Hidden sector renormalization in minimal

supersymmetric standard model

Talk based on arXiv: 1001.1509 and 1011.3998 with
S. Kawai (Sungkyunkwan U.) and N. Okada (U. of Alabama)
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Introduction - Purpose

Supersymmetry: Expected to be observed at LHC.

Studying RG flows of masses of superparticles
Contribution from SUSY breaking sector

Spontaneous breaking of SUSY as a
consequence of strong gauge dynamics

(Theoretical interests rather than phenomenology)
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Introduction

*+ Standard Model
Successful theory up to O(100) GeV

“* Problems
Gauge hierarchy problem
No candidate for dark matter
*»Beyond the Standard Model
Supersymmetry

(|boson >= |fermion >

Mhoson — "HYermion



Introduction

“* Minimal Supersymmetric Standard Model
(MSSM)

ur, dr, = ur, dr,

Superpartner



Introduction

“* Minimal Supersymmetric Standard Model

(MSSM)
Multiplets spin0 spin 1/2 | SU(3)¢, SU(2), U(1)y
squarks, quarks | @ %ﬁL HL)\ (ug di) (3,2, %)
(x3 families) | @ U ul, (3,1, -2)
il % | 4 (3.1 3)
sleptons, leptons | L (v &) (v er) (1,2, —3)
(x3 families) | @ \ & / el (1,1, 1)
Higgs, higgsinos | H, (H\"u'\/xqﬂ) /(ﬁj H) (1, 2, —I—%)
Ha | (Hg Hg) | (H§ Hy (1,2, -3)
Multiplets spin 1/2 spin 1 SU(3)¢, SU(2),, U(1)y
gluino, gluon / g \ g (8,1, 0)
winos, W bosons ( wt Wﬂ) w= wo (1, 3, 0)
bino, B boson |\ B° / BO (1,1, 0)
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“* Minimal Supersymmetric Standard Model
(MSSM)

Uy, , dL /&va dL

Superpartner
New Physics




Introduction

“* Minimal Supersymmetric Standard Model
(MSSM)

ur, dp = urp, dr
| Superpartner

New Physics

No observation of
superpartner with
the same mass

SUSY must be broken.



Introduction -

MSSM

Not break SUSY.
Need to extend.
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SUSY breaking
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Introduction -

Messenger SUSY breaking

0 sector (hidden) sector
Not break SUSY.

Need to extend. Various SUSY breaking models

(Direct) Gauge mediation
*Gravity mediation

*EtC.
2

These structures may be revealed by experimental data
such as masses of superpartners.




Introduction

**Mass & Renormalization group equation (RGE)
Minimal gauge mediated SUSY breaking (GMSB)

Squark
masses

GeV

300 |

vvvvvvvvvvvvvvvvvvv

Running following to M
matter contents '

-
X Seww
. - - s e-w

...........................

EW Log10[u /GeV)]

SSM

Left handed squark

=== Right handed squark

Messenger scale
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+»* Hidden sector effects are not considered

Hidden sector may affect on RGE if My;q < Mes
[Cohen Roy Schmaltz (2007)]



Introduction

+»* Hidden sector effects are not considered

Hidden sector may affect on RGE if My;q < Mes
[Cohen Roy Schmaltz (2007)]

* RG study for constrained MSSM
[Campbell Ellis Maybury (2008)]

* RG study for minimal GMSB
[MA Kawai Okada (2010)]



Introduction

“*RGE In minimal gauge mediation scenario

Hidden sector (toy): W = 3)(3 (Fx) #0
9 MA, N. Okada, S. kawai

Squark  1o00f
Masses  ggof

800 |

Left handed

= F
S M0F :
S ok i Right handed
s00 .
e — MSSM+hidden
: flow
300 E

log)o[u/GeV] )\ — 3 . 8

Hidden scale Messenger scale

m
=



Introduction

** Prediction changes
Next lightest superparticle

Without hidden
sector effects

With hidden
sector effects

Bino (superpartner of
U(1)y gauge boson)

Scalar tau may have long

Scalar tau

lifetime.

* Ex. 100 sec for msz ~ 130 GeV, mg,5 = 0.1 GeV
* Maybe possible to trap it outside detector.



Purpose of work

+s» Consider a more desirable hidden sector

Spontaneous SUSY breaking sector

+ SUSY breaking vacuum appears as a
consequence of strong gauge dynamics

WV

4

 V

=

»
»

SUSY is broken, but
vacuum is degenrate.

