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A Superconducting Analogy
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–Frank Close

“The more ambitious goal…is to identify and understand the nature of electroweak symmetry 
breaking, the asymmetry that is key to the material universe. The Higgs boson is but its herald.” 

Ginzburg-Landau Theory Low-Tc Superconductors (BCS)High-Tc Superconductors
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Is it even a Ginzburg-Landau model?
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LHC (now)

(If you like this way of presenting Higgs self-coupling precision, please feel free to use it w/ credit to R. Petrossian-Byrne.) 

HL-LHC

vs. or



Does it even restore EW symmetry?

6

vs. or

Best probed in vector boson scattering with 3+ bosons in the final state…

 [Chang & Luty ’19, Falkowski & Rattazzi ’19, Cohen, NC, Lu, Sutherland ’21]
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What is the microscopic theory?

vs. or

Why is electroweak symmetry broken, and what sets the scale?

Parameters in the Standard Model can be predicted (or correlated) in its extensions.


Of course, we know mh=125 GeV, so the aim should be to use this data to predict new phenomena.



The Naturalness Strategy
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Going up in scale through the SM, parameters in the effective theory appear UV sensitive.

 


Ultimately, new states appear & UV sensitivity replaced by finite contributions.

[Weisskopf 1934-39]: Divergent self-energy of electron cured by appearance of positron.
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“This may indicate that a theory of particles obeying Bose statistics must involve new features at this critical 
length, or at energies corresponding to this length; whereas a theory of particles obeying the exclusion 

principle is probably consistent down to much smaller lengths or up to much higher energies.” 

But no obvious mechanism for a charged scalar:
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Param UV sensitivity Natural if NP Scale Natural?

me Λ ≲ 5 MeV Positron 511 keV ✓

mπ±² - mπ0²
Λ ≲ 850 

MeV Rho 775 MeV ✓

mKL-mKS Λ ≲ 2 GeV Charm 1.2 GeV ✓

mH2 Λ ≲ 500 
GeV ? ? ?

The Naturalness Strategy
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Quadratic sensitivity of  makes it a promising target for predictions.m2
H



From the “naturalness strategy” to new physics

• New physics around the TeV scale…


• …coupling to the Higgs

At this level, we expect

Strong motivation for beyond-the-Standard Model physics connected 
to Higgs! But maybe too broad to be useful guidance to experiment.


 

To make further progress, we come up with models. 


Easiest path: work by analogy with known examples.
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Supersymmetry: Relate Higgs 
to a fermion, a la electron.

Compositeness: Higgs is a 
composite particle, a la the pion.



But thus far…
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Perhaps the observed Higgs mass is simply a sign that the naturalness strategy is imperfect.

E.g. in minimal SUSY frameworks the Higgs mass predicts phenomena consistent w/ data.

Higgs Mass vs. Naturalness

E.g. [Pardo Vega & Villadoro ’15 ] Minimal Gauge Mediation





Possible Paths

14

The goal is to predict the Higgs mass. Naturalness is a promising strategy (and the one nature has 
repeatedly chosen), but there are also principled frameworks explaining why it might appear to fail.
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The Value of Being Wrong

15

All but one prediction for the Higgs mass will be wrong, but 
even wrong predictions profoundly broaden our horizons.

For example…

Conformal technicolor [Luty, Okui ’04]: Tension between 
hierarchy problem ( ) and flavor (  ) can be avoided if  𝒪†𝒪 𝒪ff̄ �O†O � 2
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[Rattazzi, Rychkov, Tonni, Vichi ’08]: 
revive the conformal bootstrap to 

constrain scaling dimensions using 
unitarity, OPE, crossing symmetry. 

=



Possible Paths
Discrete symmetries Cosmological Relaxion
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[Chacko, Goh, Harnik ’05, …]

Discrete symmetries relate the Standard 
Model to mirror copies; new physics at 

the weak scale is SM-neutral

[Dvali, Vilenkin ’03; Dvali ’04; 
Graham, Kaplan, Rajendran ’15, …]

Higgs mass scans due to cosmological 
evolution of a light field; stops when 
Higgs mass passes through ~zero.



Self-Organized Criticality
Some systems evolve into critical states on their own (sandpiles, a la [Bak, Tang, Wiesenfeld ’84]).


