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» Standard modelis a chiral gauge theory. Although it is a tremendous achievement in the last century, a non-

perturbative definition of a such chiral gauge theory is notorious difficult.

Matter fields in the standard model

. SU3) . SU(2) . u(1) » In the Standard model, the gauge group of electroweak
Field x representation [representation|charge ) ) ] i ) )
interaction has different representation for particles with
_— (v) | (,,.“) | (uf) 1 9 4 different chirality.
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Chiral Guage Theory
FHBEHE

» A simple example of a chiral gauge theory Lagrangian:

L= )iz - Dy, + Py io - Oy,

» For a chiral gauge theory, a regulator typically break its chiral structure
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1. Pauli-Villars Regulation

Mipp = Mgy, + M, g
2. Dimensional Regulation (ys-problem)

{ve,Y*} =0, Tr(ysy*yVyPy?®) = —4iehvPo, Tr(IyI,) = Tr(LLI).

In D # 4 dimensions, it is inconsistent to require these properties simultaneously.

» For a chiral gauge theory, break chirality <> break gauge symmetry <= break unitarity.
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» Dirac and Feynman both made huge contribution to Quantum Field Theory, but had very different

perspectives about the infinities one encounters from short distance (UV) physics.
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We're going to need a iger rug !




Wilson’s New Perspective 75 Je 2
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» Wilson wanted to understand the strong interactions, where Feynman’s perturbative approach fails. So, he

asked: How can on put a quantum field theory on a computer?
* Treata quantum field theory as a
condensed matter system

* Workin4d Euclidian spacetime

* Approximate spacetime as a lattice of
points and represent fields as interacting

degrees of freedom on sites and links

» Kaplan: Specific computations aside, however, we cannot claim to thoroughly understand the theory without

understanding how in principle to compute its implications in a controlled manner to arbitrary precision.



Lattice Gauge Theory
BRAETE
» An example of N flavor QCD fermion action
Ny
Selp,BU = ) at Y PP @D (n | m)p(m).

f=1 n,meA
where ais the lattice spacing, DY) is a Dirac fermion operator on lattice who depends on gauge link U,
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1
7 = jDU e 56 det D) ~ NZ det D)

SelU] = gz Z Re tr|1 — Uy, (n)]

neA u<v
Uy (n) » A Monte Carlo simulation approximates the integral by an average of the
observable evaluated on N sample gauge field configurations.
(n)
LA INNCY



Chiral lattice Gauge Theories?
FEGAIBIFL?
» A Sign Problem

() — m io- Dy _ 2 2
* Dirac fermion det(D*/+m) = det (io‘ D m ) B H(A" +m?) X 1_[ m>_0
An=0
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Ap>0
* Chiralfermion detDIEf) — (detDlgf))*: \/l detD(f) |eiW[A] eC
» An ambiguous phase? So-called “measure problem” \ . ,
Parity-violating part
A WAl = W[A ] £7?
A=(1-5)A,+ sA,
= — Ay =g Aog + g tdg
Ax
# A
Ao Aq A crucial problem for Ginsparg-Wilson fermions formalism
¥

Spectrum Flow
(Always Posible)



. Chiral lattice Gauge Theories? NO-GO!
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» Nilsen-Ninomiya NO-GO theorem (1981): Cannot formulate Dirac fermion with exact chiral symmetry without

an unwanted doubling of all fermion species.

E

3=

Continuum
E=4%p

~ Positive chirality
sin p

1} Negative chirality

0.5p

=)

-1.p Doublers

Lattice in space with continous time
E = *sinp




. Chiral lattice Gauge Theories? Ways Out...
FAERAIGEIHE? HIESTE8

» Possible paths to a chiral lattice gauge theory
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« Symmetric mass generation, started from 1986 revived since 2011 due to Fidkowski and Kitaev

Simulated in 1+1D using tensor networks (DMRG) to avoid sign problem, arXiv:2202.12355

* Symmetry disentanglers, proposed in 2026 in Thorngren, Preskill, Fidkowski, arXiv:2601.04304.

No simulation yet

* Domain Wall, vector fermions proposed by Kaplan in 1992, chiral fermions in 2024

Abundant application in LQCD with vector fermions by Lagrangian method.
NO Hamiltonian method explored even for vector fermions

10



Domain Wall Fermion
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» n + 1-D fermions with mass defects <= Topological protected chiral modes on n-D defects
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. w
H = —iy'd; + m(s) + EA
Elk Elk

/
N

v
v

Kaplan, Phys. Lett. B. (1992)

Kaplan, Sen, Phys.Rev.Lett . 132 (2024) 14, 141604
11
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Callan-Harvey Effect
Callan-Haveys§ihy
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» The anomaly of the boundary theory is provided by anomaly inflow from the bulk, like Quantum Hall.

» After integrating out bulk contribution, there is an effective Chern-
Simons action, e.g., for U(1) gauge theoryin 2+1D

53=q2C3fA/\dA

Chern-Simons Current

| %

» Chern-Simons current provides the anomaly inflow

Vije + Vax = —Vgjs = qcsFyg

» What Callan-Harvey missed: UV physics could make current jump

n
>

Extra dimension s

2T C3 € ﬂz(Tz) =7

Chiral fermions with correct anomaly forms

12



Gauge Field Flow
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» We use gauge field flow to extend our gauge field from the defects to the bulk.

