Genova,20/03/2013

New Confinement Phases from
Singular SQCD Vacua

Tuesday, March 19, 13



Plan:

|. Confinement and XSB in QCD, Lessons from SQCD

- singular SCFT and confinement -
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l.  Quark confinement vs Chiral Symmetry Breaking

Basic theme :

Conformal invariance (CFT) and confinement

UV CFT =--===--- » Infrared-fixed point CFT
QCD:
quarks and gluons, AF += === » collective behavior of color (confinement, XSB) ?

If confinement ~ deformation of an IR f.p. CFT

the understanding of the IR degrees of freedom in CFT

is the key to see the working of confinement / XSB
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Quark confinement mechanism

® Abelian dual superconductor ! (dynamical Abelianization)

SU(3) - U(1)?2 =1 togte ™
(M) # 0

2\
= Doubling of the spectrum  (¥) IL(UA)") =2 xZ

If confinement and XSB both induced by (M) = 6y A

SUL(NF) X SUR(NF) — SUv(NF)

= Accidental SU(NF?) : too many NG bosons

®* Non-Abelian monopole condensation
SU3) — SU(2) xU(1) —1

=" Problems (*) avoided but

I, (SU(2) x U(1)) = Z

Non-Abelian monopole are probably strongly coupled (sign flip of bo unlikely)
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ll. Monopoles and dyons in nonAbelian gauge theories

-- a |5 min. review --
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Topology (Mapping: Space — G)

e Charged particle ¥(x) in a monopole field

exp igej{ A, dz' — exp ige/ dS - H = exp 4mige g, (H = Vg—m).
09 52 r

o

.,

296 gm = N, nc Za Hl(U<1>> =L

Dirac ~1930

e U(1) in a nonabelian theory G (Wu, Yang): monopole ~ II;(G) # (). Fiber bundle

e 't Hooft-Polyakov monopoles: Tly(SU(2)/U(1)) = 11;(U(1)) = Z; Regular monopoles

o & Cia Qs similar — monopoles with nonabelian charges if [I,(G/H) # ()

Tuesday, March 19, 13



Non-Abelian monopoles

()70

G — H
. Goddard-Nuyts-Olive, E.Weinberg, Lee,Yi,
H: non'Abehan Bais, Schroer, ....77-80
- cfr. (Dirac)
Fijzﬁijkﬁ(B‘T)v 2-a € Z 2m-ec”Z
“Monopoles are multiplets of H (GNOW)”
H generated by at= -2, A H
oo U(N) U(N)
SU(N) SU(N)/Zy
<p>=vy=h T SO(2N) SO2ZN)
SO(2N+1) USp(2N)

A,,(I') — Ag(r7 h- a) Sas ¢(r) — Xa(.ra h- Oﬁ) Sa + [h - (h ) a) a*] i

S, = (Ea+E_y); Sa=—

202 2 2(Ea_E—a)§ S3 =a”- T,
(84
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What N =2 SQCD (softly broken) teaches us

* Abelian dual superconductivity ¢/

Se'\bef?y\l\l Lot
SU(2) with Nf =0, 1,2,3
monopole condensation = confinement & dyn symm. breaking 0P
oo\k\‘\ °
\60“&\
SUN) N =2 SYM : SU(N) = U(1)\ e
* Non-Abelian monopole condensation for SQCD ¢/ —_—
Argyres, Plesser.Selbers:

Hanany-Oz, 96 ‘
o-Kon'\sh'\-\\/\urayama 00

SU(N), Nr quarks

Carlin
SU(N) = SU(r) x U(1) x U(1) x .... r<Ng/2 RSy
%
local, IR free theori o
r vacua are local, IR free theories o8
6%\)\\&“\‘
. . . C\‘\«\O\)\\
* Non Abelian monopoles interacting very strongly oot
\e‘es&\“g
: PRTIT : A\
SCFT of higher criticalities, EHIY points R Wwitte
e ble rSe\ber,gg’6
A or Yo
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Effective degrees of freedom in the

quantum r vacua of softly broken
N=25QCD (r<N¢/2)

' '94
i?g‘;\jregg ,gN\e\:[seer:,Sge\berg, 96
Hanany_oz’, Murayama 0
SU(r) U(l) U(1) Ul)n_ro1 U(l)p T e
Np x M r . . O |
M 1 l 0 1 — . :
S 0 0 1 0

The massless non-Abelian and Abelian monopoles and their charges at the r vacua

* “Colored dyons” do exist !!!

