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1.Introduction

Supersymmetry (SUSY): good candidate for new physics.
Ex. Matter content of Minimal Supersymmetric Standard Model (MSSM)
Gauge group : SU(3)c X SU(2)L X U(1)Y

From hep-ph/9709356

Names spin 0 spin 1/2 | SU(3)q, SU(2)., U(1)y

squarks, quarks | Q | (@; dp) (wp, dp) (3,2, %)
(%3 families) | @ i ul, (3,1, -3
d ds, dl, (3,1, 1)

sleptons, leptons | L (v €r) (v er) (1,2, —3)
(%3 families) | @ & el (1,1, 1)

Higgs, higgsinos | H, | (H; H?) | (Hf HY) (1,2, +3)

Hy | (H) Hy) | (Hy Hy) (1,2, —3)




1.Introduction

Supersymmetry (SUSY): good candidate for new physics.

Ex. Matter content of Minimal Supersymmetric Standard Model (MSSM)
Gauge group : SU(3)c X SU(2)L X U(1)Y

- Solution of fine tuning problem  mzi s = (M7iggs)o + 5mirigys

1-loop correction to Higgs mass émy;,,, :

_________________

ho @ ------ KO + 10 ‘f ,"; K0 ™~ m?oft breaking — O(lOOGeV)2

2 2 2
_/\UV /\UV + Msoft breaking

- Coupling unification, dark matter (with R-parity).
For this talk,
* Approach to strong coupling gauge theory

Holomorphy, duality. (Calculability)



Motivation (why we want to look at duality)

Our original motivation is to build models of particle physics
based on the String theer_ Heckman, Vafa, Verlinde, Wijnholt
Because Ramond-Ramond tadpole (anomaly cancellation)
condition often requires many D-branes, we tend to have very
large gauge group naturally.

Example : D3-brane tadpole in F-theory compactification

Npra+ Ny = x(Y2) x(Y4): Euler number of Calabi-Yau 4-fold
179 ' J Lt 24
N

I! fluz background 3-form flux

Standard model (SM)
Naturally, we may find SU(100) gauge group. «—» SU(3) x SU(2) x U(1).

How can we get small rank of gauge group naturally?

Ref. probability (open string landscape) to get SM gauge group with proper matter content

in toroidal intersecting D6-brane system;
~ 107°. Gmeiner et al.



Seiberg duallty (we will see later again) | 3IV/2 < Nf < 3N

It is known that ' = 1 SU(N) SUSY QCD (SQCD) with Nt flavor

have a non-trivial fixed point in the infrared regime and a dual

description below the scale where coupling becomes strong:

we have effective action of original SQCD. Banks and Zake
Ref. QCD ¢ Chiral Lagrangian Seiberg

A SU(N) SQCD with Nf flavors Q;, Qj, i,j =1,2,... Ny

Dual

B: SU(Nf o N) SQCD with Nf flavors + Mesons (3 fixed point, too)
ds, q]) Mz], 7/,] = 1,2, .. Nf

4

‘ Energy

A B we will find the same “physics” below a fixed point C.
(gauge invariant operator)

¢ Gauge group can be different from each other!




Seiberg duality cascade (non-conformal but have fixed points)

Klebanov and Strassler

Consider A/ = 1 SUSY gauge theory whose gauge groups are
SU(EN) x SU((k—1)N),
Representation of quarks for gauge group of this model

SU(kN) | SU((k — 1)N)

Qr kN (k—1)N r,S 1,2

Qs kN (k—1)N

with quarks and superpotential which becomes mass term of
meson in low energy scale (W ~ (QQ)?).

SU(kN) can be asymptotically free (2(k-1)N flavor),
while SU((k-1)N) can be asymptotically non-free (2kN flavor).

gk — 9k = 95, 9p—1 — O. More than 2-loop.



Suppose that we can take Seiberg duality for SU(kN).
(We need k >4 for non-abelian Coulomb phase, otherwise
we will see free magnetic phase or confinement phase.)

After one takes Seiberg dual of SU(kN) theory, we get
SU((k—2)N) x SU((k—1)N).

This is similar to the previous model but we have smaller
gauge group. (Meson are massive. = Wiy ~ (42)?)
This will continue as (we will see later)

SU(kN) x SU((k —1)N),

Energy —

scale SU“k—@NlifZKh—DN)

SU((k —2)N) x SU((k — 3)N).

SU(2N) x SU(N).

T su).

(s confined




Rough illustration of running of gauge couplings

1/(c:oupling)2

SU((k — 3)N)

SU((k — 4)N) SU((k—2)N)

SU((k—1)N)

SU(EN)

SU((k —3)N) SU((k—2)N)

»
»

In(Energy)

Strong coupling; we use
Seiberg duality and then
Integrating out meson

What is important is that we have smaller gauge group in low energy scale
based on a duality cascade!



Perhaps, more complicated duality cascade leads to
the standard model. (But no one still find it.)

I?

[TSU(N;) — SU(3) x SU(2) x U(L) x ...

Many theories of
Rank = O(100)

Toy model:

U(3) x USp(6)%/R xU(l) — U@ x USp(Q)%/R x U(1).

2 times duality

This i1s a motivation that we want to study duality cascade.

Furthermore, when one adds SUSY breaking terms to this model,
It may become more realistic because it seems that SUSY Is
broken in our world.

Trial for an explicit model: Uranga et al., Heckman et al. (Seiberg dual: Abel et al., Oz et al.)



Because we want to know just qualitative properties of duality
cascade, in this talk we will consider

SU(kKN) X SU((k-1)N) model with soft SUSY breaking terms

as a first step.
(This might be a field theoretic dual of supergravity on Klebanov-Strassler warped throat
with SUSY breaking effects (anti-D3? (IASD flux?)).) Dewolfe et al., Kachru et al.

Using a spurion method (physical parameters are treated as
external superfields), we will introduce soft SUSY breaking terms
by hand.



What we did :

- We study evolution of renormalization group of both
supersymmetric terms and SUSY breaking terms in
SU(kKN) X SU((k-1)N) model of cascade under 1-loop
anomalous dimension (=1-loop or 2-loop beta function).

What we found :

- Almost SUSY breaking terms are suppressd and converge
to weak coupling gaugino mass in the infrared regime.
-Because of SUSY breaking term (holomorphic mass term
(B-term) or non-holomorphic scalar mass term), we could find
gauge symmetry breaking; the cascade could end.