Lessons for the weak scale? [Giudice ’08]

Vanishing Higgs mass coinciding 
with potential minimum for an 

extra-dimensional modulus field 

[Eroencel, Hubisz, Rigo ’18]

Localization of scalar fields 
exponentially close to critical 
points during eternal inflation

[Giudice, McCullough, You ’21]


[Khoury et al. ’19-’20]
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Self-Organized Localization
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SOL unsuited to explaining proximity to boundary between broken & unbroken phases, 
but can explain proximity to a point at which two broken phase vacua cease to coexist.  

E.g. in SM, second vacuum created by instability of 
Higgs potential associated w/ a scale λ(ΛI) = 0

The problem: in SM alone,  GeVΛI ∼ 1010 − 1012

The solution: lower  with new light states 
coupling strongly to the Higgs

ΛI

E.g. vector-like SU(2) doublet and singlet leptons w/

v ⇠ ⇤I , mh = 0
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[Giudice, McCullough, You ’21]




Un-effectiveness
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Quantum gravity…

…and non-commutative QFT. 

E.g. [Minwalla, Seiberg, Van Raamsdonk ’99]; 

for hierarchy problem [NC, Koren ’19]

⇠
Z

d4k

k2
⇠ ⇤2 ⇠

Z
d4k

k2
eip⇥k ⇠ 1

⇥2p2
[xµ, x⌫ ] = i⇥µ⌫

Two frameworks exhibiting UV/IR mixing:

Essential feature of the hierarchy problem: the UV doesn’t know about the IR

…unless it does?



Modular Invariance

For finite # of states Cancellations require degenerate boson/fermion pairs

At heart, curing UV sensitivity is about controlling

[Dienes et al. ’94-’01, Abel & Dienes ’21 …]

For infinite # of states, suitably regularize:

Then many nondegenerate spectra have vanishing supertraces

E.g. for masses and degeneracies Generally satisfied when modular 
invariance controls the spectrum, 

degeneracies  given by the envelope 
of some suitable function : string 

theory (SUSY or otherwise) 

gn
Φ(n)

20

Nondecoupling corrections to Higgs properties?

�m2
H

⇠ (StrM0)⇤2 + (StrM2) log⇤+ ...
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The Weak Gravity Conjecture
(Electric) weak gravity conjecture: an 

abelian gauge theory must contain a state of 
charge q and mass m satisfying

[Arkani-Hamed, Motl, Nicolis, Vafa ‘07]

qg >
m

MPl

Thought experiment: consider BH of charge Q, mass M decaying to this particle

# particles produced = Q/q

Energy conservation: mQ/q < M

Z = Q MPl/M < z = q MPl/m

Extremal BH (Z=1) stable unless there exists a state with z > 1

Then BH satisfies

⇒ q > m/MPl to avoid exactly stable black holes, remnants

21



Magnetic Weak Gravity Conjecture
Analogous argument for BHs carrying magnetic charge:

For monopole of size L, 
decay of extremal BH implies mmon ⇠ (2⇡/g)2

L
. 2⇡

g
MPl
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Note: cutoff need not imply appearance of quantum gravity, 
only physics underlying monopole structure
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A Family of Conjectures
Electric WGC:


Magnetic WGC:


+Scalar WGC:


dS WGC:


Axion WGC: f  (1/S)MPl

m  (gq)MPl

m
2 & gqMPlH

m 
p

g2q2 � µ2MPl

⇤ . gMPl

New hierarchies from field theory + gravity.  
Recent review: [Harlow, Heidenreich, Reece, Rudelius ’22]

[Arkani-Hamed, Motl, Nicolis, Vafa ‘07]

[Arkani-Hamed, Motl, Nicolis, Vafa ‘07]

[Palti ‘17]

[Montero, Van Riet, Venken ‘19]

[Arkani-Hamed, Motl, Nicolis, Vafa ‘07]
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Weak Gravity, Weak Scale?
[Cheung, Remmen ’14]: Imagine the U(1)B-L symmetry 

of the Standard Model is an unbroken gauge symmetry 

(bounds from 5th force experiments require gq ≲ 10-24). 


Neutrino mass from Higgs If lightest neutrino is WGC particle, 
mν ~ 0.1 eV, gq≳10-29y⌫HL̄⌫R ! m⌫ ⇠ y⌫v

Anomaly free if we also add three right-
handed neutrinos.


