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Abstract.

Non-Abelian flux tubes (strings) are well studied in N' = 2 supersymmetric
QCD in (3+1) dimensions. In addition to translational zero modes they have
also orientational moduli associated with rotations of their fluxes inside a non-
Abelian group. The dynamics of the orientational moduli is described by the
two dimensional CP(N — 1) model living on the world sheet of the non-Abelian
string. In this paper we consider a deformation of N' = 2 supersymmetric
QCD with the U(N) gauge group and Ny = N quark flavors with a mass term
p of the adjoint matter. In the limit of large u the theory flows to an N = 1
supersymmetric QCD. We study the solution for the non-Abelian string in this
limit and derive an effective theory on the string world sheet. The bosonic sector
of this theory is still given by the CP(N — 1) model. We study also the fermionic
sector of the world sheet theory. Upon the deformation the non-Abelian string
is no longer BPS and we show that the fermionic superorientational zero modes
are all lifted. This leaves us with the pure bosonic CP(N — 1) model on the string
world sheet in the limit of N = 1 QCD. We discuss what happens to confined
monopoles at large .

1 Introduction

The mechanism of confinement based on a monopole condensation [2] was shown to work
[3, 4] in the monopole vacua of N' = 2 supersymmetric QCD. This confinement is essentially
Abelian [5-8]. Searchers for non-Abelian generalization of Seiberg-Witten scenario lead to
the discovery of non-Abelian strings [9—12], see also [13—16] for a review. These BPS non-
Abelian vortices are formed in N' = 2 SU(N)xU(1) QCD when the theory is in the Higgs
phase for quarks, and monopoles are confined. Apart from the translational zero modes
of the usual ANO string, the non-Abelian vortex has also orientational moduli associated
with rotations of their fluxes inside the non-Abelian SU(N) group. Internal dynamics of the
orientational moduli is governed by the CP(V — 1) model living on the string world sheet.
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In the recent years there has been some progress in studies of non-Abelian vortices in
N =1 gauge theories. This can be done by introducing a so-called u-deformation which is
a mass term for the adjoint matter. When y goes to infinity, the N =2 QCD flows to N =1
QCD. This setup for N' = 2 supersymmetric QCD with U(N) gauge group and Ny = N
flavors of massless quarks was considered in [17-22]. Quark condensation is triggered by the
Fayet-Iliopoulos (FI) D-term. It was found that the vortices remain BPS saturated, but the
fermionic orientational moduli change. The world-sheet theory becomes heterotic N = (0, 2)
CP(N - 1) model.

Here we study a more natural setup. We consider the u-deformation of N' = 2 QCD
without a FI term in a quark vacuum. Squark condensate is determined by +Jum, were m
is a quark mass. In the large y limit the theory flows to N = 1 QCD in the quark vacuum.
Non-Abelian strings cease to be BPS saturated and both bosonic and fermionic profile of the
string are modified. We study solutions for the non-Abelian string profile functions in the
large u limit and derive the effective theory on the string world sheet.

We show that the fermionic sector of the world-sheet theory decouples, while the bosonic
part is still given by the CP(N — 1) model. In the limit of equal quark masses the confined
monopoles survive [1] and seen as kinks of the world-sheet theory [11, 12].

We further consider the case with “extra” quark flavors, Ny > N. In this case non-Abelian
*“ semilocal” strings are formed in N = 2 QCD. They have additional (N — N) size moduli.
We find that after switching on the u deformation these size moduli develop a potential. This
potential forces the size of a semilocal string to shrink and it transforms into a local string.

