2oW94T99mJM3I5POAz2z3Grkix6JYrdtWeCM8bJzcVlKveLX+7vZimAiJNOVGq49iJ9jIiNaMcRiU3VZAQOiB96BgbEQHKyybrj/BhEEusQ8CT899uRoRSQ+GbjiA6VLPZePhf1kl1cOllLEpSDRE1FZMFKcc6xmMKuMckUM2HxhAqmdkS05BIQrVhNfWKMt8JoTcqGSbOLIF50zytOnbVuT2v1K5yOkW0jw7QEXLQBaqhG1RHDURRhp7RC3q1nqw36936+K0WrPzOLpqS9fkD9J6aoA==</latexit><latexit sha1_base64="ygKJmasUeHZcfJFpdJWyzPWABcM=">AAACDXicbZC7TsMwGIWdcivlVkBMLBYVEgNUCSDBWMHCWCR6kZpQOe6fxqqdBNtBqqI+A8/ACjMbYuUZGHkT3JKBtpzp+D/H8u/PTzhT2ra/rMLC4tLySnG1tLa+sblV3t5pqjiVFBo05rFs+0QBZxE0NNMc2okEInwOLX9wPc5bjyAVi6M7PUzAE6QfsYBRos2oW94T99mJM3I5POAz2z3Grkix6JYrdtWeCM8bJzcVlKveLX+7vZimAiJNOVGq49iJ9jIiNaMcRiU3VZAQOiB96BgbEQHKyybrj/BhEEusQ8CT899uRoRSQ+GbjiA6VLPZePhf1kl1cOllLEpSDRE1FZMFKcc6xmMKuMckUM2HxhAqmdkS05BIQrVhNfWKMt8JoTcqGSbOLIF50zytOnbVuT2v1K5yOkW0jw7QEXLQBaqhG1RHDURRhp7RC3q1nqw36936+K0WrPzOLpqS9fkD9J6aoA==</latexit><latexit sha1_base64="ygKJmasUeHZcfJFpdJWyzPWABcM=">AAACDXicbZC7TsMwGIWdcivlVkBMLBYVEgNUCSDBWMHCWCR6kZpQOe6fxqqdBNtBqqI+A8/ACjMbYuUZGHkT3JKBtpzp+D/H8u/PTzhT2ra/rMLC4tLySnG1tLa+sblV3t5pqjiVFBo05rFs+0QBZxE0NNMc2okEInwOLX9wPc5bjyAVi6M7PUzAE6QfsYBRos2oW94T99mJM3I5POAz2z3Grkix6JYrdtWeCM8bJzcVlKveLX+7vZimAiJNOVGq49iJ9jIiNaMcRiU3VZAQOiB96BgbEQHKyybrj/BhEEusQ8CT899uRoRSQ+GbjiA6VLPZePhf1kl1cOllLEpSDRE1FZMFKcc6xmMKuMckUM2HxhAqmdkS05BIQrVhNfWKMt8JoTcqGSbOLIF50zytOnbVuT2v1K5yOkW0jw7QEXLQBaqhG1RHDURRhp7RC3q1nqw36936+K0WrPzOLpqS9fkD9J6aoA==</latexit><latexit sha1_base64="ygKJmasUeHZcfJFpdJWyzPWABcM=">AAACDXicbZC7TsMwGIWdcivlVkBMLBYVEgNUCSDBWMHCWCR6kZpQOe6fxqqdBNtBqqI+A8/ACjMbYuUZGHkT3JKBtpzp+D/H8u/PTzhT2ra/rMLC4tLySnG1tLa+sblV3t5pqjiVFBo05rFs+0QBZxE0NNMc2okEInwOLX9wPc5bjyAVi6M7PUzAE6QfsYBRos2oW94T99mJM3I5POAz2z3Grkix6JYrdtWeCM8bJzcVlKveLX+7vZimAiJNOVGq49iJ9jIiNaMcRiU3VZAQOiB96BgbEQHKyybrj/BhEEusQ8CT899uRoRSQ+GbjiA6VLPZePhf1kl1cOllLEpSDRE1FZMFKcc6xmMKuMckUM2HxhAqmdkS05BIQrVhNfWKMt8JoTcqGSbOLIF50zytOnbVuT2v1K5yOkW0jw7QEXLQBaqhG1RHDURRhp7RC3q1nqw36936+K0WrPzOLpqS9fkD9J6aoA==</latexit>



Experimental constraints

<latexit sha1_base64="4ZSU0Cl2IT3cI9koBNKcQ53zG7g=">AAACCnicbZDLSgMxFIYz9VbrbdSlm2gRXNWZUtSVFNy4rGAv0I4lk2ba0CQzJBmhDLN246u4caGIW5/AnW9jOh1EWw8EPv7/HE7O70eMKu04X1ZhaXllda24XtrY3NresXf3WiqMJSZNHLJQdnykCKOCNDXVjHQiSRD3GWn746up374nUtFQ3OpJRDyOhoIGFCNtpL592LpL3NNq2mNEKUU55D+UObW0b5edipMVXAQ3hzLIq9G3P3uDEMecCI0ZUqrrOpH2EiQ1xYykpV6sSITwGA1J16BAnCgvyU5J4bFRBjAIpXlCw0z9PZEgrtSE+6aTIz1S895U/M/rxjq48BIqolgTgWeLgphBHcJpLnBAJcGaTQwgLKn5K8QjJBHWJr2SCcGdP3kRWtWKe1ap3dTK9cs8jiI4AEfgBLjgHNTBNWiAJsDgATyBF/BqPVrP1pv1PmstWPnMPvhT1sc3EgSZ3Q==</latexit>

V 1/2 . m . V 1/4Is a tower with

compatible with experimental constraints?

<latexit sha1_base64="TDti5PvAUkiKX7f2Ym1PO9aa6tU=">AAACA3icbVDLSgMxFM3UV62vUXe6CRahgpYZKepKCm7cWcE+oDOWTJppQ5PMkGSEMhTc+CtuXCji1p9w59+YtrPQ1gOBwznncnNPEDOqtON8W7mFxaXllfxqYW19Y3PL3t5pqCiRmNRxxCLZCpAijApS11Qz0oolQTxgpBkMrsZ+84FIRSNxp4cx8TnqCRpSjLSROvYev09P3JHX0ybD4U3JdY68Y48nkHfsolN2JoDzxM1IEWSodewvrxvhhBOhMUNKtV0n1n6KpKaYkVHBSxSJER6gHmkbKhAnyk8nN4zgoVG6MIykeULDifp7IkVcqSEPTJIj3Vez3lj8z2snOrzwUyriRBOBp4vChEEdwXEhsEslwZoNDUFYUvNXiPtIIqxNbQVTgjt78jxpnJbds3LltlKsXmZ15ME+OAAl4IJzUAXXoAbqAINH8AxewZv1ZL1Y79bHNJqzspld8AfW5w+l+ZY7</latexit>

m
�1 & O(10)µmIn our universe:

<latexit sha1_base64="ybSufJxpeM+CW6xWaIe9qsjsh6w=">AAACBHicbVA9SwNBEN3zM8avqGWaxSBYxbsY1EoCNpYRzAckMextJsmS3btjd04MRwob/4qNhSK2/gg7/42bj0ITHww83pthZp4fSWHQdb+dpeWV1bX11EZ6c2t7Zzezt181Yaw5VHgoQ133mQEpAqigQAn1SANTvoSaP7ga+7V70EaEwS0OI2gp1gtEV3CGVmpnstW7xDspjppGKFrIn3pNhAdMqILqqJ3JuXl3ArpIvBnJkRnK7cxXsxPyWEGAXDJjGp4bYSthGgWXMEo3YwMR4wPWg4alAVNgWsnkiRE9skqHdkNtK0A6UX9PJEwZM1S+7VQM+2beG4v/eY0YuxetRARRjBDw6aJuLCmGdJwI7QgNHOXQEsa1sLdS3meacbS5pW0I3vzLi6RayHtn+eJNMVe6nMWRIllySI6JR85JiVyTMqkQTh7JM3klb86T8+K8Ox/T1iVnNnNA/sD5/AHD1Zbo</latexit>

V 1/4 ⇠ 2.31 meV

Experimental constraints:

Astrophysical bounds: 
[Hannestad and Raffelt ’03]

m�1  10�4 µm (n = 2)
<latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="E1OW80mK5chpUMa3hvL0LSVtbhg=">AAAB6HicbZC7TsNAEEXH4RVMgFDTrIiQqCKbBkokGsogkYeUWNF6PY5XWT+0OwZFVn6AlpoO8U+U/AmbkIIk3Oru3CvtzAkLJQ153pdT29nd2z+oH7pHDff45LTZ6Jm81AK7Ile5HoTcoJIZdkmSwkGhkaehwn44vV/k/WfURubZE80KDFI+yWQsBSc76oybLa/tLcW2jb8yLVhp3PweRbkoU8xIKG7M0PcKCiquSQqFc3dUGiy4mPIJDq3NeIomqJZrztllnGtGCbLl+2+34qkxszS0nZRTYjazxfC/bFhSfBtUMitKwkzYis3iUjHK2eJaFkmNgtTMGi60tFsykXDNBVkma78Ye06C0dy1SPxNANumd932vbb/6EEdzuECrsCHG7iDB+hAFwRE8Apvzovz7nz8oqs5K4ZnsCbn8wdw55CX</latexit><latexit sha1_base64="XG7EJBQ6PGHGi+gFOciwZWXRzjk=">AAACF3icbZDNSgMxFIXv1L9aq1a3boJFUNEyUwTdCIIblxVsK3RqyaS3bWgyM00yQhnmHXwIn8Gtrt2JK5e+iWntQq1nEb7ccyC5J4gF18Z1P5zcwuLS8kp+tbBWXN/YLG0VGzpKFMM6i0SkbgOqUfAQ64YbgbexQioDgc1geDnxm/eoNI/CGzOOsS1pP+Q9zqixo07pUN6lx17mCxwRz7V8kvlHxJcJkf4ood3pQfbD8+pBp1R2K+5UZB68GZRhplqn9Ol3I5ZIDA0TVOuW58amnVJlOBOYFfxEY0zZkPaxZTGkEnU7ne6Ukb1epIgZIJnef2ZTKrUey8BmJDUD/debDP/zWonpnbVTHsaJwZDZiPV6iSAmIpNqSJcrZEaMLVCmuP0lYQOqKDO2wF+vaLvOALtZwXbi/W1gHhrViudWvGsX8rADu7APHpzCBVxBDerA4AGe4BlenEfn1Xn7bi/nzGrchl9y3r8ABkug9g==</latexit><latexit sha1_base64="XG7EJBQ6PGHGi+gFOciwZWXRzjk=">AAACF3icbZDNSgMxFIXv1L9aq1a3boJFUNEyUwTdCIIblxVsK3RqyaS3bWgyM00yQhnmHXwIn8Gtrt2JK5e+iWntQq1nEb7ccyC5J4gF18Z1P5zcwuLS8kp+tbBWXN/YLG0VGzpKFMM6i0SkbgOqUfAQ64YbgbexQioDgc1geDnxm/eoNI/CGzOOsS1pP+Q9zqixo07pUN6lx17mCxwRz7V8kvlHxJcJkf4ood3pQfbD8+pBp1R2K+5UZB68GZRhplqn9Ol3I5ZIDA0TVOuW58amnVJlOBOYFfxEY0zZkPaxZTGkEnU7ne6Ukb1epIgZIJnef2ZTKrUey8BmJDUD/debDP/zWonpnbVTHsaJwZDZiPV6iSAmIpNqSJcrZEaMLVCmuP0lYQOqKDO2wF+vaLvOALtZwXbi/W1gHhrViudWvGsX8rADu7APHpzCBVxBDerA4AGe4BlenEfn1Xn7bi/nzGrchl9y3r8ABkug9g==</latexit><latexit sha1_base64="W/V4nF/k9etdmSmpPuFl1bsmqQQ="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit>

m�1  44µm (n = 1)
<latexit sha1_base64="ipFtF/yb+AzhHNfylKqUOyUA+nM=">AAACHXicbVDLSgMxFM34rPVVdekmWAoVtMxIQTdC0Y3LCvYBnVoy6W0bmsxMk4xQhn6BH+E3uNW1O3ErLv0T03EWtvUsLif3nEvuPV7ImdK2/WUtLa+srq1nNrKbW9s7u7m9/boKIkmhRgMeyKZHFHDmQ00zzaEZSiDC49DwhtdTvfEAUrHAv9PjENqC9H3WY5Ro0+rkCuI+PnUmLocRLpfdE+yKCAt3FJFuUnDRv3SOO7m8XbIT4EXipCSPUlQ7uW+3G9BIgK8pJ0q1HDvU7ZhIzSiHSdaNFISEDkkfWob6RIBqx8k5E1zoBRLrAeDk/dcbE6HUWHjGI4geqHlt2vxPa0W6d9GOmR9GGnxqLEbrRRzrAE9TwV0mgWo+NoRQycyWmA6IJFSb7GZ+UeacAXQnWZOJM5/AIqmflRy75NyW85WrNJ0MOkRHqIgcdI4q6AZVUQ1R9Iie0Qt6tZ6sN+vd+vi1LlnpzAGagfX5A1mToKA=</latexit><latexit sha1_base64="ipFtF/yb+AzhHNfylKqUOyUA+nM=">AAACHXicbVDLSgMxFM34rPVVdekmWAoVtMxIQTdC0Y3LCvYBnVoy6W0bmsxMk4xQhn6BH+E3uNW1O3ErLv0T03EWtvUsLif3nEvuPV7ImdK2/WUtLa+srq1nNrKbW9s7u7m9/boKIkmhRgMeyKZHFHDmQ00zzaEZSiDC49DwhtdTvfEAUrHAv9PjENqC9H3WY5Ro0+rkCuI+PnUmLocRLpfdE+yKCAt3FJFuUnDRv3SOO7m8XbIT4EXipCSPUlQ7uW+3G9BIgK8pJ0q1HDvU7ZhIzSiHSdaNFISEDkkfWob6RIBqx8k5E1zoBRLrAeDk/dcbE6HUWHjGI4geqHlt2vxPa0W6d9GOmR9GGnxqLEbrRRzrAE9TwV0mgWo+NoRQycyWmA6IJFSb7GZ+UeacAXQnWZOJM5/AIqmflRy75NyW85WrNJ0MOkRHqIgcdI4q6AZVUQ1R9Iie0Qt6tZ6sN+vd+vi1LlnpzAGagfX5A1mToKA=</latexit><latexit sha1_base64="ipFtF/yb+AzhHNfylKqUOyUA+nM=">AAACHXicbVDLSgMxFM34rPVVdekmWAoVtMxIQTdC0Y3LCvYBnVoy6W0bmsxMk4xQhn6BH+E3uNW1O3ErLv0T03EWtvUsLif3nEvuPV7ImdK2/WUtLa+srq1nNrKbW9s7u7m9/boKIkmhRgMeyKZHFHDmQ00zzaEZSiDC49DwhtdTvfEAUrHAv9PjENqC9H3WY5Ro0+rkCuI+PnUmLocRLpfdE+yKCAt3FJFuUnDRv3SOO7m8XbIT4EXipCSPUlQ7uW+3G9BIgK8pJ0q1HDvU7ZhIzSiHSdaNFISEDkkfWob6RIBqx8k5E1zoBRLrAeDk/dcbE6HUWHjGI4geqHlt2vxPa0W6d9GOmR9GGnxqLEbrRRzrAE9TwV0mgWo+NoRQycyWmA6IJFSb7GZ+UeacAXQnWZOJM5/AIqmflRy75NyW85WrNJ0MOkRHqIgcdI4q6AZVUQ1R9Iie0Qt6tZ6sN+vd+vi1LlnpzAGagfX5A1mToKA=</latexit><latexit sha1_base64="ipFtF/yb+AzhHNfylKqUOyUA+nM=">AAACHXicbVDLSgMxFM34rPVVdekmWAoVtMxIQTdC0Y3LCvYBnVoy6W0bmsxMk4xQhn6BH+E3uNW1O3ErLv0T03EWtvUsLif3nEvuPV7ImdK2/WUtLa+srq1nNrKbW9s7u7m9/boKIkmhRgMeyKZHFHDmQ00zzaEZSiDC49DwhtdTvfEAUrHAv9PjENqC9H3WY5Ro0+rkCuI+PnUmLocRLpfdE+yKCAt3FJFuUnDRv3SOO7m8XbIT4EXipCSPUlQ7uW+3G9BIgK8pJ0q1HDvU7ZhIzSiHSdaNFISEDkkfWob6RIBqx8k5E1zoBRLrAeDk/dcbE6HUWHjGI4geqHlt2vxPa0W6d9GOmR9GGnxqLEbrRRzrAE9TwV0mgWo+NoRQycyWmA6IJFSb7GZ+UeacAXQnWZOJM5/AIqmflRy75NyW85WrNJ0MOkRHqIgcdI4q6AZVUQ1R9Iie0Qt6tZ6sN+vd+vi1LlnpzAGagfX5A1mToKA=</latexit>

