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1. Introduction

Supersymmetry is one of the most attractive ideas in theoretical
physics. One of the advantages of supersymmetry on which we focus
IS its highly symmetry. By symmetry, we fortunately can evaluate the
low energy effective action in some cases.

Various investigations have been made on the low energy effective
action of supersymmetric gauge theory. For example, now we can
compute

- the low energy effective action of N=2 supersymmetric gauge theory
- the low energy effective superpotential of N=1 supersymmetric
gauge theory.

In particular, N=1 supersymmetric gauge theories are more realistic,
because of the vacuum structure and other various reasons.



In this talk, we consider N=1 (and N=2), supersymmetric U(N) gauge
theory whose matter content is

vector multiplet adjoint chiral multiplet
(A,u7 /\a) (¢a wa)

In 2002, Dijkgraaf and Vafa have suggested that the effective
superpotential of N=1, U(N) gauge theory with superpotential

n—I—l
/dQQTr(TC|WaWa + Wiree),  Wiree(®P) = Z cbk

can be written in terms of the free energy of the bosonic one matrix

model by the following formula: [Dijkgraaf-Vafa]
0
Werr(S) = Nastree(S) S = T 64n 2TrSU(N)W Wa



U(N) Partial breaking model [Fujiwara-ltoyama-Sakaguchi '04,’05]

The model we focus on is as follows:

/ d20Tr <]—“”(CD)WO‘Wa 4+ ed + ma}— (¢)>

0P

This Lagrangian has N=2 supersymmetry. However, the vacua
preserves only N=1 supersymmetry.

N=2 supersymmetry is partially broken to N=1

There exists a massless fermion which is Nambu-Goldstone particle.



What happen at the low energy?



1. The effective superpotential is deformed compared with that of
Dijkgraaf-Vafa:

OF s ea(S 1672i "Il OFree(S
N free( ) + g free( )

Wese(S) =
eff( ) PYS m ,l;gz k 8951

2. We can find the low energy theorem for the Nambu-Goldstone
fermion.

For example, the amplitude u(g)M(q) for the process
A — Ang(g) + B

IS suppressed.:

lim M(q) =0
qg—0
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2. U(N) gauge model with partially broken

N=2 supersymmetry




First of all, due to modification of the supersymmetry current algebra,
It is possible to break N=2 supersymmetry partially:

= 1 ‘ constants
{Qia Jgg,} — Q(Ju)adchiTﬂu + (Uﬂ)adcji /

/ N=1 superspace formalism [hep-th/0409060, 0503113]\

N=2 harmonic superspace formalism [hep-th/0510255]

by Fujiwara, Itoyama and Sakaguchi

\(N:Z quiver gauge theory [Itoyama-K.M.-Sakaguchi, arXiv:O709.3166])/

In the following, we construct N=2, U(N) gauged model in N=1
superspace formalism. gauge index: a =0,1,...,N°2 -1

U(N) vector superfield Ve = (A%, \2) overall U(1)
U(N) adjoint chiral superfield &2 = (¢2,42)



Generic action with U(N) isometry consists of

prepotential
> Kahler term /

—3 b
_ ?Z/d4gcd49Tr (CD adv 97 )> 4 he.,

od

> gauge kinetic term

Sgauge — ———/d4a:d29 Tab(cb)waawb —|— h. C.,
» superpotential function of &

Sy = / Prd20TrW (P) + hec.,
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By imposing discrete R invariance:

() (%),

the generalized gauge coupling 7,,(®) and the superpotential
take the following forms,

02 F(P)
lolsloly

HF (P)

— 0
W(P) =ed” +m 50

Ta,b(cb) —

e. complex, m: real

=p- £=2 supersymmetry invariant action is

g B b
g = / dadto v (@ecdv T (®)
> Hb

i O2F (D)

+ / d*zd?0 (waawg +ed® 4 m2L (CD)) + hee.

4 Hbagpb oOPpO
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Vacuum structure

In the following, we consider the case of

n+1

F(P)= > __ Ik 1okt . degree n + 2.

Scalar potential

V=g (éDan + 8 (e¢0 + maf@) O (eqﬁo + mPT)

= (k+ 1)!