2 Theoretical setup

We start by describing the field content of the four-dimensional N = 2 supersymmetric QCD
with the gauge group SU(N)xU(1). The matter consists of Ny = N + N flavors of quark
hypermultiplets in the fundamental representation with squarks ¢4 and g4 two-component
Weyl fermions ka and JA;{. Here, A = 1,.., Ny is the flavor index and k = 1,..,N is the
color index. We use the same notation for the quark superfields and their scalar components.
The vector multiplets consist of U(1) gauge field A, and SU(N) gauge field A, complex
scalar fields a and a“ in the adjoint representation of the color group, and their Weyl fermion
superpartners (1., A2) and (11%, 22%). Index a runs from 1 to N> — 1, and the spinorial index
a=1,2.
Superpotential of the N' =2 SQCD is

Wy = V2{@u A"V + QAT + maGag” . @2.1)
The ¢ deformation considered in this paper is given by the superpotential
2
Wy = V2N (AY0) + % (A . 2.2)

It breaks N = 2 supersymmetry downto N =1 .

In the special case when
2
IR 23)

superpotential (2.2) becomes a single trace operator

Wy=1 = uTr(d?) (24)
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where we defined a scalar adjoint matrix as

1
D= EaU“) +T%a% (2.5)

We will consider bulk QCD in the limit of large u; and pp, when the adjoint matter
decouples and the theory becomes N = 1 QCD. Integrating out the adjoint matter in a sum of
superpotentials (2.1) and (2.2) we get a quark superpotential of our y-deformed bulk theory
+m(Gaq"), (2.6)

W(g,q) = (Gaq™)Gsq") - %(Wf

-l
21
where we assume for simplicity that quarks have equal masses m and

N

a=1- .
2

2.7

In the case of single trace deformation (2.3) @ = 0.
The bosonic action of the theory is

1 2 1 2
_ 4 SU(N) U(l)
Shos = fdx[—zg%Tr(Fw ) + 7 (FW ) + (2.8)

2 =42 —_
V[ + v + viehan).
Here V,, is a covariant derivative
Vo = O = AN - AT, (2.9)

while the scalar potential V(qA,aA) is a sum of the D-term and F-term potentials,

V(" qn) = Vb(g*.qa) + VE(q" . qn)- (2.10)
The D-term potential reads
g% — a ~ mazA) g% 2 ~42)?
Vo = F(aaT'q - aTd) + 3 (4P - 12'F) Q.11)

while the F' term potential is determined by the superpotential (2.6).

In this paper we will consider the vacuum where the maximal possible number of quark
flavors equal to N condense (the so called » = N vacuum, where r is the number of condensed
squark flavors at weak coupling, see [24] for a review). In this vacuum squark VEVs are given

by
B z 1 0 ..
Gy = G = \g (2.12)
. 0 1

where we wrote down the squark field as an N X N matrix in color and flavor indices, and the
parameter ¢ is defined as
E=2um (2.13)

for the single trace deformation (2.3).
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To get an N = 1 theory we need to sent u — oco. Note however that if the quark masses
remain fixed, the parameters & ~ um also go to infinity, and our quark vacuum becomes a
run-away vacuum (all the r vacua with the non-zero r become run-away vacua). In this case
N =1 QCD is a theory with only N vacua which originate from N monopole vacua (r = 0
vacua) of N =2 QCD.

Here we define N = 1 QCD in a different way, namely, together with the limit u — co we
simultaneously make the quark masses small so that the product um (and the quark VEVs)
are fixed,

[ — o, m— 0, um = fixed. (2.14)

This way we keep track of all the r vacua present in N' = 2 QCD. In this paper we will study
non-Abelian strings particularly in the » = N quark vacuum (2.12) assuming the limit of large
1 when the bulk theory flows to the generalized N' = 1 QCD defined above.

So as to keep our bulk theory at weak coupling we assume that the squark VEVs are large
as compared with the scale Ay of the SU(N) sector of N = 1 QCD. Namely, we assume
that

Vum > AN=1- (2]5)

Due to the squark condensation (2.12) both (local) gauge and (global) flavor symmetries
get broken. The diagonal global SU(N) survives, however,

U(N)gauge X SU(N)ﬂavor g SU(N)C+F . (216)

A color-flavor locking takes place in the vacuum. This fact leads to an emergence of non-
Abelian strings, see [15] for a review.