L

One vacuum is selected,
included quantum corrections

»
|



Purpose of work

+s» Consider a more desirable hidden sector

Spontaneous SUSY breaking sector

+ SUSY breaking vacuum appears as a
consequence of strong gauge dynamics

AV AV AV

-»__ o

Perturbed N=2 SUSY QCD

[IMA Okada (2001)] [Ooguri Ookouchi Park (2007)]
[Pastras (2007)][Marsano Ooguri Ookouchi Park (2007)]



Purpose of work

“ Studying mass RG flow including hidden sector
effects of the following system

Visible sector: MSSM
Hidden sector: Perturbed N=2 SUSY QCD

In the GMSB scenario.



How hidden sector affects

on masses of RG flow?
Sfermion mass

dm; 2
Pt = (MSSM RGE part) 4+ ~vim;
1!
_ d
Anomalous dimension: ¥ = —pu— In Zx

dp
Gaugino mass RGE; the same as MSSM
Mainly explained by superfield



L= ﬁMSSM((I); Wa)"‘ﬁmes(X; QJ Q)"' £hid(X)



L= ﬁMSSM((I); Wa)"‘ﬁmes(X; QJ @)"' £hid(X)
v MSSM sector

Multiplets spin 0 spin 1/2 | SU(3)¢, SU(2), U(1)y
squarks, quarks | Q | (L HL) (ug di) (3,2, %)
(x3 families) | @ U ul, (3,1, -2)
d d df, (3,1, 1)
sleptons, leptons | L (v &) (v er) (1,2, —3)
(x3 families) e & eb (1,1, 1)
Higgs, higgsinos | H, | (Hf HO) | (Hf HY) (1,2, +3)
Hy | (Hg Hg) | (Hg Hg) (1,2, —3)
Multiplets spin 1/2 spin 1 SU(3)¢, SU(2),, U(1)y
gluino, gluon g g (8,1, 0)
winos, W bosons | W W?° | w+t WwWo (1,3, 0)
bino, B boson B° BY (1,1, 0)




L= ﬁMSSM((I); Wa)"‘ﬁmes(X; QJ @)"' £hid(X)

< (), () :Messenger field charged under 5 & 5 rep.

o /d2‘9Wmes + h.c. Wies = XQ@



L= ﬁMSSM((I); Wa)"‘ﬁmes(X; QJ @)"' £hid(X)

< (), () :Messenger field charged under 5 & 5 rep.

o /d2‘9Wmes + h.c. Wies = XQQ

& Lhiq (X)) : SUSY breaking sector
- perturbed N=2 SUSY QCD
(XY£0 (Fx)#0 ~

Mass of messenger



Integrating out messenger fields

“* Consider Myia < Mues (Mnia mass of hidden field)
L= Lassm (P, Wo) + Limes (X, Q, Q) + Lpia(X)



Integrating out messenger fields

“* Consider Myia < Mues (Mnia mass of hidden field)
L= Lassm (P, Wo) + Limes (X, Q, Q) + Lpia(X)

X Q,Q & Q,Q W
X

T~

XT/ \CIDT W

L = £MSSM(‘I’, Wa) i [:int(X: ‘I)) i ﬁhid(X)

XXT X
Lint — Z/d49 (I)Z(I),:r + (wa/dQH W“O‘W&L —|—hC)

: M es

mes



Effective Lagrangian

*»» Sfermion and gaugino masses

XXT X
. 4 T 2 a7 a
Ljnt = kz d qu)zq)z + (wa d eMmeSW Wa + hC)
| (Xy#0 (Fx)#0 |
\ \
(FL) o 1%
Sfermion masses m? — kiAz Gaugino masses Ma — waA
A= X

Mmes



Effective Lagrangian

*»» Sfermion and gaugino masses

XXT X
Lii =k d49M P, <I>’f + (wa d*0 WaeeWwe + h.c.>

mes Mmes
| (X)#0 (Fx)#£0 |
(FL) \q>T \W

2 2 :
Sfermion masses M = k; A Gaugino masses M, = w,A

k—QZCQ ( )2 wazj_; A:]\ljx

mes



Hidden sector effects and RGE

+» How hidden sector affects mass RGE?

XXT
Line = ki / d*0 D,;P! + (wa d*0

5 WeeWs + h.c.)

Mines

mes

1 X5 z7'"°x o—2z%0 W zMPw
XX
4 —1 -1
Eint = ]{'Z/d HZX Zq) M—Qq)chj

mes

X

+ (wa / 420z 7} WAeWs + h.c.)

mes

k; and w, are renormalized.
m=) RG equations of k; andw, are derived.



Hidden sector effects and RGE

+» How hidden sector affects mass RGE?
Mass RGE of sfermion (from RGE of k;)

dm? -
Pt = (MSSM RGE part) + ~m;
{1t
. . d
Anomalous dimension:y = —H— In Zx
7

Mass RGE of gaugino (from RGE of wg)
* The same as one of MSSM (no effect from hidden sector)



Extracting hidden sector effects

+» Information of hidden sector Is encoded in Zx
/ x: Kahler metric of hidden sector

Lhid :gXXJr@X@XT -+ - — @X@XT 4 ...