Neutrinos are Dirac particles! (no )0νββ

For fixed y, q, satisfying WGC places an upper bound on v 

See also: [Ibañez, Martin-Lozano, Valenzuela ’17,…]

yνv~gqMPl

v

MPl

10-10 GeV

102 GeV

1019 GeV
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Weak Gravity, Weak Scale?
But Magnetic WGC says: cutoff near   

Can m, Λ be raised to the weak scale?
mν

Lightest mass eigenstate χ₁ is WGC particle. WGC bounds Higgs vev for fixed g, mL, mN, y.

Expect new fermions around the weak scale, coupling to the Higgs boson.

Sure! [NC, Garcia Garcia, Koren ’19]. Need :


1. A new U(1) gauge symmetry, not U(1)B-L


2. Charged particles acquiring mass from the Higgs.

25

Simple option: new fermions like the lepton doublet  and right-handed 
neutrino , plus conjugates , and Yukawa interaction 

L
N Lc, Nc yHLNc

v, mχ

MPl

102 GeV

1019 GeV



Implications for Experiment

• Naturalness:                           
Conventional & exotic collider signals; 
Higgs properties as decisive probes.


• Unnaturalness:        
Varied, but often promising 
cosmological signals (Neff, …)


• Adjustment:     
New particles coupling to the Higgs, at 
or below the weak scale; Neff,…


• Un-effectiveness:              
Higgs properties, spacetime 
symmetries, ???

m2
H ∼ m2

UV

m2
H ∼ Σm2

UV ≪ m2
UV

m2
H ∼ m2

UV + m2
IR ≪ m2

UV

m2
H ∼ m2

UVIR
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Looking forward…



New perspective on old symmetries…

28

OR(x)
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Ug(⌃d�1) = exp


i↵

Z

⌃
jµn̂µ

�

<latexit sha1_base64="3xR1eQx62Xo7GHsVZZAZCK7aQmk="></latexit>

Ug(⌃
0)

<latexit sha1_base64="thMLzZhSF/kkHDCS9c4w51PlggA=">AAAB83icdVDLSsNAFJ34rPVVdelmsIh1E5JSsd0V3bisaNpCE8pkOkmHzkzCzEQoob/hxoUibv0Zd/6N04fg88CFwzn3cu89Ycqo0o7zbi0tr6yurRc2iptb2zu7pb39tkoyiYmHE5bIbogUYVQQT1PNSDeVBPGQkU44upz6nTsiFU3ErR6nJOAoFjSiGGkj+V4/rvg3NObo5LRfKjt2o16rN6rwN3FtZ4YyWKDVL735gwRnnAiNGVKq5zqpDnIkNcWMTIp+pkiK8AjFpGeoQJyoIJ/dPIHHRhnAKJGmhIYz9etEjrhSYx6aTo70UP30puJfXi/TUT3IqUgzTQSeL4oyBnUCpwHAAZUEazY2BGFJza0QD5FEWJuYiiaEz0/h/6Rdtd2afXZdKzcvFnEUwCE4AhXggnPQBFegBTyAQQruwSN4sjLrwXq2XuatS9Zi5gB8g/X6AW2EkVI=</latexit>

Symmetry defect operator

Ug1(⌃) · Ug2(⌃) = Ug1g2(⌃)

<latexit sha1_base64="7CPu2yfA0KGcax3F4q+FGDSyEHI=">AAACJXicdZDLSsNAFIYn9VbrLerSzWAR6iYkpWILCkU3LivaCzQhTKbTdujkwsxEKKEv48ZXcePCIoIrX8VJ2uL9h4Gf75zDmfN7EaNCmuablltaXlldy68XNja3tnf03b2WCGOOSROHLOQdDwnCaECakkpGOhEnyPcYaXujy7TeviNc0DC4leOIOD4aBLRPMZIKufpZ000GrjUp2Td04KNjaONeKGFGy5/0fEYsmFK4wK5eNI1atVKtleFvYxlmpiKYq+HqU7sX4tgngcQMCdG1zEg6CeKSYkYmBTsWJEJ4hAakq2yAfCKcJLtyAo8U6cF+yNULJMzo14kE+UKMfU91+kgOxc9aCv+qdWPZrzoJDaJYkgDPFvVjBmUI08hgj3KCJRsrgzCn6q8QDxFHWKpgCyqExaXwf9MqG1bFOLmuFOsX8zjy4AAcghKwwCmogyvQAE2AwT14BM9gqj1oT9qL9jprzWnzmX3wTdr7BzL+o0I=</latexit>