Let us briefly summarize a perturbative spectrum of our bulk theory in the large u limit
for the case of equal quark masses, cf. [15]. The U(N) gauge group is completely Higgsed
and the masses of the gauge bosons are

m? M = gy i€l 2.17)

for the SU(N) gauge bosons and

N
mod = gl\/;\/E (2.18)

for the U(1) one. Below we also assume that the gauge boson masses are of the same order,
U SUWN
mg ) ~ mi"™ = mg (2.19)

Extracting a quark mass matrix from potential (2.10) we find that out of 4N? real degrees
of freedom of the ¢* and g squarks N2 phases are eaten by the Higgs mechanism, (N2 — 1)
real squarks have mass (2.17), while one real squark has mass (2.18). These squarks are scalar
superpartners of the SU(V) and U(1) gauge bosons in massive vector N = 1 supermultiplets,
respectively.

Other 2N? squarks become much lighter in the large u limit. The masses of 2(N? — 1) of
them forming the adjoint representation of the global color-flavor SU¢,z(N) (2.16) are given
by
£
H2

mSUM) _

S , (2.20)




EPJ Web of Conferences 191, 06003 (2018) https://doi.org/10.1051/epjconf/201819106003
QUARKS-2018

while two real SU¢,p(N) color-flavor singlets have mass

N
u _
"7

If up and p; are of the same order (more exactly, we assume below that @ = const, see
(2.7)), then

3

=, (2.21)
H

mi}(l) N miU(N) =mp ~m << mg. (2.22)

Below we will heavily use this mass hierarchy of the perturbative spectrum.

In particular, in the limit (2.14) m; — 0, and 2N? squarks become massless. This reflects
the presence of the Higgs branch which develops in this limit. The presence of massless
scalars developing VEVs makes the string solution ill-defined [25, 26]. Below we use the
u-deformed N = 2 QCD at large u as an infra-red (IR) regularization of N = 1 QCD. At
large but finite i the Higgs branch present in N' = 1 QCD is lifted and the IR divergences are
regularized, cf. [27].

3 Non-Abelian strings

3.1 Bosonic sector

In this section we present the solution for the non-Abelian vortex in the Ny = N, case.
First consider a stationary string along the x3 axis. The solution is derived using the ansatz
[10, 11, 15]:

\/EqkA _ \/EZJ‘A =¢ ¢ + nn(pr — ¢2)

1
= @+ (N =Deo) + (41 = o) (7 = 1/N)

o Y ~ (3.1)
A = ey S fw) (mi = 1N)

2 X/
AT = N2 f(r,
where the index i runs over the transverse coordinates 1, 2. Here we introduced profile func-
tions ¢ (r) and ¢,(r) for scalar quarks and f(r) and fi(r) for gauge bosons, and r is the polar
radius in the xj, x, plane. Orientational modes of the non-Abelian string are parametrized by
the complex vector n,1=1,..,N, satisfying

ment = 1. (3.2)

These modes arise due to a possibility to rotate a particular string solution (say, with n/ = §'!)
with respect to the unbroken color-flavor global group SU(N)c.r, see (2.16).
Boundary conditions for the gauge and scalar profile functions are

VE, (3.3)

0.

0, $2(0) # 0, b1(c0) VE, $2(c0)
1, fO) = 1,  fw(eo) = 0, f(0)

#1(0)
Sfw(0)
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We solve equations of motion for our theory (2.8) using the above ansatz, see [1] for the
details. The result is as follows. String solution consists of a gauge field core of the radius
R, ~ (1/mg) In(mg/my), logarithmic tail 1/mg < r < 1/m; and exponential fall-off at larger
r. Inside the core the profile functions are approximately constants (¢; ~ 0, f ~ 1), while at
the logarithmic tail we have

In —
R lng ’
my (3.4)
¢ = \/g_‘?,
f = fw =0

At the large r > 1/m fields exponentially approach their VEVs.