Plan of talk

1 Introduction (and summary)
2.Beta functions (preparation)
3.Seiberg dual (warming up)
4.Duality cascade

5.Summary



2.Beta functions for soft SUSY breaking terms
from spurion method (preparation)

Many people contributed;
Yamada, Jack et al., Avdeev et al., Kobayashi et al., Arkani-Hamed et al.,...

(For example, see review by Terao (hep-ph/0112021) references therein.)



- Physical coupling as a spurion (external superfield)
Consider A/ = 1 softly broken perturbative SUSY gauge theory
with matter fields;

L= Lsusy + Lot
= /d49 > 11— ‘m§94)QI€2V(Q)Q¢] + /d29(yz‘1...z‘n —a; ,09)Qi, .. Qi
i

| |

~ _ _ Uiy ...in -N-point coupling superfield
Z; . Wave function superfield )
1
+Z/d29 (1 — 2M\6)W W, + c.c.

I

1
—5 - Gauge coupling superfield
gc

~ .

) ) . ~ ~ l . -
—Lgort = mi|Qil° + (aiy..i,Qiy - - Qi + EMAX)‘)\@ + c.c.).

~ 1_ )
Q=0+0%2+ ..., Wa= - 2672V Dpe?V = —irg — %FW(JW)Q%B 4

@ : scalar, @Z)g: fermion, Fj, : gauge field strength, Ao : gaugino, 6 : fermionic coordinate.



. _ 1. .
Remind that we have [d*ZQlqi. [d0w*wa, at generic scale:
gc

we need renormalizations of fields, then we will find

Zilga .
;7? = In(Z;)[pa < —m7;2 :Non-holomorphic scalar mass,
2

Yii.in| < — Gig.ip, :holomorphic n-point scalar
16< coupling,

G 2lp202 = —In(G2)|;2 <> — M,  :gaugino mass.

Note that superfield propagator in softly broken theory is given by supersymmetric one;
(QiQD)sope = (1 + SmZO*N Qi@ susy(1 + Sm76%).

This factor can be absorbed by redefining couplings (gc, y) with a wave function.
Then will find (spurious) supersymmetric propagator and

Zi = Zi(Ge, §,71)-



We can express couplings as spurion,

7:(0,0) = Zq,(0) 25, (B)(1 — m76%).

Z@,(0) : holomorphic Z factor spurion superfield
(relate to renormalization of holomorphic variables
(irrelevant for this talk))

2
~—1 1.4 > a2 4 _ 9c
Q = « (1 M}ﬂ M}ﬂ Age ), o = 5.2
>, 1, 5 > 4
Yii..iim — Yiq...0n — Qg zne +Z(mz + min)yzl zne
2
A . « nearrs 2 Mmool 12N\ ~L Tr /7 — 2N 1
Ag=———— " _1Limy — Lq|My|") ~ SUr[L;(IMass™);|
J. __l Oﬁ s

We can determine this from 6% -term in Novikov-Shifman-Vainshtein-Zakharov formula.
(This A relates to € -scalar’s soft mass counter term in DERD regularization )

872 1 ~ )
— =Re| | =) T;In(Z;) — T In(g).
ge 9y i



Beta function for supersymmetric coupling

2
| I I pr— gc
Physical gauge coupling « 5,2
dOﬁ 5 7 sk az 3T T /1 NG|
_— = Q, , = —
JIn() ala, Y, y) 1 _TGal G~ 22, il —7i)]

For SU(N), TG = N : Dynkin index for adjoint representation,
=1/2 : Dynkin index for (anti-)fundamental representation.

Vil gesy, y*) = _dln((Z;) - anomalous dimension for Qi (Qi)
7 dIin(u
8g7;2=Re (\/89:/\+bln(/\/m S TiIn(Z) — T In(g2)
c h )
 Physical n-point coupling y
dyil---in_n/ , *\_1/_ L. | ~. \a,.
CZ |n(,LL) - Py\ga, Yy ) — 2\’7/@1 T ’722 I I ’YZn}yzl...Zn

u : renormalization energy scale  vi,..., = 2,7 ... 2, 7Y, 4, = e WRENED L



- Beta functions for soft terms

We obtain them from 2 -terms of beta function for g, ¥ and 6% -terms of
anomalous dimensions of superfields;

-Gaugino mass

dM
A = Dy (504)
din(u) o)
- Holomorphic scalar n-point coupling

dai ; 1
1:-:tn ___ o N N N N B
P |n(“: = 5(%1 + -+ Yy, — ((D17viy) + -+ (D1 )iy i,

d {a;. \
o — [ ) = (D) + -+ (D)
r dii"l\/\'ij) ‘\y l-. ?:TL//’ L\ AL l/ll AN 4 on 7 4
-Non-holomorphic scalar mass
dm;" —D
0 0
Dy = onAa— - a@y . projection operator on 02 -component
A a ]
Dy = 1—I—a(|M\|2—I—A)——I— (m o+ m?) |y oyt
"9y 9y* |

. projection operator on 04 —component



3.Selberg dual:
N=1 SQCD and its dual theory
(warming up for duality cascade)

For example, see review by Terao (hep-ph/0112021) references therein, too.



Seiberg duality for N =1 SQCD

A:  SU(N) SQCD with Nf flavors 3N/2 < Ny < 3N
SU(N)|SU(Ns)L|SUNgr | U(L) U(L)g
Q N Nf 1 1 (Ny— N)/Ny
Q N 1 Nf 1 (Nj— N)/N;
B: SU(N;— N) SQCDwith Ny flavors + Mesons
SU(Ny — N)|SU(Ns) L |SUNpR| U(1) U(p
q Nf — N Nf 1 N/(Ny—N) N/Ng
q | Ny—N 1 Ng | -N&=-N) | N/Ng
M 1 Ny Ny 0 2(Ny— N)/Ny

M~ QQ

di Melassical [M] =1




Lagrangian of both A and B theory at UV scale

_ 1
A L4 = / 2401012V + Ote=2V O] + . / 420 F 4 W Wa + c.c.

— _1 .9
WA—O f 72 Z87T2
B r— [ A2V =t 2V =t
LIB j w UI_(:[ C (l_l_(:l C (:l—l_iV.l. lVJ_J
[ > - _ 1 r 2 o
—I—/ d ﬁquq—I—Z/ d“0fg W " Wa + c.c

Wp = yMaq.

