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What is the missing piece on the
Chessboard?

“left-handed” King < “right-handed” King?
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Where is the missing
“sterile right-handed neutrino 5" ?




Queen replaces the “sterile right-handed” King.

What can replace the missing “sterile right-handed”
(SU(2) singlet) neutrino g?

Ultra Unification (2020): Nonperturbative discrete global anomaly
cancellation permits to replace some of Od particle 75 in 4d QFT to
a fermionic
4d or 5d Topological Quantum Field Theory (TQFT)
or 4d Conformal Field Theory (CFT) sector.
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Introduction

4d Standard Model (SM) with (15+1)N; Weyl fermions coupled to
Yang-Mills gauge su(3), x su(2); x u(1)y in representation (rep):

su(3) su()  u(l)y w(l)x—sB-L)-1v u(l)y u(l)x

3

1st Gen. ‘71(1:) %)2 W Tm® ? ? X (N¢ = 3) families.
L - & L Each spin-1/2 Weyl
“w Q0O 1 2 ) s fermion 2, of Spin(3,1)

=

ES

7 OO0 1 13 3 1‘:5
dr @ I @ qu @ Tr © ErD IR _
=(3,1)2:9(1,2) 3:9(3,2)1,.D(3,1) 40D (1,1)6,D7(1,1)o,..
e There are also 8 of su(3)_, 3 of su(2),, and 1 of u(1) spin-1
gauge bosons, and a spin-0 Higgs boson ¢.

e Top t quark found in 1995. Higgs found in 2012.

e What's next? Where is “sterile right-handed” neutrino 7g?

Juven Wang Ultra Unification and Categorical Symmetry of the Standard Model: Slides on http://idear.info/



Standard Model and GUT anomaly cancellation

Chiral fermion - Weyl spinor

su(3) su(2)  u(l)y u(l)x=sm-r)—ay w(l)y u(l)y
3 su(5)  s0(10) GUT

1st Gen. i Voo @ 0 5 1
ﬁ'(;J%}z e e O1 1 10 16

SU(5) Spin(10) gauge

i OO0 1 23 1 17147 _
% OO0 1 1 8 L"(a)g s s
2 Gen. All fermions have Z4,X charge 1
3rd Gen.
SM Z2N.N;,Q+N.L Z4x
fermion SU(3) SU(2) U(l)y U(l)y U(l)em U(l)B-r U(l)q-~. asUl)qin.. U(l)x Zsx or
spinor mod 2N Ny 75
dg 3 1 1/3 2 1/3 —1/3 —1 -1 -3 -3 1
lr 1 2 -1/2 -3 0or —1 -1 -3 +3 —3 -3 1
qr 3 2 1/6 1 2/3or—1/3 1/3 1 1 1 1 1
R 3 1 -2/3 -4 —2/3 —1/3 —1 —1 1 1 1
ern=¢€; 1 1 1 6 1 1 3 -3 1 1 1
Ur = VL 1 1 0 0 0 1 3 -3 5 0 1

Check: discrete Baryon minus Lepton (B — L, precisely Q — N.L) and
X=5B—L)—4Y =5(B—L)— 3Y. symmetries, local vs global
anomalies, index theorem and cobordism.
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SU(5) Spin(10) gauge

su(3) su2)  u(l)y u(l)x—sB-L)-1v u()y u(1)y
3 su(5)  so(10) GUT
’ Vs 0 5 1
1st Gen. i U 2 1/6 1 Z&ﬂ @
g.-
Sy g O1 1 10 16

. OO0 1 1 8

e Ve @ 0 5 1
2nd Gen. ﬁ‘(&)@@]z et #r O 1 1 10 }16
@ -1/2 -3

5. OO0 1 13 s
£ Ve ® 0 5 1

3rd Gen. %L{h) @le ve ! T O 11 10 16
w OO0 1 23 1 1 :(Ik B _
7. 000 1 1w = Mgig1e= 5

An important Anomaly Index: The family/generation number Ny
and the total “sterile right-handed” neutrino number n,, difference:

" QOO0 1 25 1 1(”)®/ s 5

—Nf +n,, = —N¢ + Z Mg = =3+ Ny g+ Nyt Nyt
j
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Anomaly Cancellation

2+1d boundaries of 34+1d topological superconductor (TSC) protected
by an anti-unitary time-reversal symmetry T. (Bulk-Boundary
correspondence.)

T-symmetric T’ -breaking T-symmetric
241d BNy 2+ 2+1d gapped TQFT/
massless massive Topological Order
— Majorana Majo!‘ana : or

fermions : /\ fermions : 2+1d gapless CFT

3+1d i L 3+1d i § 3+1d

Topological : : Topological : : Topological
Superconductor ! i Superconductor ! ! Superconductor

k € Zisclass T? = (—1)" Time-reversal symmetric 3He B phase

—

Fermion dispersion E(k) in momentum space k.
716 class TSC: 4d Atiyah-Patodi-Singer eta invariant 144 .

Anomaly Cancellation via Topological Green-Schwartz mechanism.
Condensed matter review: Senthil 1405.4015.
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Anomaly Cancellation

3+41d boundaries of 44+1d “topological superconductor (TSC)" protected
by a unitary discrete Z4 x symmetry: Baryon minus Lepton and

electroweak U(1)y-hypercharge X =5(B — L) — %\N/.

X-symmetric X-breaking X-symmetric
3+1d E(k) \/ 3_+1 d 3+1d gapped TQFT/
massless Majorana Topological Order
Weyl : or
fermions 3+1d gapless CFT
4+1d i Cod 4+1d i § 4+1d
Topological : Topological : Topological
Superconductor ' Superconductor ! . Superconductor
k € Zigclass X? = (-1)F symmetric Atiyah-Patodi-Singer (APS) eta 7 invariant

Zs class bd eta invariant 744 (PD(Az, )). Decorate 34+1d TSC on
F

ZZ
X-symmetry breaking domain wall in 4+1d, and condense the domain

wall configuration to restore X symmetry.
Wilczek-Zee '79, Garcia-Etxebarria-Montero, Hsieh '18, Wan-JW 19, JW '20.
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Ultra Unification (2020)
QFT coupling to TQFT or CFT
4d SM or GUT discrete B-L like gauge force | BSM (Dark Matter)

>

topological force/
interaction

Z16 nonperturbative global gauge-gravitational anomaly cancellation

A unitary discrete Z4 x gauge force: Baryon minus Lepton and electroweak
U(1) g-hypercharge X =5(B — L) — %y'

QFT+TQFT/CFT on a curved spacetime under gravity.