* they carry flavor q.n. u®2 perturbation

e (g =v Oa =@ U(Ny) = U(r) x U(Ns-r)
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QMS of N=2 SQCD (SU(n) with nf quarks)

(Non-baryonic)
Higgs Branche’s<‘\‘
‘ RN Baryonic
Higgs Branch

<Q> 0

\
% r=:fESCFT

: \/\/__J Dual

r=1

r\=0//_) Non Abelian monopoles Quarks |

Abelian monopoles  «® > = () \

/ m = m¢<
Coulomb

Branch

next

® N=1 Confining vacua (with u(pz perturbation)
slide

© N=1 vacua (with u¢2 perturbation) in free magnetic pha

Di Pietro, G'\acome\\i 11
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SCFT of
highest criticality
EHIY point
non-Lagrangian

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

(m=0)
ranches
| ‘i’

S

Higgs B

!

Special
L Higgs Branch

<+— SCFT

- 7 Dual
Non Abelian monopoles Quarks
<Pp> 0 \ /
Coulomb /
Branch
°

N=1 Confining vacua (with ¢2 perturbation)

© N=1 vacua (with (I)2 perturbation) in free magnetic pha

previous

dlide (Universality)

: 00
Car\ino-Kon'\shl-l\/\urayama 0

&
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lll. Recent key developments

® S-duality in SCFT at g= e.g. SU(N)w/ Nr= 2N

® Argyres-Seiberg S-duality applied to SCFT (IR f.p.) of
highest criticality (EHIY points)

® GST duality generalized to USp(2N), SO(N)

® Colliding r-vacua and EHIY in SU(N)

® GST duality in USp(2N) and SU(3),
Ne =4 and confinement

sel e‘g’k\\r?\{ L0
S ‘WaruyoS ™
Noore:
Argyres-SeiPere °
Gaiotto 09
. g—'\'ach'\KaWa,
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Argyres-Seiberg’s S duality

® SU(3) with Nf =6 hypermultiplets (QZ,@Z s ) at infinite coupling

SUBB)w/ (6-3®3) = SU2)w/ (2-2®SCFTg,) ”
™S g = 00 g = o/ SU(2) x SU(6) C Eg

Flavor symmetry ~ SU(6) x U(I)

® USp(4) with Nr =12 Q’s at infinite coupling

USp(4) w/ 12-4 = SU(2) w/ SCFTg,
SU(2) x SO(12) C Es
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Gaiotto-Seiberg-Tachikawa (GST)

® Apply the basic idea of Argyres-Seiberg duality to the IR f.p. SCFT

® SU(N) with Nf = 2n :
2n

, N N — N —9 \ 9 IN -9
Y = (.1:‘\ -+ u.l.z,"\ 1 4 u.g;r‘\ ‘44 un)” — A2N—2n H(.zf + m;)
i=1

A
At u=m=0*  y2~ xN* (EHIY point) e

\ . * except for one u
relatively non-local

massless monopoles and dyons
Sy
hi.
* Straightforward treatment of fluctuations around u=m=0, gives . )
. . an
an incorrect scaling laws for the masses $

% To get the correct scale-invariant fluctuations, introduce two different scalings:

Un—n+2 ~ O(€3), UN—nta ~O(€}), ..., uy ~O(}h). a; :}'{ N\, api :]{ A
07 7
IR 2 S N—n+2,
uy ~ O(ep). w2 ~0(ex). ..., UN-—ns2 ~ O((“ T, \ o do y/iljn
2 _  N-n42
€A = €p — M momi) = V2 Nmap + nea + n;my|
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kawa 1
Ga'\oﬁo—Se'\berg—Taoh\K

o U(I)N"! gauge multiplets

e SU(2) gauge multiplet (infrared free) coupled to the SU(2) : N —n
) =

flavor symmetry of the two SCFT’s A & B ' TN — 2

® The A sector: the SCFT entering in the Argyres-Seiberg dual of
SU(n), Nr =2 n, having SU(2)xSU(2n) flavor symmetry

® The B sector: the maximally singular SCFT of the SU(N-n+1) theory
with two flavors

B ——| SUQR)|l—— A

where

A: 3free 2’s (n=2); Es¢ of Minahan-Nemechansky (n=3), etc.

B: the maximally singular SCFT of SU(2), Nr =2 (Seinberg-Witten)
for N=3,n=2,etc.

