2023 "Workshop on the Standard Model and Beyond

02/09/2023, Corfu

Anomalies and Dynamics in
Strongly-coupled Gauge Theories,
New Criteria for Different Phases.
Lessons from susy gauge theories

K. Konishi (Univ. Pisa/lINFN,

Pisa)



Plan

Part 1: Intro: Strongly-coupled (chiral) gauge theories
Part 2: Generalized symmetries, Anomalies and Dynamics

Part 3: New criteria for color confinement and other phases

Part 4. Lessons from supersymmetry



Part 1: Introduction

A challenge for theorists

Understand better the dynamics of
strongly-coupled chiral gauge theories



WHY

(i)  We live in a chiral world O(107°%) ~ 0(10°) cm \s Eeq‘:“g\“?\,s\\
oN NA spira @ (soon oen
(i) Standard models of the fundamental interactions - %%
SU(3)ocp x (SU2)L x Uy (1)) ews ) O(107%) em
(i)  GUTs SU(5), SO(I0) ... ? (*%) O(10* cm)
¢ (*) (*) are chiral gauge theories, but weakly coupled: %ﬁ*

well-understood in perturbation theory

¢ (*) to beregarded as a (very good) low-energy effective action

masses, neutrinos, families, ... , Higgs, ... 7?7?77

¢ Surprisingly little is known today about strongly-coupled (asymptotically-free) chiral
gauge theories

¢ Cir. vectorlike theories, e.g,

QCD (50 years of successful studies);
N = 2 susy gauge theories (Seiberg-Witten solution ~ 30 yrs)



' - s
Some examples: SU(N) gauge theories w fermions 3o\ N
Bo\o%“:e S-’\‘\A\Q u
(“theoretical laboratories”) Bol0E
(1) plid B (i,j=1,2,...,N, B=1,2,...,N+4), o ® , 0y 0%
et
— ~ Bars @ ﬂ.&)ﬂ MO
O (N +4) (+ ppairs | |® ) .
(0 /\\ mo?]em()de\ kGG\
. . . = X "
(ii) Xijf] > ﬁBJ , B=1,2...,(N—-4), H+(N—4)D Geof?;"G\aSho
] o
11 {i5} g A _ . ROSNNE
(iii) ¢ ) X[ig] » n; A—l,2,...8, o o8 X w)(ﬂmo
- N—4 1 {ij N+4 B
I iy b () e ==

(v) s~ @ }g (N= even)

(vi) Ny (n@n)  (QCD)

(vii) Ny A (adjoint QCD)



A well-known tool - 't Hooft anomaly matching conditions -
unfortunately, is not sufficiently stringent

e.g.,
o ¢77 model

- X7 model




wﬁ model

w{ij} ’

® (N +4)

(A)

n; B

N +4

massless baryons ~ B2 =yinin?

(&)

(B) Color-flavor locked (Higgs) phase

(Wlinfy =C &P,

G — G = SU(N)Cf X SU(4)f X U/(l)

The anomaly matching OK,

¢ Massless baryons and (NG) bosons in L.E.

B
~Cktop ;

L

s qb({\

AB=1.2.... N+4

G = SUN).x SUN+4) xU(1),

Confining, SU(N+4)x U(l) symmetric phase (no condensates)

iB=1,2,..

massless baryons

8N J; 1 Nambu-Goldstone

fields SU(N)C SU(N+4) U(l)
Uv | ¢ | XD L) | N+ 4
n* (N +4)- N - —(N +2)
IR B[AB] (N+4)2(N+3) ) () N
fields SU(N )¢ SU(4)¢ U'(1)
N UV Y i NU\;H) () 1
o [Clel] M) | <
77A2 N . _%
IR | BlA1Bi] | N(]\Qf—l) _ () 1
BlA1B2] N . _%




Standard 't Hooft anomaly matching in the case (A)

fields SU(N). SU(N +4) U(1)
w ) N(Z\Qf—i—l) . () N + 4
n’ (N +4) - N - —(N + 2)
BIAB] (N+4)2(N+3) () N

Table 6: Chirally symmetric phase of the (1,0) model

Anomaly Auv (¥,1) Arr(B)
SU(N + 4)° N N-+4-4
U(1)SU(N + 4)? —(N+2)-N —N - (N+4-2)

U(1)? (N + 4)3N WD) (N 4+2)3N(N +4) | —N3EHINE)

U(1) (N+4) N+1 — (N +2)N(N +4) N(N+4)(N+3)
Zin 1o SU(N + 4)? 0 N+2
Zinsa SU(N + 4)? N 2. (N +4—2)

