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Abstract: As LHC era is coming close, all sorts of ideas about physics beyond the standard model are being explored. It remains possibl
strong-coupling chiral theory could appear at TeV scale. When it comes to strongly coupled theories, lattice is still the most reliabl
straightforward regularization method. But defining a chiral gauge theory on the lattice is formidable on its own. In this talk, | will present ¢
most recent theoretical developments in attempt to tackle this problem, and explain some general theorems we proved for generic chire
theories on lattice. These results should be useful in future studies in the field. | will also present some numerical results suggesting that the
constructing a chiral gauge theory by decoupling the mirror fermions using a high scale strong- coupling gauge symmetric phase suffers fron
constraints. | will end my talk by a brief outlook on how one may hope to reach a conclusive prove on the feasibility of this idea in general.
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SELELL TSRSl Why need the idea of “decoupling of mirror fermions™

Might be possible on the lattice

Strong-coupling symmetric phase

= Everybody knows that four-fermi interactions, if coupling taken
strong enough, break chiral symmeiries

5 @U) @), eN > 8

= However, if one takes coupling even stronger, the theory enters a
“strong-coupling symmetric phase”: with only massive excitations
and unbroken chiral symmetry

m These phases are “latiice artifact” as the massive excitations are
heavier than the UV cutoff

= Strong coupling expansion has a finite range of convergence and
Is applicable in any dimension.
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Moiivation and idea ﬂqmlﬂm&m of mirror fermions™

“SU(4)” toy model continues . ..

s On each lattice site, thereare 16 staites=1+-1" -4 -4 L6

m H,, . conserves F mod 4, and connects 1 (zero occupation) and 1’
(full occupation) only. The spectrum:

) +17
+g
A 39
4 & W ,
-1
—8

A unique ground state with a gap= g, singlet of SU(4).
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Motivation and idea “H‘EMﬁwﬂmm

Pi

“SU(4)” toy model continues . .

m On each lattice site, thereare l6states=1+-1'" -4 -4 -6

= H, . conserves F mod 4, and connects 1 (zero occupation) and 1’
(full occupation) only. The spectrum:

4, 6) 4

1=

_lg

A unique ground state with a gap= g, singlet of SU(4).

= At first order in 1, hopping turns on, site-localized states form
bands and pmpagate The propagating degree of freedom is
heavy, mass ~ ; > E

m 1 /g strong-coupling expansion has a finite radius of convergence.
For sufficiently large g, the ground state analysis remains valid
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Motivation and idea mmmmdwmm

“SU(4)" toy model continues . ..

a If we turn on the gauge field, it appears only in hopping terms and

the contributions to heavy sector should be ~ ;.

= With a bit more group theory. same can be re;ﬁéated for SU(5) of
E-P.

= Singlet needed:

gy 2 1" —5—5—1
2107 — 10 — 10" — 5

to break all mirror global symmetries, including anomalous ones to
prevent exira zero modes (more explanations come later). At infinite
g1-22. SU(5) ground state is unique and singlet.

= [he idea is essentially to use this to decouple the mirror fermions
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e Tt Why need the idea of “decoupling of mirror fermions™

Pi

“SU(4)” toy model continues . .

s On each lattice site, thereare 16 states=1+-1" -4 -4 -6

= H, . conserves F mod 4, and connects 1 (zero occupation) and 1’
(full occupation) only. The spectrum:

L+

A unique ground state with a gap= g, singlet of SU(4).

m At first order in L hopping turns on, site-localized states form
bands and pmpagate The propagating degree of freedom is
heavy, mass ~ £ > 1

m 1 /g strong-coupling expansion has a finite radius of convergence.
For sufficiently large g, the ground state analysis remains valid
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TR TeeSl Why need the idea of “decoupling of mirrer fermions”

“SU(4)” toy model continues . ..

= [f we turn on the gauge field, it appears only in hopping terms and
the contributions to heavy sector should be ~ .

= With a bit more group theory, same can be repeated for SU(5) of
E-P.

= Singlet needed:

g1:100—-5-5-1
g 100 —10" — 10" —5

to break all mirror global symmetries, including anomalous ones to
prevent exira zero modes (more explanations come later). At infinite
g1- 2. SU(5) ground state is unique and singlet.

m [he idea is essentially to use this to decouple the mirror fermions
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Gauged XY model

Unitary higgs field can induce a strong-coupling symmetric phase in
lattice gauge theories.

w
3 K 5
—Shi == Z (_‘:J'_ H U + _,; Z OIUK.I—'—L{OI;:L) + h.C.
X ~ plag T p
where o, = ¢~ is a unitary field.
m x < 1, the theory is in a strong-coupling symmetric phase

= D. R. T. Jones, J. B. Kogut and D. K. Sinclair, Phys. Rev. D 19
(1979) 1882. ...