Dev. from Newton’s laws (n=1): 
[Lee et al ’21]

m�1  30µm
<latexit sha1_base64="ygKJmasUeHZcfJFpdJWyzPWABcM=">AAACDXicbZC7TsMwGIWdcivlVkBMLBYVEgNUCSDBWMHCWCR6kZpQOe6fxqqdBNtBqqI+A8/ACjMbYuUZGHkT3JKBtpzp+D/H8u/PTzhT2ra/rMLC4tLySnG1tLa+sblV3t5pqjiVFBo05rFs+0QBZxE0NNMc2okEInwOLX9wPc5bjyAVi6M7PUzAE6QfsYBRos2oW94T99mJM3I5POAz2z3Grkix6JYrdtWeCM8bJzcVlKveLX+7vZimAiJNOVGq49iJ9jIiNaMcRiU3VZAQOiB96BgbEQHKyybrj/BhEEusQ8CT899uRoRSQ+GbjiA6VLPZePhf1kl1cOllLEpSDRE1FZMFKcc6xmMKuMckUM2HxhAqmdkS05BIQrVhNfWKMt8JoTcqGSbOLIF50zytOnbVuT2v1K5yOkW0jw7QEXLQBaqhG1RHDURRhp7RC3q1nqw36936+K0WrPzOLpqS9fkD9J6aoA==</latexit><latexit sha1_base64="ygKJmasUeHZcfJFpdJWyzPWABcM=">AAACDXicbZC7TsMwGIWdcivlVkBMLBYVEgNUCSDBWMHCWCR6kZpQOe6fxqqdBNtBqqI+A8/ACjMbYuUZGHkT3JKBtpzp+D/H8u/PTzhT2ra/rMLC4tLySnG1tLa+sblV3t5pqjiVFBo05rFs+0QBZxE0NNMc2okEInwOLX9wPc5bjyAVi6M7PUzAE6QfsYBRos2oW94T99mJM3I5POAz2z3Grkix6JYrdtWeCM8bJzcVlKveLX+7vZimAiJNOVGq49iJ9jIiNaMcRiU3VZAQOiB96BgbEQHKyybrj/BhEEusQ8CT899uRoRSQ+GbjiA6VLPZePhf1kl1cOllLEpSDRE1FZMFKcc6xmMKuMckUM2HxhAqmdkS05BIQrVhNfWKMt8JoTcqGSbOLIF50zytOnbVuT2v1K5yOkW0jw7QEXLQBaqhG1RHDURRhp7RC3q1nqw36936+K0WrPzOLpqS9fkD9J6aoA==</latexit><latexit sha1_base64="ygKJmasUeHZcfJFpdJWyzPWABcM=">AAACDXicbZC7TsMwGIWdcivlVkBMLBYVEgNUCSDBWMHCWCR6kZpQOe6fxqqdBNtBqqI+A8/ACjMbYuUZGHkT3JKBtpzp+D/H8u/PTzhT2ra/rMLC4tLySnG1tLa+sblV3t5pqjiVFBo05rFs+0QBZxE0NNMc2okEInwOLX9wPc5bjyAVi6M7PUzAE6QfsYBRos2oW94T99mJM3I5POAz2z3Grkix6JYrdtWeCM8bJzcVlKveLX+7vZimAiJNOVGq49iJ9jIiNaMcRiU3VZAQOiB96BgbEQHKyybrj/BhEEusQ8CT899uRoRSQ+GbjiA6VLPZePhf1kl1cOllLEpSDRE1FZMFKcc6xmMKuMckUM2HxhAqmdkS05BIQrVhNfWKMt8JoTcqGSbOLIF50zytOnbVuT2v1K5yOkW0jw7QEXLQBaqhG1RHDURRhp7RC3q1nqw36936+K0WrPzOLpqS9fkD9J6aoA==</latexit><latexit sha1_base64="ygKJmasUeHZcfJFpdJWyzPWABcM=">AAACDXicbZC7TsMwGIWdcivlVkBMLBYVEgNUCSDBWMHCWCR6kZpQOe6fxqqdBNtBqqI+A8/ACjMbYuUZGHkT3JKBtpzp+D/H8u/PTzhT2ra/rMLC4tLySnG1tLa+sblV3t5pqjiVFBo05rFs+0QBZxE0NNMc2okEInwOLX9wPc5bjyAVi6M7PUzAE6QfsYBRos2oW94T99mJM3I5POAz2z3Grkix6JYrdtWeCM8bJzcVlKveLX+7vZimAiJNOVGq49iJ9jIiNaMcRiU3VZAQOiB96BgbEQHKyybrj/BhEEusQ8CT899uRoRSQ+GbjiA6VLPZePhf1kl1cOllLEpSDRE1FZMFKcc6xmMKuMckUM2HxhAqmdkS05BIQrVhNfWKMt8JoTcqGSbOLIF50zytOnbVuT2v1K5yOkW0jw7QEXLQBaqhG1RHDURRhp7RC3q1nqw36936+K0WrPzOLpqS9fkD9J6aoA==</latexit>

ruled out



Experimental constraints

<latexit sha1_base64="4ZSU0Cl2IT3cI9koBNKcQ53zG7g=">AAACCnicbZDLSgMxFIYz9VbrbdSlm2gRXNWZUtSVFNy4rGAv0I4lk2ba0CQzJBmhDLN246u4caGIW5/AnW9jOh1EWw8EPv7/HE7O70eMKu04X1ZhaXllda24XtrY3NresXf3WiqMJSZNHLJQdnykCKOCNDXVjHQiSRD3GWn746up374nUtFQ3OpJRDyOhoIGFCNtpL592LpL3NNq2mNEKUU55D+UObW0b5edipMVXAQ3hzLIq9G3P3uDEMecCI0ZUqrrOpH2EiQ1xYykpV6sSITwGA1J16BAnCgvyU5J4bFRBjAIpXlCw0z9PZEgrtSE+6aTIz1S895U/M/rxjq48BIqolgTgWeLgphBHcJpLnBAJcGaTQwgLKn5K8QjJBHWJr2SCcGdP3kRWtWKe1ap3dTK9cs8jiI4AEfgBLjgHNTBNWiAJsDgATyBF/BqPVrP1pv1PmstWPnMPvhT1sc3EgSZ3Q==</latexit>

V 1/2 . m . V 1/4Is a tower with

compatible with experimental constraints?

<latexit sha1_base64="TDti5PvAUkiKX7f2Ym1PO9aa6tU=">AAACA3icbVDLSgMxFM3UV62vUXe6CRahgpYZKepKCm7cWcE+oDOWTJppQ5PMkGSEMhTc+CtuXCji1p9w59+YtrPQ1gOBwznncnNPEDOqtON8W7mFxaXllfxqYW19Y3PL3t5pqCiRmNRxxCLZCpAijApS11Qz0oolQTxgpBkMrsZ+84FIRSNxp4cx8TnqCRpSjLSROvYev09P3JHX0ybD4U3JdY68Y48nkHfsolN2JoDzxM1IEWSodewvrxvhhBOhMUNKtV0n1n6KpKaYkVHBSxSJER6gHmkbKhAnyk8nN4zgoVG6MIykeULDifp7IkVcqSEPTJIj3Vez3lj8z2snOrzwUyriRBOBp4vChEEdwXEhsEslwZoNDUFYUvNXiPtIIqxNbQVTgjt78jxpnJbds3LltlKsXmZ15ME+OAAl4IJzUAXXoAbqAINH8AxewZv1ZL1Y79bHNJqzspld8AfW5w+l+ZY7</latexit>

m
�1 & O(10)µmIn our universe:

<latexit sha1_base64="ybSufJxpeM+CW6xWaIe9qsjsh6w=">AAACBHicbVA9SwNBEN3zM8avqGWaxSBYxbsY1EoCNpYRzAckMextJsmS3btjd04MRwob/4qNhSK2/gg7/42bj0ITHww83pthZp4fSWHQdb+dpeWV1bX11EZ6c2t7Zzezt181Yaw5VHgoQ133mQEpAqigQAn1SANTvoSaP7ga+7V70EaEwS0OI2gp1gtEV3CGVmpnstW7xDspjppGKFrIn3pNhAdMqILqqJ3JuXl3ArpIvBnJkRnK7cxXsxPyWEGAXDJjGp4bYSthGgWXMEo3YwMR4wPWg4alAVNgWsnkiRE9skqHdkNtK0A6UX9PJEwZM1S+7VQM+2beG4v/eY0YuxetRARRjBDw6aJuLCmGdJwI7QgNHOXQEsa1sLdS3meacbS5pW0I3vzLi6RayHtn+eJNMVe6nMWRIllySI6JR85JiVyTMqkQTh7JM3klb86T8+K8Ox/T1iVnNnNA/sD5/AHD1Zbo</latexit>

V 1/4 ⇠ 2.31 meV

Experimental constraints:

Astrophysical bounds: 
[Hannestad and Raffelt ’03]