(Lieb-Schultz-Mattis thm analogy: topological order in cond matt pseudogap)
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Ultra Unification (2020)
QFT coupling to TQFT or CFT

4d SM or GUT discrete B-L like gauge force BSM (Dark Matter)
(o) o {———>| Topological
u, d quarks confined in nucleons topological force/ Quantum
interaction
Computer

Z16 nonperturbative global gauge-gravitational anomaly cancellation

A unitary discrete Z4 x gauge force: Baryon minus Lepton and
electroweak U(1)y-hypercharge X =5(B — L) — 3Y.
QFT+TQFT/CFT on a curved spacetime under gravity.

(Lieb-Schultz-Mattis thm analogy: topological order in cond matt pseudogap)
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Ultra Unification (2020)

QFT coupling to TQFT or CFT

4d SM or GUT discrete B-L like gauge force BSM (Dark Matter)
15 %3 — —3 mod 16 Az * 4d noninvertible TQFT
24 5d invertible TFT
Zang Mlllil‘_:;ggsmup gauge theory, Cohomology, Cobordism, Category,
Weyl fermions with Dirac or Majorana masses. symmetry extenslon, mass
Characteristic class and fiber bundle. topological force/ (éM G/TMG) h
+ 4d sterile fermion (0d 7 ) _interaction * 4d interacting CFT
fractional / category statistical
0d ¥ interaction 1d line a, 2d surface b,
ABK FK Majorana chain

Z1¢ nonperturbative global gauge-gravitational anomaly cancellation
4d (3+1d) non-invertible TQFT

Chiral fermion - Weyl spinor

3 su(3)  so(10) GUT

1st Gen. 1(\;) g’oj]z "

Id line /oﬁerators or (unparticle) interacting CFT

El

2d surface operators

Ve D0 5 1
1 @ O1 1 10 jw b
w000 1 2 1, fu _ e 2
% O00 1 »m 3 1‘{5’5@"’2 | U\(/\’) @bﬂ“ﬁ_
anyl Gen. All fermions have Z4 x charge 1 ) 7 [N EER
Sacen ﬂé: L} /——/( — (’:(?I#
1d line a, 2d surface b, ABK FK Majorana chain
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Ultra Unification (2020) 4d and 5d coupled quantum system

A sterile neutrino (massless/massive) carries a Zie 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.

su(3).

Gauge boson

Li tors  wwm (WM W g g A poss
e e Ultra Unification
Sealar 4d (3+1d) non-invertible TQFT
S;?f?:ation Qen =T ~4\d Id line operators or (unparticle) interacting CFT
(GUT

1st Gen.

2d surface operators
1o o8

@Sl b
: i x ﬁ@ i

2nd Gen. All fermions have Z,_ x charge 1 I
i — [

W OO() 1

177

l

Chiral fermion and chiral gauge sector (—(Ngew = 3) + 1, ; + T, + N, + Vad — Vsa) = 0 mod 16

5d (4+1d) invertible TQFT (Cobordism invariant, SPT phase, topological superconductor.)

SpinX,pZa,x
V54 € Z16 from Q5 e
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Outline

1. 4d Standard Model (SM) and 5d invertible topological
field theory (iTFT):

- Z2-class perturb local and Z1¢-class nonperturb global anomalies.
- Index theorem (Characteristic class) vs Cobordism.

- Ultra Unification: Anomaly cancellation/Cobordism constraint.
- Beyond SM and GUT + 4d TQFT/CFT + 5d iTFT sector.

2. Noninvertible Categorical Symmetry of the SM
- 4d QED example: U(1)4-U(1)3, anomaly, of Z class.

- 4d SM: U(1)-gravity? and U(1)® anomaly, of Z? classes.

- 4d SM: Z,-gravity anomaly, of Z4 class.
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(B — L)-(gravity)? and (B — L)* as Z-class ABJ anomaly or 't Hooft anomaly in SM

RO ®a ®Ir ®ER D mugir = (3,1)2,L ©(1,2)_3, ©(3,2)1,L ® (3,1) 4,0 ® (1, 1)5,0 ® mug(1, 1o,

Global sym B — L Global sym B — L
(Backgrd. field) (Backgrd. field)
gravity gravity B-—L B-L

(B — L)-(gravity)? =jg : 0

o =N+ Nyg-
(B-L>’=js : O
oo =Ne+ny,.

The d xjg =0but d xjt #0 d x(js —j) # 0 only when N¢ # ny,.
e Leptogenesis: Gravitation instanton generates unbalanced leptons.
Just 't Hooft anomaly? Require the 16th Weyl fermion vg? or break (B — L), or?

e We will propose new scenarios: Ultra Unification.

Juven Wang Ultra Unification and Categorical Symmetry of the Standard Model: Slides on http://idear.info/



Anomaly polynomial of Weyl fermions: Atiyah-Singer index theorem. Anomaly
of a single Weyl fermion in 4d is the degree 6 part of A ch(&):

A pr TP} —4p
A =1 Az,
2% 5760

Ch(f) = tkE+ Cl(g) + (Clz(g) _22‘:2(5)) + ((Cf(f) - 3C1(823C2(‘€) +3C3(5)) -

e A: A-roof genus of spacetime tangent bundle TM. pj: jth Pontryagin class.
o ch: the total Chern character. ¢;: jth Chern class.

e & is the complex vector bundle associated w/ fermion rep.
o p1=—g5T[RAR] =2 ¢ = gL (—Te(F A F) + (TrF) A (TeF)).

For the 4d SM, the explicit exp(i6 fMG Is) in terms of Pontryagin p; and Chern
¢j characteristic classes can be obtained using the expansions of A and ch(E).

b= (Near(U) + (U)W (18 LD 4 sy )

(=N ) (Cl(U(”L)3 Cl(U(1>L>p1(TM)>

6 24
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Feynman diagram interpretations of anomaly polynomial

U y gauge U(l)v gauge U(l)y gauge
Uy gaugc U(l y gauge &) 2) gauge gaugc . SUC 3)c gauge SU( 3)2 gauge
(iif)
U(1)y gauge SU(3). gauge
W
gravity gravity SU(3). gauge SU(3). gauge
) (v)
Global sym B — L Global sym B~ L
(Backgrd. ficld) . ﬁeld) (Backend. field)
o Ly e K o
® U(1)y gauge U(1)y gauge (__) U(2) gauge suuf gauge SU(3). gauge SU(3). gauge
i i
Global sym B — L Global sym B — L Global sym X
(ﬁmﬁzﬁj field) (Backgrd. field) (Backgrd. field)
" '\
gravity gmvlty SU(5) gauge SU(5) gauge
(iv) vi)
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U(1)Q+n,L-Symmetry violation
B £ L (precisely Q & N.L) current j nonconservation:

2
dejq = —NeNp(182UeS 4 o (sU2))).
2 2
dxji = N8R L o(5UQ) = (<N ) (2P Oy
2 R
duorne = 2NN (182U | 0SU@) — (SN 4 ) (N2 alUWL _ py, 21TM).