“‘Light from chaos’ in two dimensions,”

E. Poppiiz and YS, arXiv:0801.0587 [hep-lat].
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Gauged XY model

Unitary higgs field can induce a strong-coupling symmetric phase in
lattice gauge theaories.

.S',.{Z( HU+ ZOUI_#C&#) + h.c.

X plag
where o, = ¢~ is a unitary field.
m « < 1, the theory is in a strong-coupling symmetric phase
= D. R. T. Jones, J. B. Kogut and D. K. Sinclair, Phys. Rev. D 19
(1979) 1882. ...
“‘Light from chaos’ in two dimensions,”

E. Poppitz and YS, arXiv:0801.0587 [hep-lat].
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“’Light from chaos’ in two dimensions,”

E. Poppitz and YS, arXiv:0801.0587 [hep-lat].

Lmi—“”

Shrimg torsar. M=TE Pahew fine. N=14

Figure: String tension vs « for Figure: Polyakov line vs « for
N=1p N = 16.
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Gauged XY model

Unitary higgs field can induce a strong-coupling symmetric phase in
lattice gauge theories.

| |
3 K N
_S,{ — Z (_2- H U + "j’ Z OIUI-I—'—,{EOI—'—L‘L) + h.C.
X plag I
where o, = ¢~ is a unitary field.

m x < 1, the theory is in a strong-coupling symmetric phase

= D. R. T. Jones, J. B. Kogut and D. K. Sinclair, Phys. Rev. D 19
(1979) 1882. ...

“‘Light from chaos’ in two dimensions,”

E. Poppiiz and YS, arXiv:0801.0587 [hep-lat].
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“’Light from chaos’ in two dimensions,”

E. Poppitz and YS, arXiv:0801.0587 [hep-lat].

Shimg tersor. M=15

i)

<Ois

Figure: String tension vs « for
N = 16.
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Pohasow ing. N1

Figure: Polyakov line vs « for
N = 16.
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Mativation and idea WHEMdm of mirror fermions™

So why wasn'’t this problem solved long ago?

= It was not known how to define an exact (non-gauged) chiral
symmetry on the latiice.
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TR ENSTEESl  Why need the idea of “decoupling of mirror fermions™

So why wasn'’t this problem solved long ago?

= It was not known how to define an exact (non-gauged) chiral
symmeiry on the lattice.

m After a series of seminal papers in the 90’s (Ginsparg/Wilson,
Kaplan, Narayanan/Neuberger, Neuberger, P.
Hasenfraiz/Laliena/Niedermayer, Luescher, Neuberger), it was
realized that an exact chiral symmeiry can be defined on a lattice
with finite spacing.

m Can defined L and R components of a Dirac spinor (Not the usual
Weyl): overlap (domain wall) fermions.

= Luscher proved the consistency of a chiral U(1) gauge theory
using the overlap fermions. (More on this later:)

8
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SR L L EESl  Why need the idea of “decoupling of mirror fermions™

So why wasn't this problem solved long ago?

= It was not known how to define an exact (non-gauged) chiral
symmeiry on the lattice.

= After a series of seminal papers in the 90’s (Ginsparg/Wilson,
Kaplan, Narayanan/Neuberger, Neuberger, P.
Hasenfraiz/Laliena/Niedermayer, Luescher, Neuberger), it was
realized that an exact chiral symmetry can be defined on a lattice
with finite spacing.

s Can defined L and R components of a Dirac spinor (Not the usual
Weyl): overlap (domain wall) fermions.

m Luscher proved the consistency of a chiral U(1) gauge theory
using the overlap fermions. (More on this later:)

m An obvious question: can the “E-P” dream be resurrected now? Some
earlier numerical simulation suggested the answer might be yes
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b el .
Maotivation and ides

A toy model using overlap fermions: 0—1 model

J. Giedt and E. Poppitz, JHEP 0710, 076 (2007)
[arXiv:hep-1at/0701004].

= Using overlap fermions, studied a toy model:

S =Stight + Smirror

Stight =(¥, D1¥y) + (X_. Dox-)

Smirror :(ﬁ'_- Dy v—)+ (T—e— DO\—!—)

+y{(V_. 0"x4) + (X, O¥_)

T — T E
+ h[(¥L, o7ax+) — (Xe- 12070 )]}

K *
S« :E Z[z e (Q::Ux-x+;lﬁ}x—l—,tl T h.C.)]
X. [t
ox = €™ is a unitary higgs field and (v. x) =3 ¥x - xx
+4Ero gauge field background




Found evidence that while y large and h > 1, the charged
mirror fermions and © are heavy

Evidence: scalar is heavy

IG —— —_— S
N—dq
| N=f
8 - T N=18
8 — % —
i
=
] = =
= l-',ﬁ,
“‘E
2 oy, T
Ty, PR e T s
""""""""""""""" - P s S e
. P —— —_
':_-:' - - . e e . . . . R — PR———
0.7 h 20 9 5.0