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

Back o D.7



Part 2. Anomalies and Dynamics:
new, more powerful constraints  (18-23)

0. Tools: generalized symmetries and anomalies
1. (Zsy)r anomaly

2. (Dynamical) Higgs phase

3. Strong anomaly and phases

4. Dynamical Abelianization

9. More general DSB
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_ pel® . Selbe
Tool: G lized tri s omargo T
OOl eneralize Sym metries Galot> \QaPustm’Tac\\\\‘awaé:a\d\,S\\'\m‘l ’ Q5 ~
\ 0 ) \a

¢ From O-form symm. (acting on local operators)
to k-form symmetries (acting on line, surface, etc operators)

¢ e.g. the center Zn symmetry in SU(N) YM

¢¢ “Gauging” the |-form discrete Zn symmetry @ =a + iB(l)

N C
NB® =dB® ., B® - B® 1dx., BY - BY 4 NA
a—a+ A .
1 5 1 ~ : ,
_ N ~\  n(2))\2 fractional |/N 't Hooft
2 ) tr F’ g /24 tr (F'(a) — B.”) Fle

ysun \\7
Gailott® \425\(-\, geiber®

CP/T brokenat 0 =7 (SU(N) YM) Comare®

(even N)



a = tbRAstc“

F2 = [AF = %F“”Fpadxudx—,,;ia:pdazg — %EWPUFWFP"CZ%
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@

Gauging 1-form (color-flavor locked) Zn center symmetry

1-form (color-flavor locked) Zn

, 21 _ I 2miNg I
Pelfrt 5 o N Pt Y e N ¢YF,  Zy C SUN);
i f, A 20mi S a1 i 6 A k omi S g\ ik 1
II, "% — (e ik Qe ) II, et P 2 P — e ik )" Ui(1) ;

doa) =%, vk

1

Gauging it NB® =dBW | d=a+ NB((}) SU(N) -> U(N)
B? — B® +dx., BY - BW LN
a—a+ A f{ \ 2
. . N ¢
wn model A—)A—AC, A0—>A0+?)\C N
1-form gauge fn
U(l)@bn (Z2)F
d + Rg(ae — iBé”) Ntd (A iBé”) + Ag — ch(l)
N 2 N 2 °
Gauge inv. kin. terms 1 N +92 1 1 (/a)
—(a — —pM) A — Ry _ _ -
d (aC NBC ) 2 (A NBC ) (AO 2Bc )



1. (Z2)r anomaly e
)
¢ Al BY and GG models have a non anomalous (Z,)r symmetry (fermion parity) bt
Vi = —; : In_type | models (*) (e.g., even N “i)n model” ),
1 .
_ v | pv _
because AS — ch X 2 / tr; F, FHY x (£7) = 27Z O
) > od e\s
/2 5 S T\,Pe\ dG mod
BY 2"
with [Z c, =27 #0 ] ! ® instanton # 3:\-\1\\ \\\,\33::(:
4 ype -°
¢ In type | models, the symmetry group space is disconnected:
de)
G_SU(N)XSU(N+4)XU¢77(1)XZQ 2y 01 o
p— ZN K E\,e(\
0d®
¢ Intypell BY and GG models, no Z; and Z c; =0 PN~ qaa ™
No new results w.r.t. the conventional 't Hooft anomaly algorithm
*0 Type | models: gauging of the |-form color-flavor locked Zn symmetry L for %‘{ﬁc,’ﬂ
o 7\O» ’
el ’io;,\L\Q»\’u
—b AgOMedamona) _ (r) . N7 (A(RN(R)? - N - D(R)) % / (B?) = £ ‘oot
, ™ Jsy 0
fermions N2 1/N2 (/))
In IR, the massless baryons do not support the Z, anomaly e in
yo
0™ The confining, symmetric vacuum (&) is inconsistent  ($) \‘\_‘\(.\)ggs phase



Objection to (%), ($)

21
%Bél) — 9 : Y{AO = » Ao singular (Z2 vortex) !! gL\

Propose: use %AO =21 — %Bf}) =4m: No Zz anomaly !II?
X
) But (*) is a trivial Z2 holonomy
=4, n—=n, N

¢ Cure: consider %1 model with a regulator Dirac pair ¢, § and

WO
a singlet scalar @ w/ Yukawa  (“X - ray model”) vi\i‘g\%?;s’m pres®
AL = qgpqq + h.c. (P) = v > Ay
SU(N)e x U(1) x Up(1) SUN). | SUN +4) | U1y, | Uy | Us(1) | T(1)
o T 0 [ o [ 1]
Mixed anomalies " _y 0 1 _y
o A_(BYy q| L () 0 1 1| 552
C i 0 —1 1| -2
§S50 = — 22 5 q ()
o= g2 J, (B o () () 0 0o | —2 | 0o

