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|. Introduction



We live In a world with nontrivial chiral structure:

e Macroscopic world: e.g., biological bodies apprxly LR symmetric,
often LR symmetry OspontaneouslyO broken

e Molecular level O(10 °cm) : e.g., DNA

o At 19(10 cm) LH and RH quarks and leptons (iovaton
differently coupled to the W and Z bosons pari™

In spite of iImpressive success of the stand&d(3) ! SU_(2)! Uy (1)
theory, and in spite of

~ 40 years of lattice gauge theories (w/ advanced computers),

~ 25 years of N=2 susy gauge theories (w/ advanced mathematics)



Surprisingly little is known today about strongly-coupled
chiral gauge theories

SU(N) gauge theory with e.g.,

Bj z
O I i , we ’ B:1!2""1(N " 4)’
[Ij ] + ( N " 4)
O " In a self-conjugate representation,
etc.
! Confinement ? / Dynamical Higgs ? Symme“\c
P\l S\)pe( OV\eS
_ - q) 1OV
! Flavor symmetry breaking ? cnwre \O(ea\““g

! Does Nature make use of one ?



Earlier studies

e  Tumbling (MAC)

G <¢1¢2> 1 G/ ("p ¢2’> A3

e  Complementarity

(¢p) #0, ¢ ~ fund.rep. Conbnement ~ Higgs
e Ot Hooft anomaly matching
e  Appelquist-Cohen-Schmaltz criterion (free energy), J/ir < fuv
e 0OaO theorem (RG Row)

e  LargeN

! None of these has given a significant result so far !.



II. Arecent study of chiral OQCDO



Study phases and symmetries of oS

0 Strongly-coupled gauge theories with
Weyl fermions in complex representations

e SU(N:) theory with Weyl fermions.

W
P (m=1,2,...,Ny) \M“(@e\
X%, (n=1,2,...,N,) Z
m or P {?  or

A or B bxed by the gauge-anomaly free condition (take A or B=0)



They are (have)
o Strongly-coupled in IR (AF) Ny, N, <5

e No mass or (renorm.) potentials: Unigque vacuum

° No @ parameter »
o NO gauge-invariant bifermion | 5.
condensates ~ (1)) | o

e No P, CP 1 ° o °
() ©) O

o NO center symmetries P
e But Nontrivial Bavor symmetries ! °°

| Ot Hooft anomaly matching conditions ’ O, v
oo
o Hope: understand the systematics



(N-,N4) = (1,0) model: a review

(1)

«{i} B SU(N).! SU(N +4);! U(1),

B=1,2..., N +4

e Conbning, SU(N+4)x U(1) symmetric phase seems consistent (no condensates)

massless baryons ~BWel=1i"A*8 = AB=1,2...,N+4
pelds| SU(N). SUNN +4) | 0
| "N A8 | N +4
A L N+ dl | Nal] |t (N2
B[AB] (N +4)(2N +3) é(a " N
o CF locked (Higgs) phase also possible belds | SU(N)¢ SU(4) U'(1)
) | ! NIN*D 4 1
#livBg=cCc#® B =1,2...N o 7 a3
SU(N)s ! SU4) ! U'(1) A ([ F] N2Aa@ | "1
: N 2+7 N . ! " A2 4£ N a ) %
The anomaly matching OK, ~z  massless baryor —
No complementarity!! h8 + 1 Nambu-Goldstone 5 [AIB1] N (NZ,, 1) A4 -
a theorem; ACS criterion BiMBal | 44" N a " 3




Standard Ot Hooft anomaly matching in the (1,0) model

Pelds SU(N). SU(N +4) U(1)
| " A8 | N +4
A L N+ d?]l | Na | (N +2)
(N+4)( N+3) .
BIAB] GLONETE I N

Table 6: Chirally symmetric phase of thg1, 0) model

Anomaly Auv(l,") Ar (B)
U(1)SU(N +4)* | (N +2) aN I N AN +41 2)
U(1)° (N +4)3W! (N +2)3N (N +4) ! N3(N+4)(2N+3)
U(1) (N+4) MO 1 (N +2)N(N +4) | 1 NEHANS)
ZN+2 SU(N +4)2 0 N + 2
Zn+a SU(N +4)° N 24N +4 1 2)

Table 7: UV-IR Anomaly matching in Chirally symmetric phase




(ii) (N ,N-) =(1,1) (O"# O) model

+ 24 847 Gr = SU(8)" Ui(1)" Ux(1)" Zn

e  Conbnement and unbroken SU(8) ?No baryonswhich give Tr (SU(8)*3 =N

e Color-Ravor (CF) locking (N 8)* ¢ | $
cls A Og
df : d df
nn j — 3 f m kK g— ] 3n 1 f
= 1% ONussé , Bg#=17%1, é .
dN!8