Figure: Susceptibilities of o for « = 0.1 and N = 4. 8. 16. Dash line indicates
the susceptibility of ¢ in pure XY-model
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Motivation and idea

A tov model using overlap fermions: 0—1 model

J. Giedt and E. Poppitz, JHEP 0710, 076 (2007)
[arXiv:hep-lat/0701004].

s Using overlap fermions, studied a toy model:

S =Stight + Smirror
Stighe =(¥.. D1¥r1) + (X_. Dox-)

Swmimor =(¥_, D1¥_) + (X, Dox+)

+."{(;—- o x+) + (4, 0¥_)

+h[(vh. ovaxs) — (Xo. 120" 0]}
K *
S = ) 2 — (0iUsxxtabxin +he)]
x.i

ox = €= is a unitary higgs field and (v. x) = > ¥x - xx
«4Ero gauge field background




Found evidence that while y large and h > 1, the charged
mirror fermions and ¢ are heavy

Evidence: scalar is heavy

'] —— P e —— e il P — —
N=44
N=f
8! T T N=18
R & - 4
G5 — = —_—
-
=
$ T =
-
= L 4
1&55
" - —
.'.-F"'*' S — — e
———————————————————— -l-h-L-_—:_!:‘-'—--—-:———*_--*_————‘——————*--' -
= = e —_I
J - - - - - - - .. . - - E——
0.7 0 k 20 o 3.0

Figure: Susceptibilities of o for « = 0.1 and N = 4. 8. 16. Dash line indicates
the susceptibility of ¢ in pure XY-model
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Numerical evidence continues .. .

fermions are heavy

[: ! |

10t —3

E IGG;' =
= | 4
10 t | = = |
1072 — - | —t
TR il :

0.7 1.0 B 20 3.0 50

Figure: The lower bound on the charged mirror fermion mass for « = 0.1

_— =
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Mativation and idea mmmmmmmmm

So did the dream come true?

= If the mirror parts are all heavy, at the low energy we get a chiral
gauge theory on the lattice automatically, circumventing the
difficulty of defining it explicitly. Great!

= Are we sure? Two big questions:

= [hat entire mirror sector is heavy?
= Is the continuum limit unitary?
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rneEeRT =Sl Does it work: early numerical work suggest maybe

So did the dream come true?

= |f the mirror parts are all heavy, at the low energy we get a chiral
gauge theory on the lattice automatically, circumventing the
difficulty of defining it explicitly. Great!
= Are we sure? Two big questions:
= [hat entire mirror sector is heavy?
= Is the continuum limit unitary?
= Why are we worried?
The light content is anomalous (and so is the mirror sector).

Stighe = (¥, D1¥ ) + (X_, Dox—)

The splitting between light and mirror, with both sectors
anomalous but the mirror sector all heavy, in fact appears
paradoxical.
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iical arhcuities with [atfice chiral gauge theory

Outline

A guick review of some most recent theoretical developments
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Theoretical difficulties wiih |atiice chiral gauge theory Exact lattice chiral symmetry

Fermion doubling problem

Naive discretization of Dirac operator causes fermion species
doubling. On a finite lattice, the momentum is an angular variable that
lives on a circle. The continuum limit is the small sin & limit, which is

always paired.

continuum limit

doublers
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[heoretical difficuities with |atlice chiral gauge theory

Ly

Ginsparg-Wilson operator

Ginsparg-Wilson, 1982: "A remnant of chiral symmetry on the lattice”
{D. 95} =abysD
a = 1 in our convention. D is s Hermitian:

(+sD)f = vsD

As
D~k

In the continuum limit: k — 0, the usual anti-commutative relationship
between Dirac operator and ~s recovered
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| negretical armctities with [3iiice chira: gauge neory

No fermion doubling problem

The GW properties imply that the eigenvalues of D, A, satisfy

=A==

The “doublers” become heavy with mass equals 2 in lattice unit.

continuum himat
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| neorelcal anmciiiies with |3ilice chiral galuge ineary

Ginsparg-Wilson operator

Ginsparg-Wilson, 1982: "A remnant of chiral symmetry on the lattice”
{D, v} =abDysD
a = 1 in our convention. D is vs Hermitian:

(vsD)f = vsD

As
D~k

In the continuum limit: k — 0, the usual anti-commutative relationship
between Dirac operator and ~s recovered
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Theoretical difficuities with latlice chiral gauge theory

No fermion doubling problem

The GW properties imply that the eigenvalues of D, A\, satisfy
= a1
The “doublers” become heavy with mass equals 2 in lattice unit.

continuum limit
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heoretical difficiiies with [athice chiral gauge theory

A new kind of “chiral symmetry” on the lattice

(49 b

A new "5

If we define: s = (1 — D)5, GW implies
¥ =1 and *sD = —Ds

= A new exact “chiral symmeiry” on the lattice

Pirsa: 09010016
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O —A—=1)=1

No fermion doubling problem

The GW properties imply that the eigenvalues of D, A, satisfy

The “doublers” become heavy with mass equals 2 in lattice unit.