G 2)\2 2
00 = g7 | (B dao,  Co=N(N+3) ’ (Z2)r anomaly (%) ($)



2. (Dynamical) Higgs phase s N
156, O 20
« ” P\Ppe\é‘u AT o
E.g., “Yn’model o
o (N +4)L
Color-flavor locked VEV fields | SU(N)eg | SUM#)e | U'(1)
} . UV NVED ()| 1
WPy =Cé",  jB=12,...N v - 0
/ / T]Al @ N2 : ( ) —1
G—G :SU(N)CfXSU(4>fXU(1) A - 1
ne 4 . N - -5
Massless baryons and (NG) bosons in L.E. i
IR | BlA1Bi] N(J\27—1) YORES|
® The conventional anomaly matching manifest BlALB] 1. ) N 1

© OK with the Z; anomaly (%) = impossibility of
gauging |-form Zn

. S
AT massless baryons

SU(N) x Uy X 2o
ZN 8N J; 1 Nambu-Goldstone

It is “matched” in the IR: Uy, (1) hence the I-form Zn

symmetry itself is spontaneously broken.

¢ N.B. For confining, symmetric vacuum (&), (%) means a matching failure (inconsistency)



3.

¢

¢

Strong anomaly and phases

QCD (Nf=2) and the Ua(1) problem HSU&‘ZW*UmJOSoM
(U) = (Yripr) # 0 . My > My U &‘Z\L*U@&)ﬁw o S .
oot T g0
o Ans. 0,08 =N -L_p, i / P g P g mﬁi‘;;?‘;l:em @
a=Nrg9 5 3972 L | Sha\j\“‘“‘lghf%o
L 1-rri
L= Zqx) logdet U/U" + "fm ¢ (x) - 0g(x) .
Anomalous
Ua(l) variation AS =2Nya
reproduced by the log det term - mn !

Q: Does (a multi-valued) logdet U/U" make sense?
24ty

Ans:Yes,as U= (U)e Fr =const.[14 & (7" +"n)+..]

Invert the logic:  Lesr with the strong-anomaly log term implies

{U) = (Ypr) #0  i.e., XSB with massless pions



10
¢ Apply the same logic in chiral gauge theories e P

Bo\O%“es\’

® Demand that the low-energy effective degrees of freedom
(i.e. the phase) be such that Lessr with the strong-anomaly term

can be written in terms of them

¢ e.g. the “xn” model :an SU(N) theory with fermions

N
s ( N — 4) (@,6\"‘5\‘0
Ge°

Strong-anomaly effective action

2 2 N—4 9 ez
L= 5q()log(xn)""xx + h.c. a(x) = 3o Fa, P
(X" XX = ity Emmanenn—a (X)) (X0) 272 L () NN YN NN
=5 o‘%\
(xn) # 0, (xx) #0 - dynamical Higgs phase! ™
Cfr.  confining chirally symmetric vacuum with massless baryons a0
. o ode CO“
(B ~ xnn) only, fails ($) it
¢ Dynamical Higgs phase favored also in the “wn” model Codd

. . eve™
as well as in all generalized BY and GG models ™



4.

¢

Dynamical Abelianization

cel,
"1x”” model: SU(N) theory with Weyl fermions E_\Cmen’PéCCe'\,Pre K

= L UMy X U(1) x SU(8)

G =SU(N
with nonanomalous U(1) symmetries
U(l): =™y, x—e?x, noe'n,
(N2 g Nt2
Ul)yy: =™, x—=e ™5, no
Assume
‘AD

1 . \\\
C1 es\ A e

ik . S

(W) = A° : WweC.  Ye=0 %
CN j n
=



(Wx) # 0

SU(8)¢ x U(1) x U(1)ypy L U(1), x SU(8) x U(1)

SU(N) x >
Lin X Lig/n+ éV:_ll Lip X Lin X Lig

. U(l): non anom.; unbroken Manifest symmetry in IR

¢ U(1)¢X non anom.; broken | NG boson (7T ) ; massless fermions
¢ U(l)an anom.; unbroken strong anomaly effective action