m�1  10�4 µm (n = 2)
<latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="E1OW80mK5chpUMa3hvL0LSVtbhg=">AAAB6HicbZC7TsNAEEXH4RVMgFDTrIiQqCKbBkokGsogkYeUWNF6PY5XWT+0OwZFVn6AlpoO8U+U/AmbkIIk3Oru3CvtzAkLJQ153pdT29nd2z+oH7pHDff45LTZ6Jm81AK7Ile5HoTcoJIZdkmSwkGhkaehwn44vV/k/WfURubZE80KDFI+yWQsBSc76oybLa/tLcW2jb8yLVhp3PweRbkoU8xIKG7M0PcKCiquSQqFc3dUGiy4mPIJDq3NeIomqJZrztllnGtGCbLl+2+34qkxszS0nZRTYjazxfC/bFhSfBtUMitKwkzYis3iUjHK2eJaFkmNgtTMGi60tFsykXDNBVkma78Ye06C0dy1SPxNANumd932vbb/6EEdzuECrsCHG7iDB+hAFwRE8Apvzovz7nz8oqs5K4ZnsCbn8wdw55CX</latexit><latexit sha1_base64="XG7EJBQ6PGHGi+gFOciwZWXRzjk=">AAACF3icbZDNSgMxFIXv1L9aq1a3boJFUNEyUwTdCIIblxVsK3RqyaS3bWgyM00yQhnmHXwIn8Gtrt2JK5e+iWntQq1nEb7ccyC5J4gF18Z1P5zcwuLS8kp+tbBWXN/YLG0VGzpKFMM6i0SkbgOqUfAQ64YbgbexQioDgc1geDnxm/eoNI/CGzOOsS1pP+Q9zqixo07pUN6lx17mCxwRz7V8kvlHxJcJkf4ood3pQfbD8+pBp1R2K+5UZB68GZRhplqn9Ol3I5ZIDA0TVOuW58amnVJlOBOYFfxEY0zZkPaxZTGkEnU7ne6Ukb1epIgZIJnef2ZTKrUey8BmJDUD/debDP/zWonpnbVTHsaJwZDZiPV6iSAmIpNqSJcrZEaMLVCmuP0lYQOqKDO2wF+vaLvOALtZwXbi/W1gHhrViudWvGsX8rADu7APHpzCBVxBDerA4AGe4BlenEfn1Xn7bi/nzGrchl9y3r8ABkug9g==</latexit><latexit sha1_base64="XG7EJBQ6PGHGi+gFOciwZWXRzjk=">AAACF3icbZDNSgMxFIXv1L9aq1a3boJFUNEyUwTdCIIblxVsK3RqyaS3bWgyM00yQhnmHXwIn8Gtrt2JK5e+iWntQq1nEb7ccyC5J4gF18Z1P5zcwuLS8kp+tbBWXN/YLG0VGzpKFMM6i0SkbgOqUfAQ64YbgbexQioDgc1geDnxm/eoNI/CGzOOsS1pP+Q9zqixo07pUN6lx17mCxwRz7V8kvlHxJcJkf4ood3pQfbD8+pBp1R2K+5UZB68GZRhplqn9Ol3I5ZIDA0TVOuW58amnVJlOBOYFfxEY0zZkPaxZTGkEnU7ne6Ukb1epIgZIJnef2ZTKrUey8BmJDUD/debDP/zWonpnbVTHsaJwZDZiPV6iSAmIpNqSJcrZEaMLVCmuP0lYQOqKDO2wF+vaLvOALtZwXbi/W1gHhrViudWvGsX8rADu7APHpzCBVxBDerA4AGe4BlenEfn1Xn7bi/nzGrchl9y3r8ABkug9g==</latexit><latexit sha1_base64="W/V4nF/k9etdmSmpPuFl1bsmqQQ="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit><latexit sha1_base64="WwBfYXdVC+PHfEIQZ5bHT3ttnEY="></latexit>

m�1  44µm (n = 1)
<latexit sha1_base64="ipFtF/yb+AzhHNfylKqUOyUA+nM=">AAACHXicbVDLSgMxFM34rPVVdekmWAoVtMxIQTdC0Y3LCvYBnVoy6W0bmsxMk4xQhn6BH+E3uNW1O3ErLv0T03EWtvUsLif3nEvuPV7ImdK2/WUtLa+srq1nNrKbW9s7u7m9/boKIkmhRgMeyKZHFHDmQ00zzaEZSiDC49DwhtdTvfEAUrHAv9PjENqC9H3WY5Ro0+rkCuI+PnUmLocRLpfdE+yKCAt3FJFuUnDRv3SOO7m8XbIT4EXipCSPUlQ7uW+3G9BIgK8pJ0q1HDvU7ZhIzSiHSdaNFISEDkkfWob6RIBqx8k5E1zoBRLrAeDk/dcbE6HUWHjGI4geqHlt2vxPa0W6d9GOmR9GGnxqLEbrRRzrAE9TwV0mgWo+NoRQycyWmA6IJFSb7GZ+UeacAXQnWZOJM5/AIqmflRy75NyW85WrNJ0MOkRHqIgcdI4q6AZVUQ1R9Iie0Qt6tZ6sN+vd+vi1LlnpzAGagfX5A1mToKA=</latexit><latexit sha1_base64="ipFtF/yb+AzhHNfylKqUOyUA+nM=">AAACHXicbVDLSgMxFM34rPVVdekmWAoVtMxIQTdC0Y3LCvYBnVoy6W0bmsxMk4xQhn6BH+E3uNW1O3ErLv0T03EWtvUsLif3nEvuPV7ImdK2/WUtLa+srq1nNrKbW9s7u7m9/boKIkmhRgMeyKZHFHDmQ00zzaEZSiDC49DwhtdTvfEAUrHAv9PjENqC9H3WY5Ro0+rkCuI+PnUmLocRLpfdE+yKCAt3FJFuUnDRv3SOO7m8XbIT4EXipCSPUlQ7uW+3G9BIgK8pJ0q1HDvU7ZhIzSiHSdaNFISEDkkfWob6RIBqx8k5E1zoBRLrAeDk/dcbE6HUWHjGI4geqHlt2vxPa0W6d9GOmR9GGnxqLEbrRRzrAE9TwV0mgWo+NoRQycyWmA6IJFSb7GZ+UeacAXQnWZOJM5/AIqmflRy75NyW85WrNJ0MOkRHqIgcdI4q6AZVUQ1R9Iie0Qt6tZ6sN+vd+vi1LlnpzAGagfX5A1mToKA=</latexit><latexit sha1_base64="ipFtF/yb+AzhHNfylKqUOyUA+nM=">AAACHXicbVDLSgMxFM34rPVVdekmWAoVtMxIQTdC0Y3LCvYBnVoy6W0bmsxMk4xQhn6BH+E3uNW1O3ErLv0T03EWtvUsLif3nEvuPV7ImdK2/WUtLa+srq1nNrKbW9s7u7m9/boKIkmhRgMeyKZHFHDmQ00zzaEZSiDC49DwhtdTvfEAUrHAv9PjENqC9H3WY5Ro0+rkCuI+PnUmLocRLpfdE+yKCAt3FJFuUnDRv3SOO7m8XbIT4EXipCSPUlQ7uW+3G9BIgK8pJ0q1HDvU7ZhIzSiHSdaNFISEDkkfWob6RIBqx8k5E1zoBRLrAeDk/dcbE6HUWHjGI4geqHlt2vxPa0W6d9GOmR9GGnxqLEbrRRzrAE9TwV0mgWo+NoRQycyWmA6IJFSb7GZ+UeacAXQnWZOJM5/AIqmflRy75NyW85WrNJ0MOkRHqIgcdI4q6AZVUQ1R9Iie0Qt6tZ6sN+vd+vi1LlnpzAGagfX5A1mToKA=</latexit><latexit sha1_base64="ipFtF/yb+AzhHNfylKqUOyUA+nM=">AAACHXicbVDLSgMxFM34rPVVdekmWAoVtMxIQTdC0Y3LCvYBnVoy6W0bmsxMk4xQhn6BH+E3uNW1O3ErLv0T03EWtvUsLif3nEvuPV7ImdK2/WUtLa+srq1nNrKbW9s7u7m9/boKIkmhRgMeyKZHFHDmQ00zzaEZSiDC49DwhtdTvfEAUrHAv9PjENqC9H3WY5Ro0+rkCuI+PnUmLocRLpfdE+yKCAt3FJFuUnDRv3SOO7m8XbIT4EXipCSPUlQ7uW+3G9BIgK8pJ0q1HDvU7ZhIzSiHSdaNFISEDkkfWob6RIBqx8k5E1zoBRLrAeDk/dcbE6HUWHjGI4geqHlt2vxPa0W6d9GOmR9GGnxqLEbrRRzrAE9TwV0mgWo+NoRQycyWmA6IJFSb7GZ+UeacAXQnWZOJM5/AIqmflRy75NyW85WrNJ0MOkRHqIgcdI4q6AZVUQ1R9Iie0Qt6tZ6sN+vd+vi1LlnpzAGagfX5A1mToKA=</latexit>

Dev. from Newton’s laws (n=1): 
[Lee et al ’21]

