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Two crucial tools in our work:

• What is Mass? How to give Mass?

• Other than Perturbative Local Anomaly,
use Nonperturbative Global Anomaly
cancellation (or matching) to predict Beyond the
Standard Model (BSM) physics.
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Two crucial tools in our work:

• What is Mass? How to give Mass?
- Energy eigenvalues of quantum Hamiltonian Ĥ has a gap
∆E = E1st − E0 > 0. (Dispersion Ep =

√
m2 + p2 above the energy

gap, m = ∆E .)
- matter field correlator decays exp(−x/ξ), with ξ = 1/m.

- mean-field vs non-mean-field mass terms in the Lagrangian.
- Symmetric Mass Generation Interaction Oψψ̃: 〈O〉 = 0 and
〈ψψ̃〉 = 0, but ∆E 6= 0.

• Other than Perturbative Local Anomaly,
use Nonperturbative Global Anomaly
cancellation (or matching) to predict Beyond the
Standard Model (BSM) physics.
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Ideas developed from the quantum matter and quantum field theory
frontier may guide us to explore BSM new physics. we propose a
few such ideas. Three messages:

Part 1. Neutrinos: a right-handed neutrino (massless/massive)
carries a Z16 class mixed gauge-gravitational global anomaly index,
which could be replaced by interacting 4d or 5d gapped topological
quantum field theory, or 4d gapless conformal field theory. These
theories provide new neutrino mass mechanisms [arXiv:2012.15860].

Part 2. Deconfined quantum criticality between Grand Unified
Theories: dictated by a Z2 class mixed gauge-gravitational global
anomaly, a gapless quantum critical region can happen between
Georgi-Glashow and Pati-Salam models as deformation of the
Standard Model, where Beyond the Standard Model physics and
Dark Gauge sector occur as neighbor phases [arXiv:2106.16248,
arXiv:2112.14765, arXiv:2204.08393].

Part 3. Strong CP problem may be solved by a new solution
involving Symmetric Mass Generation [arXiv:2204.14271,
arXiv:2207.14813, ...].
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Chiral SM (light sector - nearly massless)

Mirror SM (dark sector - massive gapped)

How many Weyl fermions, per generation and in total,
in the Standard Model?
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Standard Model (SM) with (15+1)Nf Weyl fermions coupled to
Yang-Mills gauge su(3)c × su(2)L × u(1)Y in representation (rep):

×(Nf = 3).

Each Weyl fermion
2L of Spin(3,1)

d̄R ⊕ lL ⊕ qL ⊕ ūR ⊕ ēR⊕?ν̄R
= (3, 1)2,L ⊕ (1, 2)−3,L ⊕ (3, 2)1,L ⊕ (3, 1)−4,L ⊕ (1, 1)6,L⊕?(1, 1)0,L.

SM gauge group GSMq ≡ SU(3)c×SU(2)L×U(1)Y
Zq

with q = 1, 2, 3, 6.

If we drop some quarks or leptons in our theory, the God will yell:
“the perturbative local anomalies do not cancel!” How about the
cancellation of nonperturbative global anomalies?

Open Issues:

• Neutrino ν̄R exists or not? (15 vs 16 fermions) How many ν̄R for
Nf = 3? How do νL and ν̄R get masses? Dirac vs Majorana?
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Spacetime and internal symmetry of the Standard Model (SM)?

15 or 16 Weyl fermion multiplet (ψL)I = (d̄R ⊕ lL ⊕ qL ⊕ ūR ⊕ ēR)I ⊕ nνI,R ν̄I,R .
Here I, J ∈ {1, 2, . . . ,Nf = 3}.

Lagrangian:

LSM =
∑

I=1,2,3

− 1

4
F a
I ,µνF

aµν
I − θ3

64π2
g 2

3 ε
µνµ′ν′F a

3,µνF
a
3,µ′ν′ + ψ†L( i σ̄µDµ,A)ψL

−(ψ†LφψR + h.c.) + |Dµ,Aφ|2 −U(φ).

LYH = ψ†LφψR + h.c. contains

Ld
YH + Lu

YH + Le
YH = λd

IJq
I†
L φd

J
R + λu

IJε
abqI†

Laφ
∗
bu

J
R + λe

IJl
I†
L φe

J
R + h.c..

Classically, U(1)B and U(1)L.

Quantum mechanically, ABJ anomaly with gauged GSMq break U(1)B ×U(1)L down
to U(1)B−L×ZF

2
Z2Nf ,B+L. Many GUTs violate Z2Nf ,B+L, but the SM preserves Z2Nf ,B+L.

• A proton decays (without Z2Nf ,B+L) vs is stable (with Z2Nf ,B+L).

S.Koran 2204.01741, JW-Wan-You 2204.08393
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Spacetime and internal symmetry of the Standard Model (SM)?

• Spacetime symmetry: Spin group. Diffeomorphism/grav. background. Spin

ZF
2

= SO.

• Internal symmetry: U(1)B−L ×ZF
2
Z2Nf ,B+L × GSMq .

• Internal symmetry after gauging GSMq : U(1)B−L ×ZF
2
Z2Nf ,B+L × Ze

6/q,[1] ×U(1)m[1].

(n-form symmetry, see also Sungwoo Hong talk)

• We can replace the U(1)B−L to a discrete Z4,X (Wilczek-Zee ’79) that is more robust
and preserves the 4n fermion interactions (quarks and leptons with Z4,X charges 1):

X ≡ 5(B− L)− 2

3
Y .

For the SM with Z4,X , see Garcia-Etxebarria-Montero 1808.00009 and our work.
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Standard Model and GUT anomaly cancellation

Check: discrete B± L symmetries, local vs global anomalies, cobordism.
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Spacetime-internal symmetry (Spin×ZF
2
U(1)B−L ×ZF

2
Z2Nf ,B+L × GSMq).

4d Anomaly (5d iTQFT) contained in the cobordism group (Nf = 3):

TP5(Spin×ZF
2
U(1)B−L × Z3,B+L × GSMq ) =

(
Z11

)
×

(
Z9 × Z7

3

)
.

TP5(Spin×ZF
2
Z4,X × Z3,B+L × GSMq ) =

{ (
Z5 × Z2 × Z2

4 × Z16

)
×

(
Z9 × Z4

3

)
, q = 1, 3.(

Z5 × Z2
2 × Z4 × Z16

)
×

(
Z9 × Z4

3

)
, q = 2, 6.

TP5(Spin×ZF
2
U(1)B−L × Z3,B+L × G[1]) =

(
Z2 × Z6/q

)
×

(
Z9 × (Z3)2 × (Z3)3n3

)
.

TP5(Spin×ZF
2
Z4,X × Z3,B+L × G[1]) =

(
Z16 × (Z4)n2 × Z6/q

)
×

(
Z9 × (Z3)2n3

)
.

TP5(Spin×ZF
2
Spin(10)) = Z2.
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4d Anomaly (5d iTQFT) of 15,16Nf -fermion GSMq ≡
SU(3)c×SU(2)

L
×U(1)Y

Zq
Part 1: JW-Wan-You arXiv:2112.14765
• Spin×ZF

2
U(1)B−L or X × GSMq -symmetry.

Z-class local anomaly B− L or X ≡ 5(B− L)− 2
3Y : U(1)3 and U(1)-grav2:

Z
U(1)
5 ≡ exp( i(−Nf + nνR )

∫

M5

(Ac2
1 +

1

48
CS

T (PD(c1))
3 )).

−Nf + nνR ≡ −Nf +
∑

j nνj,R = −3 + nνe,R + nνµ,R + nντ,R + . . . .

• Spin×ZF
2
Z4,X × GSMq -symmetry.

Z16-class global anomaly of Z4,X -grav2:

Z
Z4,X

5 ≡ exp( i(−Nf + nνR )

∫

M5

2π i

16
η4d (PD(AZ2,X

))).

Part 2:
• Spin×ZF

2
Spin(10)-symmetry.

Z2-class global anomaly. p ∈ Z2:

Z5 ≡ exp( iπ p

∫

M5

w2w3)|w2w3(TM)=w2w3(VSO(n))

• We can also include Z2Nf ,B+L background field. arXiv:2204.08393
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Logic to Ultra Unification

• Z16 global anomaly cancellation application.

Assumptions:
1 Standard Model (SM) Ginternal: Lie algebra su(3)× su(2)× u(1).

GSMq ≡ SU(3)×SU(2)×U(1)
Zq

, q = 1, 2, 3, 6.

2 15 × (Nf = 3) Weyl fermions (spacetime Weyl spinors) observed,
applicable to both SM and SU(5) GUT.

3 Discrete Baryon−Lepton number preserved (or not) at high energy:
Z4,X≡5(B−L)−4Y ⊃ ZF

2 , so X 2 = (−1)F , also dynamically gauged at
higher energy due to no global symmetry in quantum gravity (if we
embed the theory into quantum gravity).

Check: Perturbative local & nonperturbative global anomalies via cobordism.
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Logic to Ultra Unification
Consequences: Z16 anomaly index as total (Nf = 3)·(15 = −1 mod 16).

(−(Nf = 3) +
∑

j=e,µ,τ,...

nνj,R + νnew hidden sectors) = 0 mod 16.

Anomaly-cancellation?

(1) Standard Lore: R-handed neutrino (16th Weyl) nνj,R = 1.
Z4,X preserved (gapless fermion) vs broken (gap) by Dirac or Majorana mass.

(2) My proposal: New hidden sectors beyond SM (∼ Lieb-Schultz-Mattis thm) :

1 Z4,X -symmetry-preserving anomalous gapped 4d TQFT (Topological
Mass). (Topo.Green-Schwarz mechanism. Boundary topological order [2+1d Vishwanath-Senthil’12].)

2 Z4,X -5d invertible TQFT (SPTs) by cobordism invariant η(PD(AZ2 )).

3 Z4,X -gauged-5d-noninvertible TQFT (SETs) + gravity.

4 Z4,X -symmetry-breaking gapped phase (e.g. Landau phase or 4d TQFT).

5 Z4,X -symmetry-preserving gapless or breaking gapless (e.g., extra CFT).

HEP-PH Gapped Extended Excitation/Objects beyond Particle Physics.
HEP-PH Gapless Unparticle CFT Physics.
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Part 1. Neutrinos: a right-handed neutrino (massless/massive)
carries a Z16 class mixed gauge-gravitational global anomaly index,
which could be replaced by interacting 4d or 5d gapped topological
quantum field theory, or 4d gapless conformal field theory. These
theories provide new interacting neutrino mass mechanisms.
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Chiral SM (light sector - nearly massless)

Mirror SM (dark sector - massive gapped)

15 vs 16 Chessmen ∼ Weyl fermions in the Standard Model.
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Part 2. Deconfined quantum criticality between Grand Unified
Theories: dictated by a Z2 class global anomaly, a gapless quantum
critical region can happen between Georgi-Glashow and Pati-Salam
models as deformation of the Standard Model, where Beyond the
Standard Model physics and Dark Gauge sector occur as neighbor
phases [arXiv:2106.16248, arXiv:2112.14765, arXiv:2204.08393].
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Deformation U(ΦR) =
(
r45(Φ45)2 + λ45(Φ45)4

)
+

(
r54(Φ54)2 + λ54(Φ54)4

)
+ . . . .

Recall GUT breaking in David Dunsky talk
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See Isabel Garcia Garcia talk on dark photon.
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Part 3. Strong CP problem may be solved by a new solution
involving Symmetric Mass Generation (SMG).

CP violating theta angle |θ̄3| < 10−10 for θ̄3 ≡ θ3 + arg(det(MuMd)).
Path integral incldues exp( iθ3n

(3)), n(3) ≡ 1
8π2

∫
Tr[F (j) ∧ F (j)]. Mu

and Md are two rank-3 matrices specifying the Yukawa-Higgs coupling,
for u, c , t-type and d , s, b-type quarks.

Challenge: Left-handed quarks participate weak interaction (�P, �C),
CKM’s δCP is order 1 (��CP). Näive expect: θ̄3 order 1.

Under chiral transformations,

θ3 7→ θ3 −
∑

f =1,2,3(αuLf + αdLf − αuRf − αdRf ).

mq 7→ mqe
i (αqL

−αqR
).