Because of SUSY, flavor symmetry and charge conjugation,all Q and (_Q
(or g, g and Ms in dual theory) have the same anomalous dimension.



A: at an infrared fixed point C,

For example, see Strassler’s review (hep-th/0505135)

5aAo<(3N—Nf(1—'yZQ))=O — 75=1—3N/Nf<0

dim[Meson] = dim[QQ] = 2 + v = 3(1 — N/Ny)

B: at an infrared fixed point ¢/ with ¥ < 1,

® >

A

uv C g«

5QBOC(3(Nf—N)—Nf(1—’y;)>=O — ’7;2_2+3N/Nf<0-
1 1 ,
By ==y + vy, y )Ny~ -(2y)y<0. ¥
2 2 R N
Therefore we will find a fixed point with | t wscmpledﬂer? @)
. . : . o\ .
fixed value of y (#0) in an infrared regime. L\ A ¢
| s A
| el
By = 5(29 + 7"y =0 v\
- 7;4 = 2y} =4—-6N/N; >0, A
Aia~TAT1 4 1 %X /A __ /(1 AT/ NT o I'l k"--.-_ _
aim{mM] = 1+ yp /< =L = IN/INg) o . e
. C’ g
uv " Mz Decoupled Herve

Therefore A and B can describe the same physics at fixed point C

(Baryon, anomaly of global symmetry, moduli space, integration of heavy mode)



Consider that one adds soft SUSY breaking terms to both
A and B theory at UV scale by hand (spurion scheme).

A Lopi= | d“e[(—mée“)@@ + (-m361)3'Q)
4= /d29( 2—92) WEW, + c.c.

ad f 4 2"4‘ | £ 4 *TE 2 |
B:  Lsopr = | d"0l(—mg07)q'q + (—mGb~")q'q + (—my,0 YMTM]
| [ 12n/ n2\7|/r— | 1 [ 12n/ AMBAZ\\/HQ’,\/H |
—|—/at7\—cw ) VI q—r—/aU\—A—QU) V VVa 1+ C.C
4 95

We added global symmetric soft SUSY breaking terms and supposed that

2> Mo £t



2
Beta functions of A-theory: Bay = ——A [3N — N¢(1—vg)]
_ 1 - Nay
-Gaugino mass

dM . (Bas\ 4 (Bay\
aingey = Doy ) = oM (G

-non-holomorphic soft scalar mass

2 2
de / Qd/yQ Ky PR .dny\ln/r.IQ | /\.,\,,dny
- <t I VIA| T KA AGA
din(p) ~ \ “da3 Aday ) da
(m2 + m2)
Ap= "4 INMyP - N
1— NozA 2
Sum of non-holomorphic soft scalar mass
A (i) =2 (O‘A g2 ! QO‘A,JN ‘ ) (Mg |" + 28 q0 47—
b(/lll\ / \ bl/LX,A LUL/LA/ b(/l./LA



Around an infrared attractive fixed point C at scale u,

we will find Bas(aa = 7)) = 0 then also obtain

_ Ny(af)? (/dm}
* 1 — Nah \daA|

gx

v

Note that a M /Ba is RG-invariant.

v

0!

Hisano and Shifman



PO I oy

J( 2\ y ) N .
(,l/\'llb -T- 'Ill/—} d‘ d d
@ Q IQ{Q% fy_Q—!—’_)aA ny\\!ALA!Q—!—Q./_\.AaA e
din(p) \ dai day ) do g
~ T(mg +mg) — 29| My|?
/ ]\/T(a* )2\ /d’y | \ /d2'7 | \
Q:—(Z@Z—!— A ) [DQ] \—(aZ)Ql Q|
\ 1- NOéZ/ \dOéA ‘O‘A%O‘Z/ \ dai ’aA%Oé:k_A’/

. 2 2 2 A
Around the region where [Mal” < (mg +mg) | we will find

W) -0
(my+ m3) () = (my + ) (o) (L)

> I
HO 0!
(A4DY Tym?2 — 0.)
i
The assumption that there is the region can be justified.

= = T6-2Q, oo=|—2¢ @

ETEYZR ’ = a2

LAY, \ A /

—r u—0
o~ (ﬁ\ -+ constant > o0
\ 1o/



Beta functions of B-theory:

Bop = ———B [3(Nj— N) = Ny(1 — 1), By = 2 v+ 70

1 — Nap
14V X py

-

For convenience, we see the following beta functions

d(Cn’B]\V{“) Pa 3 8 \
222 = BayMp+agDy [Z2E), Dy =|agMp—— —a— |
din(pu) \ ap / \ dag 0Oy
d(y'a)
= ay'(2vq + Y1) — [y1°D1(2vg + Y1)
din(u)

and define a square of Yukawa coupling ay = |y|?/87°.
Around a infrared attractive fixed point C, we find

BaB(OéB ~ 0473) ~ By(y ~ yx) = 0,

OBar|  OBay
d (a*BMB ) _ | e |, O | <a*BMB>
din(p) —yla OBay ‘ OBy ‘ —yia '

\ en|, dev] )



Notice that when one sees small deviation from a fixed point

da = apg — ajp,

5ay = oy —

*
Y

«

these deviation satisfy the same equation as soft terms.

(Of course, A-theory, t00.)

Infrared attractive nature implies that |
matrix is positive definite.

u—0
dapg, 0y — O

aplg2
O‘y|92

u—0
MB, a — O

alM

Ba

Note that

¥

_ M \_ A
—yTa B :

M= Coupled H
11 s Couple er; f-F' 'I.,I'

/[ (ap, say)

L
Y

Mz Decoupled Herve

Yy <a> — RG — invariant.
Bay



When one looks at #* —components of (a, ay),
we can find that these components also satisfy the same
differential equation. Therefore

Glgs = Ap + O(IMp|?) ~ > Tim? < m2 + m2
7 > O'
~ | X 7/ 2 | 2 | 2

aylgs = ay(mg + mg + mys) + O(|ql

This means

2 2 2
(mg +mg), my — O.
( ZTim%, m§+m§—|—m%/[—> 0.)
()

How about duality cascade case?: not conformal
but almost conformal.