m�1  30µm
<latexit sha1_base64="ygKJmasUeHZcfJFpdJWyzPWABcM=">AAACDXicbZC7TsMwGIWdcivlVkBMLBYVEgNUCSDBWMHCWCR6kZpQOe6fxqqdBNtBqqI+A8/ACjMbYuUZGHkT3JKBtpzp+D/H8u/PTzhT2ra/rMLC4tLySnG1tLa+sblV3t5pqjiVFBo05rFs+0QBZxE0NNMc2okEInwOLX9wPc5bjyAVi6M7PUzAE6QfsYBRos2oW94T99mJM3I5POAz2z3Grkix6JYrdtWeCM8bJzcVlKveLX+7vZimAiJNOVGq49iJ9jIiNaMcRiU3VZAQOiB96BgbEQHKyybrj/BhEEusQ8CT899uRoRSQ+GbjiA6VLPZePhf1kl1cOllLEpSDRE1FZMFKcc6xmMKuMckUM2HxhAqmdkS05BIQrVhNfWKMt8JoTcqGSbOLIF50zytOnbVuT2v1K5yOkW0jw7QEXLQBaqhG1RHDURRhp7RC3q1nqw36936+K0WrPzOLpqS9fkD9J6aoA==</latexit><latexit sha1_base64="ygKJmasUeHZcfJFpdJWyzPWABcM=">AAACDXicbZC7TsMwGIWdcivlVkBMLBYVEgNUCSDBWMHCWCR6kZpQOe6fxqqdBNtBqqI+A8/ACjMbYuUZGHkT3JKBtpzp+D/H8u/PTzhT2ra/rMLC4tLySnG1tLa+sblV3t5pqjiVFBo05rFs+0QBZxE0NNMc2okEInwOLX9wPc5bjyAVi6M7PUzAE6QfsYBRos2oW94T99mJM3I5POAz2z3Grkix6JYrdtWeCM8bJzcVlKveLX+7vZimAiJNOVGq49iJ9jIiNaMcRiU3VZAQOiB96BgbEQHKyybrj/BhEEusQ8CT899uRoRSQ+GbjiA6VLPZePhf1kl1cOllLEpSDRE1FZMFKcc6xmMKuMckUM2HxhAqmdkS05BIQrVhNfWKMt8JoTcqGSbOLIF50zytOnbVuT2v1K5yOkW0jw7QEXLQBaqhG1RHDURRhp7RC3q1nqw36936+K0WrPzOLpqS9fkD9J6aoA==</latexit><latexit sha1_base64="ygKJmasUeHZcfJFpdJWyzPWABcM=">AAACDXicbZC7TsMwGIWdcivlVkBMLBYVEgNUCSDBWMHCWCR6kZpQOe6fxqqdBNtBqqI+A8/ACjMbYuUZGHkT3JKBtpzp+D/H8u/PTzhT2ra/rMLC4tLySnG1tLa+sblV3t5pqjiVFBo05rFs+0QBZxE0NNMc2okEInwOLX9wPc5bjyAVi6M7PUzAE6QfsYBRos2oW94T99mJM3I5POAz2z3Grkix6JYrdtWeCM8bJzcVlKveLX+7vZimAiJNOVGq49iJ9jIiNaMcRiU3VZAQOiB96BgbEQHKyybrj/BhEEusQ8CT899uRoRSQ+GbjiA6VLPZePhf1kl1cOllLEpSDRE1FZMFKcc6xmMKuMckUM2HxhAqmdkS05BIQrVhNfWKMt8JoTcqGSbOLIF50zytOnbVuT2v1K5yOkW0jw7QEXLQBaqhG1RHDURRhp7RC3q1nqw36936+K0WrPzOLpqS9fkD9J6aoA==</latexit><latexit sha1_base64="ygKJmasUeHZcfJFpdJWyzPWABcM=">AAACDXicbZC7TsMwGIWdcivlVkBMLBYVEgNUCSDBWMHCWCR6kZpQOe6fxqqdBNtBqqI+A8/ACjMbYuUZGHkT3JKBtpzp+D/H8u/PTzhT2ra/rMLC4tLySnG1tLa+sblV3t5pqjiVFBo05rFs+0QBZxE0NNMc2okEInwOLX9wPc5bjyAVi6M7PUzAE6QfsYBRos2oW94T99mJM3I5POAz2z3Grkix6JYrdtWeCM8bJzcVlKveLX+7vZimAiJNOVGq49iJ9jIiNaMcRiU3VZAQOiB96BgbEQHKyybrj/BhEEusQ8CT899uRoRSQ+GbjiA6VLPZePhf1kl1cOllLEpSDRE1FZMFKcc6xmMKuMckUM2HxhAqmdkS05BIQrVhNfWKMt8JoTcqGSbOLIF50zytOnbVuT2v1K5yOkW0jw7QEXLQBaqhG1RHDURRhp7RC3q1nqw36936+K0WrPzOLpqS9fkD9J6aoA==</latexit>

Only n=1 (one large extra dimension) is marginally compatible!

ruled out
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<latexit sha1_base64="sk603C2dwjN9YvFrIINV9qA0nek=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInmpSinosevFYwX5AG8Nmu2mX7iZhdyPU0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmBQlnSjvOt1VYW9/Y3Cpul3Z29/bL9sFhW8WpJLRFYh7LboAV5SyiLc00p91EUiwCTjvB+Gbmdx6pVCyO7vUkoZ7Aw4iFjGBtJN8ui75iArV95yFzz2tT3644VWcOtErcnFQgR9O3v/qDmKSCRppwrFTPdRLtZVhqRjidlvqpogkmYzykPUMjLKjysvnhU3RqlAEKY2kq0miu/p7IsFBqIgLTKbAeqWVvJv7n9VIdXnkZi5JU04gsFoUpRzpGsxTQgElKNJ8Ygolk5lZERlhiok1WJROCu/zyKmnXqu5FtX5XrzSu8ziKcAwncAYuXEIDbqEJLSCQwjO8wpv1ZL1Y79bHorVg5TNH8AfW5w9odZJJ</latexit>

m ⇠ V 1/2
0

<latexit sha1_base64="X13dz33NTRHfmk/3nEEMgHDZ/KA=">AAAB+HicbVBNSwMxEJ31s9aPrnr0EiyCp7orRT0WvXisYD+gXZdsmrahSXZJskJd+ku8eFDEqz/Fm//GtN2Dtj4YeLw3w8y8KOFMG8/7dlZW19Y3Ngtbxe2d3b2Su3/Q1HGqCG2QmMeqHWFNOZO0YZjhtJ0oikXEaSsa3Uz91iNVmsXy3owTGgg8kKzPCDZWCt2S6GomUDP0HjL/rDoJ3bJX8WZAy8TPSRly1EP3q9uLSSqoNIRjrTu+l5ggw8owwumk2E01TTAZ4QHtWCqxoDrIZodP0IlVeqgfK1vSoJn6eyLDQuuxiGynwGaoF72p+J/XSU3/KsiYTFJDJZkv6qccmRhNU0A9pigxfGwJJorZWxEZYoWJsVkVbQj+4svLpHle8S8q1btquXadx1GAIziGU/DhEmpwC3VoAIEUnuEV3pwn58V5dz7mrStOPnMIf+B8/gBrf5JL</latexit>

m ⇠ V 1/4
0

allowed experimentally (*)

allowed theoretically

(*) astrophysical bounds and deviations from Newton’s law

Higuchi bound Casimir contribution

(one loop quantum correction)



Dark Dimension

Mass scale of the tower of states:

<latexit sha1_base64="sk603C2dwjN9YvFrIINV9qA0nek=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInmpSinosevFYwX5AG8Nmu2mX7iZhdyPU0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmBQlnSjvOt1VYW9/Y3Cpul3Z29/bL9sFhW8WpJLRFYh7LboAV5SyiLc00p91EUiwCTjvB+Gbmdx6pVCyO7vUkoZ7Aw4iFjGBtJN8ui75iArV95yFzz2tT3644VWcOtErcnFQgR9O3v/qDmKSCRppwrFTPdRLtZVhqRjidlvqpogkmYzykPUMjLKjysvnhU3RqlAEKY2kq0miu/p7IsFBqIgLTKbAeqWVvJv7n9VIdXnkZi5JU04gsFoUpRzpGsxTQgElKNJ8Ygolk5lZERlhiok1WJROCu/zyKmnXqu5FtX5XrzSu8ziKcAwncAYuXEIDbqEJLSCQwjO8wpv1ZL1Y79bHorVg5TNH8AfW5w9odZJJ</latexit>
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0

<latexit sha1_base64="X13dz33NTRHfmk/3nEEMgHDZ/KA=">AAAB+HicbVBNSwMxEJ31s9aPrnr0EiyCp7orRT0WvXisYD+gXZdsmrahSXZJskJd+ku8eFDEqz/Fm//GtN2Dtj4YeLw3w8y8KOFMG8/7dlZW19Y3Ngtbxe2d3b2Su3/Q1HGqCG2QmMeqHWFNOZO0YZjhtJ0oikXEaSsa3Uz91iNVmsXy3owTGgg8kKzPCDZWCt2S6GomUDP0HjL/rDoJ3bJX8WZAy8TPSRly1EP3q9uLSSqoNIRjrTu+l5ggw8owwumk2E01TTAZ4QHtWCqxoDrIZodP0IlVeqgfK1vSoJn6eyLDQuuxiGynwGaoF72p+J/XSU3/KsiYTFJDJZkv6qccmRhNU0A9pigxfGwJJorZWxEZYoWJsVkVbQj+4svLpHle8S8q1btquXadx1GAIziGU/DhEmpwC3VoAIEUnuEV3pwn58V5dz7mrStOPnMIf+B8/gBrf5JL</latexit>

m ⇠ V 1/4
0

allowed experimentally (*)

allowed theoretically

(*) astrophysical bounds and deviations from Newton’s law

Higuchi bound Casimir contribution

(one loop quantum correction)



Evidence for WGC and SDC

String theory compactifications: Plethora of quantitative tests!

• Systematic approach according to the level of supersymmetry

• Interesting connections to mathematics

[Grimm, Palti, IV’18]
[Grimm,Palti,Li’18]

[Lee,Lerche,Weigand’18-19]
…



Evidence for WGC and SDC

String theory compactifications: Plethora of quantitative tests!

• Systematic approach according to the level of supersymmetry

• Interesting connections to mathematics

AdS/CFT:

• WGC proven for AdS3 using modular invariance of the CFT

• SDC formulated in terms of a CFT Distance conjecture

• WGC from QI theorems and entanglement entropy

[Heidenreich et al’16]

[Montero et al’16]

[Montero’18]

[Perlmutter et al’20]

[Grimm, Palti, IV’18]
[Grimm,Palti,Li’18]

[Lee,Lerche,Weigand’18-19]
…



Evidence for WGC and SDC

String theory compactifications: Plethora of quantitative tests!