<latexit sha1_base64="7ZVxMZfn+iOqUIS/85dIAZBCruA=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmKCF7JLjHokevGIiSAJbEi3zEJDt7tpuyZkw9/w4kFjvPpnvPlvLLAHBV8yyct7M+3MCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4GMwvp35j0+oNI/lg5kk6Ed0KHnIGTVW6lXpOYmo1gK17pcrbs2dg6wSLycVyNHsl796g5ilEUrDhH2k67mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n813npIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2+ChMBTExmQVABlwhM2JiCWWK210JG1FFmbExlWwI3vLJq6Rdr3mXtYv7eqVxk8dRhBM4hSp4cAUNuIMmtIBBAs/wCm9O6rw4787HorXg5DPH8AfO5w9JjZE2</latexit>

(a) massless
<latexit sha1_base64="hmEhaA7csD4vP/z3J8WipIy/PZQ=">AAAB/HicbVDLSgMxFM3UV62vapdugkWoC8tMEXVZdOOygn1AW0omvdOGJpkhyQjDUH/FjQtF3Poh7vwb03YW2nrgwuGce5N7jx9xpo3rfju5tfWNza38dmFnd2//oHh41NJhrCg0achD1fGJBs4kNA0zHDqRAiJ8Dm1/cjvz24+gNAvlg0ki6AsykixglBgrDYqlin+GBRB5HjDgQyyI1oNi2a26c+BV4mWkjDI0BsWv3jCksQBpKLcPdD03Mv2UKMMoh2mhF2uICJ2QEXQtlUSA7qfz5af41CpDHITKljR4rv6eSInQOhG+7RTEjPWyNxP/87qxCa77KZNRbEDSxUdBzLEJ8SwJPGQKqOGJJYQqZnfFdEwUocbmVbAheMsnr5JWrepdVi/ua+X6TRZHHh2jE1RBHrpCdXSHGqiJKErQM3pFb86T8+K8Ox+L1pyTzZTQHzifP0kzk+k=</latexit>

(b) mean-field mass
<latexit sha1_base64="qtjQSop17wTkZoSvWE5TRMO5kyQ=">AAACAXicbVDLSgMxFM34rPU16kZwEyxC3ZSZIuqy6EI3QkX7gHYomfS2Dc1khiQjlKFu/BU3LhRx61+482/MtLPQ1gMXDufcm9x7/IgzpR3n21pYXFpeWc2t5dc3Nre27Z3dugpjSaFGQx7Kpk8UcCagppnm0IwkkMDn0PCHl6nfeACpWCju9SgCLyB9wXqMEm2kjr1fpMeYCQ2SUM1EH9/dXOGAKNWxC07JmQDPEzcjBZSh2rG/2t2QxgEITbl5oOU6kfYSIjWjHMb5dqwgInRI+tAyVJAAlJdMLhjjI6N0cS+UpoTGE/X3REICpUaBbzoDogdq1kvF/7xWrHvnXsJEFGsQdPpRL+ZYhziNA3eZBKr5yBBCJTO7YjogaRgmtLwJwZ09eZ7UyyX3tHRyWy5ULrI4cugAHaIictEZqqBrVEU1RNEjekav6M16sl6sd+tj2rpgZTN76A+szx/mSpXp</latexit>

(c) interacting SMG mass
<latexit sha1_base64="UauX9trcbY03bLZcP+WfyNQOJkg=">AAACB3icbVDLSgMxFM3UV62vUZeCBItQF5aZIuqy6MZlBfuAdiiZ9LYNTTJDkhGG0p0bf8WNC0Xc+gvu/BvTdhZaPRA4nHvPzb0njDnTxvO+nNzS8srqWn69sLG5tb3j7u41dJQoCnUa8Ui1QqKBMwl1wwyHVqyAiJBDMxxdT+vNe1CaRfLOpDEEggwk6zNKjJW67mFJp0KAUelpaH0jJgc4Uj1QWBCtT7pu0St7M+C/xM9IEWWodd3PTi+iiQBpKLcT2r4Xm2BMlGGUw6TQSTTEhI7IANqWSiJAB+PZHRN8bJUe7kfKPmnwTP3pGBOh7bqh7RTEDPVibSr+V2snpn8ZjJmMEwOSzj/qJxybCE9DwT2mgBqeWkKoYnZXTIdEEWpsdAUbgr948l/SqJT98/LZbaVYvcriyKMDdIRKyEcXqIpuUA3VEUUP6Am9oFfn0Xl23pz3eWvOyTz76Becj2+8rZk5</latexit>

(symmetry-breaking order mass)
<latexit sha1_base64="x5DLMrlVBaES2o4qwsyR9WEITsI=">AAAB+HicbVBNTwIxEJ3FL8QPVj16aSQmeCG7xKhHohePmAiSwIZ0u11oaLubtmuChF/ixYPGePWnePPfWGAPCr5kkpf3ZtqZF6acaeN5305hbX1jc6u4XdrZ3dsvuweHbZ1kitAWSXiiOiHWlDNJW4YZTjupoliEnD6Eo5uZ//BIlWaJvDfjlAYCDySLGcHGSn23XI2YTlREFRJY67O+W/Fq3hxolfg5qUCOZt/96kUJyQSVhnD7Qtf3UhNMsDKMcDot9TJNU0xGeEC7lkosqA4m88Wn6NQqEYoTZUsaNFd/T0yw0HosQtspsBnqZW8m/ud1MxNfBRMm08xQSRYfxRlHJkGzFFDEFCWGjy3BRDG7KyJDrDAxNquSDcFfPnmVtOs1/6J2flevNK7zOIpwDCdQBR8uoQG30IQWEMjgGV7hzXlyXpx352PRWnDymSP4A+fzBy6Lksk=</latexit>

(disorder mass)
<latexit sha1_base64="TFYnmAdyh1AD2YCiYGaC6ExLk0I=">AAAB/HicbVDLSgMxFM3UV62v0S7dBItQN3WmiLosunFZwT6gHUomzbSheQxJRhiG+ituXCji1g9x59+YtrPQ1gMXDufcm9x7wphRbTzv2ymsrW9sbhW3Szu7e/sH7uFRW8tEYdLCkknVDZEmjArSMtQw0o0VQTxkpBNObmd+55EoTaV4MGlMAo5GgkYUI2OlgVuujlDMiNbwHAoJOdL6bOBWvJo3B1wlfk4qIEdz4H71hxInnAiDmX2h53uxCTKkDMWMTEv9RJMY4QkakZ6lAnGig2y+/BSeWmUII6lsCQPn6u+JDHGtUx7aTo7MWC97M/E/r5eY6DrIqIgTQwRefBQlDBoJZ0nAIVUEG5ZagrCidleIx0ghbGxeJRuCv3zyKmnXa/5l7eK+Xmnc5HEUwTE4AVXggyvQAHegCVoAgxQ8g1fw5jw5L86787FoLTj5TBn8gfP5AyhNk9A=</latexit>

(gapless / no mass)
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Part 3. Strong CP problem solution:

<latexit sha1_base64="UauX9trcbY03bLZcP+WfyNQOJkg=">AAACB3icbVDLSgMxFM3UV62vUZeCBItQF5aZIuqy6MZlBfuAdiiZ9LYNTTJDkhGG0p0bf8WNC0Xc+gvu/BvTdhZaPRA4nHvPzb0njDnTxvO+nNzS8srqWn69sLG5tb3j7u41dJQoCnUa8Ui1QqKBMwl1wwyHVqyAiJBDMxxdT+vNe1CaRfLOpDEEggwk6zNKjJW67mFJp0KAUelpaH0jJgc4Uj1QWBCtT7pu0St7M+C/xM9IEWWodd3PTi+iiQBpKLcT2r4Xm2BMlGGUw6TQSTTEhI7IANqWSiJAB+PZHRN8bJUe7kfKPmnwTP3pGBOh7bqh7RTEDPVibSr+V2snpn8ZjJmMEwOSzj/qJxybCE9DwT2mgBqeWkKoYnZXTIdEEWpsdAUbgr948l/SqJT98/LZbaVYvcriyKMDdIRKyEcXqIpuUA3VEUUP6Am9oFfn0Xl23pz3eWvOyTz76Becj2+8rZk5</latexit>

(symmetry-breaking order mass)
<latexit sha1_base64="x5DLMrlVBaES2o4qwsyR9WEITsI=">AAAB+HicbVBNTwIxEJ3FL8QPVj16aSQmeCG7xKhHohePmAiSwIZ0u11oaLubtmuChF/ixYPGePWnePPfWGAPCr5kkpf3ZtqZF6acaeN5305hbX1jc6u4XdrZ3dsvuweHbZ1kitAWSXiiOiHWlDNJW4YZTjupoliEnD6Eo5uZ//BIlWaJvDfjlAYCDySLGcHGSn23XI2YTlREFRJY67O+W/Fq3hxolfg5qUCOZt/96kUJyQSVhnD7Qtf3UhNMsDKMcDot9TJNU0xGeEC7lkosqA4m88Wn6NQqEYoTZUsaNFd/T0yw0HosQtspsBnqZW8m/ud1MxNfBRMm08xQSRYfxRlHJkGzFFDEFCWGjy3BRDG7KyJDrDAxNquSDcFfPnmVtOs1/6J2flevNK7zOIpwDCdQBR8uoQG30IQWEMjgGV7hzXlyXpx352PRWnDymSP4A+fzBy6Lksk=</latexit>

(disorder mass)

<latexit sha1_base64="UQGXL6T0Ib3HDv8IShlui7lVCw8=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKewGUY9BLx4jmAcmS5id7U2GzM4u8xBCyF948aCIV//Gm3/jJNmDJhY0FFXddHeFGWdKe963U1hb39jcKm6Xdnb39g/Kh0ctlRpJsUlTnspOSBRyJrCpmebYySSSJOTYDke3M7/9hFKxVDzocYZBQgaCxYwSbaVHZTKUMTcs6pcrXtWbw10lfk4qkKPRL3/1opSaBIWmnCjV9b1MBxMiNaMcp6WeUZgROiID7FoqSIIqmMwvnrpnVoncOJW2hHbn6u+JCUmUGieh7UyIHqplbyb+53WNjq+DCROZ0SjoYlFsuKtTd/a+GzGJVPOxJYRKZm916ZBIQrUNqWRD8JdfXiWtWtW/rF7c1yr1mzyOIpzAKZyDD1dQhztoQBMoCHiGV3hzlPPivDsfi9aCk88cwx84nz8IgZEo</latexit>

superfluid
<latexit sha1_base64="AdDhtVJOBWglL7JhWyRmZD4ojmU=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY9BLx4jmIckS5idzCZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyc9MmlSjq3S/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOYHT9GZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9j0aME2J5RNHMNHM3YrICGtMrMuo5EIIll9eJa1aNbisXtzXKvWbPI4inMApnEMAV1CHO2hAEwgIeIZXePO09+K9ex+L1oKXzxzDH3ifP0rbkLw=</latexit>

insulator

<latexit sha1_base64="Ai/oho02NECx2lbRSHAyyiADbs4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHoxWME84BkCbOTTjJkdnaYmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KlODG+v63t7a+sbm1Xdgp7u7tHxyWjo6bJkk1wwZLRKLbETUouMSG5VZgW2mkcSSwFY3vZn7rCbXhiXy0E4VhTIeSDzij1kmtIVUCjemVyn7Fn4OskiAnZchR75W+uv2EpTFKywQ1phP4yoYZ1ZYzgdNiNzWoKBvTIXYclTRGE2bzc6fk3Cl9Mki0K2nJXP09kdHYmEkcuc6Y2pFZ9mbif14ntYObMONSpRYlWywapILYhMx+J32ukVkxcYQyzd2thI2opsy6hIouhGD55VXSrFaCq8rlQ7Vcu83jKMApnMEFBHANNbiHOjSAwRie4RXePOW9eO/ex6J1zctnTuAPvM8fizSPtg==</latexit>

gapless
<latexit sha1_base64="NfMbE6cjsWz/xucj9UoVJz6zXKM=">AAAB7XicbVBNSwMxEM3Wr1q/qh69BIvgqewWUY9FLx4r2A9ol5LNzrax2SQkWaGU/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jMw0hSaVXOpORAxwJqBpmeXQURpIGnFoR6Pbmd9+Am2YFA92rCBMyUCwhFFindQaEKUg7pcrftWfA6+SICcVlKPRL3/1YkmzFISlnBjTDXxlwwnRllEO01IvM6AIHZEBdB0VJAUTTubXTvGZU2KcSO1KWDxXf09MSGrMOI1cZ0rs0Cx7M/E/r5vZ5DqcMKEyC4IuFiUZx1bi2es4Zhqo5WNHCNXM3YrpkGhCrQuo5EIIll9eJa1aNbisXtzXKvWbPI4iOkGn6BwF6ArV0R1qoCai6BE9o1f05knvxXv3PhatBS+fOUZ/4H3+AKTLjy4=</latexit>