Calculating the energy on this configuration we arrive at the tension of the string

7o 2 (3.5)

where corrections are suppressed by powers of large logarithm log m¢/my. The leading term
here comes from quark kinetic energy ((¢] )?) integrated over intermediate region. Note, that
the logarithmic suppression of the string tension is not specific for non-Abelian strings. Sim-
ilar expression was found for the ANO string on a Higgs branch [26, 27]. The formula (3.5)
should be contrasted with the exact result Tgps = 2n¢ for the BPS case (see, for example,

[15]).

3.2 Fermionic sector

As was mentioned before, fermionic sector is essentially trivial. When the u parameter is
switched on, supersymmetry is broken in the orientational sector, and all the orientational
modes are lifted. For small u this can be derived by solving the Dirac equations in perturba-
tion theory. It turns out that there is no zero mode, and the lowest mode has a mass

f fN(y)¢2(y)

9 Y ey

my, (3.6)
Podw

dyz—
)

1 -2

In the orientational sector N' = 1 supersymmetry survives which allows to generate the
supertranslational modes from the bosonic fields. However the world sheet theory is trivial
and therefore does not affect the string dynamics.

6
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4 World sheet theory
4.1 Kinetic term

Each particular solution (3.1) (say with n’ = ¢'!) breaks the SU(N)¢.r group down to SU(N —
1)xU(1), and therefore the n” span the moduli space

SUMN)c+r
SUN -1)x U(1)

=CP(N - 1). 4.1

To derive a world sheet theory we promote translational and orientational moduli to
slowly varying functions of the world sheet coordinates t = xy, z = x3. Namely, we will
have translational moduli xf)(t, 7) (position of the string in the (xy, x;) plane, i = 1,2) and ori-
entational moduli nf(t,z), P = 1, ..., N. They then become two-dimensional fields [10, 11],
see [15] for a review. Translational sector is free and sterile, so we will study only the dynam-
ics of the orientational modes. The gauge field acquires longitudinal components [10, 11, 28]

AN = —i[on A —n O - 2n - A@IM)] p(r), k=0,3, (4.2)

where p is a profile function to be determined.
Substituting (3.1) and (4.2) into (2.8) we get CP(N — 1) model

s+ = 2B fdtdz {(6kﬁ6k n) + (7 Ok n)z} , (4.3)
with the coupling constant 8 given by [1]
2mmg 1 1
g~ =M = ol 4.4)
g2 mL In- Z& |m| In2 £l

Sl

This equation is in fact valid at a scale of the UV cutoff mg ~ +/& of the world sheet
theory. Then the running coupling constant of the CP(N — 1) model is given by

G

4mB(/€) = N1In =, (4.5)
Acp
where the scale Acp
N 1
Acp ~ \J€exp {—const il 1 gf"f‘ ) (4.6)

This relation should be contrasted with N' = 2 QCD string, for which the scale Acp was
equal to scale Ay of the bulk QCD [15]. In the present case Acp is exponentially small, so
the world sheet theory is weekly coupled in a wide region of energies > Acp.

4.2 World sheet potential

In the case when the quark masses entering the Lagrangian (2.8) are non-identical, a potential
on n’ is generated. In the simplest case when all masses are real, this potential is given by [1]

47T| |
Via & o Z PP @7

mLPl

7
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The potential (4.7) has only one minimum and one maximum at generic Amyp. Other (N —2)
extreme points are saddle points. All these extreme points are located at

= 5, Ao=1,..,N, (4.8)

and associated with the Zy strings. A value of the potential at a given extreme point coincides
with the tension of the Ag-th Zy string,

Vig@* =6 =T,, Ap=1,..,N. 4.9)

Absolute minimum (the unique vacuum) of (4.7) corresponds to the Zy string associated with
winding of a squark with the smallest mass.