• Systematic approach according to the level of supersymmetry

• Interesting connections to mathematics

AdS/CFT:

• WGC proven for AdS3 using modular invariance of the CFT

• SDC formulated in terms of a CFT Distance conjecture

• WGC from QI theorems and entanglement entropy

[Heidenreich et al’16]

[Montero et al’16]

[Montero’18]

[Perlmutter et al’20]

[Grimm, Palti, IV’18]
[Grimm,Palti,Li’18]

[Lee,Lerche,Weigand’18-19]
…

Black hole arguments:

• WGC follows from requiring black holes to decay

• WGC/SDC follows from entropy bounds associated to small BHs

• Connection between WGC and weak cosmic censorship [Crisford et al’17]

[Arkani-Hamed et al’06]

[Hamada et al’21]



Evidence for WGC and SDC

String theory compactifications: Plethora of quantitative tests!

• Systematic approach according to the level of supersymmetry

• Interesting connections to mathematics

AdS/CFT:

• WGC proven for AdS3 using modular invariance of the CFT

• SDC formulated in terms of a CFT Distance conjecture

• WGC from QI theorems and entanglement entropy

[Heidenreich et al’16]

[Montero et al’16]

[Montero’18]

[Perlmutter et al’20]

[Grimm, Palti, IV’18]
[Grimm,Palti,Li’18]

[Lee,Lerche,Weigand’18-19]
…

Black hole arguments:

• WGC follows from requiring black holes to decay

• WGC/SDC follows from entropy bounds associated to small BHs

• Connection between WGC and weak cosmic censorship [Crisford et al’17]

[Arkani-Hamed et al’06]

[Hamada et al’21]

Using positivity/unitarity bounds: lead to mild versions of the WGC
[Cheung et al’18][Hamada et al’18]…
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Motivation from black holes
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Black holes have 
finite entropy

(“how many different ways lead to 
the same black hole exterior”)

constradiction!Infinite entropy

Since global symmetries cannot be detected from far away, 

we could have infinitely many black holes with different values of 
the global charge, but that look the same from far way



• Correlation to unitary black hole evaporation (and topology 
changing processes)

Evidence for “No global symmetries”

• Proof in AdS/CFT [Harlow,Ooguri ’18]

• Proof in perturbative string theory [Polchinski’s book]

[Harlow,Shaghoulian ’20] [Chen,Lin ’20] [Hsin et al ’20] [Yonekura ’20] …



• Correlation to unitary black hole evaporation (and topology 
changing processes)

Evidence for “No global symmetries”

• Proof in AdS/CFT [Harlow,Ooguri ’18]

• Proof in perturbative string theory [Polchinski’s book]

[Harlow,Shaghoulian ’20] [Chen,Lin ’20] [Hsin et al ’20] [Yonekura ’20] …

Global symmetries are not well defined in quantum 
gravity as the topology itself fluctuates



Implications for Cosmology

<latexit sha1_base64="UMusmqrd5tbxVX9EnfR9Xhe7WKM="></latexit>

�� . 1

�
log

✓
Mp

⇤

◆Maximum scalar field range that can be 
accommodated in a given EFT as a 

function of the Quantum Gravity cut-off



Implications for Cosmology

<latexit sha1_base64="UMusmqrd5tbxVX9EnfR9Xhe7WKM="></latexit>

�� . 1

�
log

✓
Mp

⇤
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function of the Quantum Gravity cut-off

Example: Constraints on single field inflation
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Large field inflation is not ruled out, 
but can be highly constrained 

(constraints on multi-field inflation 
are more involved)

Example: Constraints on single field inflation
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<latexit sha1_base64="voe7+MA9E81qaS5mZfJxsejZChk=">AAACGnicbVDLSsNAFJ3UV62vqks3g0VwVRIRdVnURTdCBfuAJoTJ5KYdOnk4MxFKyHe48VfcuFDEnbjxb5y2WWjrgQuHc+6dufd4CWdSmea3UVpaXlldK69XNja3tnequ3sdGaeCQpvGPBY9j0jgLIK2YopDLxFAQo9D1xtdTfzuAwjJ4uhOjRNwQjKIWMAoUVpyq5Z9DVwROxkym8M9tgNBqJXZXD/hk9zm8SCbatmNm+RZM8/das2sm1PgRWIVpIYKtNzqp+3HNA0hUpQTKfuWmSgnI0IxyiGv2KmEhNARGUBf04iEIJ1selqOj7Ti4yAWuiKFp+rviYyEUo5DT3eGRA3lvDcR//P6qQounIxFSaogorOPgpRjFeNJTthnAqjiY00IFUzviumQ6CCUTrOiQ7DmT14knZO6dVY/vT2tNS6LOMroAB2iY2Shc9RATdRCbUTRI3pGr+jNeDJejHfjY9ZaMoqZffQHxtcPyM6h/w==</latexit>
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<latexit sha1_base64="M2VzqNr6F2r5rbN8nadj5CLAUIY=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0VwVZJS1I1SceOygn1AE8NkMmmHTjJxZiKUkO9w46+4caGIO3Hj3zhts9DWAwOHc+7hzj1+wqhUlvVtlJaWV1bXyuuVjc2t7R1zd68jeSowaWPOuOj5SBJGY9JWVDHSSwRBkc9I1x9dTfzuAxGS8vhWjRPiRmgQ05BipLTkmfa5EwqEMzvPHKZjAcodxgfQkfdCZTOvrr2E3tUvPSny3DOrVs2aAi4SuyBVUKDlmZ9OwHEakVhhhqTs21ai3AwJRTEjecVJJUkQHqEB6Wsao4hIN5uelsMjrQQw5EK/WMGp+juRoUjKceTryQipoZz3JuJ/Xj9V4Zmb0ThJFYnxbFGYMqg4nPQEAyoIVmysCcKC6r9CPES6DqXbrOgS7PmTF0mnXrNPao2bRrV5UdRRBgfgEBwDG5yCJrgGLdAGGDyCZ/AK3own48V4Nz5moyWjyOyDPzC+fgC4vqHt</latexit>
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Implications for Cosmology

<latexit sha1_base64="UMusmqrd5tbxVX9EnfR9Xhe7WKM="></latexit>

�� . 1

�
log

✓
Mp

⇤

◆Maximum scalar field range that can be 
accommodated in a given EFT as a 

function of the Quantum Gravity cut-off

Large field inflation is not ruled out, 
but can be highly constrained 

(constraints on multi-field inflation 
are more involved)This triggered the revolution of the Swampland program in 2015

Example: Constraints on single field inflation
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<latexit sha1_base64="FRqNl3wvSYk4M4IbT6JZOCC5k2Y=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Kpm+uyu6cVnB2sJ0KJk004ZmkjHJCKX0M9y4UMStX+POvzHTVlDRAyGHc+7l3nuCmDNtEPpwMmvrG5tb2e3czu7e/kH+8OhWy0QR2iGSS9ULsKacCdoxzHDaixXFUcBpN5hcpn73nirNpLgx05j6ER4JFjKCjZU81ef0DqIiqlUG+UL6V5tlZIUqcuvNZuqgWqNcgq4lKQpghfYg/94fSpJEVBjCsdaei2Ljz7AyjHA6z/UTTWNMJnhEPUsFjqj2Z4uV5/DMKkMYSmWfMHChfu+Y4UjraRTYygibsf7tpeJfnpeYsOHPmIgTQwVZDgoTDo2E6f1wyBQlhk8twUQxuyskY6wwMTalnA3h61L4P7ktFV1UdK8rhdbFKo4sOAGn4By4oA5a4Aq0QQcQIMEDeALPjnEenRfndVmacVY9x+AHnLdP5zaQWQ==</latexit><latexit sha1_base64="FRqNl3wvSYk4M4IbT6JZOCC5k2Y=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Kpm+uyu6cVnB2sJ0KJk004ZmkjHJCKX0M9y4UMStX+POvzHTVlDRAyGHc+7l3nuCmDNtEPpwMmvrG5tb2e3czu7e/kH+8OhWy0QR2iGSS9ULsKacCdoxzHDaixXFUcBpN5hcpn73nirNpLgx05j6ER4JFjKCjZU81ef0DqIiqlUG+UL6V5tlZIUqcuvNZuqgWqNcgq4lKQpghfYg/94fSpJEVBjCsdaei2Ljz7AyjHA6z/UTTWNMJnhEPUsFjqj2Z4uV5/DMKkMYSmWfMHChfu+Y4UjraRTYygibsf7tpeJfnpeYsOHPmIgTQwVZDgoTDo2E6f1wyBQlhk8twUQxuyskY6wwMTalnA3h61L4P7ktFV1UdK8rhdbFKo4sOAGn4By4oA5a4Aq0QQcQIMEDeALPjnEenRfndVmacVY9x+AHnLdP5zaQWQ==</latexit><latexit sha1_base64="FRqNl3wvSYk4M4IbT6JZOCC5k2Y=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Kpm+uyu6cVnB2sJ0KJk004ZmkjHJCKX0M9y4UMStX+POvzHTVlDRAyGHc+7l3nuCmDNtEPpwMmvrG5tb2e3czu7e/kH+8OhWy0QR2iGSS9ULsKacCdoxzHDaixXFUcBpN5hcpn73nirNpLgx05j6ER4JFjKCjZU81ef0DqIiqlUG+UL6V5tlZIUqcuvNZuqgWqNcgq4lKQpghfYg/94fSpJEVBjCsdaei2Ljz7AyjHA6z/UTTWNMJnhEPUsFjqj2Z4uV5/DMKkMYSmWfMHChfu+Y4UjraRTYygibsf7tpeJfnpeYsOHPmIgTQwVZDgoTDo2E6f1wyBQlhk8twUQxuyskY6wwMTalnA3h61L4P7ktFV1UdK8rhdbFKo4sOAGn4By4oA5a4Aq0QQcQIMEDeALPjnEenRfndVmacVY9x+AHnLdP5zaQWQ==</latexit><latexit sha1_base64="FRqNl3wvSYk4M4IbT6JZOCC5k2Y=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Kpm+uyu6cVnB2sJ0KJk004ZmkjHJCKX0M9y4UMStX+POvzHTVlDRAyGHc+7l3nuCmDNtEPpwMmvrG5tb2e3czu7e/kH+8OhWy0QR2iGSS9ULsKacCdoxzHDaixXFUcBpN5hcpn73nirNpLgx05j6ER4JFjKCjZU81ef0DqIiqlUG+UL6V5tlZIUqcuvNZuqgWqNcgq4lKQpghfYg/94fSpJEVBjCsdaei2Ljz7AyjHA6z/UTTWNMJnhEPUsFjqj2Z4uV5/DMKkMYSmWfMHChfu+Y4UjraRTYygibsf7tpeJfnpeYsOHPmIgTQwVZDgoTDo2E6f1wyBQlhk8twUQxuyskY6wwMTalnA3h61L4P7ktFV1UdK8rhdbFKo4sOAGn4By4oA5a4Aq0QQcQIMEDeALPjnEenRfndVmacVY9x+AHnLdP5zaQWQ==</latexit>