gapped

<latexit sha1_base64="2f/MIEFQYA0m+crzcOody4Rp0rk=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0XwVJIi6rHoxWMF0xbaUDbbl3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWwcWhpk37HsTpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZX8dGSz/UrVrblzkFXiFaQKBZr9yldvkLAsRmmYoFp3PTc1QU6V4UzgtNzLNKaUjekQu5ZKGqMO8vmyU3JulQGJEmWfNGSu/k7kNNZ6Eod2MqZmpJe9mfif181MdBPkXKaZQckWH0WZICYhs8vJgCtkRkwsoUxxuythI6ooM7afsi3BWz55lbTqNe+qdvlQrzZuizpKcApncAEeXEMD7qEJPjDg8Ayv8OZI58V5dz4Wo2tOkTmBP3A+fwDsYY7E</latexit>

phase
<latexit sha1_base64="Jmp9ipcSjqa0l0+dGp4+GK/dYRM=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqswUUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3cnNOkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilR9RUGTGj/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+Y/npIzqwxIGGv7FJK5+nsjo5ExkyiwkxHFkVn2ZuJ/XjfF8NrPhEpS5IotDoWpJBiTWXwyEJozlBNLKNM2OSNsRDVlaEsq2RK85cirpFWrepfVi/tapX6T11GEEziFc/DgCupwBw1oAgMFz/AKb45xXpx352MxWnDynWP4A+fzBxR2kTA=</latexit>

transition

<latexit sha1_base64="jGnO3r1acxhB5ey6K8sAzv9JIt4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48tmFpoQ9lsJ+3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCopZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+HoduY/PKHSPJH3ZpxiENOB5BFn1Fip6ffKFbfqzkFWiZeTCuRo9Mpf3X7CshilYYJq3fHc1AQTqgxnAqelbqYxpWxEB9ixVNIYdTCZHzolZ1bpkyhRtqQhc/X3xITGWo/j0HbG1Az1sjcT//M6mYmugwmXaWZQssWiKBPEJGT2NelzhcyIsSWUKW5vJWxIFWXGZlOyIXjLL6+S1kXVu6zWmrVK/SaPowgncArn4MEV1OEOGuADA4RneIU359F5cd6dj0VrwclnjuEPnM8ftBuM4g==</latexit>

U

Hubbard model Ĥ = −∑<i ,j> b†i bj + h.c. + U
∑

i(b
†
i bi)(b†i bi − 1).

• Gapless superfluid phase:
Peccei-Quinn symmetry-breaking, Goldstone mode, axion, etc.
• Gapped insulator phase:
One Strong CP solution: u quark obtains its mass fully from
Symmetric Mass Generation (SMG), other quarks obtain portion of
its mass from SMG, other than dominantly by Higgs mechanism.

Juven Wang Slides: tinyurl.com/3cyctwdx (later http://idear.info/) 13



Symmetric Mass Generation (SMG) examples:
• 0+1d Fidkowski-Kitaev interaction gaps 8 Majorana fermions
preserving ZT

2 × ZF
2 :

Ĥint = −(c1c2c3c4 + h.c.). 〈cicj〉 = 〈c†i cj〉 = 0.

• 1+1d chiral U(1) 3-4-5-0 model - SMG interaction (JW-Wen):
Sint ≡

∫
d 2x

(
g1(ψL,3)(ψ†L,4)2(ψR,5)(ψR,0)2 + g2(ψL,3)2(ψL,4)(ψ†R,5)2(ψR,0) + h.c.

)
Sdisorder ≡

∫
d 2x

(
φ2

1ψL,3ψR,5 + φ†1ψ
†
L,4ψR,0 + φ†2ψL,3ψ

†
R,5 + φ2

2ψL,4ψR,0 + h.c. +

1√
|g1|

φ†1φ1 + 1√
|g2|

φ†2φ2

)
requires no-mean-field mass 〈φ1〉 = 〈φ2〉 = 〈φ2

1〉 = 〈φ2
2〉 = 0.

• 3+1d chiral SM:
- smooth s-confinement (Razamat-Tong) — difficult complex mass matrix.

- parton-Higgs
Sint ≡

∫
d4x
(
φ(d̄RqL + ν̄R l̄

′
R + ēR lL) + φ†2ūRd

′
L

)
+ h.c. requires

no-mean-field mass 〈φ〉 = 〈φ2〉 = 0.

Juven Wang Slides: tinyurl.com/3cyctwdx (later http://idear.info/) 14



Part 3. Another Strong CP solution (with mirror fermions) by
Symmetric Mass Generation. Fermion doubling.

<latexit sha1_base64="z1eOzHQlSlzEqFX2ZNv9qIEH7RQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdEbURgzYWFgmYCyRLmJ2cTcbMzi4zs0IIeQIbC0Vs9WHsbcS3cXIpNPGHgY//P4c55wQJZ0q77reVWVhcWl7Jrtpr6xubW7ntnaqKU0mxQmMey3pAFHImsKKZ5lhPJJIo4FgLelejvHaPUrFY3Op+gn5EOoKFjBJtrPJNK5d3C+5Yzjx4U8hffNjnyfuXXWrlPpvtmKYRCk05UarhuYn2B0RqRjkO7WaqMCG0RzrYMChIhMofjAcdOgfGaTthLM0T2hm7vzsGJFKqHwWmMiK6q2azkflf1kh1eOYPmEhSjYJOPgpT7ujYGW3ttJlEqnnfAKGSmVkd2iWSUG1uY5sjeLMrz0P1qOCdFI7Lbr54CRNlYQ/24RA8OIUiXEMJKkAB4QGe4Nm6sx6tF+t1Upqxpj278EfW2w8GDZAW</latexit>

L
<latexit sha1_base64="ed4HRzEPLb7UIdTKkkONcxaJ1O8=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdEbURgzaWiZgLJEuYnZxNxszOLjOzQgh5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VZWFxaXsmu2mvrG5tbue2dqopTSbFCYx7LekAUciawopnmWE8kkijgWAt6V6O8do9SsVjc6n6CfkQ6goWMEm2s8k0rl3cL7ljOPHhTyF982OfJ+5ddauU+m+2YphEKTTlRquG5ifYHRGpGOQ7tZqowIbRHOtgwKEiEyh+MBx06B8ZpO2EszRPaGbu/OwYkUqofBaYyIrqrZrOR+V/WSHV45g+YSFKNgk4+ClPu6NgZbe20mUSqed8AoZKZWR3aJZJQbW5jmyN4syvPQ/Wo4J0UjstuvngJE2VhD/bhEDw4hSJcQwkqQAHhAZ7g2bqzHq0X63VSmrGmPbvwR9bbDw8lkBw=</latexit>

R

<latexit sha1_base64="uCdu6RQygqMazD0lJ1NXeJr/f0E=">AAAB9XicbVDLSgNBEJyNrxhfUY+KLAbBU9gVUY9BLx4TMA9I1jA7md0MmZ0dZnrVsOToP3jxoIhXr/kOb36DP+HkcdDEgoaiqpvuLl9ypsFxvqzMwuLS8kp2Nbe2vrG5ld/eqek4UYRWScxj1fCxppwJWgUGnDakojjyOa37vauRX7+jSrNY3EBfUi/CoWABIxiMdNsC+gBpiKVkIhy08wWn6IxhzxN3Sgql/WHl+/FgWG7nP1udmCQRFUA41rrpOhK8FCtghNNBrpVoKjHp4ZA2DRU4otpLx1cP7COjdOwgVqYE2GP190SKI637kW86IwxdPeuNxP+8ZgLBhZcyIROggkwWBQm3IbZHEdgdpigB3jcEE8XMrTbpYoUJmKByJgR39uV5UjspumfF04pJ4xJNkEV76BAdIxedoxK6RmVURQQp9IRe0Kt1bz1bb9b7pDVjTWd20R9YHz8+K5a1</latexit>

gapping
<latexit sha1_base64="htEWLK9K9WK7COVWCPV6RxhSwoQ=">AAAB9HicbVDJSgNBEO2JWxy3qEcvg0HwFGZE1IsY9OIxglkgGUJPp5M06WXsrgmGId/hxYMSvPob3r2If2NnOWjig4LHe1VU1Ytizgz4/reTWVpeWV3Lrrsbm1vbO7ndvYpRiSa0TBRXuhZhQzmTtAwMOK3FmmIRcVqNejdjv9qn2jAl72EQ01DgjmRtRjBYKWwAfYRUMK2VHjZzeb/gT+AtkmBG8lcf7mU8+nJLzdxno6VIIqgEwrEx9cCPIUyxBkY4HbqNxNAYkx7u0LqlEgtqwnRy9NA7skrLayttS4I3UX9PpFgYMxCR7RQYumbeG4v/efUE2hdhymScAJVkuqidcA+UN07AazFNCfCBJZhoZm/1SBdrTMDm5NoQgvmXF0nlpBCcFU7v/HzxGk2RRQfoEB2jAJ2jIrpFJVRGBD2gJ/SCXp2+8+yMnLdpa8aZzeyjP3DefwAU85X2</latexit>

mirror

<latexit sha1_base64="+uQyNRflh6ZfpBt0Osl+e4sjuBk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6quNBg==</latexit>y

<latexit sha1_base64="MraM+jpCPP4HGlcH2eQRu0HxPFE=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeiF48V7Ae0S8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ31vO+UWltfWNzq7xd2dnd2z+oHh61TZxqylo0FrHuhsQwwRVrWW4F6yaaERkK1gknd7nfeWLa8Fg92mnCAklGikecEptL/abhg2rNq3tz4FXiF6QGBZqD6ld/GNNUMmWpIMb0fC+xQUa05VSwWaWfGpYQOiEj1nNUEclMkM1vneEzpwxxFGtXyuK5+nsiI9KYqQxdpyR2bJa9XPzP66U2ugkyrpLUMkUXi6JUYBvj/HE85JpRK6aOEKq5uxXTMdGEWhdPxYXgL7+8StoXdf+qfvlwWWvcFnGU4QRO4Rx8uIYG3EMTWkBhDM/wCm9Iohf0jj4WrSVUzBzDH6DPH/ZejjM=</latexit>

 
<latexit sha1_base64="VmLt9EnJM1wlI+FiRTp69I3fEDY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbRU0mkqMeiF48VTFtoQ9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wju5nfeuLaiEQ94jjlQUwHSkSCUbSS320Ycd4rV9yqOwdZJV5OKpCj0St/dfsJy2KukElqTMdzUwwmVKNgkk9L3czwlLIRHfCOpYrG3AST+bFTcmaVPokSbUshmau/JyY0NmYch7Yzpjg0y95M/M/rZBjdBBOh0gy5YotFUSYJJmT2OekLzRnKsSWUaWFvJWxINWVo8ynZELzll1dJ87LqXVVrD7VK/TaPowgncAoX4ME11OEeGuADAwHP8ApvjnJenHfnY9FacPKZY/gD5/MHV/uOZA==</latexit>

 0

<latexit sha1_base64="jIT3xqkDm7SH2OKmgm9cWIVWalE=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjF6IruGqEeiF49I5JHAhswOvTBhdnYzM2tCCH/gxYPGePWPvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJaPZpygH9GB5CFn1FipXj/vFUtu2Z2DrBIvIyXIUOsVv7r9mKURSsME1brjuYnxJ1QZzgROC91UY0LZiA6wY6mkEWp/Mr90Ss6s0idhrGxJQ+bq74kJjbQeR4HtjKgZ6mVvJv7ndVIT3vgTLpPUoGSLRWEqiInJ7G3S5wqZEWNLKFPc3krYkCrKjA2nYEPwll9eJc3LsndVrjxUStXbLI48nMApXIAH11CFe6hBAxiE8Ayv8OaMnBfn3flYtOacbOYY/sD5/AEP8I0Q</latexit>

R0 <latexit sha1_base64="Hw8F3pzCPBhtzuWRp8LRR8mhjmU=">AAAB6XicbVA9SwNBEJ2LXzF+RS1tFoNoFe4kqGXQxsIiivmAJIS9zV6yZG/v2J0TwpF/YGOhiK3/yM5/4ya5QhMfDDzem2Fmnh9LYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3fKp4VIoXkeBkrdizWnoS970RzdTv/nEtRGResRxzLshHSgRCEbRSg93p71iyS27M5Bl4mWkBBlqveJXpx+xJOQKmaTGtD03xm5KNQom+aTQSQyPKRvRAW9bqmjITTedXTohJ1bpkyDSthSSmfp7IqWhMePQt50hxaFZ9Kbif147weCqmwoVJ8gVmy8KEkkwItO3SV9ozlCOLaFMC3srYUOqKUMbTsGG4C2+vEwa52Xvoly5r5Sq11kceTiCYzgDDy6hCrdQgzowCOAZXuHNGTkvzrvzMW/NOdnMIfyB8/kDBtKNCg==</latexit>