. unbroken “discrete” symmetries

UV vs IR degrees of freedom
UV —_— IR




¢ Letus now check the D.A. against the mixed-anomalies 0

| \Q(k,\’\)l\o‘
U(1)y, x U(1) x SU(8) 0o
G = SU(N) x vX
ZN X ZS/N*
e Gauge the color-flavor locked 1-form /7, = SU(N) N ﬁ(l) symmetry.
Various mixed anomalies: (p.63)
ﬁ(l) U(l)wx (ZN+2)¢ (ZN—2)X SU(S)H LN+ Z4/N*
Mixed Anomalies | v X X X v v v
Dyn. Abel. v X X X v v v
Assumption of the dynamical Abelianization is consistent
¢ s\(\'\ﬁma“
eV



5. More general dynamical symmetry breaking DSB

@

@

(Yx) # 0 (adj. repr) but

<¢X> = dlag (Cl 1n1 , Co 1n27 ..

SU(N) models with

SU(N) theory with

Go =SU((b) — SU(3) x SU(2) x U(1)

N -4

k

\k \’\)1\0
60\09 es\
oup(®)

Apelian \R—er 3 subgf
Non _ e

) | Z =l surviving in the )

] UN) 7 SU(M
o N4
k

No breaking w IR-free NonAbelian groups

2 ®L 1@ (N +12)
N [n*] SU(N) — -+~
3 2 SU(3) — SU(2) x U(1)
4 2 SU(4) — SU((2) x SU(2) x U(1)
5 2 SU(5) — SU(2) x SU(2) x U(1)?
6 2 SU(6) — SU(2) x SU(2) x SU(2) x U(1)?
N — o0 [n*] SU(N) — I} SU([n*]) >< SU(N — 7[n*]) x U(1)7




UV

N +12

IR
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SU(5) model with

Ge = SU(5) = SU(3) x SU(2) x U(1)

fields | SU(3) | SU(2) | U(1) | SU(9) | Uy(1)
UV | ¢ O 40| W
Pt —1 () e
W) 6| () | 5
Xij — () | —4 o
X2 1 — N3
X7k () () 6 — ¥

Table 1: ¢y model, N=5,k=1. A=1,2,...,9,i,j=1,2,3; J, K =4,5.

fields SU(3) | SU@2) | U1) | SU(8) | Uy(1)
IR i I O T R I
I 0 LT ] —g ()
Xy =L o a0
¢ |U=U] o |- U
<¢X(9)> x diag(2v, 2v, 2v, —3v, —3v) ;%z 0 % é %
i 0 |1 O L]
o8 ~ RWNE) | () (- L]
RN (e A N A O I B OB IO N
™~ S | () O ORI NG

Table 2: N =5, k =1, ¢y model: massless fermions. B =1,2,...,8.



7?77

fields | SU(3) | SU(2) | Uy(1) | SU(3)
R | uf () | -3

qr %

€Rr () () 2

ds, () 3

Uy —1

VR () 0

¢ 1 ()




Part 3: Criteria for confinement and
other phases



Reflections

@ In chiral BY and GG models, a putative confinement phase with fully unbroken

global symmetries (no condensates forming) is inconsistent.

® BY and GG models are (likely) in color-flavor locked dynamical Higgs phase;
® In "Yxn” and other models with (1)x) # 0 in adj repr.

Dynamical Abelianization (Coulomb phase)
More general DSB (nonAbelian IR gauge group)

® InQCD (vector-like) the SU(3) color is confined.

What is confinement ?



Def. A

Def.B

Color confinement ?

Particles with color (e.g., quarks) cannot be freely propagating,
i.e., “confined” inside color-singlet hadrons (mesons and baryons).

Wilson-loop, Polyakov-loop criteria

area\a‘N T\/KB\
i $ A, dot i (W B e~4 confinement "% e
W(y)=Tr{Pe 7>+ } . fyglgo< (7)) = e~ Tiggs \kwkﬂﬂ
A, = A perimeter law %gﬂ o
Yor©
1 . o
P(r) = —Tr {Te J§ drdo(rr)y o _6F
N Ce“te( Se«\e“ﬂ 7,7 ©
W\
Center symmetry  P(r) — Zy P(r) lim |<P(I‘)>| — 0 (S _ ZQ\ o drﬁ”
B—)OO K‘C\w — JLOJ s
\g 7
Lattice simulation SU(N) YM is in confinement phase!
But there is nothing to confine in YM theory !!
¢ massless quarks no center symmetry; the string splits, area law lost

e what distinguish Confinement and Higgs phase (both perimeter law) ?



¢

®

¢

®

Def. A is also problematic. Gauge non-invariant (colored) operators/states
as gauge invariant ones, in a given gauge.