(U(l)Q—NcL) — N, P1(TM))

dx g = (= Nr + 1) (N2 5

4d anomaly written as 5d invertible TQFT (iTFT) partition function ZE(I) = exp(iSs):

a(U(1)y)? a(U)? P1(TM)> .
2

= N:AQ+AL)Nr | 18
S5 /MS(CQ‘i‘L)f< 6 24

+ Cz(SU(2))> (N4 mg) A (

2
Ss = (—Nr + nz/R)/ AqQ-n.L <N§ Cl(U(1)60_NcL) _ NCPI(TM)) .
M5
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4d Anomaly (5d iTQFT) of 15,16 N¢-fermion Ggni, = SU(3)CXS%(q2)LXU(1)Y

—N¢+ny, = —Nr + Zj Ny g =—3+Ny o+ Ny, o+ N p+...

e Spin XzF U(1)B-L or x X Gsm,-symmetry.
Z~class perturbative local anomaly B—Lor X =5B-L)-2Y:
U(1)% and U(1)-grav?:

. c1(U(1)gq- 2 ™
z;® Eexp(l(_Nf'i‘nuR)/sAQchL <N3 (U )6Q ) —/chl(24 )))~
M

Index (—N¢ + n,,) € Z.

e Spin Xzr Z4,x % Ggm,-symmetry. With X =5(B — L) — %\N’.
Z16-class nonperturbative global anomaly of Z, x-gravity:

27

Z?’X = exp(i(—Nr + ”uR)/ Naa(PD(Az.x )))-
M5 16 Z;

Index (—N¢ + n,,) mod 16 € Zis and n4q € Zss.
4d bdry of 5d X-symmetric topological superconductor
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Classify dd Anomalies and (d + 1)d iTQFT/SPTs via Cobordism

Spacetime-internal symmetry (Spin X zF U(1)g_L Xzr ZLoN; B+L X Gsn, )-
Spacetime-internal symmetry (Spin Xzx Lax Xzr Lon, B+L X Gsm, )-

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

TPs(Spin xzp U(1)p-1 X Z3 g+t X Gsn,) = (ZM) x (Zo x Z§).
_ { EZWszZﬁme;ngng“;,
78 X 73 X Za X Z16) X (Zg x Z3),
TPs5(Spin xzr U(1)g-1 X Z3g+1 X Gp)) (72 x Zgq) x (Zo x (Z3)* x (Z3)*™).
TP5(Spin XZE Z4’X X Z3,B+L X G[l]) = (215 X (Z4)n2 X Z6/q) X (Zg X (Z3)2"3).
TPs(Spin XzF Spin(10)) = Zo.

TPS(Spin ng‘ Z47X X Z3,B+L X GSMq)

Freed-Hopkins cobordism TPp contains bordism groups QtDorSiO“ and Qf[gffl.

Wan-JW-You, arXiv:1910.14668, 2112.14765, 2204.08393
See also Garcia-Etxebarria-Montero 1808.00009, Davighi-Gripaios-Lohitsiri1910.11277
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Anomaly Matching
("tHooft Anomaly Matching: Global G symmetry)

Anomaly index v
is invariant under renormalization
group (RG) flow

UV theory (higher energy theory)
G =Gy x Gy x ... symmetry

G symmetry preserving

symmetry breaking (SB) \
* Gapless » / j

symmetric symmetric

* Gapped i
massless/gapless topologically ordered
* Free fermion/boson (topological field theory: TQFT)
« Interacting Conformal CFT Interaction driven:
Symmetric tion (SMG) Topological Mass Generation (TMG)

NOT for anomalous Possible for nonperturbative global anomalous
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Anomaly Cancellation

d-dim Anomaly index v summed to 0

]
. [ d-dim ! .
d-dim % G symmetry preserving d+1-dim
symmetry breaking (SB) ! l l invertible
* Gapless . . TFT
« Gapped trivial gapped symmetric symmetric
(invertible) massless/gapless topologically ordered
v=0 « Free fermion/boson (topological [Quantum] field theory: T[Q]FT)
Interaction driven: + Interacting Conformal CFT Interaction driven:
Symmetric Mass Generation (SMG) Topological Mass Generation (TMG)
Only for anomaly-free Possible for nonperturbative global anomalous
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Anomaly Cancellation

d-dim Anomaly index v summed to 0

]
. l d-dim ! .
d'dlm% G symmetry preserving d + 1-dim
symmetry breaking (SB) ! l l invertible
+ Gapless TFT
. Gaﬁped trivial gapped symmetric symmetric New 5d bulk
Dirac or Majorana mass  (invertible) massless/gapless topologically ordered (TO)
v=0 « Free fermion/boson (topological [Quantum] field theory: T[Q]FT)
Interaction driven: Weyl fermions (15Nf +...) Interaction driven:
Symmetric Mass Generation (SMG) Topological Mass Generation (TMG)
Only for anomaly-free Possible for nonperturbative global anomalous
* Interacting Conformal CFT New 4d TQFT or TO physics

New 4d unparticle CFT physics
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Anomaly Cancellation

d-dim Anomaly index v summed to 0

[}
. d-dim l .
d-dim G G sy try preserving d+1-dim

symmetry breaking (SB) [ t l invertible

* Gapless TFT

- Gepped trivial gapped symmetric symmetric New 5d bulk
Dirac or Majorana mass (invertible) massless/gapless topologically ordered (TO)
* v=0 « Free fermion/boson (topological [Quantum] field theory: T[Q]FT)

I!\teraciion driver.l: Wexl fermions i15Nf +: Interaction driven:
Symmetric Mass Generation (SMG) Topological Mass Generation (TMG)
Only for anomaly-free Possible for nonperturbative global anomalous

« Interacting Conformal CFT New 4d TQFT or TO ﬁhxsics
New 4d ungarticle CFT ﬁhxsics
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Logic to Ultra Unification

e 716 global anomaly cancellation application.

Assumptions:

@ Standard Model (SM) Ginternal: Lie algebra su(3) x su(2) x u(1).
Gou, = SURXSU@XUQW) g 5 36,

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

© Discrete Baryon—Lepton number preserved (or not) at high energy:
L4 x=5B-L)—4Y 2 75, so X? = (—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: Zi anomaly index as total (Ny = 3)-(15 = —1 mod 16).

(_(Nf — 3) + Z nuj,R + Vnew hidden sectors) =0 mod 16.
J=e,u,T,..

Anomaly-cancellation?

(1) Standard Lore: R-handed sterile neutrino (16th Weyl) n,, , = 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) :

o Za x-symmetry-preserving anomalous gapped 4d TQFT (Topological

I\/Iass). (Topo.Green-Schwarz mechanism. Boundary topological order [2+1d Vishwanath-Senthil'12].)
© Z. x-5d invertible TQFT (SPTs) by cobordism invariant n(PD(Az, ).
zf
© 7. x-gauged-5d-noninvertible TQFT (SETs) + gravity.
@ 74 x-symmetry-breaking gapped phase (e.g. Landau phase or 4d TQFT).
© 7 x-symmetry-preserving gapless or breaking gapless (e.g., extra CFT).