L0

<latexit sha1_base64="ISvMe/CTCD5YHeB9oYznslhzzKo=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBi2VXinoRil48VrAf0C4lm2bb0CS7JFmlLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvCDmTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML7N/PYjVZpF8sFMYuoLPJQsZASbTJpcnz31yxW36s6AlomXkwrkaPTLX71BRBJBpSEca9313Nj4KVaGEU6npV6iaYzJGA9p11KJBdV+Ort1ik6sMkBhpGxJg2bq74kUC60nIrCdApuRXvQy8T+vm5jwyk+ZjBNDJZkvChOOTISyx9GAKUoMn1iCiWL2VkRGWGFibDwlG4K3+PIyaZ1XvYtq7b5Wqd/kcRThCI7hFDy4hDrcQQOaQGAEz/AKb45wXpx352PeWnDymUP4A+fzB7CRjgU=</latexit>y = �w <latexit sha1_base64="CGfAmbrveXEHE2L1m6fxhc8mM1g=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUS9C0YvHivYD2qVk02wbms0uSVZZlv4ELx4U8eov8ua/MW33oK0PBh7vzTAzz48F18ZxvlFhZXVtfaO4Wdra3tndK+8ftHSUKMqaNBKR6vhEM8ElaxpuBOvEipHQF6ztj2+mfvuRKc0j+WDSmHkhGUoecEqMle7Tq6d+ueJUnRnwMnFzUoEcjX75qzeIaBIyaaggWnddJzZeRpThVLBJqZdoFhM6JkPWtVSSkGkvm506wSdWGeAgUrakwTP190RGQq3T0LedITEjvehNxf+8bmKCSy/jMk4Mk3S+KEgENhGe/o0HXDFqRGoJoYrbWzEdEUWosemUbAju4svLpHVWdc+rtbtapX6dx1GEIziGU3DhAupwCw1oAoUhPMMrvCGBXtA7+pi3FlA+cwh/gD5/AEaSjc4=</latexit>y = w

<latexit sha1_base64="ckHIJxBXDi+dVDAbhDy9vx6SGFk=">AAAB8HicbVDLTgJBEOzFF4IP1KOXiWjigZBdNOqR6MUjJvIwsCGzwyxMmJ3dzMwSyYav8OJBY7z6Af6Af+DND9GzA3hQsJJOKlXd6e7yIs6Utu0PK7WwuLS8kl7NZNfWNzZzW9s1FcaS0CoJeSgbHlaUM0GrmmlOG5GkOPA4rXv9i7FfH1CpWCiu9TCiboC7gvmMYG2km9t24hRKhaNRO5e3i/YEaJ44PyRf3v98fRtkvyrt3HurE5I4oEITjpVqOnak3QRLzQino0wrVjTCpI+7tGmowAFVbjI5eIQOjNJBfihNCY0m6u+JBAdKDQPPdAZY99SsNxb/85qx9s/chIko1lSQ6SI/5kiHaPw96jBJieZDQzCRzNyKSA9LTLTJKGNCcGZfnie1UtE5KR5fmTTOYYo07MIeHIIDp1CGS6hAFQgEcAcP8GhJ6956sp6nrSnrZ2YH/sB6+QZPL5Pf</latexit>x1,2,3

<latexit sha1_base64="Kw/z5M5IJYusih3XU3QoQl+1I5Q=">AAAB9HicbVDJSgNBEK2JWxy3qEcvjUHwFGZE1IsY9OIxglkgGUJPp5M06VnsrgmGId/hxYMSvPob3r2If2NnOWjig4LHe1VU1fNjKTQ6zreVWVpeWV3Lrtsbm1vbO7ndvYqOEsV4mUUyUjWfai5FyMsoUPJarDgNfMmrfu9m7Ff7XGkRhfc4iLkX0E4o2oJRNJLXQP6IKesKReWwmcs7BWcCskjcGclffdiX8ejLLjVzn41WxJKAh8gk1bruOjF6KVUomORDu5FoHlPWox1eNzSkAddeOjl6SI6M0iLtSJkKkUzU3xMpDbQeBL7pDCh29bw3Fv/z6gm2L7xUhHGCPGTTRe1EEozIOAHSEoozlANDKFPC3EpYlyrK0ORkmxDc+ZcXSeWk4J4VTu+cfPEapsjCARzCMbhwDkW4hRKUgcEDPMELvFp969kaWW/T1ow1m9mHP7DefwDXvZXO</latexit>

chiral
<latexit sha1_base64="wbeLVrlPm3Tgugv/43c6zX15PUM=">AAAB8HicbZDLSgMxFIYzXut4q7p0EyyCqzIjom7Eohs3QkV7kXYomTRtQ5PMkJwRy9CncONCEXHni7h3I76N6WWhrT8EPv7/HHLOCWPBDXjetzMzOze/sJhZcpdXVtfWsxubZRMlmrISjUSkqyExTHDFSsBBsGqsGZGhYJWwez7IK3dMGx6pG+jFLJCkrXiLUwLWuq0Du4f0+rLfyOa8vDcUngZ/DLnTD/ckfvtyi43sZ70Z0UQyBVQQY2q+F0OQEg2cCtZ364lhMaFd0mY1i4pIZoJ0OHAf71qniVuRtk8BHrq/O1IijenJ0FZKAh0zmQ3M/7JaAq3jIOUqToApOvqolQgMER5sj5tcMwqiZ4FQze2smHaIJhTsjVx7BH9y5Wko7+f9w/zBlZcrnKGRMmgb7aA95KMjVEAXqIhKiCKJHtATena08+i8OK+j0hln3LOF/sh5/wFt6ZPT</latexit>

SM

<latexit sha1_base64="dBG7XVutu+h8gpGLiFSBIBdFcn8=">AAAB8HicbVDLSgMxFM3UV62vqks3wSK4KjNF1GXRjcsK9iHtUDLpnTY0mRmSO0IZ+hVuXCji1s9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFBE0UaCETqKBqUBCOxjfzvz2E2gj4ugBJwn4ig0jEQrO0EqPZqIUoBa8X664VXcOukq8nFRIjka//NUbxDxVECGXzJiu5yboZ0yj4BKmpV5qIGF8zIbQtTRiCoyfzQNP6ZlVBjSMtX0R0rn6eyNjythogZ1UDEdm2ZuJ/3ndFMNrPxNRkiJEfPFRmEqKMZ1dTwdCA0c5sYRxLWxWykdMM462o5ItwVs+eZW0alXvsnpxX6vUb/I6iuSEnJJz4pErUid3pEGahBNFnskreXO08+K8Ox+L0YKT7xyTP3A+fwBFL5C4</latexit>

symmetric

<latexit sha1_base64="xY99GhEVTlIg2hX+mZh2X4+7wwI=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJ4KrtF1GPRi8cK9gPapWTT2TY0yS5JViilP8KLB0W8+nu8+W9M2z1o64OQx3szzMyLUsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TZJphg2WiES3I2pQcIUNy63AdqqRykhgKxrdzfzWE2rDE/VoxymGkg4Ujzmj1kmtGLV0f69U9iv+HGSVBDkpQ456r/TV7Scsk6gsE9SYTuCnNpxQbTkTOC12M4MpZSM6wI6jiko04WS+7pScO6VP4kS7pyyZq787JlQaM5aRq5TUDs2yNxP/8zqZjW/CCVdpZlGxxaA4E8QmZHY76XONzIqxI5Rp7nYlbEg1ZdYlVHQhBMsnr5JmtRJcVS4fquXabR5HAU7hDC4ggGuowT3UoQEMRvAMr/Dmpd6L9+59LErXvLznBP7A+/wBjNWPtw==</latexit>

fermion

Domain wall fermions. Similar but different from Parity Solution.

ZPR
2 : ψL(t, x) 7→ ψ′R(t,−x), ψR(t, x) 7→ ψ′L(t,−x), F ∧F 7→ −F ′ ∧F ′(t,−x).

ZPR
2 imposes θ3Tr[F ∧ F ] + θ′3Tr[F

′ ∧ F ′] = 0 by θ′3 = −θ3. F and F ′ are same
field (SM’s SU(3)) on two sides of domain wall.

Juven Wang Slides: tinyurl.com/3cyctwdx (later http://idear.info/) 15



Another Strong CP solution (with mirror fermions) by SMG
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<latexit sha1_base64="z1eOzHQlSlzEqFX2ZNv9qIEH7RQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdEbURgzYWFgmYCyRLmJ2cTcbMzi4zs0IIeQIbC0Vs9WHsbcS3cXIpNPGHgY//P4c55wQJZ0q77reVWVhcWl7Jrtpr6xubW7ntnaqKU0mxQmMey3pAFHImsKKZ5lhPJJIo4FgLelejvHaPUrFY3Op+gn5EOoKFjBJtrPJNK5d3C+5Yzjx4U8hffNjnyfuXXWrlPpvtmKYRCk05UarhuYn2B0RqRjkO7WaqMCG0RzrYMChIhMofjAcdOgfGaTthLM0T2hm7vzsGJFKqHwWmMiK6q2azkflf1kh1eOYPmEhSjYJOPgpT7ujYGW3ttJlEqnnfAKGSmVkd2iWSUG1uY5sjeLMrz0P1qOCdFI7Lbr54CRNlYQ/24RA8OIUiXEMJKkAB4QGe4Nm6sx6tF+t1Upqxpj278EfW2w8GDZAW</latexit>

L
<latexit sha1_base64="ed4HRzEPLb7UIdTKkkONcxaJ1O8=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdEbURgzaWiZgLJEuYnZxNxszOLjOzQgh5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VZWFxaXsmu2mvrG5tbue2dqopTSbFCYx7LekAUciawopnmWE8kkijgWAt6V6O8do9SsVjc6n6CfkQ6goWMEm2s8k0rl3cL7ljOPHhTyF982OfJ+5ddauU+m+2YphEKTTlRquG5ifYHRGpGOQ7tZqowIbRHOtgwKEiEyh+MBx06B8ZpO2EszRPaGbu/OwYkUqofBaYyIrqrZrOR+V/WSHV45g+YSFKNgk4+ClPu6NgZbe20mUSqed8AoZKZWR3aJZJQbW5jmyN4syvPQ/Wo4J0UjstuvngJE2VhD/bhEDw4hSJcQwkqQAHhAZ7g2bqzHq0X63VSmrGmPbvwR9bbDw8lkBw=</latexit>

R

<latexit sha1_base64="uCdu6RQygqMazD0lJ1NXeJr/f0E=">AAAB9XicbVDLSgNBEJyNrxhfUY+KLAbBU9gVUY9BLx4TMA9I1jA7md0MmZ0dZnrVsOToP3jxoIhXr/kOb36DP+HkcdDEgoaiqpvuLl9ypsFxvqzMwuLS8kp2Nbe2vrG5ld/eqek4UYRWScxj1fCxppwJWgUGnDakojjyOa37vauRX7+jSrNY3EBfUi/CoWABIxiMdNsC+gBpiKVkIhy08wWn6IxhzxN3Sgql/WHl+/FgWG7nP1udmCQRFUA41rrpOhK8FCtghNNBrpVoKjHp4ZA2DRU4otpLx1cP7COjdOwgVqYE2GP190SKI637kW86IwxdPeuNxP+8ZgLBhZcyIROggkwWBQm3IbZHEdgdpigB3jcEE8XMrTbpYoUJmKByJgR39uV5UjspumfF04pJ4xJNkEV76BAdIxedoxK6RmVURQQp9IRe0Kt1bz1bb9b7pDVjTWd20R9YHz8+K5a1</latexit>

gapping
<latexit sha1_base64="htEWLK9K9WK7COVWCPV6RxhSwoQ=">AAAB9HicbVDJSgNBEO2JWxy3qEcvg0HwFGZE1IsY9OIxglkgGUJPp5M06WXsrgmGId/hxYMSvPob3r2If2NnOWjig4LHe1VU1Ytizgz4/reTWVpeWV3Lrrsbm1vbO7ndvYpRiSa0TBRXuhZhQzmTtAwMOK3FmmIRcVqNejdjv9qn2jAl72EQ01DgjmRtRjBYKWwAfYRUMK2VHjZzeb/gT+AtkmBG8lcf7mU8+nJLzdxno6VIIqgEwrEx9cCPIUyxBkY4HbqNxNAYkx7u0LqlEgtqwnRy9NA7skrLayttS4I3UX9PpFgYMxCR7RQYumbeG4v/efUE2hdhymScAJVkuqidcA+UN07AazFNCfCBJZhoZm/1SBdrTMDm5NoQgvmXF0nlpBCcFU7v/HzxGk2RRQfoEB2jAJ2jIrpFJVRGBD2gJ/SCXp2+8+yMnLdpa8aZzeyjP3DefwAU85X2</latexit>

mirror

<latexit sha1_base64="+uQyNRflh6ZfpBt0Osl+e4sjuBk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6quNBg==</latexit>y