‘6A‘
e\~“\ggs
e.g., Weinberg-Salam SU(2)xU(1) theory 2 6(0“"@2 ‘M\as A2
o O\
Higgs VEV  (¢) = ( g ) , v#0  really means <Z o' # 0
. . VI 1=1
Also, the neutrino and electron in Y1 = ( ) ; %
€r, \\,\OO
reallymean vy~ ¢l -y, ep ~ €0 Y PP
Does it mean that there are no distinctions (Higgs and confinement)? ="
. ) 70
No, There are differences in the spectrum Abboﬁ,vam\ 81 @¢ N
N .
. (4
In YN model, the NG boson Zw]n;‘ = Tr(¢yn) o< 1+ =G do + ... o 35°
"] T \C
~ gauge-invariant det U, U™ = ¢Mn DY@

but the “confining” system, (det U) # 0, (in) = 0, has a different symmetry.

Dynamical Higgs phase and Elitzur’s theorem



ok

. . . yaA ‘
Def.C  Confinement = dual superconductivity (dual Meissner effect) . oo® %\1\1\\\6“

Se\\)e(g
U(1)* C SU(3)coior A particle has el.and mag. q.numbers
(nl,ng;ml,mg) ; U(1)1 e m charges =

Def. Dirac unit between two particles niei,migi,  eigr =n/2

D= Z(n(1)m(_2) B n(-Q)m(-l)) (Dirac)
Criterion <M(1)> #~ 0 Particles (2) with D 40 Mod 3  are confined

(magnetic monopole condensation)
¢ Def. C is also problematic:
© The idea involves Abelian monopoles
e (My)=0;A#0 — Confinement XSB — SU(Ny)y
But too many NG bosons; also doubling of the Regge trajectories Noro

(" )

S | Confinement = NonAblelian dual Meissner effect ?

L Condensation of (strongly-coupled) NonAbelian monoples ? y




(Tentative) New criteria

¢  The phase of an SU(N) gauge theory NOT determined by the underlying
pure SU(N) YM theory (in the “confinement phase”),

¢ BUT by elementary (scalar), composite (bifermion), or solitonic
condensates and by the type of NG bosons they produce:

e No colored NG bosons Confinement (e.g., YM, QCD, Susy QCD/YM)
e N2-1 colored NG bosons Higgs phase (e.g., BY and GG models, GWS)
e N (N-1) colored NG bosons Dynamical Abelianization (¥xn, N'=2 Susy)

(Coulomb phase, or dual Higgs)

® Other groups of colored NG bosons Partial Higgs/confinement/Coulomb

(being explored..)



Part 4:

strongly-coupled gauge theories

—

Supersymmetry and

Some reflections

80
1)) 6\)‘5%0 ) 3 fLrL

Montonen-Olive duality

Susy instanton calculus,
Veneziano-Yankielovicz,
Seiberg’s duality in SQCD,
Seiberg-Witten,

Witten-Olive, Witten
Generalized KK anomaly,
Argyres-Douglas, SCFT, EHIY
Argyres-Plesser-Seiberg-Witten
GST duality,

SCFT and confinement
(Susy-inspired) results on
NonAbelian vortices and monopoles



Part 4:

Supersymmetry and

strongly-coupled gauge theories

—

Some reflections

Montonen-Olive duality

Susy instanton calculus,
Veneziano-Yankielovicz,
Seiberg’s duality in SQCD,
Seiberg-Witten,

Witten-Olive, Witten
Generalized Konishi anomaly,
Argyres-Douglas, SCFT, EHIY
Argyres-Plesser-Seiberg-Witten
GST duality,

SCFT and confinement
(Susy-inspired) results on
NonAbelian vortices and monopoles



1. SYM, SQCD '8
\ \lenez'\af‘o’\(an\(\e
Taylor- ,
2\2’84 . geiberd B | gnezian®: ¢
¢ N =1 SQCD Aﬁ\ei&\e&\ N\eur'\Ce,ROS
Arnath, T
¢ detm#0 (A =
3nc—ny nf
m;(Q:Q;) = indep. of i = A, ™ (H m;/n") ce¥mik/ne =12 ... n: (Exact)
; (QQ) — o , Ny < N, (run-away vacua)
m —
AN, (QQ) —0,  N;y>N,
e m=0: QMS (flat directions)
Seiberg’ i siperd
eiberg’s EM duality, phases, SCFT S
Ny < N, N, Ne+ 1< Np<25e | 25e < Ny <3N, > 3N,
Phases No vacua | finite vacua | Free magnetic phase SCFT Infrared free
IR Deg. freedom . M.B,B M, B, B Q,Qorq,q M Q,Q




2. SCFT (superconformal th) AN =2 SYM, SQCD

« SUB) SYM "
/ / Argyres™
Au® = 275%, ©=wv+ 2A° @

¢

Nonlocal U(1) SCFT

SU(3) Nr =4 SQCD

Nonlocal
SU(2) x U(1) SCFT

M;

M,

Argyres-Plesser-Seiberg-Witten, Eguchi-Hori-Ito-Yang, Gaiotto, ... ...