4.3 Semilocal strings in the N =1 limit

In the case with “extra” quark flavors, Ny > N, the non-Abelian string of N' = 2 QCD
becomes semilocal and develops so-called size moduli pg, K = N, + 1,.., Ny [23]. Consider
the case when N = Ny — N, = 1. The string in this case is BPS saturated, its tension given by

Tsemilocal = 2”5 (410)
The world sheet theory for this string was derived in [23]:

st = [ d2x{|ak(pnp>|2 I+ ‘;—f[wknpﬁ + (ﬁpaknp)z]}, @.11)
where L is an IR cutoff.

Now consider ¢ deformation of our theory. We find that the string is no longer BPS.
The scalar which develop VEV has smaller mass then the mass of the gauge boson. This
corresponds to a type I superconductivity. The size p is no longer a modulus cf. [32]. It
develops a potential ~ 1/ |,o|2 in (4.11) which forces the semilocal string to shrink and become
a local string.

5 Physics of confined monopoles

Above we discussed non-Abelian strings in N’ = 2 supersymmetric QCD deformed by a large
mass term for the adjoint matter. In the limit of large u this theory flows to N' = 1 SQCD.
The main question is, what happens to the confined monopoles as we pass on to the N' = 1
QCD? In order to answer this question we derived and analyzed the effective theory on the
string world sheet. It turns out that this theory is bosonic CP(N — 1) model (4.3) with shallow
potential (4.7) generated by small quark mass differences. The fermionic superpartners of
the bosonic orientational moduli 7/ present in the A’ = 2 limit become heavy at large u and
decouple.

Since our four-dimensional theory is in the Higgs phase for squarks, ’t Hooft-Polyakov
monopoles present in the theory in the N' = 2 limit of small u are confined by non-Abelian
strings and serve as junctions of two distinct strings [11, 12, 29]. In the effective world sheet
theory on the non-Abelian string they are seen as kinks interpolating between different vacua
of CP(N — 1) model, see [15] for a review.
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In the large u limit adjoint fields decouple. Therefore we could expect quasiclassically
that the confined monopoles disappear in this limit. This indeed happen for non-equal quark
masses. If quark mass differences are non-zero, a potential (4.7) is generated. It does not
have multiple local minima, therefore kinks (confined monopoles of the bulk theory) become
unstable and disappear.

However, in the equal quark mass case, the analysis of the quantum world sheet theory
shows that confined monopoles do survive. The monopoles are represented by kinks in the
effective CP(NV — 1) model on the non-Abelian string. The CP(N — 1) model is at strong
coupling. It was solved by Witten [30] in the large N approximation. It was shown that kinks
in this model are in a confinement phase. In terms more suitable for application to monopole
physics of the bulk theory this can be understood as follows, see also [15] for a more detail
review.

The vacuum structure of the CP(N — 1) model was studied in [31]. It was shown that there
is a unique vacuum. There are, however, of order N quasi-vacua, which become stable in the
limit N — oo, since an energy split between the neighboring quasi-vacua is O(1/N). Thus,
one can imagine a kink interpolating between the true vacuum and the first quasi-vacuum
and the anti-kink returning to the true vacuum. Linear confining potential between kink and
anti-kink is associated with excited quasi-vacuum.

This two dimensional confinement of kinks was interpreted in terms of strings and
monopoles of the bulk theory in [28]. The fine structure of vacua in CP(N — 1) model on
the non-Abelian string means that N elementary strings are split by quantum effects and have
slightly different tensions. The difference between the tensions of “neighboring” strings is
proportional to Aé p» see (4.6). Therefore monopoles, in addition to the four dimensional
confinement (which ensures that they are attached to the string), acquire two-dimensional
confinement along the string. Monopole and antimonopole connected by a string with larger
tension form a mesonic bound state.
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