<latexit sha1_base64="MraM+jpCPP4HGlcH2eQRu0HxPFE=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeiF48V7Ae0S8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ31vO+UWltfWNzq7xd2dnd2z+oHh61TZxqylo0FrHuhsQwwRVrWW4F6yaaERkK1gknd7nfeWLa8Fg92mnCAklGikecEptL/abhg2rNq3tz4FXiF6QGBZqD6ld/GNNUMmWpIMb0fC+xQUa05VSwWaWfGpYQOiEj1nNUEclMkM1vneEzpwxxFGtXyuK5+nsiI9KYqQxdpyR2bJa9XPzP66U2ugkyrpLUMkUXi6JUYBvj/HE85JpRK6aOEKq5uxXTMdGEWhdPxYXgL7+8StoXdf+qfvlwWWvcFnGU4QRO4Rx8uIYG3EMTWkBhDM/wCm9Iohf0jj4WrSVUzBzDH6DPH/ZejjM=</latexit>

 
<latexit sha1_base64="VmLt9EnJM1wlI+FiRTp69I3fEDY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbRU0mkqMeiF48VTFtoQ9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wju5nfeuLaiEQ94jjlQUwHSkSCUbSS320Ycd4rV9yqOwdZJV5OKpCj0St/dfsJy2KukElqTMdzUwwmVKNgkk9L3czwlLIRHfCOpYrG3AST+bFTcmaVPokSbUshmau/JyY0NmYch7Yzpjg0y95M/M/rZBjdBBOh0gy5YotFUSYJJmT2OekLzRnKsSWUaWFvJWxINWVo8ynZELzll1dJ87LqXVVrD7VK/TaPowgncAoX4ME11OEeGuADAwHP8ApvjnJenHfnY9FacPKZY/gD5/MHV/uOZA==</latexit>

 0

<latexit sha1_base64="jIT3xqkDm7SH2OKmgm9cWIVWalE=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjF6IruGqEeiF49I5JHAhswOvTBhdnYzM2tCCH/gxYPGePWPvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJaPZpygH9GB5CFn1FipXj/vFUtu2Z2DrBIvIyXIUOsVv7r9mKURSsME1brjuYnxJ1QZzgROC91UY0LZiA6wY6mkEWp/Mr90Ss6s0idhrGxJQ+bq74kJjbQeR4HtjKgZ6mVvJv7ndVIT3vgTLpPUoGSLRWEqiInJ7G3S5wqZEWNLKFPc3krYkCrKjA2nYEPwll9eJc3LsndVrjxUStXbLI48nMApXIAH11CFe6hBAxiE8Ayv8OaMnBfn3flYtOacbOYY/sD5/AEP8I0Q</latexit>

R0 <latexit sha1_base64="Hw8F3pzCPBhtzuWRp8LRR8mhjmU=">AAAB6XicbVA9SwNBEJ2LXzF+RS1tFoNoFe4kqGXQxsIiivmAJIS9zV6yZG/v2J0TwpF/YGOhiK3/yM5/4ya5QhMfDDzem2Fmnh9LYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3fKp4VIoXkeBkrdizWnoS970RzdTv/nEtRGResRxzLshHSgRCEbRSg93p71iyS27M5Bl4mWkBBlqveJXpx+xJOQKmaTGtD03xm5KNQom+aTQSQyPKRvRAW9bqmjITTedXTohJ1bpkyDSthSSmfp7IqWhMePQt50hxaFZ9Kbif147weCqmwoVJ8gVmy8KEkkwItO3SV9ozlCOLaFMC3srYUOqKUMbTsGG4C2+vEwa52Xvoly5r5Sq11kceTiCYzgDDy6hCrdQgzowCOAZXuHNGTkvzrvzMW/NOdnMIfyB8/kDBtKNCg==</latexit>

L0

<latexit sha1_base64="ISvMe/CTCD5YHeB9oYznslhzzKo=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBi2VXinoRil48VrAf0C4lm2bb0CS7JFmlLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvCDmTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML7N/PYjVZpF8sFMYuoLPJQsZASbTJpcnz31yxW36s6AlomXkwrkaPTLX71BRBJBpSEca9313Nj4KVaGEU6npV6iaYzJGA9p11KJBdV+Ort1ik6sMkBhpGxJg2bq74kUC60nIrCdApuRXvQy8T+vm5jwyk+ZjBNDJZkvChOOTISyx9GAKUoMn1iCiWL2VkRGWGFibDwlG4K3+PIyaZ1XvYtq7b5Wqd/kcRThCI7hFDy4hDrcQQOaQGAEz/AKb45wXpx352PeWnDymUP4A+fzB7CRjgU=</latexit>y = �w <latexit sha1_base64="CGfAmbrveXEHE2L1m6fxhc8mM1g=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUS9C0YvHivYD2qVk02wbms0uSVZZlv4ELx4U8eov8ua/MW33oK0PBh7vzTAzz48F18ZxvlFhZXVtfaO4Wdra3tndK+8ftHSUKMqaNBKR6vhEM8ElaxpuBOvEipHQF6ztj2+mfvuRKc0j+WDSmHkhGUoecEqMle7Tq6d+ueJUnRnwMnFzUoEcjX75qzeIaBIyaaggWnddJzZeRpThVLBJqZdoFhM6JkPWtVSSkGkvm506wSdWGeAgUrakwTP190RGQq3T0LedITEjvehNxf+8bmKCSy/jMk4Mk3S+KEgENhGe/o0HXDFqRGoJoYrbWzEdEUWosemUbAju4svLpHVWdc+rtbtapX6dx1GEIziGU3DhAupwCw1oAoUhPMMrvCGBXtA7+pi3FlA+cwh/gD5/AEaSjc4=</latexit>y = w

<latexit sha1_base64="ckHIJxBXDi+dVDAbhDy9vx6SGFk=">AAAB8HicbVDLTgJBEOzFF4IP1KOXiWjigZBdNOqR6MUjJvIwsCGzwyxMmJ3dzMwSyYav8OJBY7z6Af6Af+DND9GzA3hQsJJOKlXd6e7yIs6Utu0PK7WwuLS8kl7NZNfWNzZzW9s1FcaS0CoJeSgbHlaUM0GrmmlOG5GkOPA4rXv9i7FfH1CpWCiu9TCiboC7gvmMYG2km9t24hRKhaNRO5e3i/YEaJ44PyRf3v98fRtkvyrt3HurE5I4oEITjpVqOnak3QRLzQino0wrVjTCpI+7tGmowAFVbjI5eIQOjNJBfihNCY0m6u+JBAdKDQPPdAZY99SsNxb/85qx9s/chIko1lSQ6SI/5kiHaPw96jBJieZDQzCRzNyKSA9LTLTJKGNCcGZfnie1UtE5KR5fmTTOYYo07MIeHIIDp1CGS6hAFQgEcAcP8GhJ6956sp6nrSnrZ2YH/sB6+QZPL5Pf</latexit>x1,2,3

<latexit sha1_base64="Kw/z5M5IJYusih3XU3QoQl+1I5Q=">AAAB9HicbVDJSgNBEK2JWxy3qEcvjUHwFGZE1IsY9OIxglkgGUJPp5M06VnsrgmGId/hxYMSvPob3r2If2NnOWjig4LHe1VU1fNjKTQ6zreVWVpeWV3Lrtsbm1vbO7ndvYqOEsV4mUUyUjWfai5FyMsoUPJarDgNfMmrfu9m7Ff7XGkRhfc4iLkX0E4o2oJRNJLXQP6IKesKReWwmcs7BWcCskjcGclffdiX8ejLLjVzn41WxJKAh8gk1bruOjF6KVUomORDu5FoHlPWox1eNzSkAddeOjl6SI6M0iLtSJkKkUzU3xMpDbQeBL7pDCh29bw3Fv/z6gm2L7xUhHGCPGTTRe1EEozIOAHSEoozlANDKFPC3EpYlyrK0ORkmxDc+ZcXSeWk4J4VTu+cfPEapsjCARzCMbhwDkW4hRKUgcEDPMELvFp969kaWW/T1ow1m9mHP7DefwDXvZXO</latexit>

chiral
<latexit sha1_base64="wbeLVrlPm3Tgugv/43c6zX15PUM=">AAAB8HicbZDLSgMxFIYzXut4q7p0EyyCqzIjom7Eohs3QkV7kXYomTRtQ5PMkJwRy9CncONCEXHni7h3I76N6WWhrT8EPv7/HHLOCWPBDXjetzMzOze/sJhZcpdXVtfWsxubZRMlmrISjUSkqyExTHDFSsBBsGqsGZGhYJWwez7IK3dMGx6pG+jFLJCkrXiLUwLWuq0Du4f0+rLfyOa8vDcUngZ/DLnTD/ckfvtyi43sZ70Z0UQyBVQQY2q+F0OQEg2cCtZ364lhMaFd0mY1i4pIZoJ0OHAf71qniVuRtk8BHrq/O1IijenJ0FZKAh0zmQ3M/7JaAq3jIOUqToApOvqolQgMER5sj5tcMwqiZ4FQze2smHaIJhTsjVx7BH9y5Wko7+f9w/zBlZcrnKGRMmgb7aA95KMjVEAXqIhKiCKJHtATena08+i8OK+j0hln3LOF/sh5/wFt6ZPT</latexit>

SM

<latexit sha1_base64="dBG7XVutu+h8gpGLiFSBIBdFcn8=">AAAB8HicbVDLSgMxFM3UV62vqks3wSK4KjNF1GXRjcsK9iHtUDLpnTY0mRmSO0IZ+hVuXCji1s9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFBE0UaCETqKBqUBCOxjfzvz2E2gj4ugBJwn4ig0jEQrO0EqPZqIUoBa8X664VXcOukq8nFRIjka//NUbxDxVECGXzJiu5yboZ0yj4BKmpV5qIGF8zIbQtTRiCoyfzQNP6ZlVBjSMtX0R0rn6eyNjythogZ1UDEdm2ZuJ/3ndFMNrPxNRkiJEfPFRmEqKMZ1dTwdCA0c5sYRxLWxWykdMM462o5ItwVs+eZW0alXvsnpxX6vUb/I6iuSEnJJz4pErUid3pEGahBNFnskreXO08+K8Ox+L0YKT7xyTP3A+fwBFL5C4</latexit>

symmetric

<latexit sha1_base64="xY99GhEVTlIg2hX+mZh2X4+7wwI=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJ4KrtF1GPRi8cK9gPapWTT2TY0yS5JViilP8KLB0W8+nu8+W9M2z1o64OQx3szzMyLUsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TZJphg2WiES3I2pQcIUNy63AdqqRykhgKxrdzfzWE2rDE/VoxymGkg4Ujzmj1kmtGLV0f69U9iv+HGSVBDkpQ456r/TV7Scsk6gsE9SYTuCnNpxQbTkTOC12M4MpZSM6wI6jiko04WS+7pScO6VP4kS7pyyZq787JlQaM5aRq5TUDs2yNxP/8zqZjW/CCVdpZlGxxaA4E8QmZHY76XONzIqxI5Rp7nYlbEg1ZdYlVHQhBMsnr5JmtRJcVS4fquXabR5HAU7hDC4ggGuowT3UoQEMRvAMr/Dmpd6L9+59LErXvLznBP7A+/wBjNWPtw==</latexit>

fermion

• Nielsen-Ninomiya (NN) fermion-doubling ⇒ Domain wall fermion
remove doubling ⇒ regularize (lattice) nonperturb. chiral fermion.
• ��P ⇒ Left-right model (but symmetry/gauge group is not
necessarily doubled). Parity-reflection symmetry ZPR

2 .

θ̄3 + θ̄′3 ≡ θ3 + θ′3 + arg(det(MuMdM
′†
SMG))

• Higgs vs SMG M ′†SMG (in contrast, twin Higgs M ′†u M
′†
d ). No

mean-field mass for SMG M ′†SMG = 0. Energy scale ΛH < ΛSMG.
• Anomaly-free condition ⇔ Topological gapping condition (iff).
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Part 3. Strong CP problem may be solved by a new solution
involving Symmetric Mass Generation.