[Gaiotto, Kapustin, Sieberg, Willett ’14; Aharony, Seiberg, Tachikawa ’13; …]



…leads to new symmetries
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Jµ⌫(x) / Fµ⌫(x)

<latexit sha1_base64="RB2a/L2LEONy3DOL5Qqn17rcb7Q=">AAACDnicdVDLSgMxFM34rPU16tJNsBTqZpgpFdtdURBxVcE+oDOWTJppQzOZIcmIZegXuPFX3LhQxK1rd/6N6UOwPg4EDufcy805fsyoVLb9YSwsLi2vrGbWsusbm1vb5s5uQ0aJwKSOIxaJlo8kYZSTuqKKkVYsCAp9Rpr+4HTsN2+IkDTiV2oYEy9EPU4DipHSUsfMX1ynbphAlyejwu0hdGMRxSqCZ3Nyx8zZVqVcKleK8DdxLHuCHJih1jHf3W6Ek5BwhRmSsu3YsfJSJBTFjIyybiJJjPAA9UhbU45CIr10EmcE81rpwiAS+nEFJ+r3jRSFUg5DX0+GSPXlT28s/uW1ExWUvZTyOFGE4+mhIGFQ5x13A7tUEKzYUBOEBdV/hbiPBMJKN5jVJXwlhf+TRtFyStbRZSlXPZnVkQH74AAUgAOOQRWcgxqoAwzuwAN4As/GvfFovBiv09EFY7azB+ZgvH0CpACb5Q==</latexit>

J̃µ⌫(x) / F̃µ⌫(x)

<latexit sha1_base64="ETOjeQUmRxuolC9efnItowuB7AM=">AAACHHicdVDLSgMxFM34rPU16tJNsAh1U2ZqxXZXFERcVbAP6NSSSdM2NJMMSUYsQz/Ejb/ixoUiblwI/o1pO4L1cSBwOOdebs7xQ0aVdpwPa25+YXFpObWSXl1b39i0t7ZrSkQSkyoWTMiGjxRhlJOqppqRRigJCnxG6v7gdOzXb4hUVPArPQxJK0A9TrsUI22ktn3oaco6BF5cx14QQY9Ho+ztAfRCKUItYOKezbhtO+PkSsVCsZSHv4mbcybIgASVtv3mdQSOAsI1ZkippuuEuhUjqSlmZJT2IkVChAeoR5qGchQQ1Yon4UZw3ygd2BXSPK7hRP2+EaNAqWHgm8kA6b766Y3Fv7xmpLvFVkx5GGnC8fRQN2LQxB43BTtUEqzZ0BCEJTV/hbiPJMLa9Jk2JXwlhf+TWj7nFnJHl4VM+SSpIwV2wR7IAhccgzI4BxVQBRjcgQfwBJ6te+vRerFep6NzVrKzA2ZgvX8CTP2hjQ==</latexit>

Spontaneous breaking in the Coulomb phase  massless photon is the Goldstone (vector) boson→

Pure U(1) gauge theory: 2 1-form symmetries

Ug

<latexit sha1_base64="a9400rWRAQy6whKpJAwjnw5K7aQ=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiSlYrsrunFZ0bSFNpTJdJIOnUzCzEQooZ/gxoUibv0id/6N04fg88CFwzn3cu89QcqZ0o7zbhVWVtfWN4qbpa3tnd298v5BWyWZJNQjCU9kN8CKciaop5nmtJtKiuOA004wvpz5nTsqFUvErZ6k1I9xJFjICNZGuvEG0aBccexGvVZvVNFv4trOHBVYojUov/WHCcliKjThWKme66Taz7HUjHA6LfUzRVNMxjiiPUMFjqny8/mpU3RilCEKE2lKaDRXv07kOFZqEgemM8Z6pH56M/Evr5fpsO7nTKSZpoIsFoUZRzpBs7/RkElKNJ8Ygolk5lZERlhiok06JRPC56fof9Ku2m7NPruuVZoXyziKcATHcAounEMTrqAFHhCI4B4e4cni1oP1bL0sWgvWcuYQvsF6/QDYpI4z</latexit>