® Analogous results for USp(2N), SO(N) Giacomelli 12
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V. GST duals and confinement
USp(2N) theory w/ Nf = 2n

® Two types of Chebyshev* vacua (d1=¢d2= ...=0; dn2 =2 A2’ Pm det'd by Cheb. polynom.)

xy” ~ |2 (z — gbi)f — 4N = 27 (2 — @2 — 207 (x — @2 + 2A?).

y2 * x> singular SCFT (EHIY point);

strongly interacting, relatively non-local monopoles and dyons

® A strategy: resolve the vacuum by adding small m; # 0 and determining the

‘00
o-Kon'\sh'\—Murayama 0

vacuum moduli (ui’s or ¢i’s ) requiring the SW curve to factorize in maximally Carlin
Abelian factors (double factors) (i.e., Vacua in confinement phase surviving N=1I,
U ®2 perturbation)
> Ny Ny N\ N1 even r vacua, from one of the Cheb.
= 0 T 2 T Ny B vacua

Ny Ny Ny ANl odd r vacua, from one of the Cheb.
+ + ... =2
1 3 Ny —1 vacua

ne—1 2 "
ry = [x [T - 2242 —ﬂ>+2A2m1---mnf] e § CRa
a1 =1
s s an ) [ -al?
Cl)i S a=1
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GST dual for the Chebyshev point of USp(2N) (also SO(N))

Giacomelli ’12

2n ~ B ——| SUQR)|—— A

e U(I)N" gauge multiplets

® The A sector: a (in general) non-Lagrangian SCFT having SU(2)xSO(4n) flavor

symmetry

® The B sector: a free doublet (coupled to U(l) gauge boson)

For NF = 2n= 4, A sector ~ 4 free doublets

Tuesday, March 19, 13



But this allows a direct description of IR physics !!

For USp(QN), Nf =4

the GST dual is (both the A and B sectors are free doublets) : G.\acome\\'\,Koﬂ"S“"
1]- SU(2) —[4].
Ul

the effects of m; and p @2 perturbation can be studied from the superpotential:
4 4
V2Qo(Ap +mo)Q” + V2QupQ" + ) V2QidQ' + pApA + pTre® + 3 m; QiQ"
=1 =1
cfr. UV Lagrangian:

W = uTrd? + ﬁQgcngg T+ QL I

m = —ioy @ diag (my,ma, ..., My, ).
Correct flavor symmetry for all {m}
°*m =m : SUM@) xU(l);

m =0 : SO(8); etc.,
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V2QoQo + A =0

RN
O ~
&)’60 (V2¢+ Ap +mo)Qo = Qo (V29 + Ap +mg) =0 ;
e
&
> 1 o api L ~i Lm0 1 20
© V2 | 5D Q10— 10iQiQ" + 5 Q500 — 10 QuQ | +pdf =0
=1
(V2 +m) Q" = Qi (V2¢+m;) =0, Vi .
\\>"\O(\S /4
~ 2~ VA /—uA
* Qo= Qo= ( 8 )
0
ur sonto™ m; ~ Ji <
\ a:_\/§’ Qz_Qz_ 0 ) Q]:QJZO7 ]#7’
OU‘. mofe MMs . O -
so\u'(.\O“s a=—+—, Qi = Qi = : Qi =Q;=0, j#1u
V2 9i
uN —4a A
They are 4 +4, r=| vacua! (p.-2) V2 V2
But where are the even r-vacua (r=0,2) 22! g2 = _WE/; da _ —M(% 2m;).
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Answer: in the second Chebyshev vacuum:

4 4
\@QO(AD + mo)@o + \/§Q0¢QO + Z \/iQid)Qi + nApA + pTre? + Z g Q0
=1 i=1

with

m4:m0=—

B 1

mlzz(m1+m2—m3—m4);

B 1

mQZZ(ml—m2+m3—m4);

R >
m3:Z(m1—m2—m3+m4);

4

Flavor symmetry OK in all cases:

(my + mao + mg + my) ;

Spinor representation
of SO(2NE ) ...

Magnetic Monopoles!

GST duality is not
electromagnetic
duality

m; m; Symmetry in UV Symmetry in IR
m; =0 m; =0 SO(8) SO(8)
mi:m%o m4,m1:m2:m3:0 U(l)XSU(4) U(I)XSO(G)
mi = ma, M3, My, generic Mg = —Mms3, Mg, M) generic Ul)xU(Q1) xU(2) U1) xU((1) xU(2)

my = mgz, M3 = My, M1 #m?)

mo = T?Lg = 0, m4, Thl, generic

SU(2) xU(1) x SU(2) x U(1)

SO4) xU(1) x U(1)

Solutions similar to the previous case but:

| +1+6

inthem; @ m
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To recapitulate:

® Mass perturbation of the EHIY (SCFT) singularity :

the resolution of the Chebyshev vacua into the sum of the r-vacua:
(local Lagrangian theories with SU(r)xU(1)N" gauge symmetry)

* Correct identification of the N=1| vacua surviving u ®* perturbation

* But physics was unclear (strongly-coupled monopoles and dyons) in m — 0 limit

* But we have now checked that these features of the singular EHIY (SCFT)
theory is correctly reproduced by GST duals after p ®? perturbation.