4.Duality cascade



Duality cascade

Strassler’s review (hep-th/0505135)

Anomaly free symmetries:
~NT T /1 ~ r\ ~NT T /L L1 - N\ 7 Tr\ ANT T L o~ ANT T L o~ v/ a \ r—'(R\
SU(KN) x SU((k—1)N) x SU(2) x SU(2) x U(1)p X Zyy;
Global symmetries
SU(kKN) |SU((k—1)N)| SU(2) | SU(2) | U(1)g Zon
Qr kN (k— 1N 2 1 (N2k(k = 1)) 1/2
Qs| &N | (k= 1N 1 2 | mew | 12
. rs=1,2

Superpotential: A
W = htrdet(Q Js)

= h |L<wa<c:n>%<cz ), (Q2)% — (QD2(Q2)%(Q2); (Q1)Y)

a,B8:SU(KN) index, a,b: SU((k—1)N) index

This preseves above symmetries and relates to string (supergravity) theoretic geometry
(or N=2 SUSY gauge multiplet + 2 hypermultiplet + chiral adjoint mass).



Beta functions : all anomalous dimension ¥ are the same
because of symmetry and charge conjugation.

- SU(KN) gauge coupling

g, = —(ay,)?
k 1 — kNOék

Nk +2+4+2(k—1)vg] = —F(ay)N[k + 2+ 2(k — 1))

-SU((k-1)N) gauge coupling

+ Dimensionless quartic coupling 1 = hu

Bn = n(1+ QWQ)

L renormalization scale



We can find two fixed points when k 25 (conformal window).

A —fBp1xk—=34+2kyg=0, ap=n=0.
(-1 = aj_1 7 0)

B: —ppxk+2+2(k—-1)y9=0, a,_1=n=0.
(o = of # 0)

At a vicinity of fixed point “A” with a1 ~oj_q1, (o, 1) <1,
(region |) we find

3 o A -
o & ——+§Et%%—me&V<Qx%%3mk>Q

These mean that ok iIncreases and 1 decreases towards the
Infrared direction. On the other hand, at a vicinity of “B”
with oy ~ aj, (ag_1, 1) < 1 (region Il), we find

1 3

N  Bp_1~ F(ap_1)6N >0, B~ —3n/(k—1) < 0.
L TS Br—1 ~ F(ag_1) Bn n/( )




Thus a k-1 decreases and 7 increases towards the infrared
direction.

It can be natural that suppose that we have a renormalization
flow from UV (repulsive) fixed point “A” to (attractive) IR fixed
point “B” (except for n).

The section along n =0 surface

Renormalizarion trajectory
N O —1

.0e
..... o5
.04

.03 :’

02!

[} (w o L] o o

01 i

FIG. 1. RG flows in the coupling space (e, e;_;) in the case
of k = 5. The points A and B represent the UV and IR fixed
points, respectively. The renormalized trajectory connecting
these fixed points is shown by the bold line.

We used 1-loop anomalous dimension
with neglecting O(1/(kN)) for k=5

arfrfa 1 71 -\ 1 1 7aY 7\ I2\ Large n ﬁlarge gk
YQ ~ —IVIkag 1= (kK — L)ag—11+ CUN)- for fixed anomalous dimension. (quasi fixed point)



Around fixed point “B”, theory of SU(kN) (with 2(k-1)N flavor) Is

strongly coupled and would be well-described by Seiberg duality.
(We can evade to deal large n. .- around B, Bp < 0.)

Dual gauge group becomes
SU(kN) — SU(2(k—1)N —kN) = SU((k — 2)N)

with 2(k-1)N flavor. Then total gauge group becomes

SU((k —2)N) x SU((k — 1)N).



Then we will obtain the following matter content and
superpotential in dual theory.

-Symmetries

QT7/ /71, A\ AT  QTT//1, 1\
ODU(K — Z£)IV) X QUK — 1)IV

~—
X
@)
C
N\
N
~—
X
@)
C
N\
N
~—
X
C
N\
|_.l
—
X3
X
N
N
>

7 N 7 N 7 N P B

"matter content

(R)
SU((k—2)N)|SU((k—1)N)| SU(2) | SU(2) |U(1)B | Ziy
dr | (k—2)N (k—1)N 2 1 oo va | U2
68 (k‘ — Q)N (k — 1)N 1 2 (N2(k _;1)(;-_1)) 1/2
Mg 1 Adjoint 2 2 0 1
rs=1,2 . 5@5

'nrO 7 N7 \b
rs ™ ((DJT)G,((DJS)@

/ n T \ h / M 1
M = (M, ), M
k ’I“S)a, ( s )CL +(l€—1)N

We also have gauge singlet meson M2 = (Mrs)," | but we will not write explicitly
here because they can be similar to adjoint ones.



- Superpotential in dual theory

Wdual — yq_’l“M?“qu —l_ mtrdet(Mrs)
r,S

= y(Tr) L (Mrs) 2 (gs)§ + m[(M11) 2 (M22),* — (M12)2(M21),°]

a,3:SU((k—2)N) index, a,b: SU((k—1)N) index

Supersymmetric guartic term and mass term would be related as

m(Ag_>)
h(AR) N\ ~ A Ap =~ Ng_o
k—?

A k: scale where gauge coupling of SU(kN) becomes strong (at fixed point)
A k-2: scale where gauge coupling of SU((k-2)N) becomes strong (at fixed point)

Then, we want to think as 7 — hp ~1n = m/,u.



Beta functions for dual theory

-SU((k-2)N) gauge coupling

-SU((k-1)N) gauge coupling

2
Br—1 = — (o) N[-3k + 5+ 2(k — 2)vq + 4(k — 1)vpm]
T 1—(k—1)Noy_4 1
= —F(ap_1)N[-3k 4+ 5+ 2(k — 2)vq + 4(k — 1)vp]

Yukawa coupling
By = 5 (2% + )

-dimensionless supersymmetric mass 7 = m/u



At a vicinity of fixed point “B” with

A2~ Q{Z—Qa Y = Yx, (ak—laﬁ) < 17

We can see
dual ortginal - _ Py P
Bl = i7" ~ F(ay_1)6N > 0, B3~ —37/(k— 1) <0
1 3 Yu (Bn/n = B/ ~ —3/(k—1) < 0)
Vg R —5 T ~ - <0,
2 2(k—-1) 2
o 3 3 . ~_ 1 3

Then mass of meson increases towards the infrared direction like
a quartic term in the original theory, so for 7 > 1 (m > u), we
Integrate out mesons around a fixed point B.

Theory can be in quasi fixed point

but ap_> < aj_», y Sys, ap_1 — 0. _ )
k=2 ’ for fixed value of anomalous dims.