L(�)

<latexit sha1_base64="YLjvHG/F69guA3W+QJ7UTU/3O3o=">AAAB8HicdVDLSgNBEOyNrxhfUY9eBoMQL8tuiJjcgl48eIhgTCRZwuxkNhkyM7vMzAoh5Cu8eFDEq5/jzb9x8hB8FjQUVd10d4UJZ9p43ruTWVpeWV3Lruc2Nre2d/K7ezc6ThWhDRLzWLVCrClnkjYMM5y2EkWxCDlthsPzqd+8o0qzWF6bUUIDgfuSRYxgY6Xby2Knj4XAx918wXOrlXKlWkK/ie96MxRggXo3/9bpxSQVVBrCsdZt30tMMMbKMMLpJNdJNU0wGeI+bVsqsaA6GM8OnqAjq/RQFCtb0qCZ+nVijIXWIxHaToHNQP/0puJfXjs1USUYM5mkhkoyXxSlHJkYTb9HPaYoMXxkCSaK2VsRGWCFibEZ5WwIn5+i/8lNyfXL7slVuVA7W8SRhQM4hCL4cAo1uIA6NICAgHt4hCdHOQ/Os/Myb804i5l9+Abn9QOaEpBQ</latexit>

g · L(�)

<latexit sha1_base64="asSHFSDeihZP7JQWFg7pnGgxp2c=">AAAB+nicdVDLSsNAFJ34rPWV6tLNYBHqJiSlYrsrunHhooJ9QBPKZDJJh84kYWailNhPceNCEbd+iTv/xulD8HngwuGce7n3Hj9lVCrbfjeWlldW19YLG8XNre2dXbO015FJJjBp44QloucjSRiNSVtRxUgvFQRxn5GuPzqf+t0bIiRN4ms1TonHURTTkGKktDQwSxF0cZAoeFlxI8Q5Oh6YZdtq1Gv1RhX+Jo5lz1AGC7QG5psbJDjjJFaYISn7jp0qL0dCUczIpOhmkqQIj1BE+prGiBPp5bPTJ/BIKwEME6ErVnCmfp3IEZdyzH3dyZEayp/eVPzL62cqrHs5jdNMkRjPF4UZgyqB0xxgQAXBio01QVhQfSvEQyQQVjqtog7h81P4P+lULadmnVzVys2zRRwFcAAOQQU44BQ0wQVogTbA4Bbcg0fwZNwZD8az8TJvXTIWM/vgG4zXD2nnk34=</latexit>



30

Properties of 
symmetry op.

Ordinary 
symmetry

Higher-form 
symmetry

Non-invertible 
symmetry

Codimension in 
spacetime 1 >1 ≥1

Topological? yes yes yes

Fusion rule group
 group
 fusion ring

a × b = ΣcNc

abcg1 × g2 = g3 g1 × g2 = g3

See e.g. [Cordova, Dumitrescu, Intriligator, Shao ’22]; pheno applications e.g. 
[Cordova, Hong, Koren, Ohmori ’22; Cordova, Koren ’22; …]



Magic Zeroes & Hidden Symmetries
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Expect: 

Calculate:

�aµ ⇠
y3

16⇡2

mµv

M2
+O

✓
mµv3

M4

◆

<latexit sha1_base64="YUlGxUd+coxlz1/72n7A8EHE1Tk="></latexit>

�aµ ⇠ 0 +
y3

16⇡2

mµv3

M4
+ . . .