SU(N) %SU(8) % U(1)* & SU(8)ct %U(L)V" °

massless L] i [A [AB] A B A "4 A
parvons . Blo1 S LT band BBT § (1 )Aln (1 )8 B $ ("'# ),
4+4+ (N-8) =N
o Complete Abelianization #™";$= d % #i#$=0
N! 1 (n#" )ii TREEDHL
SU(N)¢ & SU(8); & U(1)*" U (1) & SU(8); & U(1) g A A

=1

Note



(III) (N, ,N+)=(2,0) model (my 48 m=1,2, B=1,2...,2(N+4),

SU(N)c# SU2); # SU(2N +8); # U(1) ol [ 1N +4)[7].

e Natural generalization of (1,0) model, buh SU(2N+8) symmetric conbning vacuum

e QOColor-Flavor-FlavorO locked phase

s =c#® B =1,2...N,
i anse = c#BIN 1 =1,2...N, B=N+1,...,2N o
\ “P\"N &f
. ‘ NN
Gr $ SUN)«#O(M)#SUR #SUEB) | " SN
L =
massless baryons L2
BA,C — # (| ij, Lu A" NuC + 11, 2uN<A " 2N n_C) .
. | J : I J ! ;
¥ belds SU(N )¢f SU(8) SUR) |o@
1B i, 1nALnBs | 28 N(N +1) &g | M8 4 1
BlABall = 0. 1InA jB , A,Bi=1,2,...,N o 2
[A2B2],2 — ij,20A2uB>
BlAzB2l2 = i 2ufn Sz o 2al Pl )| anzas N2 & 1
A,B,=N+1,N+2,..., 2N " C Ség N 4 8N 4(3 | %
masslessnN? + 32N +1 NGOglater!) | B*© 8é\§ N & 8N a(9 | 3
e Simple color-Ravor lockindylo BBl 28 N(N! 1)&@3 | =5~ |1




SU(N)# SUN " 4) # U(1)

e ConbPnement with no XSB

massless

{CD} — 4.
baryons: B i

looks consistent

e Color-Ravor locking

B=1,2,...,(N" 4)

% SUN! 4)s$ U@Q) $ SU4).

The same massless baryqg§?

No NG bosons; complementarity (??7?)

But X[i»,j2] Still around and strongly coupled

— (xx) # 0
Tumbling (?): SU(4) conbned

pelds| SU(N). |SUNN! 4 U@
niCujD K
- | "B D44 | N! 4
A | (N1 4)8 N a I (N! 2)
(N! 4)(N! 3) <
B{AB} . a(3 ' N
.
s 1o [Ple pelds SU(4). SUNN! 4)s | U'(1)
o -
s | S () N
do the jobisz | (N 2).[7] 4.[7] >
27
! i2]2 % ) () 0
sAfL | (N 4)2- () ( I N
) wAiz | (N1 4). 4 . N
’ (N" 4)(N" 3)
B{AB} : -(+) I N

(]

]




(V)  (N,,N-)=(2,1) model

A " _
AR gre 8

A=1,2 B=1,2..., N +12

2 + +(N+12)@

SU(N): % SU(2); %SU(12 + N); %U(1)?

e Dynamical Abelianization
gl = CIt 38 #0
— SU(N+12)" ©(@1)
OK

e ConbPnement /w no XSBot possible
e Color-Ravor locking ?

# 148 $= const. $° |

— SU(N)¢g %SU(12) %U(1)

Not possible

belds SU(N +12) (1)

| 280 49 | N +12

N(N!1) <
5 ag I (N +12)

#A N & I (N +6)

it N a9 N +12

i N(N+1) =z

1,2 5 alg N +12
I"g A A N a I (N +6)

® Color-Ravor-f3avor locking ?
B | N & 12
# h g g = const. $
{ii},24Bo s — i,Bo! N
H #°2$= const. $~ 2
— SU(N) x SU(2), x SU(12—N); x U (1)

Not possible



Studied (N, N, )

SU(N:) gauge theory with

B4

models:

or

Lessons and an observation




(1) Lessons

e Conbning vacuum without XSB exceptional (e.g., (1,0) or (0,1) models)

e Gauge-non-invariant bi-fermion composites
~ dynamical scalar OHiggsO belds 0)

O\
o  CF (or CFF) locking  ~ {(un) cFF O e
—  color (Higgs) and Ravor symmetry breaking ~ m0°

e  Dynamical Abelianization ~ ~ (1x)