HEP-PH Gapped Extended 1d/2d Objects beyond 0d Particle Physics.
HEP-PH Gapless Unparticle CFT Physics.
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Anomaly Cancellation

d-dim Anomaly index v summed to 0

l [}
. d-dim .
d-dim % G sy try preserving d+1-dim
symmetry breaking (SB) [ l ! invertible
+ Gapless TFT
. Gasped trivial gapped symmetric symmetric New 5d bulk
Dirac or Majorana mass (invertible) massless/gapless topologically ordered (TO)
v=0 « Free fermion/boson (topological [Quantum] field theory: T[Q]F1
Ipteraction driver_l: Weyl fermions (15Nf +...) Interaction driven:
Symmetric Mass Generation (SMG) Topological Mass Generation (TMG)
Only for anomaly-free Possible for nonperturbative global anomalous

« Interacting Conformal CFT New 4d TQFT or TO ﬁhxsics
New 4d unﬁarticle CFT ﬁhxsics
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Math Physics Equations: Ultra Unification Path (Functional) Integral example

—Vv v ("V' )
ZuulAz,) = Z sairarr) [Az] = Z4 ek [An] - 208506 [A] - 260" [ Az,
4d-SM+TQFT

ZSM[AZ4] = f['DQ[)][D’l/_}] [DA][D¢] o exp(i Ssm [1/% szv Av ¢’ B AZ4”M4)

Sem = //\44 (Tr(F, AxFp) — %ngr(F/ A F/)) + /W (&(iwA,AZAW

(Gauge) symmetry breaking +\DH,A,A24¢|2 —U(¢) — (Wlo(ioc® ") + h.c.)) d*x

(=(Nr =3)+( > nyg)+Vvaa—vsa) =0 mod 16.

Jj=e,u, T,
veq=—2 -2 211 ABK(cUPD(A3
ng-ivTSgFT )[AZA] : Zz(tzfleQFT)[AZa] = Z e’ (ePpE)
c€d’ ~1(9[PD(A3)])
1 [oa a(6b+A3)  2T5 ABK(cUPD/ (b))
. W Z (_]_). M .e 8 .

acCl(M*2,),
be C3(M*,Z)

Symmetry extension trivialize anomaly (JW-Wen-Witten'17 1705.06728). Fermionic non-abelian TQFT.
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Ultra Unification (2020) 4d and 5d coupled quantum system

A sterile neutrino (massless/massive) carries a Zie 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.

su(3).

Gauge boson

Li tors  wwm (WM W g g A poss
e e Ultra Unification
Sealar 4d (3+1d) non-invertible TQFT
S;?f?:ation Qen =T ~4\d Id line operators or (unparticle) interacting CFT
(GUT

1st Gen.

2d surface operators
1o o8

@Sl b
: i x ﬁ@ i

2nd Gen. All fermions have Z,_ x charge 1 I
i — [

W OO() 1

177

l

Chiral fermion and chiral gauge sector (—(Ngew = 3) + 1, ; + T, + N, + Vad — Vsa) = 0 mod 16

5d (4+1d) invertible TQFT (Cobordism invariant, SPT phase, topological superconductor.)

SpinX,pZa,x
V54 € Z16 from Q5 e
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Fundamental Physics embodies Ultra Quantum Matter

Energy

1019GeV- R
. Y P
M, l FR e m—mm———mo Lemem o Mpianek ~ \/ G
16 GuT | ! Ultra Unification C “
10'°GeV ! ! 2020 0
b | T e e - ] :
' su(5), etc. Grand Unification | 0
1 I '
246GeV - : | j
su(3)e X su(2)r x u(l)y ! I
Standard Model ! i
:
su(2)r x u(l)y ! i
Glashow-Salam-Weinberg 1
1967 : :
u(1)pm ! i
la \\7: 1 : :
! [
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HEP-phenomenology: beyond 0d particle physics (to gapped extended
TQFT objects (topological order) or gapless unparticle CFT).
Quantum Matter in Math/Physics.

Juven Wang Ultra Unification and Categorical Symmetry of the Standard Model: Slides on http://idear.info/



Outline

1. 4d Standard Model (SM) and 5d invertible topological
field theory (iTFT):

- Z2-class perturb local and Zig-class nonperturb global anomalies.
- Index theorem (Characteristic class) vs Cobordism.
- Ultra Unification: Anomaly cancellation/Cobordism constraint.

- Beyond SM and GUT + 4d TQFT/CFT + 5d iTFT sector.

2. Noninvertible Categorical Symmetry of the SM
- 4d QED example: U(1)4-U(1)3, anomaly, of Z class.

- 4d SM: U(1)-gravity? and U(1)® anomaly, of Z? classes.

- 4d SM: Z4-gravity anomaly, of Z4 class.

Juven Wang Ultra Unification and Categorical Symmetry of the Standard Model: Slides on http://idear.info/



Modern view on “Symmetry”: G-K-Seiberg-W 14125148
Symmetry generator = charge operator = topological defect U

Invertible symmetry (group): Symmetry group G implies that the
fusion rules of the charge operators U (a.k.a. topological defects) is
described by the corresponding group law.

aj,ap € Gand ag +ax € G. (eg., G=U(1))

Up, X Un, = Upytass Uy x U_oy =Up=1

Categorical or noninvertible symmetry (fusion category):

Charge operators obey fusion rules described by a fusion category.
For the full (i.e. closed under fusion) noninvertible symmetry, however, there is
no longer a one-to-one correspondence —

a=2np/N €2r-Q/Z C 2r-R/Z = U(1)

between Q/Z elements and the charge operators. Operators labelled by elements
of a certain commutative monoid M, such that the noninvertible fusion rules

Uy % Usy = 32, Ua,

correspond to the monoid's binary operation and there is surjective
homomorphism of monoids M — Q/Z.
Snowmass White Paper review: 2205.09545 e.g., Putrov 2208.12071
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4d QED example: U(1)s-U(1)% anomaly, of Z class

e Adler-Bell-Jackiw anomaly (ABJ) (1969)
axial A-vector V mixed anomaly

. — 1
d*_jA:d*(\U’y5’yM\Uqu):4—7T2Fv/\F\/, Fv=F=dA

Axial current ja non-conserved under dynamical Fy.
e Choi-Lam-Shao (2205.05086), Cordova-Ohmori (2205.06243)

. 1
try to make sense d(xjy — HA A dA) =0.
m

Although the original U(1)4 = R/Z invertible symmetry is broken
by ABJ anomaly, there is a QQ/Z subgroup that can be revived as
noninvertible symmetry by decorating the 3d charge operator with
3d abelian Chern-Simons TQFT (fractional quantum Hall states).
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Stoke's theorem vs Anomaly on Noether theorem
oU,(M) = exp (& §,,%ja) at a € [0,271) = U(1)a.
Un(M) Up(M) 2 = % Uurda=fiain) — o5 fuu dsin

:esi_:ffMF/\F —ez fMC1_

@ p 0.0
""" O B T RN (i)

o U, (M) = exp [ 6, (%ja — 72 A N dA)] at a € U(1)a.