<latexit sha1_base64="+uQyNRflh6ZfpBt0Osl+e4sjuBk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6quNBg==</latexit>y

<latexit sha1_base64="6X2yMkfKKamL8UMW5zFvPoDrMpc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY9BETwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNCtl77J8Ua+UqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZs7jNA=</latexit>

E

Higgs
condensation

SMG
strength

<latexit sha1_base64="XjOn30P6l7iOsrPID3TcwJ4uHbc=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegFy9CBPOQZAmzk9lkyDyWmVkhLPkKLx4U8ernePNvnCR70MSChqKqm+6uKOHMWN//9gorq2vrG8XN0tb2zu5eef+gaVSqCW0QxZVuR9hQziRtWGY5bSeaYhFx2opGN1O/9US1YUo+2HFCQ4EHksWMYOukx7te1tUC1Se9csWv+jOgZRLkpAI56r3yV7evSCqotIRjYzqBn9gww9oywumk1E0NTTAZ4QHtOCqxoCbMZgdP0IlT+ihW2pW0aKb+nsiwMGYsItcpsB2aRW8q/ud1UhtfhRmTSWqpJPNFccqRVWj6PeozTYnlY0cw0czdisgQa0ysy6jkQggWX14mzbNqcFE9vz+v1K7zOIpwBMdwCgFcQg1uoQ4NICDgGV7hzdPei/fufcxbC14+cwh/4H3+AGwDkCw=</latexit>

MP
<latexit sha1_base64="XjOn30P6l7iOsrPID3TcwJ4uHbc=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegFy9CBPOQZAmzk9lkyDyWmVkhLPkKLx4U8ernePNvnCR70MSChqKqm+6uKOHMWN//9gorq2vrG8XN0tb2zu5eef+gaVSqCW0QxZVuR9hQziRtWGY5bSeaYhFx2opGN1O/9US1YUo+2HFCQ4EHksWMYOukx7te1tUC1Se9csWv+jOgZRLkpAI56r3yV7evSCqotIRjYzqBn9gww9oywumk1E0NTTAZ4QHtOCqxoCbMZgdP0IlT+ihW2pW0aKb+nsiwMGYsItcpsB2aRW8q/ud1UhtfhRmTSWqpJPNFccqRVWj6PeozTYnlY0cw0czdisgQa0ysy6jkQggWX14mzbNqcFE9vz+v1K7zOIpwBMdwCgFcQg1uoQ4NICDgGV7hzdPei/fufcxbC14+cwh/4H3+AGwDkCw=</latexit>

MP

<latexit sha1_base64="mrpNL1iJP7Y2+oblLO2rn5doPIA=">AAAB+nicbVDLSsNAFJ34rPWVKrhxM1gEVyURUZelLnSh0KJ9QBPCZDJph04mYWailNhPceNCEXHnJ/gF7tz4LU4fC209MHA451zuneMnjEplWV/G3PzC4tJybiW/ura+sWkWthoyTgUmdRyzWLR8JAmjnNQVVYy0EkFQ5DPS9HtnQ795S4SkMb9R/YS4EepwGlKMlJY8s+Bc6nCAvMwREby+Oh94ZtEqWSPAWWJPSLG8U/umb5WPqmd+OkGM04hwhRmSsm1biXIzJBTFjAzyTipJgnAPdUhbU44iIt1sdPoA7mslgGEs9OMKjtTfExmKpOxHvk5GSHXltDcU//PaqQpP3YzyJFWE4/GiMGVQxXDYAwyoIFixviYIC6pvhbiLBMJKt5XXJdjTX54ljcOSfVw6quk2KmCMHNgFe+AA2OAElMEFqII6wOAOPIAn8GzcG4/Gi/E6js4Zk5lt8AfG+w92MZcx</latexit>

⇤SMG

<latexit sha1_base64="mrpNL1iJP7Y2+oblLO2rn5doPIA=">AAAB+nicbVDLSsNAFJ34rPWVKrhxM1gEVyURUZelLnSh0KJ9QBPCZDJph04mYWailNhPceNCEXHnJ/gF7tz4LU4fC209MHA451zuneMnjEplWV/G3PzC4tJybiW/ura+sWkWthoyTgUmdRyzWLR8JAmjnNQVVYy0EkFQ5DPS9HtnQ795S4SkMb9R/YS4EepwGlKMlJY8s+Bc6nCAvMwREby+Oh94ZtEqWSPAWWJPSLG8U/umb5WPqmd+OkGM04hwhRmSsm1biXIzJBTFjAzyTipJgnAPdUhbU44iIt1sdPoA7mslgGEs9OMKjtTfExmKpOxHvk5GSHXltDcU//PaqQpP3YzyJFWE4/GiMGVQxXDYAwyoIFixviYIC6pvhbiLBMJKt5XXJdjTX54ljcOSfVw6quk2KmCMHNgFe+AA2OAElMEFqII6wOAOPIAn8GzcG4/Gi/E6js4Zk5lt8AfG+w92MZcx</latexit>

⇤SMG

<latexit sha1_base64="gwBes7SHwrWyBDPVX9A/qNHbFDk=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwVRIp6rLopgsXFewDmhAmk2k7dDIJMzfSEvIrblwo4tYfceffOG2z0NYDA4dzzuXeOUHCmQLb/jZKG5tb2zvl3cre/sHhkXlc7ao4lYR2SMxj2Q+wopwJ2gEGnPYTSXEUcNoLJndzv/dEpWKxeIRZQr0IjwQbMoJBS75Zde91OMR+5gKdQtbKc9+s2XV7AWudOAWpoQJt3/xyw5ikERVAOFZq4NgJeBmWwAinecVNFU0wmeARHWgqcESVly1uz61zrYTWMJb6CbAW6u+JDEdKzaJAJyMMY7XqzcX/vEEKwxsvYyJJgQqyXDRMuQWxNS/CCpmkBPhME0wk07daZIwlJqDrqugSnNUvr5PuZd25qjceGrXmbVFHGZ2iM3SBHHSNmqiF2qiDCJqiZ/SK3ozceDHejY9ltGQUMyfoD4zPH3iilL0=</latexit>

⇤H

<latexit sha1_base64="00CJiTFLgVmPd2m6N7qtVxhYmI8=">AAAB+XicbVDLSgMxFM34rPU1KrhxEyyCqzIjoi5LRXDhogX7gM4wZDKZNjTJDEmmUIb+iRsXigiu/AW/wJ0bv8X0sdDWA4HDOedyb06YMqq043xZS8srq2vrhY3i5tb2zq69t99USSYxaeCEJbIdIkUYFaShqWaknUqCeMhIK+xfj/3WgEhFE3GvhynxOeoKGlOMtJEC2/buTDhCQe5JDm9ao8AuOWVnArhI3BkpVQ7r3/St+lEL7E8vSnDGidCYIaU6rpNqP0dSU8zIqOhliqQI91GXdAwViBPl55PLR/DEKBGME2me0HCi/p7IEVdqyEOT5Ej31Lw3Fv/zOpmOr/ycijTTRODpojhjUCdwXAOMqCRYs6EhCEtqboW4hyTC2pRVNCW4819eJM2zsntRPq+bNqpgigI4AsfgFLjgElTALaiBBsBgAB7AE3i2cuvRerFep9ElazZzAP7Aev8B2YqW3A==</latexit>

⇤EW

<latexit sha1_base64="mrpNL1iJP7Y2+oblLO2rn5doPIA=">AAAB+nicbVDLSsNAFJ34rPWVKrhxM1gEVyURUZelLnSh0KJ9QBPCZDJph04mYWailNhPceNCEXHnJ/gF7tz4LU4fC209MHA451zuneMnjEplWV/G3PzC4tJybiW/ura+sWkWthoyTgUmdRyzWLR8JAmjnNQVVYy0EkFQ5DPS9HtnQ795S4SkMb9R/YS4EepwGlKMlJY8s+Bc6nCAvMwREby+Oh94ZtEqWSPAWWJPSLG8U/umb5WPqmd+OkGM04hwhRmSsm1biXIzJBTFjAzyTipJgnAPdUhbU44iIt1sdPoA7mslgGEs9OMKjtTfExmKpOxHvk5GSHXltDcU//PaqQpP3YzyJFWE4/GiMGVQxXDYAwyoIFixviYIC6pvhbiLBMJKt5XXJdjTX54ljcOSfVw6quk2KmCMHNgFe+AA2OAElMEFqII6wOAOPIAn8GzcG4/Gi/E6js4Zk5lt8AfG+w92MZcx</latexit>

⇤SMG

<latexit sha1_base64="XjOn30P6l7iOsrPID3TcwJ4uHbc=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegFy9CBPOQZAmzk9lkyDyWmVkhLPkKLx4U8ernePNvnCR70MSChqKqm+6uKOHMWN//9gorq2vrG8XN0tb2zu5eef+gaVSqCW0QxZVuR9hQziRtWGY5bSeaYhFx2opGN1O/9US1YUo+2HFCQ4EHksWMYOukx7te1tUC1Se9csWv+jOgZRLkpAI56r3yV7evSCqotIRjYzqBn9gww9oywumk1E0NTTAZ4QHtOCqxoCbMZgdP0IlT+ihW2pW0aKb+nsiwMGYsItcpsB2aRW8q/ud1UhtfhRmTSWqpJPNFccqRVWj6PeozTYnlY0cw0czdisgQa0ysy6jkQggWX14mzbNqcFE9vz+v1K7zOIpwBMdwCgFcQg1uoQ4NICDgGV7hzdPei/fufcxbC14+cwh/4H3+AGwDkCw=</latexit>

MP

<latexit sha1_base64="+XpfpThBLrgbbfHqddVu2aTMA/s=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/QLiWbZtvQbBKSrFiW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3H6k2TIoHO1E0TPBQsJgRbJ3U7mGltHzqlyt+1Z8DrZIgJxXI0eiXv3oDSdKECks4NqYb+MqGGdaWEU6npV5qqMJkjIe066jACTVhNj93is6cMkCx1K6ERXP190SGE2MmSeQ6E2xHZtmbif953dTG12HGhEotFWSxKE45shLNfkcDpimxfOIIJpq5WxEZYY2JdQmVXAjB8surpHVRDS6rtftapX6Tx1GEEziFcwjgCupwBw1oAoExPMMrvHnKe/HevY9Fa8HLZ47hD7zPH5ZQj78=</latexit>⇡
dynamically gauged

  (or explicitly broken)

preserved by 
           SM         mirror SM

   SMG gap is generated,  
           mirror SM becomes gapped

spontaneously broken

electroweak Higgs 
condensation and  

CKM matrix become crucial

<latexit sha1_base64="PvTzvFCatEjSt+NeQEHKr3JqQt8=">AAACFXicbVDLSgNBEJyNrxhfqx69DCaiBwm7UdRLIOjFYwTzgGwIs5PZZMjsg5leISz7E178FS8eFPEqePNvnCR70MSChqKqm+4uNxJcgWV9G7ml5ZXVtfx6YWNza3vH3N1rqjCWlDVoKELZdoliggesARwEa0eSEd8VrOWObiZ+64FJxcPgHsYR6/pkEHCPUwJa6pmnpcRxiUwcGDIgaS85S9MqXtSOcdUq9cyiVbamwIvEzkgRZaj3zC+nH9LYZwFQQZTq2FYE3YRI4FSwtODEikWEjsiAdTQNiM9UN5l+leIjrfSxF0pdAeCp+nsiIb5SY9/VnT6BoZr3JuJ/XicG76qb8CCKgQV0tsiLBYYQTyLCfS4ZBTHWhFDJ9a2YDokkFHSQBR2CPf/yImlWyvZF+fyuUqxdZ3Hk0QE6RCfIRpeohm5RHTUQRY/oGb2iN+PJeDHejY9Za87IZvbRHxifPxbsnr0=</latexit>

✓̄3 = ✓̄03 = 0
Strong CP solved:

<latexit sha1_base64="nhL8CtayMjQwwCxq89CbLjz1Pjs=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJFYqqSCgFjBQtjQfQhmhA5rtNatZPIdpCqKAu/wsIAQqx8Bht/g9NmgJYjXenonHt17z1+zKhUlvVtlJaWV1bXyuuVjc2t7R1zd68jo0Rg0sYRi0TPR5IwGpK2ooqRXiwI4j4jXX98lfvdRyIkjcI7NYmJy9EwpAHFSGnJMw9qDkdq5PvpfeY1HlJHcNi6zWqeWbXq1hRwkdgFqYICLc/8cgYRTjgJFWZIyr5txcpNkVAUM5JVnESSGOExGpK+piHiRLrp9IEMHmtlAINI6AoVnKq/J1LEpZxwX3fm18p5Lxf/8/qJCi7clIZxokiIZ4uChEEVwTwNOKCCYMUmmiAsqL4V4hESCCudWUWHYM+/vEg6jbp9Vj+9aVSbl0UcZXAIjsAJsME5aIJr0AJtgEEGnsEreDOejBfj3fiYtZaMYmYf/IHx+QPETJXg</latexit>

ZPR
2  reflection:

<latexit sha1_base64="STyhWc6u1vmyFwlGBmtlZyGlFv0=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJS7AVPJWkiHosevFYwX5AG8pmu0mXbnbD7kQpoeBf8eJBEa/+Dm/+G7dtDtr6YODx3gwz84KEMw2u+20VVlbX1jeKm6Wt7Z3dPXv/oKVlqghtEsml6gRYU84EbQIDTjuJojgOOG0Ho5up336gSjMp7mGcUD/GkWAhIxiM1LePKj0uRcRpCIpFQ8BKycdK3y67VXcGZ5l4OSmjHI2+/dUbSJLGVADhWOuu5ybgZ1gBI5xOSr1U0wSTEY5o11CBY6r9bHb+xDk1ysAJpTIlwJmpvycyHGs9jgPTGWMY6kVvKv7ndVMIr/yMiSQFKsh8UZhyB6QzzcIZMEUJ8LEhmChmbnXIECtMwCRWMiF4iy8vk1at6l1Uz+9q5fp1HkcRHaMTdIY8dInq6BY1UBMRlKFn9IrerCfrxXq3PuatBSufOUR/YH3+AG4Ilcw=</latexit> !
<latexit sha1_base64="nhL8CtayMjQwwCxq89CbLjz1Pjs=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJFYqqSCgFjBQtjQfQhmhA5rtNatZPIdpCqKAu/wsIAQqx8Bht/g9NmgJYjXenonHt17z1+zKhUlvVtlJaWV1bXyuuVjc2t7R1zd68jo0Rg0sYRi0TPR5IwGpK2ooqRXiwI4j4jXX98lfvdRyIkjcI7NYmJy9EwpAHFSGnJMw9qDkdq5PvpfeY1HlJHcNi6zWqeWbXq1hRwkdgFqYICLc/8cgYRTjgJFWZIyr5txcpNkVAUM5JVnESSGOExGpK+piHiRLrp9IEMHmtlAINI6AoVnKq/J1LEpZxwX3fm18p5Lxf/8/qJCi7clIZxokiIZ4uChEEVwTwNOKCCYMUmmiAsqL4V4hESCCudWUWHYM+/vEg6jbp9Vj+9aVSbl0UcZXAIjsAJsME5aIJr0AJtgEEGnsEreDOejBfj3fiYtZaMYmYf/IHx+QPETJXg</latexit>

ZPR
2
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Ways to give mass
What is mass? correlation function (of the corresponding
operators/excitations/states) decaying exponentially.

Mass mechanism
Symmetry
Property

Topological Order
with low energy TQFT

Description:

(1) Anderson-Higgs
Symmetry
Breaking

7 Mean-Field

(2)
Confinement:

Chiral SB
Symmetry
Breaking

7 Mean-Field

(3)
Confinement:
s confinement

Symmetry
Preserving

7
Many-Body or

Interacting

(4)

Symmetric
Mass

Generation
(Anomaly-Free)

Symmetry
Preserving

Part 3:
solve Strong CP

7
Many-Body or

Interacting

(5)

Symmetric
Gapped

Topological Order
(Anomalous)

Symmetry
Preserving

Part 1:
replace νR

3
Many-Body or

Interacting

(6)

Symmetry
Extension

Gapped/Gapless
(Anomaly

Trivialized)

Symmetry
Extension

K → G̃
ι→ G

Part 2:
dQC CFT

3: TO/TQFT if K is gauged,
and if spacetime dim d ≥ 3

7: no TO/TQFT if G̃
remains ungauged.

Many-Body or
Interacting

Overview: JW-You 2204.14271.
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Summary
Part 1. Neutrinos: a right-handed neutrino (massless/massive)
carries a Z16 class mixed gauge-gravitational global anomaly index,
which could be replaced by interacting 4d or 5d gapped topological
quantum field theory, or 4d gapless conformal field theory. These
theories provide possible new neutrino mass mechanisms
[arXiv:2012.15860].

Part 2. Deconfined quantum criticality between Grand Unified
Theories: dictated by a Z2 class mixed gauge-gravitational global
anomaly, a gapless quantum critical region can happen between
Georgi-Glashow and Pati-Salam models as deformation of the
Standard Model, where Beyond the Standard Model physics and
Dark Gauge sector occur as neighbor phases [arXiv:2106.16248,
arXiv:2112.14765, arXiv:2204.08393].

Part 3. Strong CP problem may be solved by a new solution
involving Symmetric Mass Generation [arXiv:2204.14271,
arXiv:2207.14813, ...].
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Ways to give mass
What is mass? correlation function (of the corresponding
operators/excitations/states) decaying exponentially.

Mass mechanism
Symmetry
Property

Topological Order
with low energy TQFT

Description:

(1) Anderson-Higgs
Symmetry
Breaking

7 Mean-Field

(2)
Confinement:

Chiral SB
Symmetry
Breaking

7 Mean-Field

(3)
Confinement:
s confinement

Symmetry
Preserving

7
Many-Body or

Interacting

(4)

Symmetric
Mass

Generation
(Anomaly-Free)

Symmetry
Preserving

7
Many-Body or

Interacting

(5)

Symmetric
Gapped

Topological Order
(Anomalous)

Symmetry
Preserving

3
Many-Body or

Interacting

(6)

Symmetry
Extension
Gapped

(Anomaly
Trivialized)

Symmetry
Extension

K → G̃
ι→ G

3: TO/TQFT if K is gauged,
and if spacetime dim d ≥ 3

7: no TO/TQFT if G̃
remains ungauged.

Many-Body or
Interacting

Overview: JW-You 2204.14271.
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Neutrino νR vs TQFT sector
(Conventional) Quadratic neutrino mass term:

Dirac mass with some Higgs: (ν̄Rφ
†
HνL + ν̄LφHνR).

Majorana mass:
imMaj

2
(χTσ2χ + χ†σ2χ∗).

Both Dirac and Majorana masses:

Seesaw mechanism:
3 mass eigenstates have small mass ' |MDirac|2

|MS|
� |MDirac| for νL-like.

3 mass eigenstates have large mass MS for νR-like.
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New Proposal on Neutrino Mass

In contrast to the traditional seesaw mechanism
M2

Dirac
MS
� MDirac.

Standard Model’s “nearly massless”
left-handed neutrinos νj,L

travel and interact with topological defects

νe,L
νµ,L
ντ,L

zero energy modes trapped
at a topological defect

Ultra Unification replaces
some generation of “right-handed sterile neutrinos νj,R”

with a Z4,X -symmetry-preserving TQFT (or CFT) sector
which may allow Z4,X -topological defects locally

0

Energy spectrum E

zero-energy mode spectrum

topological defect subgap∆sub

TQFT gap∆TQFT

GUT or Planck scalesMGUT,Pl

≈

≈

The energy spectrum near the defect has energy subgap

∆sub .
∆2

TQFT

MGUT,Pl
. ∆small .

∆2
sub

∆TQFT
� MDirac.

(In analogy with the vortex subgap ∆sub ' ∆2
SC
EF

of superconductor gap ∆SC and

Fermi energy EF .) Both can give the left-handed neutrinos small masses.
(JW, Harvard HEP-String lunch Dec 1, 2020 and arXiv v3: 2012.15860)
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Neutrino νR vs TQFT sector

Conventional: Neutrino pairs up to get Dirac
(left-handed νL with right-handed νR) or Majorana
(right-handed νR with itself) mass.

My talk:
Some of right-handed neutrinos νR may be replaced by
4d TQFT/5d iTQFT. Left-handed neutrinos νL travel
and interfere with the zero modes of topological defects
of TQFT.
• ∆TQFT gap replaces the right-handed νR mass MS.
• Vortex subgaps give the left-handed νL mass.
• Mixed scenarios.
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Classify dd Anomalies by d + 1d iTQFT/SPTs via Cobordism

Kapustin’14, . . . , Freed-Hopkins’16 (systematic)
Unitarity of Lorentz ∼ Reflection positivity of Euclidean.
d + 1d invertible TQFT with reflect.pos in Euclidean signature
⇒ anomaly of dd reflect.pos Euclidean QFT.
⇒ anomaly of dd unitary Lorentz QFT. Take d = 4 and d + 1 = 5.

Here we only concern a cobordism group TPd+1(G ) ≡ Ωd+1
G ,

Note (TPd+1(G ))tors = (ΩG
d+1)tors and (TPd+1(G ))free = (ΩG

d+2)free.
tor: a torsion group (only a finite group part).

Bordism group ΩG
D = πD(MTG ) ≡ colimk→∞πD+k(MTG )k .

Tools: Pontryagin-Thom construction, Thom-Madsen-Tillmann spectra,
Adams spectral sequence, and Freed-Hopkins’s theorem

Given a G structure, we will later show co/bordism group (abelian group
classification) and d + 1d topological terms (invertible TQFT or
Symmetry Protected Topological states [SPTs]) and the anomaly of a
(d − 1, 1)d unitary Lorentz QFT.
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Anomalies of SM and GUT via cobordism:

hep-th/0607134: Freed. generalized cohomology. SU(n) or Spin(n). Miss B−L.

1604.06527: Freed-Hopkins, Cobordism group Ωd
G ≡ TPd(G ) —

1808.00009: Inaki Garcia-Etxebarria, Miguel Montero.
G = Spin×Z2 Z4, Spin× SU(n), Spin× Spin(n).

1809.11171: JW-Wen. G = Spin×Spin(10)
ZF

2
, Spin× SU(5).

1910.11277: Joe Davighi, Ben Gripaios, Nakarin Lohitsiri.
G = Spin× GSMq , Spin× Spin(n), other GUTs

1910.14668: Wan-JW. (Subtle twisted cases.)
G = Spin× GSMq , Spin×Z2 Z4 × GSMq , Spin×Z2 Z4 × SU(5),

Spin× Spin(n), Spin×Spin(n)
ZF

2
e.g., n = 10, 18, other GUTs

Conservative view vs Optimistic view (New Arena Beyond the SM).
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Spacetime and internal symmetry of the Standard Model (SM)?

• Spacetime symmetry: Spin group. Diffeomorphism/grav. background. Spin

ZF
2

= SO.

• Internal symmetry: U(1)B−L ×ZF
2
Z2Nf ,B+L × GSMq .

• Internal symmetry after gauging GSMq : U(1)B−L ×ZF
2
Z2Nf ,B+L × Ze

6/q,[1] ×U(1)m[1].

• Determine the 1-form symmetry of GSMq ≡
SU(3)×SU(2)×U(1)

Ỹ
Zq

gauge theory:

Z(GSMq ) π1(GSMq )∨ 1-form e sym G e
[1] 1-form m sym Gm

[1]

GSMq Z6/q ×U(1) U(1) Ze
6/q,[1] U(1)m[1]

Denote 1-form symmetry G[1] = G e
[1] × Gm

[1] = Ze
6/q,[1] ×U(1)m[1].

(See also Sungwoo Hong talk)
• No C, P, T discrete symmetry within SM.
• We can replace the U(1)B−L to a discrete Z4,X (Wilczek-Zee ’79) that is more robust
and preserves the 4n fermion interactions (quarks and leptons with Z4,X charges 1):

X ≡ 5(B− L)− 2

3
Y .

For the SM with Z4,X , see Garcia-Etxebarria-Montero 1808.00009 and our work.
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Check 4d anomaly via 5d cobordism group with GSMq , B− L,
discrete B + L together form U(1)B−L ×ZF

2
Z2Nf ,B+L =

U(1)B−L × Z3,B+L, and gravitational backgrounds,

TP5(Spin×ZF
2
U(1)B−L × Z3,B+L × GSMq) =

(
Z11
)
×
(
Z9 × Z7

3

)
.

TP5(Spin×ZF
2
Z4,X × Z3,B+L × GSMq) =

{ (
Z5 × Z2 × Z2

4 × Z16

)
×
(
Z9 × Z4

3

)
, q = 1, 3.(

Z5 × Z2
2 × Z4 × Z16

)
×
(
Z9 × Z4

3

)
, q = 2, 6.

Include one-form symmetries of the SM with gauged GSMq ,

TP5(Spin×ZF
2
U(1)B−L × Z3,B+L × Ze

6/q,[1] × U(1)m[1])

=
(
Z2 × Z6/q

)
×
(
Z9 × (Z3)2 × (Z3)3n3

)
.

TP5(Spin×ZF
2
Z4,X × Z3,B+L × Ze

6/q,[1] × U(1)m[1])

=
(
Z16 × (Z4)n2 × Z6/q

)
×
(
Z9 × (Z3)2n3

)
.