—  SU(N,) — U(1)Ne1 Coulomb phase; fermions weakly coupled

Cfr. Seiberg-Witten dualities in N=2 models (elementary adj scalar, CMS)

o  Complementarity ¢ ~ ¢ ) ? Not always, cfr (1,0) model;
In (0,1) model, the system is strongly-coupled

e No large N planar equivalence t¢=1 susy YM in (1,1) model

e Qa0 theorem and ACS criterion




(2) Possible hierarchy of dynamical mass scales

| Chiral QCD vs Vectorlike (ordinary) QCD

Q" d*xJo, [Q,F] =1, H# $30
qlirgoiq“ d'x e~ (0|T{J,.(x) F(O)}H0) =#)][Q,! (0)]|0$= #0|! (0)|0$260
- |
— 5 NG bosor#, #|J,(Q)|#$= igquF# , #| 05 240
QCD: I3 = iy, P, b~ ST, (@) ~ (P) ~ A <
. ~\O
F o N A mw ~~ A 1e0\(\(\\0(2 \
s>
Chiral QCD: e.g. (2,0) model: SU(2) breakin
QCD: e.g. (2,0) 2) g o) ~ A

JO ~ e, ¢~ nTn, (@) ~ (Y )

Fr <A Mw < Ao






Summary of:(Ny, N,) models:

SU(N:) gauge theory with

B4

L essons and an observation

More powerful ideas wanted E.

or




lll. Generalized symmetries;
Mixed anomalies



- N\aYO“ ‘d \A ()5'@&%
. . (0er0 ‘\ﬁ?\tc\a? o e '\ O
Generalized symmetries s g
chn,
Pop&i U\s\ (\(\6\40(31
Sl
From O-form symmetriesacting on local operators)
to k-form symmetriegacting on line, surface, etc operators)
' e.g. the center symmetry in SU(N) YM (k=1)
! ! . \O Op \009
e A et =N 1" 7y \N\\Sogoyaw\' \p‘(\a‘5es
£of d\""e‘eﬂ
: o
L et
Phases / symmetry realization of the system
not described by the vacuum expectation values
of a local operator
inio
Nambu J n.a ;zi\;
-GIn
$(X)%  FPO)# (X)X Landau!
ed
ew—v‘g‘ig o2
:germ for a change of PARADIGM HSPT  o0ee® Ha“‘?%%g



e OGaugingO the k-form symmetries

Gauging the (k=1) discretez,, center symmetry

. 1dentify conbgurations related by
. must eliminate the redundancies

. modifythe sum over gauge Peld conbgurations (path integral)

. done by coupling therdinary YM gauge theory to a
BF theory (Zy gauge theory)

. het effect:
P P

1 1 "
sz F)F=g3 d*xF, F¥ ( Z

gets modibPed to
b

1 . . 7
= - (2) - (2) - NB®@ = dgg@®
=z (F1BD) (B B)( . d



® Consequences % ) F
- — 7
" Periodicity in $ ST B
$' $+2!1 & $' $+2N! .%o
\\)e(g*\k:\%(gods\k\‘
- CP(T) invof SUNN)YM (sp.ly) broken &= e
| Can be understood as a mixed discrete CP dard Jiscrete
Ot Hooft anomaly Cgt H'%?? ano aly *

Obstruction to gauging a symmetry

. In the infrared, if the system is conbned, with mass gap

\ Oy
' InIR no gauge degrees of freedom: the above result must hold‘Z "

whether or not the OgaugingO 4f, is actually done

A powerful theoretical reasoning!!



. &
!

.
They must fall at the same velocity

(Galileo)



® Generalizations 0

\S '\
Se'\‘oeﬁ\‘k\g?\a( 9o N8
.. i : wet - OV
. Adjoint QCD: SU(N) with Ne Weyl fermions % “;ﬂbe(,poo\ﬁjéﬂe\wao %
. . T
Nonanomalous discrete chiral symmetry e we
ZZNFNC ’ WA eZ! i/ 2N g NC%
g = 2 Taec * Teniral
: = — C
becomes anomalousfter 1-form Zy, 9auging N, fec
(\e°
: ' = — 5%“\«\8‘
' QCD: SU(N) with Nr quarks, N-=N, or gcd(Nr N)=k o e\)\\@
. et
» standard center symmetry ihsent Mo
v« color-Ravor locked 7,  1-form symmetry igpresent
Zk( ZNC) ZNf , ZNf ( UV(Nf) \‘_\\\I\-\S\j\,Sa\ka\,ﬂl%
N ) z : ) ‘,Ta“la RE 32 ©
+ OgaugingO—» Zéﬁ'?' broken by mixed anomaly \g\gﬁg\@g&‘f&ﬂa\m
\(\‘a(\o.
' QCD: SU(N) with Nr quarks, arbitrary M
018
\
» Bavor Zy, 1-form symmetry T ““eedg%‘o
0 S
% baryon numberUg (1) 5\@‘3\6(0 pne
« Ogaugingd—» 75 & Ug(1) & 7, mixed anomaly . 18
ojaﬂ\la |