Waual = YxqrMrsqs + mtrqest(Mrs)-

8Mr8Wdual =0

4
/

Q d
N

||
t
*x

S
S

trde
m T,

Etrdet(%@s)

r,S

s)

9/

Cnir—l'

(qr

HQ|

Thus we could obtain small R as h — 0 when (h,m) — oo.



Then we obtain finally SU((k-1)N) X SU((k-2)N) gauge theory
and matter content as following

SU((k —2)N)|SU((k — 1)N)| SU2) | SU@2) |UQ)p | 2z

dr (k—2)N (k—1)N 2 1 N3G 1/2
qs | (k—=2)N (k—1)N 1 2 |wErew| g
r,.s =1,2 _ 2
W = htrdet(g,qs) h= 7%
r, s m

around the region where

Qp_2 X ap_o, (op_1,7) < 1. 7= hu

This situation is very similar to original fixed point “A”.
(at UV fixed point of smaller gauge group)
As now there are no meson, this fixed point is unstable; 8x—1 < O.



We finished one period of cascade.

A (g=0 g ’f gi_»n=0)
B: (& = &1 &k—1 = 0,m = 0) = (G2=g8 28 1=0y=y.m/u=0)
| dual |
(g =gp&r1=0m>1) < (gra=g g1 =0y=y.m/p>1)
| integrating out M,
C: (gr—2= 8t &1 =0,7=0).

Renormalization trajectory View from “above”

. T— E,{-

o l
“k-3

V \

_F'_,_,_r’r - —
& = 0 l
&
———
B

Quasi fixed point for gk and (gk-z, y) for fixed v



In the end of cascade, we will find

e SU(4N) X SU(3N) “— SU(4N): Free magnetic phase

—)SU(3N) X SU(QN) «— Below Nan

IR free SU(2) but gan #0
SU(3N): Free magnetic phase

— SU(2N) x SU(N)

Below A3n, we will see SU(2N) x SU(N). Especially, below
Non SU(2N) can be confined and have quantum deformed
moduli space.

(we suppose that we have IR free SU(N) but gn <<1 #0.)

W = htrdetM,s + X(detM — BB — (AQN)4N)

2N x 2N

X: Lagrange multiplier, B (E): SU(2N) (anti-)baryon (singlet for SU(N)),
M: SU(2N) meson (adjoint + singlet for SU(N)), /A 2n: dynamical scale of SU(2N)



For baryonic branch, we have solution

B=B=1i(Apn)?N, M =0.

Meson fields which are charged under SU(2N) become massive.
(We have U(1)s Nambu-Goldstone boson multiplet which are neutral for SU(N) and
have irrelevant couplings to SU(N) sector suppressed by Aoy > An )

Below the mass scale, finally we obtain pure SU(N) SUSY gauge
theory. Then theory is confined at An-

gf
{ . . = - -
(A%)\q) o 627Tzk/N /\ = 0 5,"? w 1. l
| ) o ‘\
(Z(R) — Z(R) . N vacua) |
[ :_ | A
Chiral R-symmetry | <
breaking ng | - 1= T
o - - -

Corner implies theory include IR free phase. 3 -



We will introduce soft terms with a spurion method.
-SU(KN) X SU((k-1)N) theory

1 1
L= [a%oK + [ dow + [ dPowp
4 9%

4= /dQHQ—Wk W, b1+ e
k—1

K=Q'Q+Q'Q, W = htrdet(QQ)

|

L= / d*OK + /h 20w + 1i /h 20 (1 — 2M362) WEW, 1
gk

2Mp_10%) Wi 1 W, 1 +cc.

gk 1
K=(1-m30"Q'Q+ (1 - m%e“)@TQ,
= (h — a;,6?)trdet(QQ)




Gaugino mass (general expression)

dM‘“ o < 0 at fixed point A
M d# = —N(k+2+2(k — 1)yg)H'(ap)ayM | ,, +— Vanish at fixed point B
dYo (k) irrelevant at A
— — <« .
2k UNH{&”‘} Jay oMy Damping factor at B

— 2(k — 1)NH(a,) Yo oy MY, Convergence factor
X ' around B
(variation is very slow)

(k—1)
aMy, " (k1) Vanish at A
= 0 k—1) Xk —1 -« -
‘u“ du ~Nk =3+ ZkyH (1) M, >0 other regime

5‘?’;- k—1

— 2kNH (e, _ l} IM[ J Damping factor at A
T" - irrelevant other regime

o, Q . m®

2kNH (a- l} a, Ly — >0 around A (Mk-1 to be negative)

irrelevant around B

where H(a) = Fla)/a = a and H'(a) = dH/da.



For explicit calculation, we used 1-loop anomalous dimension
(2-loop beta function) for the moment

vo ~ —Nlkay, + (k — 1)ag_1] + O(In|?),

(We do not know how correct this is, around isolated fixed point...)

as we want to know qualitative behavior of SUSY breaking terms.



From dMj/dIn(u) ~ 0, we find around around fixed point B

EY Yy s 1-loop
—akMrI{,' — ——ak_le_l s koM., — —(k — 1) M
o, dor 1 1 M, ( Jag_1Mp_1q

FIG. 2. RG running of the gaugino masses M(k,,} 1]'(,u,) and
M(k),,(p) with respect to In(u/ug). The gauge Luup]mus are

given at w = g as (ay, a;—;) = (0.0128, 0.04) and run along
the renormalized trajectory. k=5.




Beta function for soft scalar mass
with 1-loop anomalous dimension

dm?
2 = —1’\’*:1*,&(ZIJf’Lfi"ﬁ’i}Jﬁ|2 + Ag)
d -
— (k= Dag—y IM7L VP + A4 2y),
where

A = H(ap)[3kIM) 1> = 2(k — Dm?]

Ay = H(a,_)|3(k — l)|f1~i"{i’;;,3,l |2 QAmQ]

Note that we took mQ = mQ, Na — a.
Therefore mQ means (mQ i m2)/2 here.



Similarly we can also find convergent values of scalar mass
around each fixed point from dmg/din(u) ~ 0.