Lyth bound

Swampland bound

[Scalisi,IV’18]

↵ = 1
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<latexit sha1_base64="FRqNl3wvSYk4M4IbT6JZOCC5k2Y=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Kpm+uyu6cVnB2sJ0KJk004ZmkjHJCKX0M9y4UMStX+POvzHTVlDRAyGHc+7l3nuCmDNtEPpwMmvrG5tb2e3czu7e/kH+8OhWy0QR2iGSS9ULsKacCdoxzHDaixXFUcBpN5hcpn73nirNpLgx05j6ER4JFjKCjZU81ef0DqIiqlUG+UL6V5tlZIUqcuvNZuqgWqNcgq4lKQpghfYg/94fSpJEVBjCsdaei2Ljz7AyjHA6z/UTTWNMJnhEPUsFjqj2Z4uV5/DMKkMYSmWfMHChfu+Y4UjraRTYygibsf7tpeJfnpeYsOHPmIgTQwVZDgoTDo2E6f1wyBQlhk8twUQxuyskY6wwMTalnA3h61L4P7ktFV1UdK8rhdbFKo4sOAGn4By4oA5a4Aq0QQcQIMEDeALPjnEenRfndVmacVY9x+AHnLdP5zaQWQ==</latexit><latexit sha1_base64="FRqNl3wvSYk4M4IbT6JZOCC5k2Y=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Kpm+uyu6cVnB2sJ0KJk004ZmkjHJCKX0M9y4UMStX+POvzHTVlDRAyGHc+7l3nuCmDNtEPpwMmvrG5tb2e3czu7e/kH+8OhWy0QR2iGSS9ULsKacCdoxzHDaixXFUcBpN5hcpn73nirNpLgx05j6ER4JFjKCjZU81ef0DqIiqlUG+UL6V5tlZIUqcuvNZuqgWqNcgq4lKQpghfYg/94fSpJEVBjCsdaei2Ljz7AyjHA6z/UTTWNMJnhEPUsFjqj2Z4uV5/DMKkMYSmWfMHChfu+Y4UjraRTYygibsf7tpeJfnpeYsOHPmIgTQwVZDgoTDo2E6f1wyBQlhk8twUQxuyskY6wwMTalnA3h61L4P7ktFV1UdK8rhdbFKo4sOAGn4By4oA5a4Aq0QQcQIMEDeALPjnEenRfndVmacVY9x+AHnLdP5zaQWQ==</latexit><latexit sha1_base64="FRqNl3wvSYk4M4IbT6JZOCC5k2Y=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Kpm+uyu6cVnB2sJ0KJk004ZmkjHJCKX0M9y4UMStX+POvzHTVlDRAyGHc+7l3nuCmDNtEPpwMmvrG5tb2e3czu7e/kH+8OhWy0QR2iGSS9ULsKacCdoxzHDaixXFUcBpN5hcpn73nirNpLgx05j6ER4JFjKCjZU81ef0DqIiqlUG+UL6V5tlZIUqcuvNZuqgWqNcgq4lKQpghfYg/94fSpJEVBjCsdaei2Ljz7AyjHA6z/UTTWNMJnhEPUsFjqj2Z4uV5/DMKkMYSmWfMHChfu+Y4UjraRTYygibsf7tpeJfnpeYsOHPmIgTQwVZDgoTDo2E6f1wyBQlhk8twUQxuyskY6wwMTalnA3h61L4P7ktFV1UdK8rhdbFKo4sOAGn4By4oA5a4Aq0QQcQIMEDeALPjnEenRfndVmacVY9x+AHnLdP5zaQWQ==</latexit><latexit sha1_base64="FRqNl3wvSYk4M4IbT6JZOCC5k2Y=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Kpm+uyu6cVnB2sJ0KJk004ZmkjHJCKX0M9y4UMStX+POvzHTVlDRAyGHc+7l3nuCmDNtEPpwMmvrG5tb2e3czu7e/kH+8OhWy0QR2iGSS9ULsKacCdoxzHDaixXFUcBpN5hcpn73nirNpLgx05j6ER4JFjKCjZU81ef0DqIiqlUG+UL6V5tlZIUqcuvNZuqgWqNcgq4lKQpghfYg/94fSpJEVBjCsdaei2Ljz7AyjHA6z/UTTWNMJnhEPUsFjqj2Z4uV5/DMKkMYSmWfMHChfu+Y4UjraRTYygibsf7tpeJfnpeYsOHPmIgTQwVZDgoTDo2E6f1wyBQlhk8twUQxuyskY6wwMTalnA3h61L4P7ktFV1UdK8rhdbFKo4sOAGn4By4oA5a4Aq0QQcQIMEDeALPjnEenRfndVmacVY9x+AHnLdP5zaQWQ==</latexit>

<latexit sha1_base64="voe7+MA9E81qaS5mZfJxsejZChk=">AAACGnicbVDLSsNAFJ3UV62vqks3g0VwVRIRdVnURTdCBfuAJoTJ5KYdOnk4MxFKyHe48VfcuFDEnbjxb5y2WWjrgQuHc+6dufd4CWdSmea3UVpaXlldK69XNja3tnequ3sdGaeCQpvGPBY9j0jgLIK2YopDLxFAQo9D1xtdTfzuAwjJ4uhOjRNwQjKIWMAoUVpyq5Z9DVwROxkym8M9tgNBqJXZXD/hk9zm8SCbatmNm+RZM8/das2sm1PgRWIVpIYKtNzqp+3HNA0hUpQTKfuWmSgnI0IxyiGv2KmEhNARGUBf04iEIJ1selqOj7Ti4yAWuiKFp+rviYyEUo5DT3eGRA3lvDcR//P6qQounIxFSaogorOPgpRjFeNJTthnAqjiY00IFUzviumQ6CCUTrOiQ7DmT14knZO6dVY/vT2tNS6LOMroAB2iY2Shc9RATdRCbUTRI3pGr+jNeDJejHfjY9ZaMoqZffQHxtcPyM6h/w==</latexit>
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<latexit sha1_base64="M2VzqNr6F2r5rbN8nadj5CLAUIY=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0VwVZJS1I1SceOygn1AE8NkMmmHTjJxZiKUkO9w46+4caGIO3Hj3zhts9DWAwOHc+7hzj1+wqhUlvVtlJaWV1bXyuuVjc2t7R1zd68jeSowaWPOuOj5SBJGY9JWVDHSSwRBkc9I1x9dTfzuAxGS8vhWjRPiRmgQ05BipLTkmfa5EwqEMzvPHKZjAcodxgfQkfdCZTOvrr2E3tUvPSny3DOrVs2aAi4SuyBVUKDlmZ9OwHEakVhhhqTs21ai3AwJRTEjecVJJUkQHqEB6Wsao4hIN5uelsMjrQQw5EK/WMGp+juRoUjKceTryQipoZz3JuJ/Xj9V4Zmb0ThJFYnxbFGYMqg4nPQEAyoIVmysCcKC6r9CPES6DqXbrOgS7PmTF0mnXrNPao2bRrV5UdRRBgfgEBwDG5yCJrgGLdAGGDyCZ/AK3own48V4Nz5moyWjyOyDPzC+fgC4vqHt</latexit>
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Implications for Particle Physics