N
— . " P\‘(\a(O(\godS\k\
EntrOacte: JURT
S VNN
Tac\(\\\k
Line/surface operators vs topological solitons
_ \0O0P . a.)
Genuine line operators \N\\Sz“ ’ g A o
'i,§ )
— €
W, W2, W W eftiooP a)
N In SU(N) theory (&) OLHo _ AP (e
T é“;; Ap | Ap
T =
WH iIn SU(N)/Zn theory  (&&)
T, T2,1, TNL
Non genuine line operators need to be accompanied by a surface operator
IR limit of soliton vortices and monopoles in Higgs phase: 03
topologically guantized magnetic (electric) fluxes 503““‘\4\4
&) (&) Monopole-vortex complex:
Origin of nonAbelian monopoles ot
\Q‘O
A unified approach ? guane®”

S\,
Bo\ogﬂe



V. Chiral gauge theories



Simplest models
&

60\09“65\
(1) The (1,0) model: SU(N) theory with Weyl fermions
iy 48 B=1,2...,N+4 +(N +4) [
Have seen already:
The standard Ot Hooft anomaly matching constraints for o8 ook O%
) ) - \(a(\\k'\e\gz;\ma\\l‘ 6.\(\9 H00
U! (1), SU(N +4), Z! . 7, , pal conet™ (\1530“ L9
M
do not tell between . ‘ﬁ\o@“@s“

* A, conbPning vac. with unbroken symm., w/ massless baryons
BWE! = ¢l yfin® AB=1,2..., N +4

% B. dynamical Higgs  SU(N +4)! Uy (1)" SU(N)g ! U(L)

""InBg=C#® , B =1,2...N
with some massless baryons and 8 N + 1 Nambu-Goldstone bosons

| Gauge the color-3avor locked Zy  1-form symmetry



Symmetry of the model. classically

_ U@ #U(N +4)y _ U(D) # U@Q)x# SUN +4)

G
j (Zn)21 1 (Zn)2) 1# ZN+a

ABJ anomaly

# U(l)N +4£,! (N +2)""ZSU(I\| +4) ) N I ZZ —|_ 17
Gr = m (Zn)2,0 1" ZN+a SUN+4) " (Z),
$ (N +4) /2,1 (N +2) /2" 2l 11 N1 2Z
(Zn )2 1" ZN+a |

1-form gauging of (Zn)2r 1" ZN +4

Let us introduce
¥ A: U(1) one-form gauge Peld,
¥ A¢: SU(N +4) one-form gauge Peld,
¥ B((;Z): Zn two-form gauge Peld,

¥ Bf(z): Z(n+4)y two-form gauge Peld.



1 1
h=a+ —BY, Af:Af+N+4

(1)
N B¢

1-form gauge invariance

b b+ e, Af— Hp+ 14,
N-1 _(N+4) -1

C 2 f
()
B@m B@ +dr,, BYI" B NI, NB‘?‘O\BC "
" " @ = 0B
BP B 4ary, BM 1 BY 4 (N +4). o+
Final result: (by using the Zumino-Stora 6D-5D-4D reduction)
& -~
S(6D) = ARG GOL B?))3
& . %
N (N +2) . Neo NI 1 N+3
| g e (F(Ap)! B?)2 " dA! ——B&! TB,S)
N3(N +3)(N +4) 1 N1 N+3 (2
+ + +
| dAl — @1 = 2@ *
2 24" 2 2 ¢ 2 Ot )



ONonAnomalousO U(1)

# # ei(N+4)## ’ | # e! i(N+2)#!

acquires a mixed anomaly (without [3avor gauging):
! %)

N(N+3)(N+4) N! 1
I W =exp 2"i$ ( ) ) (**)
2 2
A continuous non anomalous symmetry gets a mixed Ot Hooft anomaly;. \'fg:

In the IR, however, exactly the same anonialyis produced by the (presumed)
massless baryons

BBl = 1S~ AB=1,2...,N+4

The mixed anomaly itself does not seem to exclude the x-rally symmetric
conPnement vacuum