X 5277 x

*» Obtained it at most perturbatively in N=1 SUSY

*» Possible to derive it exactly in (perturbed) N=2
SUSY gauge theory

m==> Qur hidden sector model



Short summary -1

Hidden sector affects on masses of RG flow
Sfermion mass RGE

dm; .
Pt = (MSSM RGE part) + vym;
1!
. _ d
Anomalous dimension: v = —p— In Zx

dp

Gaugino mass RGE; the same as MSSM
/ x can be derived exactly (as will be seen).



Scalar Potential
N4 WV V

-»_ .

SUSY is broken, but One vacuum is selected,
vacuum is degenerate. included quantum corrections

Effective theory of hidden sector

Lhia(X) — Lrnia(Ag, Ay, M, M)



+t» Our hidden sector model [MA, Okada (2001)]

N=2 SUSY SU(2)xU(1) coupled to 2 massless
hypermultiplets perturbed by Fayet-lliopoulos (FI)
term.

SUSY is spontaneously broken at classical level.
* Pseudo flat direction (moduli)

Degeneracy of vacua removed by taking
guantum corrections into account.



“»Hidden sector Lagrangian
L= Lywm + Lam + Lrr

1
L:VM = —Im |Tr T22 d49 A$€2V2A26_2V2 + 1 d29 Wg
2m 2

1 1 .
([ o)

. 8Tt 6 87

Coupling constants: 722 =1— + —, T =1~
g s z

ﬁHM — /d49 (q162V2+2VI qr + q«re—2V2—2V1 q“?“'l‘)

+\/§ (/ d*0 er(AQ + Al)q"" + h,.c.) .

Ly = / d*OAp1 A1 + h.c. Fayet-lliopoulos term



Classical vacua

*» Potential analysis
V = V(A27 A17 q, Cja )\FI)
Arr = 0

. 0
q:qzoa AQZ(a(f )7 Al:al

SU(2) x U(1) = U(1). x U(1)




Classical vacua

*» Potential analysis ",
V =V (A4, A1, q, q, Ar1)

)\FI — 0 aj

q=¢q=0, A2:<a(,)2 _(;2), A= '

= 0 a; 0 0 0 ‘
— 2 =
= (0 5 ) (5w )=(0 t)
~ v ~
ql = q1 = ( 0 ) j q2 = (g2 = O, v _ |)\|2€292 /’/’/,,

o 462 _|_g2 l,x‘/
SYsY Pseudo flat direction




Classical vacua

*+ Potential analysis tv
V = V(A27 A17 q, Cja )\FI)

Ar1 = 0
~ a9 0
g=¢q=0, A2:< 0

SU(2) x U(1) = U(1)e x U(1)

Pseudo flat direction



Quantum theory

“*Low energy Wilsonian effective action
Integrating out heavy fields

S = HzD¢z€ZI£(¢Z)
k| >A

Effective action
‘Cexact — £(¢za )\Fla A) <:' Difficult task

Assuming that App < A”
B Lexact = ﬁSUTSY + ﬁf‘l + O(Ar1)

[N:Z SUSY part (Mg = 0) ][ Leading order in \py N:I Breaking SUSY




Quantum theory

“*Low energy effective action — N=2 part: Lsusy
Lsusy = Lvm + Lam V=0

/ u(az) = Tr((4)?)



Quantum theory

“*Low energy effective action — N=2 part: Lsusy
Lsusy = Lvm + Lam V=0

Lsusy(u(Az), A1)

/ u(az) = Tr((4)?)



Quantum theory

“*Low energy effective action — N=2 part: Lsusy
Lsusy = Lvm + Lam V=0

a1

Lsusy(u(Asz), Ay)
>< SU2) xU()=U(l). xU(1)

7 L Te(( A2
b = w3 [[o 2 ate ) [ Tijwﬁf]@) R

1,7=1

Prepotential: F = F (A1, A, A, ALandau) Written by Elliptic function



Quantum theory

“*Low energy effective action — N=2 part: Lsusy
Lsusy = Lvm + Lum V=0

Massless solitonic state appears
(like non-Abelian Higgs system) 1

Lsusy(u(As), Ay, M, M)
5 SU@Qx UMW) = U@e x VD) Lousy (u(As), A1)

X

2 / u(az) = Tr((42)%)
L _ 1y > /d“@ a—J:AT+lfd29 W W
VM- = 47 H : 0A; i 9 [EMEME:

1,7=1

Prepotential: F = F (A1, A, A, ALandau) Written by Elliptic function



Quantum theory

“*Low energy effective action — N=2 part: Lsusy
Lsusy = Lvm + Lum V=0

Massless solitonic state appears us = V2a1A — —
(like non-Abelian Higgs system) Q1

Singular point
Lsusy(u(Asz), A1, M, M)
. SU2)xU(1) =

e xU(1) AQSUSY(U(A2)JA1)

ul—_\/ialA__ 3:2G%+—:—
u=—A*/8 :
o u(az) = Tr((42)?)