1 (k=1)2 2

(k) 12
, MY g, — - 1~
k(afi)zﬂk 1My ¢ (k- D(ai_,)

5 al M)

A
FHQ

‘/(but very weak)

In(p/ pp)

lan -6t

kapMp ~ —(k — a1 M1 ~8

) N - - - ]
FIG. 3. RG running behaviors of the scalar mass Inmy, and the
; ¥ .
gaugino mass 2 lnM‘i;ﬂ, are shown by dotted lines and the bold

line, respectively.

initial values are taken as lnsz = (), 2.5, 5.0



Holomorphic quartic term on a surface of 1 = ph <<'1
Ratio A, = ay,/h

dAy,
din(p)

0 0
=4 | —a,M + nAp—
( Oa v n h@n) 7Q

= 4Nkoy My, + 4N (k — 1)ag_1 My_1 + O(In|?) 4y,

Excluding around fixed point B:

dAh Ah can decrease.
din(u) ~ 4NkagMy > 0. (and could become negative.)

Around fixed point B: kajMj ~ —(k — 1)ay_1My_1
dA;,
din(u)

Therefore magnitude of Ah would not change drastically if gaugino mass
are not much larger than An at the initial condition.

~ O(In|*) A, ~ 0.



We will look around the region 17 >>1 and want to evade dealing
awkward non-renormalizable coupling and its soft SUSY breaking
term, with using a Seiberg dual.

(We supposed that ¢ >> msoft to make theory approximately
supersymmetric.)

But we may lose matching condition for coupling and soft terms

between original theory and dual theory, though the followings
may be natural.

n(Ag) = h(AR)Ng ~

4 / Y 5 !

)

(Ag—2) = m(A\g

My (Ag) ~ Mp_o(Np_2) N >~ N2

Ap(Ng) ~ B(Ag—2) etc.



Dual theory:

c=|

> a k—2
k—D
RYF
7 / Cl 2 Wk 1Wa k—1 +CC
“+ J k—l
— Ty L3512 A TAT W — ot ( M)
A X li \1 l [1 li l AL VL J.V.L, | 4 JIuvbGL \J.V /

L= /d49K-|—/d29W—|— /d29— (1 - 2My_262) WE_ W, 1o

4= /d29— 1 — 2My_16%) Wi W, -1 + c.c.

gk 1

K=(1- m294>q a+ (1 - mgoM7' g+ (1 — m5,62) MM,
= (m — b92)trdet(M)




1-loop anomalous dimension

Yo = —(k—2)ago— (k—1Dag1+2(k— 1),
v = —2(k—Dag_1+ (k — 2)ay,

We used Na — «.



Gaugino mass and trilinear holomorphic scalar (9% -component)
coupling around fixed point B

/35k—2 OBr—2|  OPk_2 \
. . 80%_2 8ozy| 80%_1 . .
oy, Mk—2 * * * oy, Mk—Q
d 2 _ | 8Bay | 0Bay|  9Bay k=2
—Yxa — | 0 oo oo —Yxa
dn Y= Q2 y k—1
(1) ap—1 M1 A L P a1 M1
‘ ‘ OBg—1| OBk—1| IBk_1 ‘ '
\ 80%_2 8ay 80%_1 )
b S %k %k

ituti ~ g R <1
* stands for substitution of 9k—2 ~ 9g—25 Y ~ Y*, Jk—1 -

Deviation from fixed point B which will satisfy similar equation
can shrink to almost zero because of a infrared attractive-like
nature as previous usual (dual of) SQCD.

But soft mass terms converge to Mk-1 whose variation can be
very slow.

dmgopi/dIn(u) ~ 0.  —— 0 oMy o~ —yla ~ a1 M.



(Sum of) scalar mass around fixed point B: o4 -component

As previous usual dual of SQCD, 94-component of
ap—2lga, aylga, ax—1lga also satisfy the same equations. Therefore

ay(mg +mg +mip) ~ af_o(mg +mg) ~ ap_1|My_1]°.

2 2
(aymiy ~ ag_1|Mp_1]%)



Holomorphic quadratic term on a surface of 7 = m/pu < 1
Ratio B = b/m and a = YAy

dB
din(u)

0 0
=2 | —ap_1 M _ |
( Op—1Mp 18%_1 | aay>7M

Excluding around fixed point B:

B can decrease.
(and could become negative.)

W as

~ N(k—2)ayA 0.
aingey ~ YT 2oy dy >
Around fixed point B:

dB

din(u)

~J O‘k—le—l ~ O.

Therefore magnitude of B would not change drastically if gaugino mass
and Ay are not much larger than An at the initial condition.



For m >> 1 >> B (and other soft terms), we can integrate out
meson which can be adjoint representation for SU((k-1)N) in an
approximately supersymmetric manner. Then
(Y« — CL@Q}"
Wiow = — trdet(qTQS)
(m — b62)

T, S

2
W= 251 4+ (B —24,)6%] = (h — a;62).

m

We have threshold effect (~ gauge mediation) from meson, too.

2 2 2 2
AMp_ 1~ ap_1B, Amg = Amg ~ aj,_1|B|".

Duality cascade will continue.



After many times of duality cascade, that is, for 42 m ~ B ~m3,
, we obtain mass of meson, which are adjoint (and singlet) for

weakly interacting gauge theory;
7|
Ol ———
Off-diagonal part of
scalar mass

We could find tachyonic mode and then weakly interacting
gauge group may break by (M) # 0. ref. EWSB in MSSM

| oon |2|,m2 O
m|” T myy x|

(In this case (magnetic) quarks can gain supersymmetric mass through a

superpotential W ~ yMagq — y{(M)gq. )

Then cascade would be terminated.

(Of course we must see whole potential and the number of flavor)



We have another possibilities which we did not study.

Soft masses for singlet mesons Mo may be driven to be negative because of the Yukawa
couplings.

Similarly, the singlet meson fields Mo may develop their VEVs depending on values of
their various mass terms. Their VEVs induce mass terms of dual quarks. If such masses
are large enough, the dual quarks would decouple and the flavor number would reduce
to be outside of the conformal window. Then, the cascade could end. In addition, scalar
components of gr and gs may develop their VEVs depending on values the A-terms and
their soft scalar masses as well as other parameters in the scalar potential. Their VEVs
break gauge symmetry and the cascade would end.

If the quartic A-term is comparable with SUSY breaking scalar masses mq, the origin of
the scalar potential of Q would be unstable and similar symmetry breaking would
happen. Such gauge symmetry breaking with reducing the flavor number may
correspond to the symmetry breaking by VEVs of M with inducing dual quark masses.

And so on...