Implication of the mixed anomaly*) is to be investigated



(ii) SU(N) theory with a single Weyl fermion in the self-adjoint rep. OO

ag\)c“\\‘:\/\\‘x N
N s
w[i1i2~~°iN/2] %O\OQ(\@%\
o Color-Bavor CenterZy,, C Zy does not act oy et
oy
can be 1-form gauged TR=

e  Chiral, discrete Zor, C Uy(1) symmetry unbroken by instantons

o SU(6) : Y 1n @

Chiral, discrete symmetry " $ &'

Color-Bavor Zs C Zx Center. 1-form gauging b)(Bc(;z), Bc(;l))

N
EB((:Z) =3B¥? = dBY



Anomaly

| y
1 ' 3 6
S 7URs (F(8) - B@) —dAs = o2 F () — B@)2dAg + ...
6
= W{tr( F(&))? — N(BY)2} A dAg oyrkin index ot
| 6:\\N\Ce e
' The Prst term is trivial
1 7 7
a2 tr( F (&) = 7, dAg = 2! Zgl 6
' The second term
1+
6N 2 2
Y (2)2:_ _2:_._
The chiral discrete symmetry broken bzéo) — Zél) mixed anomaly
Lig — Zio dAg = 27k/ 6, k=3,6
Implies fermion condensatesbut
00“\
¢¢|singlet =0 <¢¢"¢¢> 7é 0 ? \(3‘“89

Presumably (¥1))|qq; 7 0 &



® General SU(N) with a single Weyl fermion in the self-adjoint rep.

w[ilig...z’Nﬂ]

Anomaly calculation:

! 3

1 - C
S 7Rs (F(8)! B@OY1 dAc = A GIOL B@)2dAT + ... .
C z
= grelt(F@)*! N(B)}" dAc,  C=2T, O
NEB((:Z) = dB{V
1 ! !
' The brstterm g~ tr(F (8))° = Z, dAc = 2! ZIC .
|
CN 2 4
' The second term ! a7 (BP)2=1 CN(W)Z: | Cac
For SU(10 Z70 " 7 .
(10) 70 2, OK with
FOF SU(8) ZQO " Z4 y <Qr/)w> # 0

E E



Well E

O Many exciting applications of these ideas
being explored

® Several new anomalies are proposed

but

ConbPnement /chiral symmetry breaking in the real-world QCD, or
e Dynamical Electroweak Symmetry Breaking
still remain a holy grail

e Should we perhaps despair ?



OA truly beautiful idea never really diesO

(Y. Nambu)



THE END

Thank you for your attention !



Axial / chiral anomalies

' 8 ' 049 Schwinger O51,
Fukuda-Miyamoto O49 §te|nberger 19, 051,
Adler 669,yBe|I, Jackiw 069, Bardeen 069, Wess-Zumino, O71

JH AW‘AAA‘LLL“
¥ No conservation in all channels
¥ Observable (calculableffects
7r0—>27 My 2> My JY < i JP
¥ Gauge vertices: | | w@@%
- Gauge symmetry destroyedngonsistency O\l;\;\\w ®+
. Anomaly cancellationeeded Z Tr({t*°}t°) = 0 ®+\
\ ’ q's,t's Qopo e
¥ External OgaugeO belds: © 6@@3&@“@@ gu9"
o

Abelian / nonAbelian anomaliegNOT an inconsistency

' observable effects KK — nnr  etc. Wess-Zumino-Witten (5D) action

¥ Ot Hoofanomalymatching conditions

I Mixed Ot HooftGshomalies

¥ Other new anomalies

> AN =¥

preons

Dai-Freed O15 ) - .
Garc'\a-Etxebarr'\a-\\/\ontero H18, Wang

e
i < : quarks
. l
1 1

8. Wan-Wang O1%
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Color-Ravorlocking (N< 8)in (N,,N-)=(1,1) (O"# O) model
"V # = const. % , i,A=1,2...,N "$ #=0

SU(N) x SU(8) x U(1)?> — SU(N) x SU(8 — N) x T(1)

belds | SU(N). | SU@B! N) O(1)
| Ed NE A8 N +2

N(N! 1) 44 | (N! 6)(N +2)

2 N! 2
#A + N? a3 I (N +2)
#A2 (8! N)& N & I (N +2)
B [A1B1] N(NZ! 1) a3 I (N +2)
BlA1B2l 1 (81 N) 4 N a ' (N +2)
BIA1B1] N(N2! 1) 43 | | (N!N6)!(N2+2)

Table 2: Partial color-Bavor locking forN " 8 and the SU(8) anomaly matching of Sub-
section 3.4.A, B, stand for the Ravor indices up taN (< 8); A,, B, for the rest.