UQ(M) topological, but not invariant under large gauge transf.

e Di(M) = [[Dalexp[i§$,, (Z xjn+Xanda+ LandA

Defiﬁi 321 non{rEv ]TQpF[ng/’n(iﬁe Jt;\dry4gf 4d inv FT. :

Dy (M) x DY (/\/I)—exp[ by (Handa— Randa+t(a—a)NdA)] #1
ratlonal angle a=21/NcCU(1)a Nonmvertlble and nonunitary.
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4d QED: Anomalous invertible U(1), broken,
but noninvertible symmetry is revived Choi-Lam-Shao (2205.05086)

Ua(M) | 0u(M) | Dy (M)
Conserved (Topological) X v v
Gauge-invariant v X v
Invertible N/A v X

oU,(M) = exp (2 §,,%ja) at a € [0,27) = U(1)a
o U, (M) = exp [12 §,, (%jn — A A dA)] at @ € U(1)a

oD1(M) = [[Dalexp i §,, (35 *ja + za A dat 5za A dA)]

Anomalous invertible e'® € U(1), symmetry broken by ABJ
anomaly, but the noninvertible counterpart survives at the

rational angle ov = 27p/N € 27-Q/Z C 2m-R/Z = U(1)4
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4d SM suffers U(1)%_, and U(1)g_-gravity? anomaly
e Chern (1946), Pontryagin (1947), Eguchi-Freund (1976)

Do-n.)’ ™
d xjo-n.L = (— Nf+nyR)(N3 a1 (U( )60 NL) Ncpl( ))

1
Pontryagin class : p;(TM) = —ﬁTr[R A R].
™

R = dw + w A w is the 2-form curvature of the Levi-Cevita
connection 1-form w.

Local current density:

Ja = Jaudx* = qq(¥qFutia)dx", ji = jLudx* = qu(v] G ) dx,

2

d*J—k1§+k2P1

Putrov-JW 2302.14862
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4d SM's B-L suffers Mixed Gravity (Spin© U(1)3_, and

U(1)g_L-gravity?) anomaly, but noninvertible symmetry is revived

U(1) invertible sym | 27 - (Q/Z) noninvertible sym

Background Grav Ambiguous Preserved
Semi Dynamical Grav Broken Preserved
(by Grav Anom)
Broken, or
Full Quantum Grav Broken (e-g. by wormhole)

(by Grav Anom) Dynamically Gauged

Background vs Semiclassical Dynamical vs UV-Complete Full Quantum Gravity.

To be consistent with “No global symmetry in Full Quantum Gravity.”
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Stoke's theorem vs Framing Anomaly on Noether theorem
OUa(MI) Ua(M)_l = io‘(fM/*j—fM*j) _ eiosz dxj

_ o b — o fu g TIRAR] _ ke [ dGCS

GCS = L Tr[w A dw+ 2w Aw A w]

@ M 0,0
""" i ST (i)
Uy (M) = el = %2:) same form as U, (M")

. DCT(M) = ot el -2608) . zo (M),

Fix the Framing Anomaly: |f € m3(SO(3)) = Z

Witten-Reshetikhin-Turaev-type 3d TQFT T with
c/k=a/(2r) mod 1| |k € Z. c and a/(27) € Q/Z| :

iakf 2rwifc

Us(M)Z1[M] = Uy(M)Z1[M] e % ™2 .
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Fix the Framing Anomaly

U(Y) on 3-manifold ) above requires spin-connection w and GCS
defined by some vierbein e,? (a choice of basis of orthonormal tangent

spacetime, trivialization of tangent bundle TY).

A change of the vierbein: The homotopy classes of trivializations of T,
i.e. framings of the tangent bundle, form an integer class (Witten '89)

f e m(SO(3)) 2 Z

(or a torsor over H3(), Z) = Z, Atiyah '90). Large gauge transformation
of tangent bundle (whose structure group SO(3)) changes the framing by
f € Z units, it shifts GCS by 27 f, then the charge operator changes as

follows: B . s
Ua(Y) = Us(Y)e .

When «a//(27) is rational, we compensate it by 3d WRT TQFT with a 2d
rational CFT of chiral central charge c_ = ¢, — cg € Q. Under the
change of framing of J:

Z:V] = Ze)e = .
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4d SM’s B-L suffers Mixed Gravity (Spin® structure U(1)3_, and

U(1)g_L-gravity?) anomaly, but noninvertible symmetry is revived

UOZ(M) Ua(M) D(c_,T)(M) D(c_,T,/\,n)(M)
Topological (w/ Grav) X v v v
Topological (w/ Grav + U(1)) X X X v
Grav general-covariant v X v v
U(1) gauge-invariant v X X v
Unitary N/A v X X
Invertible N/A v X X

“w/ Grav" means under (semi-classical dynamical or background) gravity.
oUn (M) = e'*Un).

o U (M) = eioultsi=550),

D) (M) = e <IulF =2 GS) . 2 M),

eDicAm(M) = elch( *j—2; GCS) Z:[M] - Zabcs)[M Al.

p.s. abCS is some abelian CS theory. *.- the anomaly is in Spin€,
so the Table is only loosely speaking.
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U(l)B_L -symmetric

3+1d SM
----- i eeee) : (i)
4+1d
invertible TFT

e Spin Xzp U(1)B-L or x X Gsm,-symmetry.
Z~class perturbative local anomaly B—Lor X=5B-L)-2vY:
U(1)3 and U(1)-grav*:

. c1(U(1)gq- 2 ™
20 = expli(-+ ) [ gy (ngeliezte RO,
M5

Index (—N¢ + n,,) € Z.
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Z4,X -symmetric
SM + 3+1d gapped TQFT/
Topological Order
or
3+1d gapless CFT

4+1d
invertible TFT
(Topological
Superconductor)

e Spin Xzr Z4,x % Ggm,-symmetry. With X =5(B — L) — %
7 6- class nonperturbatlve global anomaly of Z, x-gravity:

' 2r
Z?’X = exp(i(—Nr + ny,) /Ms En‘ld(PD(Asz)))'

Index (—Nf + n,,) mod 16 € Zss.
4d bdry of 5d X-symmetric topological superconductor (TSC).
3d bdry topological order of 4d Z/F-TSC (Pin*), T2 = (—1)F.
See Putrov's talk at UK Symmetry Seminar.
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Ultra Unification

www.youtube.com/@juvenwang1
@) (@) (@) [ @, (@)
q l

Ultra Unification (2020-) arXiv: 2012.15860, 1809.11171, 1910.14668, 2006.16996, 2008.06499, 2112.14765, 2204.08393
Gauge-Enhanced Quantum Criticality beyond the Standard Model (2021-): 2106.16248, 2111.10369

Strong CP problem and Symmetric Mass Generation (2022-): 2204.14271, 2207.14813, 2212.14036

Categorical Symmetry of the Standard Model from Gravitational Anomaly (2022-23): 2302.14862, 2111.10369

Juven Wang
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Conclusion

1. An invertible U(1) symmetry can suffer from mixed
grav anomalies under gravitational backgrounds (such as
gravitational instantons), still a certain noninvertible
counterpart of discrete subgroup of U(1) can be revived
as a noninvertible categorical symmetry. SM's B — L.