<latexit sha1_base64="gNan2kbFwY5uzR7RJ6U+v/mV7xs="></latexit>

[Arkani-Hamed, Harigaya ’21]

“Total derivative phenomenon”

Zero can also be explained by (elaborate) symmetries [NC, 
Garcia Garcia, Vainshtein, Zhang ’21] or on shell [Delle Rose, 

von Harling, Pomarol ’22] but still leaves something of the form

N c

<latexit sha1_base64="7g4CvMGy3F5/aldbrD0OI5OGvDM=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0i0te2t6MWTVLQf0May2W7bpZtN2N0IJfQnePGgiFd/kTf/jdu0goo+GHi8N8PMPD/iTGnH+bAyS8srq2vZ9dzG5tb2Tn53r6nCWBLaICEPZdvHinImaEMzzWk7khQHPqctf3wx81v3VCoWils9iagX4KFgA0awNtLN1R3p5QuOXa0UyxUHpaR6VpqT8mkJubaTogAL1Hv5924/JHFAhSYcK9VxnUh7CZaaEU6nuW6saITJGA9px1CBA6q8JD11io6M0keDUJoSGqXq94kEB0pNAt90BliP1G9vJv7ldWI9qHgJE1GsqSDzRYOYIx2i2d+ozyQlmk8MwUQycysiIywx0SadnAnh61P0P2me2G7RLl0XC7XzRRxZOIBDOAYXylCDS6hDAwgM4QGe4Nni1qP1Yr3OWzPWYmYffsB6+wS8SY4g</latexit>

Z 1

0

dk2

k2
k2f 0(k2)

<latexit sha1_base64="a+tHtOBO5sr4XepfJHyqBHgkCHA=">AAACE3icdVBLSwMxEM76rPVV9eglWMTqoeyWiu2t6MVjBfuAbluyabYNzWaXZFYoS/+DF/+KFw+KePXizX9j+hB8fpCZj29mmMznRYJrsO13a2FxaXllNbWWXt/Y3NrO7OzWdRgrymo0FKFqekQzwSWrAQfBmpFiJPAEa3jDi0m9ccOU5qG8hlHE2gHpS+5zSsBI3cyJyyV07Y5JPoyw6ytCk96wUxgnk4BNwP5RzqTjbiZr58ulYqlcwL+Jk7enyKI5qt3Mm9sLaRwwCVQQrVuOHUE7IQo4FWycdmPNIkKHpM9ahkoSMN1OpjeN8aFRetgPlXkS8FT9OpGQQOtR4JnOgMBA/6xNxL9qrRj8UjvhMoqBSTpb5McCQ4gnBuEeV4yCGBlCqOLmr5gOiLEFjI1pY8Lnpfh/Ui/knWL+9KqYrZzP7UihfXSAcshBZ6iCLlEV1RBFt+gePaIn6856sJ6tl1nrgjWf2UPfYL1+AJ+nnV8=</latexit>

�aµ / A(m1) +B(m2) = 0

<latexit sha1_base64="NQjldvEv9o59DVkbXnXxjbNHTTw=">AAACEXicdVDLSgMxFM34rPU16tJNsAgtwjBTKrYLoVYXLivYB3SGIZOmbWgyMyQZoQz9BTf+ihsXirh1586/MX0IPg8EDufcy805QcyoVLb9biwsLi2vrGbWsusbm1vb5s5uU0aJwKSBIxaJdoAkYTQkDUUVI+1YEMQDRlrB8Hzit26IkDQKr9UoJh5H/ZD2KEZKS76Zdy8IUwgi3+UJdGMRxSqCZ3nuOwV4BGuaFAvwFNq+mbOtSrlUrhThb+JY9hQ5MEfdN9/cboQTTkKFGZKy49ix8lIkFMWMjLNuIkmM8BD1SUfTEHEivXSaaAwPtdKFvUjoFyo4Vb9upIhLOeKBnuRIDeRPbyL+5XUS1St7KQ3jRJEQzw71EgZ16Ek9sEsFwYqNNEFYUP1XiAdIIKx0iVldwmdS+D9pFi2nZB1flXLV2ryODNgHByAPHHACquAS1EEDYHAL7sEjeDLujAfj2XiZjS4Y85098A3G6wcAJ5qX</latexit>

Surprises appear in the most prosaic places…

Between scales IR 
contribution nonzero 

but Δaμ = 0



Closing thoughts
• We have a profound opportunity to “predict” the Higgs mass (i.e., to use the 

measured Higgs mass to infer other sharply defined phenomena). 


• “Naturalness” often arises along the way, but exists in a broader context of 
predictive frameworks.


• While some approaches to this prediction are well-explored, others have only 
recently been discovered, and the search has only just begun.


• Even in failure, the worst we can do is deepen our understanding of QFT.


• The challenge is immense, but the greatest challenges have a tendency to 
catalyze the greatest progress.
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Thank you!