Color-Ravorlocking (N> 8)in (N, ,N-)=(1,1) (O"# O) model

Pelds SU(S)cf
| ials 7]
| iai2 (N1 8)d”]
i (N! 8)(N! 7) 2
[ 2] 2 > a(a
1,1
iz ISIII\IS! N?)gl
242 IR A8
# = [(T#
#JA2 (N! 8)&
B'jA2 $ #JA2 (N! 8)a
BA1l ¢ A(#JAl)
@[iljl] $ "i1j1

Complete Abelianization (any N)

pelds SU(8) 5(1)
" N(N2+l) é(a N(N2+1) é.(Z)
N(N! 1) « N(N!1) .
# >— a(3 >— a(! 2)
A N & 8N a(! 1)
(gt o)t N &(3 N &(2)
AT A | N & 8N a(! 1)




Partial elor-Ravorlocking / partial Abelianization (N > 11)

[ H18
Bo\ognes'\, ghifman, KK,

!
| $ . als

&

@
Z
|
:H:OJ
>
RoSSS
&
|
RRSSSSS

# dni 12

bl,

SU(N)c" SU@) " U(L)?" SU@B)" UM)" " SU4).

with massless baryons
B = v*xugi &, (9) j) NI 4)

I _
B{AB}:!ij#IA#JB 8+44+N! 12=N

does not actually work.

Discrete anomaly !! \7, symmetry, forN =4n, 2
Z4 symmetry, forN =4n+2 & YA
60\0@“
!#e!i/Z! ’ # # e!!i/z#, ll#e!!i/ZH

0 D
'SU(8)?Z, anomaly matching fails ! M



Monopole condensatigmonbnement and Susy breaking

. 9
Konish! Szu o chwetBO

gvans
N=2 susy SU(2) gauge theory w —=(a,,1), 1 =(",#)
with
ALN=Y = 4®2 g2 = ppp + ... ; ALN=Y = myW?|g = mad\ + h.c.
my < U

N =2

Physics depends on

O, = 0+ 2(Arg 1 + Argm,)

AFE

1672 pumy,
2

AFE = —m)\<)\)\> - — P

(®?) = Fecos by, /2

Similar behavior of the standard QCD vacua

from Le with nonzero my, my _\,eccma,\/enez\ano
D\




(vi) (Ny,N-)=(3,0)model 3 +3(N +4) 7]

SU(N):! SU@B) ! SUBN +12);! U(1)

e Triple OColor-Flavor-FlavorO locking

BBy CcH® B =1,2,...N,
"By cg BN L j=1,...N,;B=N+1,N+2,...2N,
AL Bygo cgBrN 0 =1, N,; B=2N+1,2N +2,...3N .

Gr & SU(N)g %SU(3) %U(1) %SU(12)

BAB =y nnP baryons

. belds SU(N )¢ SU(12) SU(3) U(1)
all 8 types of triangle | 2 3N(N+1) ¢ N(N+1) 4
anomaliesin IR = UV ' 3 o 2 a(9 2 a 1
7
_ | mAl3N 2 ? | 2 4 2 4 '
e Less symmetric cases OK 3a( L) 3NTag N“a 1
" A> 3N 124° N & 1N &3 | "
@ Generalizations to B A< C> 124 % N 3 12N 4(3 ¥
(N¢9NX):(n70) 4
R B [AB ],m Z SN(N" 1) < N(N" 1) "
® 0aO theorem OKACS No. B 3 7 — a9 2 1




(vii) (N#,N:)=(0,2) model X, P, m=1,2, B=1,2...,2(N $ 4)

2l |+2(N $ 4) SU(N): & SU(2); & SU(2N $ 8); & U(1)

e ConbPnement with no XSB?Not possible. cfr. (0,1) model (L 03( Oﬁ\ode\s

| vs (2. 0), (3
® Color-3avor-Ravor locking

#i5,#°8= ¢! %0, j,B=1,2...,N! 4
w2 #8%=c1°¢ M Ye%0, j=1,2...,N!'4; B=N!3N!2..2N! 8,

St%renanlziitéy SU(N).' SU(2)' SU@N! 8" U(1)( SUN! 4)¢' SU@)' UML) SU@)

Massless BICPIL =i #°#P ., C,D=1,2...N! 4;
baryons
4 BICPI2 = "2 #C#P C,D=N! 3N! 2...2(N! 4)
belds | SU(N " 4) SU(2) u@d) SU(4).
R4
Unbroken SU(4) ' I[?ljl] 2 5 — (N 4)2(N! ° 4 1 (N ! 4)(N " 5) é(é
.0 ; s
im ga(”) AN " 4) L oN " 4)d”]
@) A0 °
o 124(3 64 0 24
SU(2) % SO(2) = U(1)
wsin | 24+ [ 4)2a\f "1 2N 4243
cfr. the second phase .y 8 4 AN .1 AN " 4) 4
in the (0,1) model ' ( RLSE (N 4
BcD:m 24 (N3 5 "1 | (N" 4)(N" 3)&3