AUZZ\,

.

. Grend, KK 102

Matrix

Charge

My, My
Aa, As
Ms, Ms
Az, Ag
M3, Mg
Ay, Ay

(+1,1,0,0)
(£1,—1,F1,0)4
(£2,2,F1,0)
(£2, -2, +1,0)
(0,2,+1,0)
(+4,—2,F1,0)




SCFT pointsof A =2 SQCD with SU(N), USp(2N)

QMS of N=2 SQCD (SU(n) with nf quarks)

(Non-baryonic)
Higgs Branches—’<\q

‘ Ny Baryonic
Higgs Branch
<Q> 0
<+—SCFT
e r=nf/2
r=1 \/\/—J Dual
Non Abelian monopoles Quarks

2 /
Abelian monopoles <@ > = () \
Coulomb /

Branch

® N=I Confining vacua (with ¢2 perturbation)

© N=I vacua (with ¢2 perturbation) in free magnetic pha

m=mcr

previous

slide (Universality)

QMS of N=2 USp(2n) Theory with nf Quarks

(m=0)
Higgs Branches

<+ SCFT
__-* 0

Non Abelian monopoles

Special
L Higgs Branch

SCFT of
highest criticality
EHIY point
non-Lagrangian

Dual
Quarks

0 \ ‘00
Carlino-KoniSh"‘MU"ayama
Coulomb
Branch
® N=I Confining vacua (with ¢2 perturbation)
©  N=I vacua (with Q)Z perturbation) in free magnetic pha {—)

35



3. IR CFT (conformally inv fixed points) ~ confinement

Nie\se? Ffoggaﬂ
*  Naively, diametrically opposite concepts
. Banks—ZaCKS
® In systems with parameters (Nr, g, QMS), however, <p Seiberd
S

they may be close to each other, as the parameters are varied

- Small relevant deformation (perturbation, or produced by the system itself) Witen ‘94
Se‘\befg‘ \

deviation of the RG flow: CFT Confinement @2\ e
AL = H®

¢ The same degrees of freedom describing the CFT f.p. describe confinement
vacuum nearby

¢ Interesting nonAbelian CFT’s are strongly coupled (cfr. Abelian dual superconductor)

=  Adifficulty!



Confinement and RG flow

. Free YM & matter

“~ X
AN
S

. CFT

fdwie




¢

How to study strongly-coupled conformal IR fixed points
(and show near-by confinement)

S duality in exact conformal theories (w arbitrary g)

N =4 ;
— 00 < —1/g~0 Argyres
g gp =1/g o N

GST duality: apply Argyres-Seiberg to the SCFT IR fixed points

Gaiotto-Se!

GST allows us to study a singular SCFT, to deform it to get
confinement and XSB Giacomel
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How to study strongly-coupled conformal IR fixed points
(and show near-by confinement)

S duality in exact conformal theories (w arbitrary g)

N =4 ;
— 00 < —1/g~0 Argyres
g gp =1/g o N

GST duality: apply Argyres-Seiberg to the SCFT IR fixed points

Gaiotto-Se!

GST allows us to study a singular SCFT, to deform it to get
confinement and XSB Giacomel



RG ﬂ OWS - Giacomellh KK 16

Real-world QCD

— A/N
N=0 SCFT N=2SCFT ~ w=0 ™
SU(N), Ng =2N- |
CLINGN. | 31, ., s o
wv =350 T 1sote Y apy = NS
1 N2 -1 24
_ c 2 B
cuv = 20Nch + 10 cov = AN N 2
12
N/
———————————————————————————————————— AN=2
N 11N
RN _IN(N —1)
AN=2SCFT —
24
o . N(N -1)
N=2SCFT —
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Theoretical laboratories : chiral SU(N) gauge theories with Weyl fermions

(battle fields?)

Ny

D

N -~

® Ny

e auge'anom
b\ﬁ’rge condito”
X X 1 n A
* FTQ

Figure 1: All the possible (Ny, Ny ) models that are AF at large N.