For q = 1, 2, 3, 6 and we define q′ ≡ 6/q ≡ 2n2 · 3n3 = 6, 3, 2, 1 as
(n2, n3) = (1, 1), (0, 1), (1, 0), (0, 0) respectively.
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U(1)B and U(1)L under dynamically gauged GSMq ≡
SU(3)c×SU(2)L×U(1)Y

Zq

U(1)B-U(1)2
Y , U(1)L-U(1)2

Y U(1)B-SU(2)2 and U(1)L-SU(2)2 local anomalies. Under
U(1)B and U(1)L transformations on (ψL)I:

(d̄R⊕lL⊕qL⊕ūR⊕ēR)I⊕nνI,R ν̄I,R ∼
(
(3, 1)2⊕(1, 2)−3⊕(3, 2)1⊕(3, 1)−4⊕(1, 1)6

)
I
⊕nνI,R (1, 1)0,

ABJ anomalies show:∫
[DψL][Dψ†L]e i

( ∫
d 4x
(
LSM+αB(∂µJ

µ
B )+αL(∂µJ

µ
L )
)
−18(αB+αL)Nf n

(1)−(αB+αL)Nf n
(2)
)
.

Instanton number n(N) ≡
∫
d 4x

g2
1

32π2 ε
µνµ′ν′FN,µνFN,µ′ν′ ∈ Z on spin manifolds.

• U(1)B−L symmetry: αB−L ≡ αB = −αL, its Ward identity 〈∂µ(JµB − JµL )〉 = 0.

• Z2Nf ,B+L symmetry: αB+L ≡ αB = αL, under SU(2) instanton, αB+L ∈ 2π
2Nf

Z.

SM LR PS su(5) flipped u(5) so(10) UU
B− L U(1)B−L U(1)B−L U(1)B−L U(1)X U(1)X2 Z4,X discrete
B + L Z2Nf ,B+L Z2Nf ,B+L ZF

2 ZF
2 ZF

2 ZF
2 Z2Nf ,B+L, ZF

2

.

Many processes, like p+ → e+π0, have ∆(B− L) = 0 and ∆(B + L) = −2

Koran 2204.01741, JW-Wan-You 2204.08393 (check gauge-gravity anomalies w/ 1-symmetry,
including U(1)B−L ×ZF

2
Z2Nf ,B+L, or Z4,X ×ZF

2
Z2Nf ,B+L)
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Classify 4d Anomalies by 5d iTQFT/SPTs via Cobordism

Spin×Z2 Z4 × GSMq=6 and G = Spin×Z2 Z4 × SU(5):

G = Spin×Z2 Spin(10):

JW-Wen ’18 1809.11171, Wan-JW’19 1910.14668
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I. (Local) Anomalies of Spin(d)× GSMq |(SU(3)×SU(2)×U(1))/Zq

1 U(1)3
Y : 4d anomaly from 5d CS

U(1)
1 c1(U(1))2 and 6d c1(U(1))3

2 U(1)Y -SU(2)2: 4d anomaly from 5d CS
U(1)
1 c2(SU(2)), 6d c1(U(1))c2(SU(2))

3 U(1)Y -SU(3)2
c : 4d anomaly from 5d CS

U(1)
1 c2(SU(3)), 6d c1(U(1))c2(SU(3))

4 U(1)Y -(gravity)2: 4d anomaly from 5d µ(PD(c1(U(1)))), 6d c1(U(1))(σ−F·F)
8

5 SU(3)3
c : 4d anomaly from 5d 1

2
CS

SU(3)
5 , 6d 1

2
c3(SU(3))

6 4d global Witten SU(2) anomaly from 5d c2(SU(2))η̃, 6d c2(SU(2))Arf.
It becomes part of local anomaly in Z when q = 2, 6.

Davighi-Gripaios-Lohitsiri1910.11277, Wan-JW 1910.14668, Davighi-Lohitsiri 2001.07731 JW 2006.16996.
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II. (Local+Global) Anomalies: Spin×ZF
2
Z4,X × Ginternal/gauge

Focus on Z4,X = Z (Spin(10)) ⊂ U(1)X where X = 5(B− L)− 4Y .

G = Spin×ZF
2
Z4,X × GSMq and Spin×ZF

2
Z4,X × SU(5):

TPd=5(Spin×ZF
2
Z4,X × GSMq ) =

{
Z5 × Z2 × Z2

4 × Z16, q = 1, 3.
Z5 × Z2

2 × Z4 × Z16, q = 2, 6.
TPd=5(Spin×ZF

2
Z4,X × SU(5)) = Z× Z2 × Z16.

AZ2∈ H1(M,Z4,X/ZF
2 ) is a Z2-gauge field of Spin×ZF

2
Z4,X -manifold.

1 Mutated Witten SU(2) anomaly c2(SU(2))η̃:
4d Z2 to Z4 global anomaly free (q = 1, 3): c2(SU(2))η′.

4d Z2 to Z local anomaly free (q = 2, 6): 1
2
CS

U(2)
1 c2(U(2)) ∼ 1

2
c1(U(2))CS

U(2)
3 .

2 (AZ2 )c2(SU(2)): 4d Z2 global anomaly free (q = 2, 6)
3 (AZ2 )c2(SU(3)): 4d Z2 global anomaly free

4 c1(U(1))2η′: 4d Z4 global anomaly free
5 (AZ2 )c2(SU(5)): 4d Z2 global anomaly free

6 η(PD(AZ2 )): Ω
Spin×Z2

Z4

5
∼= ΩPin+

4 = Z16.

4d Z16 global anomaly not canceled for 15Nf Weyl fermions. Alternative stories?
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Fundamental Physics embodies Ultra Quantum Matter

Energy
1019GeV

MPlanck ∼

√
~c
GMGUT

1016GeV

≈

246GeV

Ultra Unification

Topological ForcesElectric

u(1)EM
Maxwell

1865

Magnetic Weak

su(2)L × u(1)Y
Glashow-Salam-Weinberg

1967

su(3)c × su(2)L × u(1)Y
Standard Model

Strong

su(5), etc. Grand Unification
Gerogi-Glashow

1974

GUT Forces

Ultra Unification
2020

Topological Forces . . .? . . .

. . .? . . .

Gravity

HEP-phenomenology: beyond 0d particle physics (to gapped extended
TQFT objects or gapless unparticle CFT). Quantum Matter in
Math/Physics.
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Standard Model and GUT anomaly cancellation

Check: discrete B± L symmetries, global anomalies, cobordism.
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Deformation Class of 15Nf ,16Nf -fermion GSMq ≡ SU(3)c×SU(2)L×U(1)Y
ZqPart 1: JW-Wan-You arXiv:2112.14765

• Spin×ZF
2
U(1)B−L or X × GSMq -symmetry.

Z-class local anomaly B− L or X ≡ 5(B− L)− 2
3Y : U(1)-grav2 and U(1)3:

Z
U(1)
5 ≡ exp( i(−Nf + nνR )

∫

M5

(Ac2
1 +

1

48
CS

T (PD(c1))
3 )).

−Nf + nνR ≡ −Nf +
∑

j nνj,R = −3 + nνe,R + nνµ,R + nντ,R + . . . .
• Spin×ZF

2
Z4,X × GSMq -symmetry.

Z16-class global anomaly of Z4,X -grav2:

Z
Z4,X

5 ≡ exp( i(−Nf + nνR )

∫

M5

2π i

16
η4d (PD(AZ2,X

))).

Part 2:
• Spin×ZF

2
Spin(10)-symmetry.

Z2-class global anomaly:

Z5 ≡ exp( iπ p

∫

M5

w2w3)|w2w3(TM)=w2w3(VSO(n))

• We can also include Z2Nf ,B+L background field. arXiv:2204.08393
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Ultra Unification 4d and 5d coupled quantum system

Application to Beyond SM: Neutrino Physics and Dark Matter.

Juven Wang Slides: tinyurl.com/3cyctwdx (later http://idear.info/) 33



Juven Wang Slides: tinyurl.com/3cyctwdx (later http://idear.info/) 33



Quantum Phase Diagram (Moduli space or Landscape)

• Goal: understand phase transitions among SM/GUTs

• Introduce two scalar fields (GUT-Higgs fields) 
        - anti-symmetric rank-2 tensor rep. of so(10) 
        - symmetric traceless rank-2 tensor rep. of so(10)  
 
 
 
 
 
 
 
 

• Note:  
Both Higgs fields can be written as four-fermion operators

<latexit sha1_base64="ANNIvBS39BcQ52W9fTXgdhV9eYk="></latexit>

�45
<latexit sha1_base64="NCAeu1lREtrWH/V5VsR22+iyIR0="></latexit>

�54

<latexit sha1_base64="hp4GmBeUfjicycqZGQVSrwkdPR0="></latexit> gSM

su(3) � su(2) � u(1)Y � u(1)X

<latexit sha1_base64="akqzBy/HQlM2x8Q1AJEyjdawpZQ="></latexit> gPS

so(6) � so(4)

<latexit sha1_base64="lTTRlYw6AaZkYNWGY3ZFsL8umS4="></latexit>gGG

u(5)

<latexit sha1_base64="cP+MYpmwFl3H4GxOFqKFVMfYCBM="></latexit>gso(10)

so(10) <latexit sha1_base64="E8ujUC0zGRWicVFQYtjJCPMHxNs="></latexit>h�54i 6= 0
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<latexit sha1_base64="Gz+fo5VeYlQAbWmU/8Npv8TY9YI="></latexit>

1 + 45 + 54 = 10⇥ 10 16⇥ 16⇥ 16⇥ 16

U(ΦR) =
(
r45(Φ45)2 +λ45(Φ45)4

)
+
(
r54(Φ54)2 +λ54(Φ54)4

)
+h Φ45 · (〈Φ1st

45 〉 − 〈Φ
2nd
45 〉)+ . . . .
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Yang-Mills G gauge group theory with Weyl spinor. so(10), GG, flipped, PS, SM. New Parton.
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Juven Wang Slides: tinyurl.com/3cyctwdx (later http://idear.info/) 35



Field contents of the modified so(10) GUT + WZW term

SYM-Weyl =

∫
M4

Tr(F ∧ ?F) + d
4x
(
ψ
†
L ( i σ̄µDµ,A)ψL

)
,

SHiggs =

∫
M4

d
4x
(
|Dµ,AΦR|2 − U(ΦR)

)
,

SYukawa =

∫
M4

d
4x
( 1

2
φ
ᵀΦbi

φ +
1

2

5∑
a=1

(
ψ

ᵀ
L iσ

2(φ2a−1Γ2a−1 − iφ2aΓ2a)ψL + h.c.
))
,

SWZW =
1

π

∫
M5
B(Φ54) ∧ dC(Φ45)

∣∣∣
M4=∂M5

= π

∫
M5

B(Φ̃bi
54 ) ^ δC(Φ̂bi

45 ))
∣∣∣
M4=∂M5

.

SWZW
QED′

4
=

∫
M4

d
4x ξ̄( iγµD′µ − Φ̃bi

54 − iγ
FIVEΦ̂bi

45)ξ.

SWZW
QED′5

=

∫
M5

d
5x ξ̄( i γ̃µD′µ − m − γ̃5Φ̃bi

54 − γ̃
6
i Φ̂bi

45 − i γ̃
5
γ̃
µ
γ̃
νBµν − i γ̃

6
γ̃
µ
γ̃
νCµν)ξ.

Juven Wang Slides: tinyurl.com/3cyctwdx (later http://idear.info/) 36



Ultra Unification (UU): SM or SM∗ as 4d EFT lives on the
boundary of 5d gapped or gapless topological theory. Topological
force and matter are involved in the unification. Many possible
phases of our universe. Neighbor phases contain various 15Nf or
16Nf Weyl fermion SM or GUTs also as EFTs. The parent UU
controls the tuning of these phase transitions.
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UU replaces some of sterile neutrinos with new exotic gapped/gapless sectors
(e.g., topological or conformal field theory, TQFT or CFT) or gravitational
sectors with topological origins via global anomalies/cobordism constraints.
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Summary
1. Cobordism class of the SM or GUT: 4d anomaly of the spacetime
Spin, internal GSMq , B− L (continuous U(1)B−L and discrete Z4,X ), and
Z2Nf ,B+L. Deformation class controls the quantum phase transitions
between SM to neighbor GUT or beyond the SM phases.

2. UU replaces νR with 4d TQFT/5d iTQFT/4d CFT, etc, global
anomaly/cobordism constraints similar to Lieb-Schultz-Mattis thm.

3. Z16-anomaly cancellation. UU criticality: 15Nf to 16Nf fermion ψ,
topological quantum phase transition.

4. Z2-anomaly cancellation. Deconfined quantum criticality:
Georgi-Glashow and Pati-Salam GUT transition, with SM + dark gauge
force, and a modified so(10)-GUT +WZW term. Gapless CFT region.

• Neutrino mass from TQFT, vortex subgaps, zero modes, and mixed
scenario with Dirac/Majorana mass.

• Proton stable in SM and some UU, but decay in many GUTs.

Thank you. Email: jw@cmsa.fas.harvard.edu.
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