continuum limit
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Ginsparg-Wilson operator

Ginsparg-Wilson, 1982: "A remnant of chiral symmetry on the lattice”

{D, 75 } =abysD
a = 1 in our convention. D is s Hermitian:

(vsD)f = vsD

As
D~k

In the continuum limit: k — 0, the usual anti-commutative relationship

between Dirac operator and ~s recovered

Pirsa: 09010016

Page 31/130




A new kind of “chiral symmetry” on the lattice

= re»

A new s

If we define: °s = (1 — D)~s, GW implies
%=1 and 45D =-Dns

— A new exact “chiral symmetry” on the lattice
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retical difficuities with [attice chirzal gauge theary

=1
i IS e LT -
= =

Ginsparg-Wilson operator

Ginsparg-Wilson, 1982: "A remnant of chiral symmetry on the lattice”
{D, 75} =aDysD
a = 1 in our convention. D is s Hermitian:

(vsD)' =sD

As
D~k

In the continuum limit: k — 0, the usual anti-commutative relationship
between Dirac operator and -5 recovered
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retical diificuittes with [athce chiral gauge theory

A new kind of “chiral symmetry” on the lattice

r

A new “s

If we define: 5 = (1 — D)~s, GW implies
% =1 and 4D =—Dns

= A new exact “chiral symmeiry” on the lattice
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| heoretical anfficuities with |athce chiratl gauge theory

No fermion doubling problem

The GW properties imply that the eigenvalues of D, A, satisfy
(X —1D(A—-1)=1
The “doublers” become heavy with mass equals 2 in lattice unit.

continuum himait
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heorstical difficulties with [atlice chiral gauge hegry

A new kind of “chiral symmetry” on the lattice

i

A new “s

I

If we define: s = (1 — D)~5, GW implies

52 =1 and 45D = —Dns

—————— e —

|

— A new exact “chiral symmetry” on the lattice j
The kinetic term in the action: i
= Z U Dy Uy |

I i

|

Is invariant under the rotation: :
o — &Y, — P ,
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Theoretical difficuities with |atlice chiral g

The GW (overlap) chiral fermions

s Define chiral projection operator for «» and ' separately:

1 F %
2

L5

2 Fae=

P =

= defined the chiral components of a Dirac spinor as

vy = Py, = WPy

[+

= then, build the “chiral theories” in terms of these new chiral

Spinors:
S=) v,Dy,
X
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I heoretical difficuities with |attice chiral gauge theory

Fascinating theoretical achievement on lattice chiral gauge
theory

Ginsparg, Wilson (1982); Callan, Harvey (1985); D.B. Kaplan (1992);
Narayanan, Neuberger (1994); Neuberger (1997); P. Hasenfraiz,
Laliena, Niedermaier (1997); Luescher (1998); Neuberger (1998),

= No fermion doubling problem

m exact lattice chiral symmetry

m exact lattice gauge anomaly and lattice index theorem
= exact Ward identities, axial charge violation, . ..
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Theoretical difficulties with [atlice chiral gauge theary Exact |attice chiral symmetry

But chiral gauge theory remains a hard problem

The fermion measure is ambiguious

s While gauging the chiral symmetry, D is convariantized. It
depends on the gauge field background, so are 45 and P.

= Defining fermion measure in gauge theory becomes difficult

Only theories well studied before us were U(1) gauged fermion
bi-linear theory: S = . Dv»,, for which a non-ambiguous measure
proven to exist by Luscher

We need something more general to understand our “0-1” model
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eoretical difficuities with [attice chiral gauge theory

A new kind of “chiral symmetry” on the lattice

- rr

A new “s

If we define: - = (1 — D)~s, GW implies
=1 and 45D =-Dys

= A new exact “chiral symmetry” on the lattice

\l-._ — — . S ——— 1§ e S B

The kinetic term in the action:

§ = E :'t'rxD xy Uy
x

is invariant under the rotation:

|
|
1

|
|
J
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Theoretical difficuities with latlice chiral gauge theory

The GW (overlap) chiral fermions

= Define chiral projection operator for v> and v’ separately:

Y

1

H_

,.L | = As
i, = + s

Pr=—— 2

= defined the chiral components of a Dirac spinor as

=Py, o= VP

L'l'

[

= then, build the “chiral theories” in terms of these new chiral

SpINors:
S=) ¢,Dy,
X
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Theoretical difficuities with [atlice chiral gauge theory Exact lattice chiral symmetry

But chiral gauge theory remains a hard problem

The fermion measure is ambiguious

s While gauging the chiral symmeiry, D is convariantized. It
depends on the gauge field background, so are 45 and P.