. 2 . .
Beta function for scalar mass ™; under 1-loop approximation

2 _ _
(f;:jL = (ai:iz Qg2+ ai;il Qg1+ %(}U) . Ai-.—‘z - 1— (;i_é](lk_g [3(‘!7 - 2)|A'Uk—2|2 —2(k - l)mﬂ

= —(k = 2)ap_s (2[My_o|* + A} _,) — (k — Doy (2| My > + 2% _;) Apy = ﬁ [3(k — 1)[ My |* = 2(k — 2)mj — 4m},]
dm? +2gi; l)%(zgé-;’:'!jyp) B = anﬁ + iy (mg = mqg)’ a = yAy.
d ln“;i - (aa’k_l‘”"“ " 31_%0"?;) 625" Y = —(k—2)ag_2— (k- Dag_1+2(k — ey,

g —2(k' - ].)Ofk_]_ (2|_-'1I||".f—_l;;—l|2 + A;C—l) + (k' - 2:}0@,’(22 + |‘4?}|2) r-'.-f”. — _2("{- —_ ]-)(k,f.—]_ + (k- —_ 2)(}-“

Around fixed point B

1!\‘3 —4 w k —4 Uf-'rng ) -
S —— ~ = —_— '] . ‘ L 2 [ " 'Yﬂz . ] 2
'q Q(k — 1) ] M E—1 1o " =~ 2(}{ — ]_)(k‘ - 2)(_]{_;':_.2?73,(; -+ 2(% - 1)(}.'3;,_4 — Q(k — l)(l‘k_l 1lfk_1|
dm?, . _ g
- 5k — M~ kE—2)a'Y? —4(k — Dag_ (| M. |?
AT kl)(x:-1 3y k2= QEE S)“E g = T (k= D[ My
4 -
2 _ .2 ToTTmmmemmmmEsssszzaaioaoo
— == mq _— mq _qh:::::"-::h""-_.h 3
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, m3, ﬁ“'::"“‘\ TS
\‘\ \\\\ \‘2__
ap_1|Mj,_1)? = 0.05 = constant
k=5 )
(We do not know for Iarge K, T I T - ———
large ‘tHooft coupling)

tachyonic m? L



Summary of model with SUSY breaking terms

Soft terms except for Ah are
suppressed and converge to
weakly interacting gaugino mass

We have threshold
correction B from M

2 2
to Mp_1q, mey, mg.

Soft terms except for B are
suppressed and converge to

weakly interacting QW

We could have gauge symmetry breaking by tachyonic modes.
The cascade could end.

After many times...




5.Summary



What we did :

- We study evolution of renormalization group of both
supersymmetric terms and SUSY breaking terms in
SU(kKN) X SU((k-1)N) model of cascade under 1-loop
anomalous dimension (=1-loop or 2-loop beta function).

What we found :

-Almost SUSY breaking terms are suppressd and converge
to weak coupling gaugino mass in the infrared regime.
-Because of SUSY breaking term (holomorphic mass term
(B-term) or non-holomorphic scalar mass term), we could find
gauge symmetry breaking; the cascade could end.

Future direction:
-explicit model for supersymmetric standard model
-model dependent analysis
(e.g. D-term contribution, length of running, the magnitude of Mk-1, B, flavor...)



lllustrating model : Breaking of L-R symmetry by L-R Higgs
U(3) X USp(6)L X USp(6)R X U(1)

3x 0;:(3,61,0), O (3,1,6,0), L;:(1,6,1,—1), Lp: (1,1,6,1)
! W = hQ; QgL Lg.

U(3) X USp(2)L X USp(2)R % U(1)

3x 01:(3,21,0), Op: (3,1,2,0). Ly: (1,2, 1,1), and Lg: (1,1,2, —1).

v

U(3) x USp(2)|_ X USp(2)R X U(l)
3x 0;:(3,2,1,0), Qg (3,1, Li:(1L,21,1), Lp: (1, 1,2, —1)
9x H:(1,2,2,0) (Meson of above SUR)) W = ypQrOrH + y L LxH + mHH.

/\m . /\ /\

USp(6) oy 7Sp(2).0 "OUSp(2) R

N N A N

@]
L1}



End

And Appendix



 Physical coupling and holomorphic coupling
Consider A/ = 1 SUSY gauge theory with matter fields which
have superpotential of n-point coupling Y at ultraviolet scale A.

r— [ A0S0 T 2V 59
~ | & VL Q]
1
1 [ 22pv 0. 0O N 1 20 o
| / w UJ.Z]_ZQ ’an’L]_\OJZQ Wi | 4/ w vy vv vvoa I C.C
1 0
=272
at low energy scale u g 8m
(perturbative)

(Q)
= [ 012001 P + [ 0¥iis.0,00Qus - Q.

1 b
—|——/d29 {f + - In(/\/u)} W Wqa + c.c.
4 3m
b: coefficient of 1-loop beta-function of gauge coupling

1
Q=0+ Qaw ., Wa 4D2 —2VD €2V — Ay — 5F"'u’/(o-,u )OP@B

T - PN L3 ~i
T

[ S s e e L
I 4 ririiri
FCIIULInt,
- 9

- e . B I - P (I - By
aii iin v Torimi Vif 'aleYeldeiliah]

10l TCeihinituiiige Loyl

(@]
w
D
o)
v
;T D
(@]
‘UE:!

0

/\rv .
EAYS



By holomorphy and shift symmetry: 9 — 9 4+ 27, we will have
wave function renormalization Zi and 1-loop correction (bLog( « ))

to holomorphic gauge coupling f perturbatively.

By rescaling matter superfields and gauge superfield to canonical

form, —1/2
Qi — Z; Qi, V — gcV,
we will find physical couplings (gc, y) through a supersymmetric

rescaling (Konishi) anomaly. Arkani-Hamed and Murayama
_1/2 _1/2 4/n\—\|, r7
Yiq.in = 44, e Z Y g, = e e (Zi) Yil...in
872 8
2 g = > TiIn(Z) = T In(g2)
2 .

( / | dzegigw“(gCV)wa(gcv))

Novikov-Shifman-Vainshtein-Zakharov (NSVZ) form Ti:Dynkin index of matter i
TG: Dynkin index for adj.

(from gaugino)



Spurion method including soft SUSY breaking terms
We can treat physical couplings as a external superfield when
we have a (spurious) supersymmetric regularization.

/i — 7,.(9

[Z Y / Y

0), Y i
/ t1..