Constraints on new forces:



Implications for Particle Physics

Constraints on new forces:

If (B-L) symmetry in the SM is 
gauged  (there is a new gauge 
boson associated to it):

<latexit sha1_base64="FnV0HVnPCTKPRqMoXi6QmPNlpXs=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBi2W3FPUgUvDisYL9wHYt2TTbhibZJckKZem/8OJBEa/+G2/+G9N2D9r6YODx3gwz84KYM21c99vJrayurW/kNwtb2zu7e8X9g6aOEkVog0Q8Uu0Aa8qZpA3DDKftWFEsAk5bwehm6reeqNIskvdmHFNf4IFkISPYWOlhcOW5j+lZpTrpFUtu2Z0BLRMvIyXIUO8Vv7r9iCSCSkM41rrjubHxU6wMI5xOCt1E0xiTER7QjqUSC6r9dHbxBJ1YpY/CSNmSBs3U3xMpFlqPRWA7BTZDvehNxf+8TmLCSz9lMk4MlWS+KEw4MhGavo/6TFFi+NgSTBSztyIyxAoTY0Mq2BC8xZeXSbNS9s7L1btqqXadxZGHIziGU/DgAmpwC3VoAAEJz/AKb452Xpx352PemnOymUP4A+fzB/q1j9A=</latexit>

g < 10�24
<latexit sha1_base64="JoWtjTz2JKPrpYX2gyDKVkUwm6g=">AAACDHicbVC7SgNBFJ2NrxhfUUubwSBYhV0JaiESsIiFhYJJhOwaZic3yZDZBzN3xbDsB9j4KzYWitj6AXb+jZNHodEDA4dzzuXOPX4shUbb/rJyc/MLi0v55cLK6tr6RnFzq6GjRHGo80hG6sZnGqQIoY4CJdzECljgS2j6g7OR37wDpUUUXuMwBi9gvVB0BWdopHax5F6YcIe1U1cF9KqWnTj2beo4mYtwjymtQSMzKbtsj0H/EmdKSmSKy3bx0+1EPAkgRC6Z1i3HjtFLmULBJWQFN9EQMz5gPWgZGrIAtJeOj8nonlE6tBsp80KkY/XnRMoCrYeBb5IBw76e9Ubif14rwe6xl4owThBCPlnUTSTFiI6aoR2hgKMcGsK4EuavlPeZYhxNfwVTgjN78l/SOCg7h+XKVaVUPZ3WkSc7ZJfsE4cckSo5J5ekTjh5IE/khbxaj9az9Wa9T6I5azqzTX7B+vgGUDOahQ==</latexit>

⇤QG < 1011 GeV

experimental bound



Implications for Particle Physics

Constraints on new forces:

Bounds on dark photons:

[Reece’18]

ruled out by 
swampland

If (B-L) symmetry in the SM is 
gauged  (there is a new gauge 
boson associated to it):

<latexit sha1_base64="FnV0HVnPCTKPRqMoXi6QmPNlpXs=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBi2W3FPUgUvDisYL9wHYt2TTbhibZJckKZem/8OJBEa/+G2/+G9N2D9r6YODx3gwz84KYM21c99vJrayurW/kNwtb2zu7e8X9g6aOEkVog0Q8Uu0Aa8qZpA3DDKftWFEsAk5bwehm6reeqNIskvdmHFNf4IFkISPYWOlhcOW5j+lZpTrpFUtu2Z0BLRMvIyXIUO8Vv7r9iCSCSkM41rrjubHxU6wMI5xOCt1E0xiTER7QjqUSC6r9dHbxBJ1YpY/CSNmSBs3U3xMpFlqPRWA7BTZDvehNxf+8TmLCSz9lMk4MlWS+KEw4MhGavo/6TFFi+NgSTBSztyIyxAoTY0Mq2BC8xZeXSbNS9s7L1btqqXadxZGHIziGU/DgAmpwC3VoAAEJz/AKb452Xpx352PemnOymUP4A+fzB/q1j9A=</latexit>

g < 10�24
<latexit sha1_base64="JoWtjTz2JKPrpYX2gyDKVkUwm6g=">AAACDHicbVC7SgNBFJ2NrxhfUUubwSBYhV0JaiESsIiFhYJJhOwaZic3yZDZBzN3xbDsB9j4KzYWitj6AXb+jZNHodEDA4dzzuXOPX4shUbb/rJyc/MLi0v55cLK6tr6RnFzq6GjRHGo80hG6sZnGqQIoY4CJdzECljgS2j6g7OR37wDpUUUXuMwBi9gvVB0BWdopHax5F6YcIe1U1cF9KqWnTj2beo4mYtwjymtQSMzKbtsj0H/EmdKSmSKy3bx0+1EPAkgRC6Z1i3HjtFLmULBJWQFN9EQMz5gPWgZGrIAtJeOj8nonlE6tBsp80KkY/XnRMoCrYeBb5IBw76e9Ubif14rwe6xl4owThBCPlnUTSTFiI6aoR2hgKMcGsK4EuavlPeZYhxNfwVTgjN78l/SOCg7h+XKVaVUPZ3WkSc7ZJfsE4cckSo5J5ekTjh5IE/khbxaj9az9Wa9T6I5azqzTX7B+vgGUDOahQ==</latexit>

⇤QG < 1011 GeV

experimental bound



Implications for Particle Physics

Constraints on new forces:

<latexit sha1_base64="DoVacX6c9upCJlUqAx23hTEHFsc=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlE1JUUXOhCoQX7gCaEyWTaDp08mJkIIdRfceNCEbd+iDv/xmmbhbYeGDiccy73zvETzqSyrG+jtLK6tr5R3qxsbe/s7pn7Bx0Zp4LQNol5LHo+lpSziLYVU5z2EkFx6HPa9cfXU7/7SIVkcfSgsoS6IR5GbMAIVlryzKpzp8MB9vLWzcThHN17iWfWrLo1A1omdkFqUKDpmV9OEJM0pJEiHEvZt61EuTkWihFOJxUnlTTBZIyHtK9phEMq3Xx2/AQdayVAg1joFyk0U39P5DiUMgt9nQyxGslFbyr+5/VTNbh0cxYlqaIRmS8apBypGE2bQAETlCieaYKJYPpWREZYYKJ0XxVdgr345WXSOa3b5/Wz1lmtcVXUUYZDOIITsOECGnALTWgDgQye4RXejCfjxXg3PubRklHMVOEPjM8fGd+Uag==</latexit>

⇤QG ⌧ Mp for weakly coupled or very light dark photons

Bounds on dark photons:

[Reece’18]

ruled out by 
swampland

If (B-L) symmetry in the SM is 
gauged  (there is a new gauge 
boson associated to it):

<latexit sha1_base64="FnV0HVnPCTKPRqMoXi6QmPNlpXs=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBi2W3FPUgUvDisYL9wHYt2TTbhibZJckKZem/8OJBEa/+G2/+G9N2D9r6YODx3gwz84KYM21c99vJrayurW/kNwtb2zu7e8X9g6aOEkVog0Q8Uu0Aa8qZpA3DDKftWFEsAk5bwehm6reeqNIskvdmHFNf4IFkISPYWOlhcOW5j+lZpTrpFUtu2Z0BLRMvIyXIUO8Vv7r9iCSCSkM41rrjubHxU6wMI5xOCt1E0xiTER7QjqUSC6r9dHbxBJ1YpY/CSNmSBs3U3xMpFlqPRWA7BTZDvehNxf+8TmLCSz9lMk4MlWS+KEw4MhGavo/6TFFi+NgSTBSztyIyxAoTY0Mq2BC8xZeXSbNS9s7L1btqqXadxZGHIziGU/DgAmpwC3VoAAEJz/AKb452Xpx352PemnOymUP4A+fzB/q1j9A=</latexit>

g < 10�24
<latexit sha1_base64="JoWtjTz2JKPrpYX2gyDKVkUwm6g=">AAACDHicbVC7SgNBFJ2NrxhfUUubwSBYhV0JaiESsIiFhYJJhOwaZic3yZDZBzN3xbDsB9j4KzYWitj6AXb+jZNHodEDA4dzzuXOPX4shUbb/rJyc/MLi0v55cLK6tr6RnFzq6GjRHGo80hG6sZnGqQIoY4CJdzECljgS2j6g7OR37wDpUUUXuMwBi9gvVB0BWdopHax5F6YcIe1U1cF9KqWnTj2beo4mYtwjymtQSMzKbtsj0H/EmdKSmSKy3bx0+1EPAkgRC6Z1i3HjtFLmULBJWQFN9EQMz5gPWgZGrIAtJeOj8nonlE6tBsp80KkY/XnRMoCrYeBb5IBw76e9Ubif14rwe6xl4owThBCPlnUTSTFiI6aoR2hgKMcGsK4EuavlPeZYhxNfwVTgjN78l/SOCg7h+XKVaVUPZ3WkSc7ZJfsE4cckSo5J5ekTjh5IE/khbxaj9az9Wa9T6I5azqzTX7B+vgGUDOahQ==</latexit>

⇤QG < 1011 GeV

experimental bound