OO O

. oV
Vacuum condition —— = 0 leads to

—

Jox

9P F 4096 (eP + mFop) (€80 + mFp.) = O

)
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Change the basis for Cartan part (eigenvalue basis)

)k, =%,  (i=1,...,N, jk=1,...,N)

In this basis, it is straightforward to examine the vacuum condition:

0= (]—"m(gﬂ)Q)((Qe + m]?ﬂ)(Qé—l— mﬁﬂ», i not summed.
\\0 \\0
unstable vacua stable vacua

Thus, the vacua are determined by

2 2
(Fi) = —— or ===, foreachi(=1,...,N),

- m m

. . . 1
or, in terms of Kahler metric g;; = ImFj;, ((9;;) are gauge couplings (—2> )
21 21 )
me or + me, for eachi (=1,...,N).

m m

(gii) = —
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When Ime/m <O

 vacua A: (gjj) = —2 Ime/m > 0, for all i. In this case, as we will see,
thelst (manifest) N=1 SUSY is preserved. Also, this
condition determines the vev of ¢, which, in general,
breaks the gauge symmetry as

UNY = T[UN)
1=1

« vacua B: (gjj) = 2 Ime/m <0, for all i.
2"d (hidden) N=1 SUSY is preserved in these vacua.

Note that we have ignored the other vacua where (gj;) are equal to

ii
2 Ime/m for some i and to -2 Ime/m for the other i .
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Nambu-Goldstone fermion

The supersymmetry transformation law of the fermions is as follows:

5<2Z>:_\/§gab< 0 —(6559+m-7?06))(771>_|_’

5519 + mfob 9 2
In the vacua A, this becomes

(6™ = 0, (6AY) = 2V 2min,0%, wemm 2nd SUSY is broken

In the vacua B,
(5% = 2v/2min, 8

(6AY) =0 = 15t SUSY is broken

7

- 1 |
mass spectr Nambu-Goldstone fermion !

n
¢ N=1 massless H U(N;) vector multiplets: V¢ = (A%, A? (or ¥*))
i=1

n ~ ~
o N=1massive [][U(N;) adjoint chiral multiplets: ®¢ = (¢%,4* (or A%))
i=1
+ N=1 massive vector multiplets corresponding to broken generators
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3. Effective superpotential

References: Hiroshi Itoyama and K.M., arXiv:0704.1060; 0710.4377
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Suppose that each U(N;) gauge part confines at low energy. The
effective superpotential can be written by gluino condensate

' S; . i i
superfield (Si = — =25 (Try )y WVIEWL)

It is well-known that this type of effective superpotential can be

computed from the bosonic one matrix model.
P [Dijkgraaf-Vafa]

In the model we consider here, the effective superpotential can be
also written by the language of the matrix model. However there
exists the deformation part in addition to well-known DV part.

[Itoyama-K.M., Ferrari]
[Aganagic-Beem-Seo-Vafa]

OFfree(S) 1672 " OFfree(S)

+ > gk

dS; m =577 Og_1

Were(S) = N;
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One matrix model (Mis N x N matrix)

o definition:
N2 N n1
exp (——QFfree> = / dM exp (——trW(M)), w) = S Dkt
m gm —o 0!

 loop equation: In the large N limit, loop equation becomes

) Ry =% (v 1)

4
where fn(z) (of degree n-1) is determined by
gm% = ¢ dzRm(z)

27

Rm(2)?2 = W/'(2)Rm(2) +

« formula: Finally, by taking a variational derivative with respect to 9k ,

we obtain
OFfree _ gm <ﬁter> .
dgy, N \k!
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Generalized Konishi anomaly equations and Chiral ring
[Itoyama-K.M. arXiv:0704.1060; 0710.4377]

cf) [Cachazo-Douglas-Seiberg-Witten; Ferrari, arXiv:0709.0472]

Recall that the action of our model is

OF (P)
o0

N b
§ = /d4xd29 (—Zaﬂ )waawg+eq>0+m

1 9DIoD] ) +hcH+....

and the matter induced part of the effective superpotential is defined by

exp [i/d4x(d29Weff—|— h.c. 4+ d*6(nonchiral terms)] — /DCDDCTDeiS.