= Defining fermion measure in gauge theory becomes difficult

Only theories well studied before us were U(1) gauged fermion
bi-linear theory: S = >, Dv",, for which a non-ambiguous measure
proven to exist by Luscher

We need something more general to understand our “0-1” model
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heoretical aifficuites with |athce chirat gauge theory

Some general results in the GW formalism:

E. Poppitz and YS, “Lattice chirality and the decoupling of mirror
fermions,” JHEP 0708, 081 (2007) [arXiv:0706.1043 [hep-th]]
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I heoretical difficuities with [atlice chiral gauge theory

Some general results in the GW formalism:

E. Poppitz and YS, “Lattice chirality and the decoupling of mirror
fermions,” JHEP 0708, 081 (2007) [arXiv:0706.1043 [hep-th]]

m Chiral action §, a functional of the spiniors that satisfies:

S[v, ¥, 0] = S[ Py, ¥, 0] = S[¢, ¥P, O]

O denotes any local operators the theory may introduce. P and P
are the projection operators.
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Theoretical difficuities with latiice chirai gauge theory

Some general results in the GW formalism:

E. Poppitz and YS, “Lattice chirality and the decoupling of mirror
fermions,” JHEP 0708, 081 (2007) [arXiv:0706.1043 [hep-th]]

m Chiral action §, a functional of the spiniors that satisfies:
S[, %, 0] = S[ P, %, 0] = S[4, VP, O]

O denotes any local operators the theory may introduce. P and P
are the projection operators.
s Choose particular sets of orthonormal basis {u;. v;}:

Pu; = u;. LIP = LIT
and defined the partition function

_ S[}_" U -_*1*-"_.01
E= / I I dC’;deE’ . Z—' 7 J
Lj
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I heoretical difficuities with |atlice chirzl gauge theory

Chiral partition function is ambiguous

= Suppose we choose a different set of basis v; = U;v;, U unitary
matrix, then Z — detl{ - Z, the ambiguity is always a pure phase

s Usually not a problem because this phase is just an unphysical
constant

Space of all Dirac helds

subspace moves with
the gaunge held
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[ heoretical difficuities with [atice chiral gauge heary

Some general results in the GW formalism:

E. Poppitz and YS, “Lattice chirality and the decoupling of mirror
fermions,” JHEP 0708, 081 (2007) [arXiv:0706.1043 [hep-th]]

m Chiral action S, a functional of the spiniors that satisfies:
S[v, ¥, 0] = S[Pv, v, O] = S[¢, ¥P, O]

O denotes any local operators the theory may introduce. P and P
are the projection operators.
s Choose particular sets of orthonormal basis {«;. v;}:

Pu; — u;, 1:P = ‘:T
and defined the partition function

z— [ []deds S| e 5,5 0]
LJ
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[ heoretical difficuities with |attice chiral gauge theory

Chiral partition function is ambiguous

= Suppose we choose a different set of basis v; = U;;v;, U unitary
matrix, then Z — detl{ - Z, the ambiguity is always a pure phase

s Usually not a problem because this phase is just an unphysical
constant

Space of all Dirac helds

\

left-handed
fields

subspace moves with
the sanee field
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Theoretical difficuities with |atlice chiral gauge theory

Some general results in the GW formalism:

E. Poppitz and YS, “Lattice chirality and the decoupling of mirror
fermions,” JHEP 0708, 081 (2007) [arXiv:0706.1043 [hep-th]]

a Chiral action S, a functional of the spiniors that satisfies:
S[¢, ¢, 0] = S[PY, ¥, 0] = S[¥, ¥P, O]

O denotes any local operators the theory may introduce. P and P
are the projection operators.
s Choose particular sets of orthonormal basis {u;. v;}:

Pu; — ;. IIP = Vj
and defined the partition function

_ S[}_" 1l . -_*,1*_?_.01
= /de;dfjf.’ = Z*’L' . J
Lf

irsa: 09010016 Page 49/130




T - b - - # - ] ¥ ‘Wa =1 ~
heoretical difficulties with latlice chiral gauge theory

Chiral partition function is ambiguous

= Suppose we choose a different set of basis v; = i;;v;, U unitary
matrix, then Z — detl{ - Z, the ambiguity is always a pure phase

s Usually not a problem because this phase is just an unphysical
constant

Space of all Dirac ficlds

subspace moves with
the zange held
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Theoretical difficuities with [atlice chiral gauge theory

Some general results in the GW formalism:

E. Poppitz and YS, “Lattice chirality and the decoupling of mirror
fermions,” JHEP 0708, 081 (2007) [arXiv:0706.1043 [hep-th]]

m Chiral action §, a functional of the spiniors that satisfies:

S[v, ¥, 0] = S[ Py, ¥, O] = S[v, ¥ P, O]

O denotes any local operators the theory may introduce. P and P
are the projection operators.
m Choose particular sets of orthonormal basis {u;. v;}:

P—u;, IIP = HT
and defined the partition function

_ S[\_" il ._‘;14_.01
B E—
L.j
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| regretical dificuities with [atice chiral gauge neary |