&

® The limit m — 0 can be taken smoothly in the GST description
(cfr. the usual monopole picture)
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Physics of USp(2N), Nf =4 theory at m=0

4
V2Qo(Ap +mo)Q° + vV2QudQ" + Y V2QidpQ" + pApA + pTrg” .
1=1

()
Qo= Qo =
N 0 i .
Q' =(QYy =27Y4/uA, Q;=0Q;=0, i=234.
$=0, Ap=0.
-> XSB ‘ res\"\ts at
SO8) — U(1) x SO(6) =U(1) x SU(4) = U(4), o\«mwtjA
- Confinement Uv: 1L (USp(2N)) =1
IR: Lost = SU@2) xU(L),  T,(SU(2) x U(1)) = Z

Higgsed at low energies; the vortex = the unique (N=n) confining string

Cfr. Abelianization implies U(I)N low energy theory
multip/,-c_.at’.c)n

e The confining string is Abelian cfr. non-Abelian vortex of r-vacua = ©fthe Meso
SPectry,
m

e Confining o.p. (Qo) triggers XSB o.p. (Qi)
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Some other systems studied

® Colliding r-vacua of SU(3), Nr =4 : G¢ = U(4) unbroken
® Singular r=2 -vacua of SU(4), Nr =4 : Gf = U(4) = U(2)xU(2)
® SO(2N+1), Nf =1 : Gf = USp(2) =SU(2) = U(I)

* SO@2N), Nf =2 : G¢ = USp(4) = U(2)

In all cases the GST description gives the correct number of the vacua and
the symmetry breaking pattern known from the large Y analysis
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Conclusion

® Gaiotto-Seiberg-Tachikawa duals of singular, IRFP SCFT
allows to describe (confining) systems which naively involve infinitely-

strongly coupled nonAbelian monopoles and dyons

® More general cases involve nonlocal (non Lagrangian) systems

. ] .
dlfrrerent 1rormn tne nain
e Sy P TVET v g
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Colliding r vacua of SU(3), Nf =4 theory

The GST dual is now:

Dy — SU(2) —[3

where D3 is the most singular SCFT of the N' =2 SU(2), Nr =2, theory, and 3

is three free doublets of SU(2). D3 is a nonlocal theory,® it not easy to analyze.

We replace the system by

SU(2) = SU(2) —

where P is a bifundamental field. The superpotential is:

3

. fa
icion (@)
romt e co\lis 2 nglet
% arises Scu and 2
etV
doubd!
yacuum

3 3
> V2Q:0Q" + ) i QiQ' + pu®® + V2POP + V2PXP + px* +m PP,
1=1 1=1

The first SU(2) is AF: its dynamics is not affected by the second SU(2). But to exract the D3

point, need to keep 1/ ~ j;A', but not exactly equal. The system Abelianizes —
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Doublet vacuum (of the new, strong SU(2) Nr =2 theory)

3 3
S V20,0Q" + Y mi QiQT + pd? + V2MOM + V2MAM + AN
=1 1=1

with m

i(ml + My — Mg — My) ; — correct symmetry
1

Z(m1—m2+m3—m4) : for all m; .

1

—(my —my —mz +my) , — six solutions (r=2 vacua)

4

SU(3), Nr =4 theory has r=0,1,2 vacua: where are the r=0,1 vacua? Answer:

Singlet vacuum (of the new, strong SU(2) Nr =2 theory)

3 3
D V20Q:0Q" + ) iy QiQ' + p®® + V2NAN + AN + m' NN,
=1 1=1

AF: becomes strongly coupled. = 4 + | vacua of

SW SU(2) N¢ =3 theory! — r=1 (4) and r=0 (1) vacua ™
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* Remarks

® N=2 SCFT’s in UV flow into N=I| SCFT,
upon N=1, p ®? perturbation (27/32)

Tachikawa, Wecht ‘09

® Some of them survive and brought into confinement phase;
r-vacua, (r=0,1,2,...) upon N=I, p ®? perturbation

® Not all singular N=2 SCFT’s survives N=I, p ®? perturbation
(e.g., Aygyres-Douglas point in pure SU(3) )

e N=2 [IRFP SCFT’s can survive and brought into confinement phase;

e.g., Colliding r-vacua of SU(N) theories, m=0, USp(2N) theory
(Tchebyshev vacua); m=0, SO(N) theory

® They are strongly interacting, nonlocal theory of monopoles and dyons,
in confinement phase: interesting system to understand!!

N+
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'-vaCua

N 2n
— H(CE )2 — AZN-2m H(x +my)
a 1=1
¢ :( mi, m27"‘7_m7”7¢7“—|—17---)
m; — m,
N-—
v = (z H:z:—ozb (x —v)(x —6)

This describes SU(r) x U(I)N" theory
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