(viii) (Ng,N,) = (0, 3) model

m
Vi

SU(N)." SU@B)" SUBN ! 12)" U(1)

3l P leant 4

R
m =~ n\ — B*m, \ -
<X[ZJ]77 B > — CA36j 5mn ?)“ $\b($\% B
\ \‘\’Q\\ 0@ N S LN
! " ' " 0\ ?,'\\\ \ X P‘\\ %$
SUN! 4.," U " SURB)" SU4). N o e
belds | SU(N! 4)y SU(®3) U(1) SU(4).
_ 7
But X[:,j.] Still around anao m a4 (N1 AN S) - . SN 919 44
strongly coupled  [iaja] 2 2
m 12a(%) | 4N 4)a 1| 3Nt 4)d7
22
— (xx) #0
m. 184(3 F: 0 34
Tumbling (?): B . , L2 4 | L N2 4
SU() conbned ST (N1 42d% | 11 | 3Nt 4243
1Biz 124 ANT a1 | 3NT 4)8
g{CcD}m 34 (N! 4)2(N! 3) a@ |1 | 3N 4%(N! 3) A3

SU(3) & SO(3)




eld O86

(|X) (N, ,N-)=(1,! 1) _ coven, PecEet . preskill, zeppe
Py el A S A=1,20 2N

+ +2N@

SU(N): & SU@N )¢ & U;(1) & Uy(1)

® ConPnement /w no XSB?\ot possible

® Color-f3avor locking

[P kA = cghy 3

gl A= cghy 3

belds | SU(N) SU(N) | B@Q1)
| NINTU 49 | %l

i,A=1,2...,N
: # NO-D A3 | %l
$ SU(N)s # SUN); # O(2) 5 a(é 0
RZ
lI;/Iassless BAB — | {ij}u_AujB nAg ? ( N 2 a4 1
aryons |
) A | NEgY Na | | 1

BABz | N 42 N & 1

OK




The OaO theorem

Model ayy aR Status
(1,1) CFL (N ! 8) 13N+ 44N " 62 106N " 538 v
(1,1) CFL (N # 8) L3N 4 44N " 62 " N2+ 10N 4o v
2 2
(1,1) Abelianiz. L3N° 4 44N " 62 22N v §q v
2 2
281N 2+99 N ! 248 1IN 2+77 N +132
(1,0) No XSB ; ! v
(1 O) 281N 2+99 N ! 248 11N 2+109 N +4 ‘/
’ 4 4
(2,0) (symm) L(157N2+99N " 124) | 1(17N2+ 141N +2) v
(2, 0) 1(157N2+99N " 124) | 1(17N2+ 141N +8) v
(3,0) e - BNT 1 SIN 4 g v
! 4 4 4 4
(0, 1) 2BINZ v 99 G2 LN 3)(N " 4) v
(0, 2) L(157N2" 99N " 124) | L(17N2" 12N +228) | Vv
(0, 3) L(347N2" 297N " 248)| 1(65N2" 48N +876) | v/
4 4
(2,1) 1(303N2+275N " 248) | 1(33N2+297N + 16) v
(1," 1) 15/N° v 59 15N° 4 o v

2

2




Appequist-Cohen-Schmalz f criterion

Model fuv fir Status
(1,1) CFL (N ! 8) INZ 4 14N " 2 44N " 7); (N! 8) v
(1,1) CFL (N # 8) LNZ 414N " 2 2+ UNw oN2Z - (N#8)| V
(1,1) Abelianiz. INZ 4 14N " 2 N1, $N v
(1,0) No XSB L(37N2+63N " 16) I(N2+7N +12) v
(1,0) L(37N2+63N " 16) L(TN2+ 113N +8) v
(2,0) symm L(29N2+63N " 8) L(19N2 + 177N +4) v
(2,0) 1(29N2+63N " 8) L(19N2 + 177N + 16) (V)
79N “ 189N n 85N “ 723N
8% 3$N2J'r' g 22 7(ﬁl "+3)(8N + i) é
! 8 8 8
(0, 2) L(29N2" 63N " 8) L(19N2" 145N " 276) (V)
(0, 3) L(79N?" 18N " 16) | L(85N2" 65NN +1212) X
(2,1) L(5IN2+ 175N " 16) L(2IN2 + 189N + 32) v
(1," 1) ZNZ ) ISNZ 4 ) /