The Schwinger-Dyson equation for general transformations §& = f(d, W*)

IS
_ 5 . 1 o of
LD J> B <64772 !W ,[Wa’acbij”ij>
I

0 ~ <2Tr(ff”’(¢)wawa)> + (Tr (fW'(®))).
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Let us define the generating functions of the one-point functions:

N 1 B 1
R(z) = — 7T2Tr<W waz_¢>, T(z)—Tr<Z_¢>.
For f(®,W) = —5W*Wa=5 and 25, we get the following
equations:
R( 2 f(z) o
2)¢ = W/(2)R(z) + : S; = R(z)dz

Qg

where f(z) and c¢(z) are polynomial in z of degree n-1.
From the form of the equation for R(z),

{ if S; = gmN;/N then R(z) = Rmn(2). ]

The formula for the free energy becomes

OF
free _ 9m < rr Mk> ﬁvka v = —
gy, N \k! k!

<Tl’¢k_ 1WaWa>
6472 '
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The solutions of the above equations are

/

RG) = 5 (W) - VW26 + (),
< / 1"
N O (f,,,(z) W/(2)F"(2) )
. VW2(2) + £(2) VIW2(2) + £(2)

. 1
Note that 7'(z) satisfies N; = —7{ T(z)dz .
27 Joy
If we take this into account, above solution for T'(z) can be written,
after some algebra, as

(9'% 16724 n+l vy,
Uk Z 388 m Z gfagg 1

7

, for all k

where (Trok=Twew,)

6472

EE<TT¢J>, v = —
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Recall that the definition of the effective superpotential is

exp [i/d4x(d29Weff—|— h.c. 4+ d*6(nonchiral terms)] — /DCDDCTDeiS.

Final step is to take variational derivative of above with respect to
the coupling gx, we obtain

OWesr m oo 16724
= —u VL _
dg A TRt
m ovy, 16724 16725 "] vy
= w2 Nos Yoottt T 2 9
i 0 (k—1)! (=> 9Y9r-1
9 OF 1672 "Il OF
- Y ZN%' free 1 z g free
gy, i 95 moy_o 99p—1

Thus, 9x dependent part of the effective superpotential can be

written as
OFfree + 1672i "H! OFfree

qu -
0S; m EE:Q 0gp_1

Werr = ) N;
i
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4. Low energy theorem for Nambu-
Goldstone fermion

Reference: Hiroshi Itoyama, K.M and Syoji Minato, arXiv:0909.5486
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The supercurrent associated with the broken N=1 supersymmetry is

; _ _ _ _ _
S = Egabnszp 7ot p FY, 4 2ivV/N(edg + mFoq) oot X — V2g,ymp0” 5# ADy ¢

] — - 1 - 1 _ - _
—%gabfgdn20u¢a¢c¢d + ﬁfamwx”a“v) + ﬁfabcnzo%\aw%%.
In the N=1 vacua, this can be written as
7728(2)” = —;(gab)ngap&Va“@EaF,lj’p + 22’\/N(e52 + mFgg)noot A + ...

Next, we will consider the matrix element of this current:

(B1,Bo, ..., BalSPH AL, Ao, ..., Am)
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Process1 A — Ang(q) + B : amplitude M1(q).

For this process we consider the matrix element:
(B|S(2H | 4)
Diagrammatically, this is depicted as
SH
A B —|— A — B
H \\
q ® o

H
= (0|S*|A) x qu;“ x M1(¢) -+  (non-singular)

Thus, the momentum conservation 8,(B|S(2#|4) = 0 leads to

lim M]_ = 0.
qgt—0
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Process 2 A — Ang(g) +v(k) + B : amplitude M2(k, q)

For this process we consider the matrix element:
(B, ]S A)

The diagrams which could be singular in ¢* — 0 are

B
A qt
N SH
g ¥ gu ot =
Thus, I
1 . 1
lim Mz(k,q) = 0. (k_q)2_m2 T —m2—2k-q—|—(9(q2)’

qgt—0
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5. Conclusion

o We consider the classical vacua of the U(N) gauge model with
partially broken N=2 supersymmetry and see that there are the
N=1 supersymmetric vacua.

e We saw that gluino condensate effective superpotential is
deformed

e We have also discussed the low energy theorem for the
Nambu-Goldstone fermion.
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N=2 supersymmetry

R transformation act on L:
RL(OR ' =£(-¢)

1st susy transformation: §(1€)£(¢) =0

This is ordinary N=1 susy transformation.

2nd sysy transformation: 629 £(¢) =0

The definition of §(2:6) is §(28) = ps(1L,—O 1

Thus, 629c) = (RsG9OR™) (RL(—R™)
R(6"8c(—g))R7?
0
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