Chiral partition function is ambiguous

= Suppose we choose a different set of basis v; = U;;v;, U unitary
matrix, then Z — detl/{ - Z, the ambiguity is always a pure phase

s Usually not a problem because this phase is just an unphysical
constant

Space of all Drac ficlds

subspace moves with
the gauege held
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Theoretical difficuities with latlice chiral gauge theory

Some general results in the GW formalism:

E. Poppitz and YS, “Lattice chirality and the decoupling of mirror
fermions,” JHEP 0708, 081 (2007) [arXiv:0706.1043 [hep-th]]

m Chiral action S, a functional of the spiniors that satisfies:
S[v, ¥, 0] = S[ P, v, O] = S[v, ¥P, O]

O denotes any local operators the theory may introduce. P and P
are the projection operators.
s Choose particular sets of orthonormal basis {u;. v;}:

Pu;— u;, L'jf’ = ‘:T
and defined the partition function

_ S[T w8 ._',1*}_.011
== /Hdc'que 2. citis 2 ;6% 0|
Lj
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Chiral partition function is ambiguous

= Suppose we choose a different set of basis v; = U;;v;, i unitary
matrix, then Z — detl/ - Z, the ambiguity is always a pure phase

s Usually not a problem because this phase is just an unphysical
constant

Space of all Dirac ficlds

subspace moves with
the sanee feld
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Theoretical difficuities with latlice chiral gauge theory

Chiral partition function is ambiguous

= Suppose we choose a different set of basis v; = U;;v;, U unitary
matrix, then Z — detl{ - Z, the ambiguity is always a pure phase

a Usually not a problem because this phase is just an unphysical
constant

= A serious problem in GW-formalism:

P depends on the gauge
backgroud. = chiral spinors
live in different subspace
when the gauge field varies.
It appears that the effective
action of the gauge field U
contains a completely s
arbitrary phase.
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Some general results in the GW formalism:

E. Poppitz and YS, “Lattice chirality and the decoupling of mirror
fermions,” JHEP 0708, 081 (2007) [arXiv:0706.1043 [hep-th]]

m Chiral action §, a functional of the spiniors that satisfies:

S[v, ¥, 0] = S[ P, v, O] = S[v, ¥P, O]

O denotes any local operators the theory may introduce. P and P
are the projection operators.
s Choose particular sets of orthonormal basis {u;. v;}:

P — u;, 1jP = ";T
and defined the partition function

_ S[\_" 1t . -_'1*IT.01
z= [ [acds = S0l
1J
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Theoretical difficuities with |aflice chiral gauge theory Put the formalism on a compietely general ground

Chiral partition function is ambiguous

= Suppose we choose a different set of basis v; = U;;v;, i unitary
matrix, then Z — detl{ - Z, the ambiguity is always a pure phase

= Usually not a problem because this phase is just an unphysical
constant

= A serious problem in GW-formalism:

P depends on the gauge
backgroud. = chiral spinors
live in different subspace
when the gauge field varies.
It appears that the effective
action of the gauge field U
contains a completely s
arbitrary phase.

Space of all Dirac hields
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A splitting theorem for general chiral partition functions

(E. Popptiz and YS. JHEP 0708, 081 (2007) [arXiv:0706.1043])
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A splitting theorem for general chiral partition functions

(E. Popptiz and YS, JHEP 0708, 081 (2007) [arXiv:0706.1043])
= For any general chiral action that satisfies

S[¥r, ¥, 0] = S[Pw, ¥, O] = S[¢, &P, O]
Ignoring the ambiguity, the partition function is given by

L= /Hdc‘fdfj es[z‘ L1i£ff'ZfE’Lth'0]
i
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| heoretical diffictiies wiin [afice chiral gauge theory

A splitting theorem for general chiral partition functions
(E. Popptiz and YS, JHEP 0708, 081 (2007) [arXiv:0706.1043])
s For any general chiral action that satisfies
S[v, ¥, 0] = S[Pv¥, ¥, O] = S[v, ¥P, O]
Ignoring the ambiguity, the partition function is given by

Z:/Hdc;dfj es[zﬁ"'“"'zfﬂ}?ﬂ]
£J

m Let us study its variations. Under any variation of both the basis
vectors and the operators:

u; — u; +ou;. v; = v;i +0v;. O — 00
we proved that
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A splitting theorem for general chiral partition functions

(E. Popptiz and YS, JHEP 0708, 081 (2007) [arXiv:0706.1043])
m For any general chiral action that satisfies

S[t, 0. 0] = S[Pw, ¥, O] = S[¢, &P, O]
Ignoring the ambiguity, the partition function is given by