Part 4:

strongly-coupled gauge theories

—

Supersymmetry and

Some reflections

80
1)) 6\)‘5%0 ) 3 fLrL

Montonen-Olive duality

Susy instanton calculus,
Veneziano-Yankielovicz,
Seiberg’s duality in SQCD,
Seiberg-Witten,

Witten-Olive, Witten
Generalized KK anomaly,
Argyres-Douglas, SCFT, EHIY
Argyres-Plesser-Seiberg-Witten
GST duality,

SCFT and confinement
(Susy-inspired) results on
NonAbelian vortices and monopoles
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y N =1 3SQCD . _\(anK\e\oW'\CZ‘gg

Tay\or—\lenez‘ano \ o
'8h g’® \ano
\;\é\ec\"\%{\ See\);\?\ e, ROS Vene”
Amath, B
¢ detm#0 (A =
3nc—ny nf
mi(QiQ;) = indep. of i = A, " (H m;/"") ce¥mik/ne B =12, n: (Exact)
; (QQ) — o , Ny < N, (run-away vacua)
m —
AN, (QQ) —0,  N;y>N,
o m=0: QMS (flat directions)
Seiberg’ i siperd
eiberg’s EM duality, phases, SCFT S
Ny < N, N, Ne+1< Ny< e | 35e < Ny <3N, > 3N,
Phases No vacua | finite vacua | Free magnetic phase SCFT Infrared free
IR Deg. freedom . M.B,B M, B, B Q,Qorq,q M Q,Q




2. SCFT (superconformal th) AN =2 SYM, SQCD

« SUB) SYM "
/ / Argyres™
Au® = 275%, ©=wv+ 2A° @

¢

Nonlocal U(1) SCFT

SU(3) Nr =4 SQCD

Nonlocal
SU(2) x U(1) SCFT

M;

M,

Argyres-Plesser-Seiberg-Witten, Eguchi-Hori-Ito-Yang, Gaiotto, ... ...

AUZZ\,

.

. Grend, KK 102

Matrix

Charge

My, My
Aa, As
Ms, Ms
Az, Ag
M3, Mg
Ay, Ay

(+1,1,0,0)
(£1,—1,F1,0)4
(£2,2,F1,0)
(£2, -2, +1,0)
(0,2,+1,0)
(+4,—2,F1,0)




SCFT pointsof A =2 SQCD with SU(N), USp(2N)

QMS of N=2 SQCD (SU(n) with nf quarks)

(Non-baryonic)

Higgs Branches—’<\q

‘ Ny Baryonic
Higgs Branch
<Q> 0
<+—SCFT
e r=nf/2
r=1 \/\/—J Dual
Non Abelian monopoles Quarks

Abelian monopoles <@ > = () \

Coulomb /

Branch

/

® N=I Confining vacua (with ¢2 perturbation)

© N=I vacua (with ¢2 perturbation) in free magnetic pha

m=mcr

previous

slide (Universality)

QMS of N=2 USp(2n) Theory with nf Quarks

(m=0)
Higgs Branches

<+ SCFT
__-* 0

Non Abelian monopoles

Special
L Higgs Branch

SCFT of
highest criticality
EHIY point
non-Lagrangian

Dual
Quarks

<> 0 \

Carlino-Konishi-Murayama 00

Coulomb
Branch

N=1 Confining vacua (with ¢2 perturbation)
©  N=I vacua (with Q)Z perturbation) in free magnetic pha {—)



IR CFT (conformally inv fixed points) ~ confinement

Nie\se? Ffoggaﬂ
*  Naively, diametrically opposite concepts
. Banks—ZaCKS
® In systems with parameters (Nr, g, QMS), however, <p Seiberd
S

they may be close to each other, as the parameters are varied

¢ Small relevant deformation (perturbation, or produced by the system itself) Witen ‘94
Se'\be\’g— \

deviation of the RG flow: CFT Confinement @2\ e
AL = H®

¢ The same degrees of freedom describing the CFT f.p. describe confinement
vacuum nearby

¢ Interesting nonAbelian CFT’s are strongly coupled (cfr. Abelian dual superconductor)

=  Adifficulty!