;O
T~
%
%



OGaugingO the 1-form Zymmetry SU(N)YM

(*) oX + L)|: e MNgix) expi a! &€™expi a

L L

" Introduce the OU(N)O gauge beld

1 ]
a' &) a+ NBél)]lN ; F(a)' F(a)= F(a)+ BP 1y

Imposing thel-form gauge invariance

&' a+ #ly B 1 B+ NI, B@I B@+d

U0/ 2 auge

1 o o
g7 tr F2" g7 tr(F(a)" B®)?
P4 ‘24
— 1 | : 2 n N | 2)\2 — n Z,
= g2 tr(F() g2 (BP) =7 N

fractional topological

charge A%
Y
\&//



Appendix: Differential forms

a" a'dx,, F(a)" da+ a*, FW = "Hg' ¢ "'agh# [a*,a];
a’" a$a, a%su(N) al’ ¢ 'ag+ g dg, g%SU(N)
a%u(N) , I 1 Hdx, %u(l)
1 1 .
- WF’= —— dXF P} #7Z



Monopole condensatigmonbnement and Susy breaking
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wonis Sfu ScnwetEd

gvans
N=2 susy SU(2) gauge theory w —=(a,,1), 1 =(",#)
with
ALN=Y = 4®2 g2 = ppp + ... ; ALN=Y = myW?|g = mad\ + h.c.
my < U

N =2

Physics depends on

O, = 0+ 2(Arg 1 + Argm,)

162 AE
m
AE = —my(M\) = ——E2(32) — Fecos b,/
g
Similar behavior of the standard QCD vacua L Be0
from Le with nonzero mi, mg piaNener?

pivet




SU(N) with N Weyl fermions in adjoint repr. et P
\.\'\(({\1 '
!
e p@y e 3
al 2 trladj{([: B)" dAI} | )
_ 2NINj¢ _ 2NN o
=gz W{F B@H}2dA, + ... = E tr{F}2" N (B¥?)? dA,
! 2| 2| g oo™
dA, = : # 7 I = mxe
! 2NN, S N # 7
I SU@)w/ N=2:
Zg! Z4 . Z4: )\! (eXpQﬂ'ik/S))\, k:2,4,6,8
SU(2) symmetric vacuum with e %8 , $" %0 S
9
with massless baryons A ~2 of SU¢(2) okw/ all anomalies pro® o
AAA£O « oscV O
cfr. SU;(2) — SO(2) do\)ap“m
col
! Ny <2 chiral symmetrynustbe brokensp.ly
! Ny >5 IR theory likely an IRFP conformal theory / Infrared free
| Ny =3,4 IR theory 27?7 h
S o


http://sp.ly

Monopole-vortex connections

¥ Gauge symmetry completely (hierarchically) broken

a4« !I'' m aQ«! #m$

SU(N+1) »> SU(N) x U(1) 5> 1

¥ Global flavor SU(N)cre symmetry unbroken (no Nambu-Goldstone bosons in 4D)

¥ Soliton monopole-vortex complex breaks itto SU(N-1)xU(1)
| orientational zeromodes (can Ructuate)

b(z,t) b(t)

\/W\ endow the monopole
with Buctuating CP! modes

@ O

¥ The monopole ~ N of a new (dual) SU(N) --- isometry group of &P 71
= Origin of the dual gauge group M

¥ N . B . M-V-M as a whole is neutral (a singlet) : monopoles are confined. (A dual model of quark confinement)






a and ccoefpcients for free particles

1—20(NS+6NF+12NV) a= %(Ns 11 Ng +62Ny)

For N=2 hypermultiplet (pair of chiral multiplets Q and Q bar):

1 1
—_(4+11)= —; = —(4+6)= —.
4= 360( )= 52 120( )= 1
For N=2 vector multiplet:
(2 +11 +62) = > . (2+6+12)— 1
360 24 120 6
For real-world QCD:
1 NCZ! 1 1INt N
_ - = I
Cov = potNe® =95+ &v = T34 18O(N L.
CNA 1 CNA 1
9R = 120 AR = 7360



Conbnement and RG Row

Free YM & matter

CFT




RG ROWS

Real-world QCLC
N=0 SCFT

1IN;Ne 31,
ayv 360 180( : )

L N2# 1
Cll :—N N c
Y 20 f N¢+ "

11
N¢ < ENC

i KKO
B \ogneS\,G'\acome\\\,
o)
N=2 SCFT

SU(N)1 I\I: :2N_1

g = N2U NS

uv = !

_ANZI N 2
Cuv = -
AV
AN=?

a ~7TN(N - 1)

N=2SCFT — AL
——— A CN=2SCFT = N(N| 1)
N=1 ]
N

(2N 1211

IR = =

CIR = (2N! 121 1
24