7 = /Hdcfdfj ES[Z;L‘:'H;'-Z} E;-'L’_;_.O]
S

m L et us study its variations. Under any variation of both the basis
vectors and the operators:

u; — u; +0u;. vi = vi +0ov;. O — 00
we proved that
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A splitting theorem for general chiral partition functions
(E. Popptiz and YS, JHEP 0708, 081 (2007) [arXiv:0706.1043])
m For any general chiral action that satisfies
S[, ¥, 0] = S|Py, ¥, O] = S[v, ¥P, O
Ignoring the ambiguity, the partition function is given by

B = /\HdLIdEJr ES[Z;CJH-Z} Ej-'lr}i_.O]
£

m | et us study its variations. Under any variation of both the basis
vectors and the operators:
u; — u; +ou;. v; = vi +0v;. O — 00
we proved that

) o : oS
dlogZ =0+ Z(Ov} %) -+ <%00>
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A splitting theorem for general chiral partition functions
(E. Popptiz and YS. JHEP 0708, 081 (2007) [arXiv:0706.1043])
m For any general chiral action that satisfies
S[, ¥, O] = S[Py, v, O] = S[v, ¥P, O]
Ignoring the ambiguity, the partition function is given by

L= /defdfj ES[Z‘ L“'“’:'Z-"E"'L‘-"i_'o]
£

m L et us study its variations. Under any variation of both the basis
vectors and the operators:

u; — u; + ou;. vi = v; +ov;. O — 60
we proved that
_ oS _
dloeZ =7 +( —00
L= <oo >
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[ heoretical difficuities with [attice chiral gauge theory

The topological obstruction

J is the “measure” current and it captures all

The measure current defined as

51»'?
B =% ( TR )

I

plays an essential role in this study. 7, is v;-choice dependent. It
captures all the ambiguity of the gauge field dependent phase of the
chiral partition function Z explained above.
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The topological obstruction

A v;-choice independent quantity

While the measure current 7, (x) depends on the choice of the |
eigenvectors v;, it may appears surprising that the “curvature” defined
as
T — 6T — 8T =T (P 5., 5.P)) |
|

Is basis choice independent and well-defined on the entire gauge field |
configurations space.

-

irsa: 09010016 Page 65/130




Theoretical difficulties with |attice chiral gauge theory A powerful simple thearem

Gauge anomaly back in the picture

Gauge anomaly is related to the topological property of the measure current |

The integration of F,,, over any non-trivial cycles in the gauge field
configuration space is quantized:

<) qi.— ) q. in2D.or

j
X Zqﬁl AZqJ?_ mn 4-D.
z J

It is non-vanishing if the gauge anomaly cancellation is not satisfied,
(Neuberger, Lascher), making a smooth definition of .7,, impossible. It's |
just like the magnetic monopole and Dirac string.

>
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Theoretical difficuities with [atiice chiral gauge theory

T'he topological obstruction

No “magnetic monopoles” iff anomaly cancellation conditions are
satisfied.

Lascher proved that .7,, can be chosen uniquely as a smooth current of |
the U(1) gauge field, and vanishing along the directions of gauge |
transformations, if and only if anomaly cancellation condition is

satisfied (1999-2000).
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Theoretical difficuities with latlice chiral gauge theory A powerful simple thearem

The topological obstruction

No “magnetic monopoles™ iff anomaly cancellation conditions are
satisfied.

Lischer proved that .7,, can be chosen uniquely as a smooth current of |
the U(1) gauge field, and vanishing along the directions of gauge
transformations, if and only if anomaly cancellation condition is
satisfied (1999-2000).

Remark

despite the fact that 7, maybe be smooth, some of the vectors v; are
necessarily singular somewhere in the gauge field configuration space, |
gauge anomaly cancellation conditions satisfied or not.

For non-Abelian groups, the problem siill remains open.

irsa: 09010016 Page 68/130




Theoretical difficulties with |atlice chiral gauge theory

Gauge invariance

= If under the gauge variation:

0.X = iwX. 0¥ = iwY. 6,0 =ilw. O]

the chiral action S[X. Y. O] is invariant:

. oS _ "
D=0 = —0.X+0,Y — —0.,0
N 0X o' - 00
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Theoretical difficulties with |atlice chiral gauge theory A powerful simple thegrem

T'he topological obstruction

No “magnetic monopoles” iff anomaly cancellation conditions are
satisfied.

Lischer proved that 7,, can be chosen uniquely as a smooth current of |
the U(1) gauge field, and vanishing along the directions of gauge
transformations, if and only if anomaly cancellation condition is

satisfied (1999-2000).

Remark

despite the fact that 7, maybe be smooth, some of the vectors v; are |
necessarily singular somewhere in the gauge field configuration space, |
gauge anomaly cancellation conditions satisfied or not.