Confinement and RG flow

Free YM & matter
G X

N ) CFT
O

fdwie




®

¢

®

How to study Strongly-coupled conformal IR fixed points
(and show near-by confinement)

S duality in exact conformal theories (w arbitrary g)

N =4
N =2, Np=4

g=00 < gp=1/g~0

GST duality: apply Argyres-Seiberg to the SCFT IR fixed points

e
aiotto-S¢!
© Gl

GST allows us to study a singular SCFT, to deform it to get
confinement and XSB




RG ﬂ OWS - Giacomellh KK 16

Real-world QCD

AN
N:2 SCFT =0 i
N=0 SCFT
SU(N) SQCD, Nf =2N-|
11IN;N, 31, 2
wv =350 T 1sote Y ay = 5 L
1 N2 -1
_ c 2 _ N _—
cuv = 20Nch + 10 cov = AN N 2
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N 11N
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o)
2
o 0. N/
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a a —
arp = N J% —1 n heory of massless Mesons) 1 48
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f CIR =
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120 Back to p.26




To sum up: Susy gauge theories

S

@ Deep insights and understanding on:

¢ Quantum monopoles and dyons; Dualities

¢  (S)CFT, IR fixed-points

¢ Hint: Confinementin QCD ~ close to nontrivial CFT
But

@® Deform AL(NZO) to learn dynamics of non-Susy theories ? No (t easy...)

¢ QMS (flat directions) in susy systems: where to start ?

u&)e““e\d .
¢ Bifermion condensates _ i ® c;e«b*'
mg = 0 A)(
(Wm) s xmy s (Wx),  (qrar) (QCD) &~

all vanish by supersymmetry: Susy must be sp.ly broken

¢ Interesting possible phases (dynamical Higgs, Abelianization, etc.) in

chiral gauge theories : all out of reach of Susy cousins


http://sp.ly

AF or CFT

Up to 2 loops:
/ 22t 24w 28w 40w s 8 \
17N 13N 5N 19N 2N TTN
247 27 8w 207 31 s

13N N N 11N 17N 10N

_ 287 _8r _ldm 87 4w 8w 5
__ 5N N N 5N 9N 83N

QN Ny = 40m 207 8r  10m 8 4z + O(1/N7) .
19N 11N 5N TN 19N 43N
T 31 A 31 27 37
2N 17N 9N 19N 5N 89N
_T

\ RS s 47 ST 21 )
TTN 10N 83N 43N S9N 23N

a<0:AF ; a>0:CFT

Ny, N, =1,2,...6

B(g) = —ﬁ (60(;;) + 51 (%)2 + )

Actually all terms are of the same order in 1/N... Need 't Hooft 's 5
1/N expansion M



MAC like thinking

o (CT]) w (1) forming

(@)

3
—
Y

3
~—

L]
—

<)

=,
=)

02

Inn NN

aiby-DIMOPOU™’

gusskind 80

) (Dj) X (H) forming an adjoint representation (&) ;
o((T)n(C))  forming [ (o):
ﬁ(l:l) n(lj) forming (.) (singlet) . (QCD)
4. 2(N?—-4) (N+2)(N-1) (N+2)(N-1) 2(N+2)
‘ N N N - N
3. 2(N +1)(N —4)) B (N +1)(N —2) B (N+1)(N-2)  4N+1)
’ N N N - ’
o (N+1)(N—-2)) N?*-1 N°-1_  N+1
' N 2N 2N N
D 3(N+1)(N-3)) N°—-1 (N+1)(N-2) 2N+2
’ 2N 2N N - N
_ (N+2)(N—-1) (N+1)(N—-2)  N*—4
¢ E: N — N — N N
. P N’—1 N?’-1 (N+2)(N—-1) (N+2)(N-1)
oON 2N N - N ’
N?—-1 N?-1 N2 -1
¢ G R A A (QCD) AL



(1)

(A)

(B) CF locked (Higgs) phase

The anomaly matching OK,

Back o p g

B
771'7

® (N +4)

B

(Wlinfy =C &P,

1,2,....N +4

massless baryons ~ BY =yininl

(Ny, Ny) = (1,0) model: a review

w{ij} ’

L

s qb({\

AB=1.2.... N+4

G = SUN).x SUN+4) xU(1),

Confining, SU(N+4)x U(l) symmetric phase with no condensates (&)

iB=1,2,..

G — G = SU(N)Cf X SU(4)f X U/(l)

massless baryons

8N J; 1 Nambu-Goldstone

fields SU(N). SU(N +4) U(1)
Uv | ¢ | XD L) | N+ 4
n* (N +4)- N - —(N +2)
IR B[AB] (N+4)2(N+3) ) () N
fields SU(N )t SU(4); U'(1)
N UV Y i NU\;H) () 1
o | Lleld] ) | =
77A2 N . _%
IR | BlA1Bi] | N(]\Qf—l) _ () 1
BlA1B2] N . _%

¢ Massless baryons and (NG) bosons in L.E.