) In

- ﬁmlomorphicj

1 i
—|—4/d29f(p) WW,, + c.c.

b
fp) =f4+=—=In(A/n)
8m

2



Lagrangian for soft SUSY breaking terms:

o) ~ > _ ~ ~ l _ R
Lot = —mi|Qil* = (a4;..5,Q4y - - Qip, T 5MAAAa + c.c)

N2\
~)

- : (). :
u"Ll...an, \OJ'L]_ cc e Yn

_2 / d20(2M\02)WWey + c.c.

Q=Q+ 0(0), WWqy = AN\o + O(H)

Q : scalar componet of Q, Aq : gaugino

Note that Lsoft IS written by canonically normalized fields.

) _1/2

Qi = Z; °Qi, V= gV Vo a

N\

\



More precisely, we can express spurion Z factor as

Z:(0,0) = ZQZ(Q)Z () (1 —m?26%).

1/2

Z2=2+4+6221) 45271 + 6422 _, 7, (6) = (14 271212y

ZQZ.(H) . holomorphic Z factor spurion superfield
(relate to renormalization of holomorphic SUSY breaking term)

Then we can find the physical coupling superfields.
 Physical n-point coupling superfield vy :

~ _ N (e TN 1 ) ~ . N ) 1 /N
Givoin = 2011 — 0%m2)71/2 7011 - 6%m2)"/27;,
2 2
(4

This is also supported by the fact that superpropagor is renormalized as

(QiQDsop = (1 + m294><QZ QN susy(1 + m204)




Physical gauge coupling superfield gc

8m2 _ _ o(F+f1)

o L Lln/A/::N _\N T nwrl7\ __ m L £ =2\
~> — OT > T OIN\/\/ ) > L 1IN(45) L ge )
dc i

_ n2
—_— —1 |/ Z 4 _ Jc
= o (1= My0% — W02 — 8g0Y), =%

We should define physical gaugino mass not in holomorphic
coupling but in physical gauge coupling. From 6% -term, we
can determine Ag

8% ,

Ag:

T TGa(Z Timi — Tg|My[©).

(4

This can relate to the counter term (radiative correction) for soft mass squared of
€ -scalar in dimensional reduction scheme.



In summary,

2
~—1 —1 2 . 02 4 Ye
a T =« 1 — My\0< — M0 — Ay0 a = :
( A A g )7 8’72
1
) N 4 D] LD TN AN
bl —_— . . N< 1 " (n< | rmrl N, N
Y . — Uiy 4 2. Wo 4 U T \/irv; T 1o, ) 4Ys, v
UUJ_ U,L U(ll U’L Ul (/[L 2 AN [/ (/n/ Ul/l U,L
~ , Ar a2 L KT A2 L (S 12 L A a4
a = a(l + My0° + My0° + (2|M)|= + Ag)07)
A (S Tym? — T My ?)
= — m; — .
) Gl
I 1 —Toa % ’
This is supported by anomalous global symmetry :
" At 5 s —t —nt<r ; AR
& — e, 4; — e Zze 7, Yzl in — € Yil...ina S — f_/,__QLli'
a7 .
1

t: chiral superfield

~

Z7"YYT an?(F+ 7 - Y T;In(Z;) = F(§2) : Physical coupling is invariant
5



Supercovariant derivative Do, Dy acting on spurion superfield
(ge,y) Will not appear in renormalized superfield at least
perturbatively, because in that case power of momentum
(divergence) will not be sufficient to produce results.

In otherwords, final integral of superspace will have

/ d*06%(6*) D2 Do (6. / d*0(6%)D2(6%), ... =0

2Nn2R/2 2

o

1~ 2
1op=D

IRV B
17 1

]

/ \
\ -)

Instead of

/d49(94)D2D2(94) — 16 #£ 0.



Beta function for spurion superfield

dln—@ Bal@; § )=_ a 27, N " 7.(1 _ =\1
dln(lLL) & 1 —TG&L G LZJ (AN f1J
. Ba n’)d(M)\,,) _ Ba ,\2.5&| .
- — = — 10U T‘ + .
o din(u) o a |2

a = Oé(]. + M)\OQ + M}\g? —I— (Q‘M)\|2 + Ag)94). Ay = Rl —Tna(ZTimg - LGI*M)\IQ)'

Here
_ iﬂ(Z) .
Vi = = = i + 025 | g2 + 0% (Filg2) T+ 04755
alngu)
4 w1102
— 9 (]
T G T

7:(0,0) = Zg,(0)Z}, ()(1 — m36*).



d"' .
M = 8§, 5,51 = Gy, T, + - AQu, i
dln(/,b) J “@iq io Win 1---ln
_ 5 _ g2%%y.in
_[jy_ f]lh/..\—l_....
U/III\,LL}
-1
4 ~ ~
= By — °[=(vis + v Vair i — Ficlo2 + -+ 5 102)vic i ]+
I.2\ l IU,LI l.."”l/ AN UllU (/,LIU 7/ l U,L

Here we used
o (1= 0%m >—1/2 L Zp (1 -6t m2 )2y

yzl n
—_ 2 4
— Yiq..0n — Q44 9 + (m + . )yzl Zne
dIn(Zg,(0)(1 —m20%/2)12] 1,
~ _ ’II - ~
YQ;, = — : = =7+ 0 lg2 + - ..
din(p) 2

Z=2+06220 45220 4 042 -, 7, (0) = 221 + 271 2(V62)



Beta functions

2
-Physical gauge coupling « =%
do *) — o’
FTEYR = Bala,y,y") = _mBTG B ;Ti(l ~ )l

 Physical n-point coupling y

dyi. . i,
d|7|:]1( ’L) — 5y(gc,y Yy ) — _('Yzl + Yio + .. %n)yllzn
-Gaugino mass
M - = D1 (ﬁa\ Dy = OéM/\3 i
din(p) \ o / O oy

- Holomorphic scalar n-point coupling

/ S\

d fa;. ; \
] ¢l---tn |\ __ rr. . .. \ _1 1 /M. .. )1
| | — —I\V1Ye ) T T\ V1Y, )]
,] / \ ‘ P . ’ L Il/l ' v AN 4 Il/n/
al I\u/l \ Y,
7 \v o _]_ IL/
-Non holomorphlc scalar mass
dxmi2
= Dov;
din(u)
Do = D101+ a(My2 + A2 4+ =(m2 4+ m2) |y 4+ g+
da 2 1 |7 oy dy*|
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