2. No global sym in quantum gravity: Fate of
Topological Defects? Categorical sym is broken or
dynamically gauged.

3. Leptogenesis and Baryogenesis, Dirac vs Majorana
masses vs exotic-BSM TQFT/CFT sectors —

Ultra Unification. THANK YOU - NYU Abu Dhabi

wibgalecljgigridcola
NYU ABU DHABI
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Design Topological Operator:  Compare w/ 2205.05086, 2205.06243

Let us compare two cases.
To make the defect topological, add by hand

e an improperly quantized CS term ;25 AdA
e an improperly quantized GCS term ;—;GCS

but then it will be non-invariant under large gauge-diffeomorphism
transformations (which is the framing dependence of GCS in our story).

e For the former CS AdA it can be fixed by considering a 3d TQFT T with
anomalous discrete magnetlc 1-form Zp symmetry. Combine to get
%ada + %adA similar to our T' (fractional quantum Hall state).

e For the latter 57GCS (that depends on metric and framing), it can be fixed
by a 3d WRT TQFT T that depends on framing with an opposite framing
anomaly. The combined theory is QFT T’ (that depends on metric). But the
outcome is Topological Operator that is independent of metric and framing:

Zr[Y] =7t F OO Ze]y)
D wam) = < BFY) . zo ] 25551 A
where D(c_,T,/\n( ) N fM( k *J*ﬁGCS) ZT[M] ZabCS[M A]
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. (1] ”
Modern view on “Symmetry
Gaiotto-Kapustin-Seiberg-Willett (1412.5148) and many others.
For the measurement of global symmetry:
charge operator U that measures,
charged object O that is being measured.

Symmetry generator = charge operator = topological defect U‘

Measurement: charge operator linked with charged object in Dd.

p-symmetry (e.g., p-form):
pd charged object. Codim-p + 1 thus (D — p — 1)d charge operator.

U.: electric 2-surface We: Wilson 1-line
(Z5 1)-symmetry generator, (charged object)
charge operator)

22
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. “ L}
Modern view on “Symmetry
Gaiotto-Kapustin-Seiberg-Willett (1412.5148) and many others.
Measurement: charge operator linked with charged object in Dd.

p-symmetry (e.g., p-form):
pd charged object. Codim-p + 1 thus (D — p — 1)d charge operator.

Noether theorem: Continuous global symmetry labeled by « has a

conservation d x j = 0. Charge conservation Q = [ dxP~1jy integrated
over the spatial slice is conserved over time evolution. Define charge

operator U, = exp(iaQ) = exp(iaf dxP~1jg), then [I-AI, 0] =0.
Consider more general operator on a closed codim-p + 1 manifold,

Uy = exp(ia/*j)

such that d xj = 0 makes U, topological operator in path integral.

W.: Wilson 1-line
charged object)

If d xj # 0 depends on external background = anomaly
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Modern view on “Symmetry”

Measurement: charge operator linked with charged object in Dd.

p-symmetry (e.g., p-form):
pd charged object. Codim-p thus (D — p — 1)d charge operator.

4d U(1) gauge theory, [ dAA+dA with dA = xdAp,.

charged object

charge operator

U(l)Fl] ciGe §A eize $(xdA)l=aa,
U(]_)ﬁ’] eiq,,,fAm eig—: (xdAm)|=dae

4d Zy gauge theory [ 2 bda.

charged object | charge operator
Iniy | o fe RLaE
ZNE] cidm § b eiZ= fa

Ue: electric 2-surface
(Z5 jyy-symmetry generator,
charge operator)

Qe;qm € Z
Oc,0m € U(1) -

des dm € Zn-
0679m = 2W7Tk7 k S ZN' '

We: Wilson 1-line
(charged object)

Juven Wang
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Spacetime and internal symmetry of the Standard Model (SM)?

0-symmetry ‘
e Spacetime symmetry: Spin group. Diffeomorphism/grav. background. SZP% = SO.
2
3)xSUR)XU(1)y
Gongy = LU,
e Internal symmetry: U( )B—L ng Z2NCNF7Q+NCL X GSMq-
o Internal symmetry after gauging Gsn,: U(1)s—1 XzF LN Ny, Q+NeL X Zg/qym X U(1)f’1"],

1-symmetry
Denote 1-form symmetry Gpyj = Gfj) x G} = Zg .1 x U(1)3;.

Z(Gsm,) m1(Gsm,) 1-form e sym G, | 1-form m sym Gy
Gsm, | Zg/q x U(L) U(1) Lg)q11 U(l)ﬂ]

e No C, P, T discrete symmetry within SM.
e We can replace the U(1)g__ to a discrete Zs x (Wilczek-Zee '79) that is more robust
and preserves the 4n fermion interactions (quarks and leptons with Z4 x charges 1):

X=5B-L)—4Y =5B-L)— %Y/

Tong 1705.01853, Anber-Poppitz 2110.02981. our 1912.13504, 2111.10369, 2112.14765.

Juven Wang Ultra Unification and Categorical Symmetry of the Standard Model: Slides on http://idear.info/



Interpretation of Adler-Bell-Jackiw (axial or chiral) anomaly

Y p—ret %y g

zDirac\U[A] or ZWLJPR [A]
- ¢ _ " d/25u o
JIOVNDVIexp (i figs /X D)V (0,00 4 2N e Foy o o )),

e 't Hooft anomaly of background (Backgrd.) fields. Mixed anomaly between U(1)y, U(1)a.
e Continuous U(1)4 anomalous, but its discrete Zoy, 4 can be anomaly-free with U(1)?,
o ABJ: 4d anomaly U(1)4-U(1)?. Dynamical gauging U(1)y, the U(1)4 broken to Zon, 4

gauge Global sym
(dynamical field) (Backgrd. field)

g

A

(dy namical field) dynanncal field)

B
o
aj>__

Glob Global sym
o (g (Backgrd field)  (Backgrd. field)

auge

Slobalsym (dynamical field)

ackgrd. field)

j>w

Global sym Global sym

® (dym.mmalﬁeld dvna.mlcalﬁeld) (Backgrd. field)  (Backgrd. field)