For non-Abelian groups, the problem still remains open.
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A splitting theorem for general chiral partition functions
(E. Popptiz and YS, JHEP 0708, 081 (2007) [arXiv:0706.1043])
m For any general chiral action that satisfies
S[, ¥, O] = S[Pv, v, O] = S[i, ¥'P, O]
Ignoring the ambiguity, the partition function is given by

7 = /dejd?j 85[2, Cillis Y, E;vj-i_.()]
£

m Let us study its variations. Under any variation of both the basis
vectors and the operators:

u; — u; +ou;. v; = v +0v;. O — 00
we proved that
_ oS .
dlogZ = + ( —00
e2=7+(55%)
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A splitting theorem for general chiral partition functions
(E. Popptiz and YS, JHEP 0708, 081 (2007) [arXiv:0706.1043])
m For any general chiral action that satisfies
S[w, ¥, O] = S|Py, ¥, O] = S[v, ¥'P, O]
Ignoring the ambiguity, the partition function is given by

“- /H deidc; es[z* Citti 2 Ef'"}i_'O]
Ly

m | et us study its variations. Under any variation of both the basis
vectors and the operators:
u; — u; +ou;. v; = v; +0v;. O — 00

we proved that

_ _ 3 oS
dloeZ =20 v! - )< if —a
0g +ZI:( v: - V;) <OO 0>
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Some general results in the GW formalism:

E. Poppitz and YS, “Lattice chirality and the decoupling of mirror
fermions,” JHEP 0708, 081 (2007) [arXiv:0706.1043 [hep-th]]

m Chiral action §, a functional of the spiniors that satisfies:
S[, ¥, 0] = S[ P, v, O] = S[v, P, O]

O denotes any local operators the theory may introduce. P and P
are the projection operators.
s Choose particular sets of orthonormal basis {u;. v;}:

Pu; = u;, 1ITP — ‘LIT
and defined the partition function

2= /Hdcidfj ES[Z;L‘:'HFZJ- E__:t}-i_.()]
L
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A splitting theorem for general chiral partition functions
(E. Popptiz and YS, JHEP 0708, 081 (2007) [arXiv:0706.1043])
m For any general chiral action that satisfies
S[t, ¥, 0] = S[P¥, ¥, O] = S[v, ¥P, O]
Ignoring the ambiguity, the partition function is given by

L= /defd?j ES[Z‘L‘*""""Z?E”'F-"IT'O]
e

m L et us study its variations. Under any variation of both the basis
vectors and the operators:

u; — u; +ou;. v; = v;i +0v;. O — 00
we proved that
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A splitting theorem for general chiral partition functions

(E. Popptiz and YS, JHEP 0708, 081 (2007) [arXiv:0706.1043])
= For any general chiral action that satisfies

S[¥r, ¥, O] = S|Py, ¥, O] = S[¢, ¥P, O]
Ignoring the ambiguity, the partition function is given by

_ /Hd(‘;dfj ES[Z;L‘*'“*'Z; Ef-v_;-i_.()]
J

m | et us study its variations. Under any variation of both the basis
vectors and the operators:

u; — u; +ou;. v = v +0v;. O — 80
we proved that
oS
dlogZ =7 +( —00
7+(55%)
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T'he topological obstruction

A v;-choice independent quantity

While the measure current 7, (x) depends on the choice of the

eigenvectors v;, it may appears surprising that the “curvature” defined
as

:

Fuv =0Ty — 5m7p =T (13[5!113’ 5“'151)

Is basis choice independent and well-defined on the entire gauge field
configurations space.
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Theoretical difficuities with Iatlice chiral gauge theory A powerful simple theorem

T'he topological obstruction

No “magnetic monopoles” iff anomaly cancellation conditions are
satisfied.

Lischer proved that 7,, can be chosen uniquely as a smooth current of |
the U(1) gauge field, and vanishing along the directions of gauge
transformations, if and only if anomaly cancellation condition is
satisfied (1999-2000).

Remark

despite the fact that [7,, maybe be smooth, some of the vectors v; are
necessarily singular somewhere in the gauge field configuration space, |
gauge anomaly cancellation conditions satisfied or not.

For non-Abelian groups, the problem still remains open.
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Gauge invariance

= |f under the gauge variation:

6.X = iwX. 0,Y = iwY. 6,0 =ilw. O]

the chiral action S[X. Y. O] is invariant:

0—‘S—GS§X+5Y““ +d 5.0
Y = P s0 “
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I heoretical difficulties with |atlice chiral gauge theory

Smoothness

For a general chiral action, must apply our “splitting theorem”
recursively:
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[ heoretical difficulties with [atlice chiral gauge theory

Gauge invariance

= If under the gauge variation:

(L__.-X = iwX. d‘_HY = iwY. C)‘_“O — i’[..:..- 5 0]

the chiral action S[X. Y'. O] is invariant:

o—os—és‘x_ma‘ YT55+5S5O
R el 5 7 e

= then by the “splitting theorem”, for any chiral partition function:
o,logZ =J, + ;I;TI';.;;':.-5

s Anomaly free: Trwys =0, and 7, =0,
therefore: 4. log Z = 0 completely general
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