* Gradient Flow * Annealing flow(Equation of motion flow)
dA ke = _§e(s) Onaslab 2% X
IR _ %24 L5 x S5 F S5SYM — » 927, +0,(0,A, —9,A,) =0.

Anti-instanton

75 by Vs =+l Instanton
) ,
A Ay
s=0 s=L
Physical gauge field damps out g=¢p¥lsl/m Omitting many caveats

Grabowska, Kaplan, Phys. Rev. D. 94, 114504 (2016)

Kaplan, Sen, arXiv:2412.02024
13
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» In 2+1D, with a Wilson action Sw(s) = z Re plaquette (¢, x)} .
comes a ‘Wilson flow’ into the extra dlmenS|on as
OSw _ _
asUﬂ(n) = _6U ( )U (n) —Z[U ]Uu(n), U =

The Euler scheme for numerical calculation of the ‘Wilson flow’ equation

1e—5 Gauge Field Action under Gradient Flow

U(n+ed) =e —esz|U U (n) ‘

ForU(1) field, the scheme only converge when € < %

L; 21
> Set Boundary as  A,(t) = —E, cos | —t¢ i
2 ° L,
. _5(2_7.[)2A 2
In continuum, we expect the flow to bulk as  « o 7°\7;/ °°
01 _: xll.:;[t‘::ltﬁ:tinn
Liischer, Commun. Math. Phys. 93, 899-919 (2010) ; é

§=3,e=1/7 14



Equation of Motion Flow on Lattice 29 e 7 ¥
*l:l/\\\J:EIJ\_Z_KjJE$EEUIb Giss”  PEKING UNIVE

RSITY
» We solve for Equation of Motion Flow by a gradient flow in an imaginary flow directiont

aiFiM =0 > GTK# == faiFiu
On lattice _ 05241 — _
o U,(n) = — 50, () U,(n) = —Z3,41[U]U,(n), U, =1
u

1e—5 Gauge Field Action under EOF Flow

Only converging to some minimum point.

3.0

» Set the boundary as

L; 2T
A (t) = Z_EO coS L—t
t

In continuum, we expect

2.5

%]
(=]
|

Action 5
[
w
L

X e_f(%T)AS

1.0

0.5

—8— Wilson Action
0.0 7" —— Analytical Action

T T T T T T
0 5 10 15 20 25
s (0 ~ L5-1) 15
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* Alattice of size L; X L, X Lg with Q = 3,4,5,0 fermions coupled to a background gauge field

S = z lp_gDr?ml/ng If with dynamic gauge field -5 _ D¢
an ” VDD + u26(s) + €
=5 2 VvV 1S+ — Wiy, [U; (129G ) +mg(s) Z Yoo Might be the first step to a
nLQ n Hamiltonian method

¥ wz ~ 2053 + VLU mIYEH + YgFIU; (w]1%w})

O =[BT + W U o) + w [V (w1 — pTU; (o]

(JQ 2+1> j Dl/}Dl/}]e_gle 2+1 _ [AQ 2+1p 1]

16



On a Slab Domain Wall
R RS

» Current density and charges
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Plot of rate of change of total charge on wall, The 2+ 1 dimensional current jg “forQ=3

Charge per unit length in s as a function of s antiowall and bulk normalized by Q = 3 17




On a Slab Domain Wall e 2 ¥
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» Anomalies av
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» We want solve the Equation of Motion Flow in a cylindrical way on a square lattice.

U,(n) = [Us(m)]s (U, (m)]sn ¢ = 1
Up(n) = [Us(n)]~ 5 P[U, (n)]0s 2.

i | 5
N \:)_/_§p _ 0:Up(n) = —f{ S(‘Tl)} Up(n) =§Z, 4 Ug(n)

e i \— . ‘ k. . r=F=- s 1le—6 Gauge Field Action vs s after Gradient Flow
1

Ul(n) = exp(—¢ €Zn 4 Sin ) Ug(n) iy
U,(n) = exp(+€eZn’¢ cosd) Uy(n). -.

I
| 1.50 1 /
1
I

Ingy = (—singp Z, s +cospZy,,)

—  RL;
» Set the boundary condition as Ay = S E0 cos(wt) .

Fy
oz
7

1.25

0.50

0.25 1

In continuum, there will be X I;(2m/L,r)

T T T T T T
0 5 10 15 20 25
5 (0 ~ Ls-1)

19
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On a Disk Domain Wall
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» Gauge Field and Electromagnetic field
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On a Disk Domain Wall G Y ) ¥
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. Conclusion & Outlook
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v For a slab domain wall 3-4-5-0 system, we use Gradient Flow and Equation of Motion Flow to decouple mirror

fermions

v’ For a disk domain wall 3-4-5-0 system, , we use Equation of Motion Flow to gauge the bulk.

=) Chiral Gauge Theory

» A Hamiltonian Method? On quantum circuits?
» Higher dimension?
» Instantons under flow?

» CP problem and n’ mass?

22



Thank you for your attention!

Jinlong Dang



	Slide 1: Gauge field flow for chiral gauge theories on a slab and a disk boundary
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23