“@

(1) Dynamical gauge anomaly. (2) 't Hooft anomaly of background fields. (3) Adler-Bell-Jackiw (ABJ)
type of anomalies. (4) Anomaly that involves two background fields of global symmetries and one dynamical
gauge field. The charge q € Z is quantized, thus Z class perturbative local anomaly.
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Classify all invertible anomalies of QFT in ddim via cobordism
TPd+1(G):

(Quantum) Anomaly in Physics: Boundary Phenomenon vs Bulk.

adjective for anomalies:

e (1) Z vs Z,class: perturbative local vs nonperturbative global anomaly.
e (2) probes: gauge anomaly vs mixed gauge-grav. vs gravitational anomaly.
- chiral internal symmetry: chiral or axial anomaly.

e (3) bosonic (50/0/E) vs fermionic (Spin/Pin* /DPin/EPin-structure).

e (4) background fields ('t Hooft anomalies) or dynamical fields

R.B.Laughlin '81, Witten '83-85, Callan-Harvey '84-'85, Dai-Freed '94, etc.
Cobordism: Kapustin'14, Kapustin-Thorngren-Turzillo-Wang'14 (proposed), Freed-Hopkins'16 (systematic),
Wan-JW'18 arXiv:1812.11967: Encode higher-sym/classifying space. Wan-JW-Zheng'19 arXiv:1912.13504

Application to SM: Garcia-Etxebarria-Montero'18, JW-Wen'18, Davighi-Gripaios-Lohitsiri'19, Wan-JW'19
arXiv:1910.14668

Juven Wang Ultra Unification and Categorical Symmetry of the Standard Model: Slides on http://idear.info/



Classify dd Anomalies and (d + 1)d iTQFT/SPTs via Cobordism

iTQFT: invertible topological field theory. Invertible path integral Z(M).
SPTs: Symmetry-protected topological state.

Bordism group (discrete and abelian group Z or Z, class): Qgﬂ

e +: the disjoint union.

e Closure: Disjoint union of manifolds is a manifold.

e Identity: 0 is the empty manifold.

e Inverse: [M] + [M] = 0 since O(M x [0,1]) = M LI M.
e Associativity and commutativity: true for disjoint union.

(d+1)d
(d+1)d, (d+2)d (d+1)d

Spin cobordism:Kapustin-Thorngren-Turzillo-Wang'14 (proposed), Freed-Hopkins'16 (systematic),
Wan-JW'18 arXiv:1812.11967: Encode higher-symmetry/classifying space.

Here we only concern a cobordism group TP441(G) ,
(TP4+1(G))free = (Qg+2)free: local anomaly.
(TPy+1(G))tors = (Qg+1)torsi global anomaly.
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|. (Local) Anomalies of Spin(d) x Gsm, |(su(3)xsu@)xu(1))/z,

U(1)y gauge U(1)y gauge U(1)y gauge
0 U(1)y gauge U(1)y gauge ) SU(2) gauge SU(2) gauge (i) SU(3). gauge SU(3). gauge
U(1)y gauge SU(3). gauge

) gravity gravity SU(3). gauge SU(3). gauge

(iv) )
© U(1)}: 4d anomaly from 5d CSF(I)Cl(U(l))Q and 6d ¢ (U(1))*
© U(1)y-SU(2)*: 4d anomaly from 5d s, 1)cz(SU(2)) 6d c1(U(1))e(SU(2))
© U(1)y-SU(3)%: 4d anomaly from 5d CSU (SU(3)), 6d c1(U(1))c(SU(3))
@ U(1)v-(gravity)*: 4d anomaly from 5d ,u(PD(cl(U(l)))), 6d w
g SU(3)2: 4d anomaly from 5d 1CSEY®), 6d 1c;(SU(3))

4d global Witten SU(2) anomaly from 5d cz(SU(2))17, 6d c2(SU(2))Arf.

It becomes part of local anomaly in Z when g = 2,
Davighi-Gripaios-Lohitsiri1910.11277, Wan-JW 1910.14668, Davighi- Lohltsm 2001.07731 JW 2006.16996.
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Il. (Local+Global) Anomalies: Spin Xzr Zax X Ginternal gauge
Focus on Zs x = Z(Spin(10)) C U(1)x where X = 5(B—L)—4Y.

G = Spin XzF Zs4,x % Gsn, and Spin XzF Za x x SU(5):

. o ZSXZ2XZ‘2‘XZ:[6, qg=13.
TP yg—5(Spin Xz¥ Z4x % Gsm,) = { 75 x 72 x Ty x Ty, q=2,6.
TPd:5(Spin ng Z4’X X SU(5)) = 7Z X Zz X Zw.

Az, € HY (M, Z4 x /75 is a Z»-gauge field of Spin Xzr Za,x-manifold.
© Mutated Witten SU(2) anomaly c2(SU(2))ii:
4d Z; to Zs global anomaly free (g = 1,3): «(SU(2))n’
4d Z» to Z local anomaly free (¢ = 2,6): 1CSYP e (U(2)) ~ Lay(U(2))CSy .
© (Az,)2(SU(2)): 4d Z, global anomaly free (g = 2, 6)
© (Az,)2(SU(3)): 4d Z> global anomaly free
@ c.(U(1))*n': 4d Z4 global anomaly free
© (A42,)c(SU(5)): 4d Z global anomaly free
@ (PD(A,)): QP =™ = Qi = 7,

4d Z16 global anomaly not canceled for 15Ny Weyl fermions. Alternative stories?
Wan-JW 1910.14668
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Logic to Ultra Unification

(_(Nf = 3) + Z Ny, ¢ + Vnew hidden sectors) =0 mod 16

J=e T

(=(Nf =3)+ Z Ny, x + Vad, TQFT + Vad,others — V5d) = 0 mod 16.
Jj=e,u,T,...
® Vidodd = 1,3,5,7,- -+ € Z16 = Obstruction to symmetry-preserving gapped

phase. No 4d TQFTs constructible.
Cordova-Ohmori'19 1912.13069.

® Videven = 2,4,6,8,- -+ € Z16 = Symmetry-preserving gapped phase.
4d TQFTs constructible. Based on a symmetry-extension method.

JW-Wen-Witten'17 1705.06728.
Hsieh'18 1808.02881, Wan-JW-Zheng 1912.13504, JW 2006.16996, 2012.15860.
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Math Physics Equations: Ultra Unification Path (Functional) Integral example

—Vv v ("V' )
ZuulAz,) = Z sairarr) [Az] = Z4 ek [An] - 208506 [A] - 260" [ Az,
4d-SM+TQFT

ZSM[AZ4] = f['DQ[)][D’l/_}] [DA][D¢] o exp(i Ssm [1/% szv Av ¢’ B AZ4”M4)

Sem = //\44 (Tr(F, AxFp) — %ngr(F/ A F/)) + /W (&(iwA,AZAW

(Gauge) symmetry breaking +\DH,A,A24¢|2 —U(¢) — (Wlo(ioc® ") + h.c.)) d*x

(=(Nr =3)+( > nyg)+Vvaa—vsa) =0 mod 16.

Jj=e,u, T,
veq=—2 -2 211 ABK(cUPD(A3
ng-ivTSgFT )[AZA] : Zz(tzfleQFT)[AZa] = Z e’ (ePpE)
c€d’ ~1(9[PD(A3)])
1 [oa a(6b+A3)  2T5 ABK(cUPD/ (b))
. W Z (_]_). M .e 8 .

acCl(M*2,),
be C3(M*,Z)

Symmetry extension trivialize anomaly (JW-Wen-Witten'17 1705.06728). Fermionic non-abelian TQFT.
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Anderson-Higgs symmetry breaking:

PHYSICAL REVIEW VOLUME 130, NUMBER 1 1 APRIL 1963

Plasmons, Gauge Invariance, and Mass

P. W. ANDERSON
Bell Telephone Laboratories, Murray Hill, New Jersey
(Received 8 November 1962)

Schwinger has pointed out that the Yang-Mills vector boson implied by associating a generalized gauge
transformation with a conservation law (of baryonic charge, for instance) does not necessarily have zero
mass, if a certain criterion on the vacuum fluctuations of the generalized current is satisfied. We show that
the theory of plasma oscillations is a simple ivistic example exhibiting all of the features of Schwin-
ger’s idea, It is also shown that Schwmger 's criterion that the vector field m 0 implies that the matter
spectrum before including the Yang-Mills interaction contains m=0, but that the example of supercon-
ductivity illustrates that the physical spectrum need not. Some comments on the relationship between these
ideas and the zero-mass difficulty in theories with broken symmetries are given.

VoLuME 13, NUMBER 16 PHYSICAL REVIEW LETTERS 19 OcTOBER 1964

BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
(Received 31 August 1964)

In a recent note! it was shown that the Gold- about the “vacuum” solution ¢,(x) =0, @,(x) =g,

stone theorem,? that Lorentz-covariant field

theories in which spontaneous breakdown of B“{B (Aq»l)—eq:OA }=0,
symmetry under an internal Lie group occurs * K
contain zero-mass particles, fails if and only if

2 2y 2 =
the conserved currents associated with the in- {o*-40s"V" (05 aw) =0,
ternal group are coupled to gauge fields. The y
purpose of the present note is to report that, BVF“ =e¢0{8“(Aq/1)—eq)0A #}.

as a consequence of this coupling, the spin-one
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Symmetry-breaking (Anderson-Higgs):
G broken down to Gy,
Symmetry-extension:

1 v K—=>656 1.

The model is on a 2d square lattice. Each lattice site (represented

below by a large disc) contains 4 qubits (corresponding to the
small darker discs)

Some Boundary States for Bosons - Edward Witten



Neutrino v; vs TQFT sector

(Conventional) Quadratic neutrino mass term:
Dirac mass with some Higgs: (DRgbLz/L + ULpVR).

Majorana mass: 3% (x o2y + xTo?x*).

Both Dirac and MaJorana masses:

(Pm)
R
’ ’ ILy, \éiﬁgl
| v H
! ¢H> 3 0 MDirac l {om
~(((1z,.,1 ,l) oty A | Mpirac. Lol )
2(((Lue Ly "Ly |<¢H>| Xver Xu, Xu.,) s\ Mpmae | Ms X\f’ m] | + h.c
X
X

Seesaw mechanism: ,
. Mp: .
3 mass eigenstates have small mass ~ % <K | Mpirac| for v, -like.

3 mass eigenstates have large mass Ms for vg-like.
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New Proposal on Neutrino Mass

.. . M2,
In contrast to the traditional seesaw mechanism ,B,':“ < Mpirac.

Energy spectrum E
GUT or Planck scales

Standard Model’s “nearly massless”
left-handed neutrinos v; 1,

M
travel and interact with topological defects GUT,P1

ATQFT TQFT gap

gy modes trapped
Asub

Jological defect topological defect subgap

Ultra Unification replaces 0
some generation of “right-handed sterile neutrinos v; r”
with a Z4 x-symmetry-preserving TQFT (or CFT) sector
which may allow Z4 x-topological defects locally

zero-energy mode spectrum

The energy spectrum near the defect has energy subgap

2

A
A < ——sub_ < MDirac-

A2
<« Argrr
~ . small
McuT,p1 ArqrT

Asub

2
(In analogy with the vortex subgap Agup =~ AE% of superconductor gap Asc and

Fermi energy Er.) 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 v; vs TQFT sector

Convention: Neutrino pairs up to get Dirac
(left-handed v, with right-handed vg) or Majorana
(right-handed vg with itself) mass.

My talk:

Some of right-handed neutrinos vg may be replaced by
4d TQFT/5d iTQFT. Left-handed neutrinos v, travel
and interfere with the zero modes of topological defects
of TQFT.

e Arqrr gap replaces the right-handed vgr mass Ms.

e Subgap Agup of Agnan gives the left-handed v; mass.
e Mixed scenarios.
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Neutrinos: a (SU(2) singlet) right-handed neutrino (massless/massive)
carries a Zi6 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].

X-symmetric

3+1d gapped TQFT/
Topological Order
or
3+1d gapless CFT

§ 4+1d E
; Topological ;
i Superconductor
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4d Anomaly (5d iTQFT) of 15,16 N¢-fermion Ggni, = SU(3)CXS%(q2)LXU(1)Y

Part 1:
e Spin Xzp U(1)B-L or x X Gsm,-symmetry.
Z-~class local anomaly B — L or X =5(B — L) — $Y: U(1)® and U(1)-grav?:

. 1 a
2} = expli(~ + (| Ach) + 5CST).

—Nf + ny, = — N + Zj Nyp=-34 Ny g+ Ny, o+n, +....
e Spin Xzp Zg x % Gsp,-symmetry.
Zyg-class global anomaly of Zs x-grav?:

. 27
Z?LX = exp(l(—Nf + nVR) /Ms E"hd(PD(AZz,X)))'

Part 2:
® Spin Xzr Spin(10)-symmetry.
Zp-class global anomaly. p € Z,:

Z; = exp(im p/ i W2W3)|W2W3(TM):W2W3(VSO(")) arXiv:2112.14765
M
e We can also include Zyn, g+L background field. arXiv:2204.08393
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1. Gauge-Enhanced Deconfined Quantum Criticality BSM (2021)

Deconfined Quantum Criticalities
between Landau-Ginzburg phases

Deconfined

fractionalized

excitations

quantum phase diagram
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Energy scale

Gauge-Enhanced Deconfined Quantum Criticality BSM (2021)

?

Ultra Unification

16n fermion

15n fermion s0(10) GUT + WZW term

model model

Pati—Salam (PS)
GUT

Quantum Vacua tuning parameters »
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