Prepotential: F = F (A1, A, A, ALandau) Written by Elliptic function



Quantum theory

“*Low energy effective action — N=2 part: Lsusy
Lsusy = Lvm + Lum V=0

Massless solitonic state appears us = V2a1A — —
(like non-Abelian Higgs system) Q1

Singular point
Lsusy(u(Asz), A1, M, M)
. SU2)xU(1) =

Argyres-Douglas point
e x U(1) AQSUSY(U(Az),Aﬂ

ul—_\/ialA__ 3:2G%+—:—
u=—A*/8 :
oL u(az) = Tr((42)?)
Lvv = gIm Z [/d49 aTAI - §/d29 TijWin

Prepotential: F = F (A1, A, A, ALandau) Written by Elliptic function



Quantum theory

“*Low energy effective action — N=2 part: Lsusy
L= Lym+ Lum + Lri

~
~ -’
~ ’
~ .,
~ -,
~ -’
~ ’
~ .
S~ -’
~ -’
~ ’
— ~ .,
— N -
~ -’
N -
-




Quantum theory

“*Low energy effective action — N=2 part: Lsusy
L= Lym+ Lum + Lri




Potential analysis

» Effective scalar potential
L=Lym+ Lam+ Lrr
:> V:V(aﬂ(u))a’l;MJM) )
Solving stationary condition with respect to 7, M
AV 9V
T OM oM
. {1) V(ax(u),a1) = ¥(az, 1),

0

2) V(as(u),a1) =Y (as,a1) — 4S(as,a1) M(asz,ar)?
S(az,a1) >0 M=M=M
- Potential minimum is energetically favored if light
matter acquires VEV (along only singular points).



Potential analysis

“* Potential parameterized by 2 moduli parameters

\ ‘ A?
\\\ /// uz — \/§G1A - T
N / 8
\\\ 4,7 a

Argyres-Douglas point

A2
U3:2a%—|—?
/ -

u=—A*/8

a| =

Local vacua develop along flows of singular points of
the theory (N=2 massive SQCD) and make troughs.



Short summary 2

Scalar Potential
N4 WV V

-»_ .

SUSY is broken, but One vacuum is selected,
vacuum is degenerate. included quantum corrections

Effective theory of hidden sector

Lhia(X) — Lrnia(Ag, Ay, M, M)



RGE analysis

Mass RGE

2
duﬁ = (MSSM RGE part) +vym; ~= _u%m Ty

dm

7

Hidden sector
Lhia(Ag, A1, M, M)

X — Z)_(lmX X = A1, A

(Numerical evaluation)



Possible coupling to the
messenger fields
2 possible messenger - hidden couplings
L= Lymssm(P, Wo) + Lines (X, ) + Lpia(X)

Wmes — XQ@ + mmes@@

Possibility 1: X = A1 A — 7,74,
Possibility 2: X = u/M As — Z;./° A,

dm? 5 d
[ = (MSSM RGE part) + vym; ~v=-p—InZx
d dp




Wave function renormalization

1 ig OF & 1 [,
Lym = o~Im Zl Ud 0 S+ 3 /d 0 TZJWZWJI
= gaal HA10AT + gAM;aAﬁA; N

Effective couplings of A; & As
I?K 1 0* OF
0A10A] 81 9A,0A] (&41 1)
I*K 1 0* OF
8A,0A) 8T  9A,04] (&42 2)

gAlAI(u>a1) = J4, =

gAgA; (ua al) — ZAQ =

|ldentify moduli parameters as a renormalization scale in RGE
=» How to identify two moduli parameters as a scale?



RGE flow

“* Potential parameterized by 2 moduli parameters

N ‘ A?
\\\ // U = \/5031[\ — ?
\\\ ’/// atl

Argyres-Douglas point

A2
uz = 2a7 + —

8

- U

Za, = Za,(u(ar), ar)

a1 =4

Choosing troughs of the potential (flow of the
singular points) [cf. Sher (1989)]



Possible coupling to the
messenger fields
2 possible messenger - hidden couplings

L = [:MSSM((I); Wo:) +£mes(X; (I)) + ‘Chid(X)
Model 1 - U(1) field coupled: X = A,

[ Wmes — AIQQ —+ mmes@@ A — Z;11/2A1 }

aj

Argyres-Douglas point




Wave function renormalization

L — (MSSM RGE part) + ')/mf vy=—pu—InZx



Mass RG along ul — model 1

“*Mass RG flow of sleptons (x — (10°/Myia)p, Misa = 0.2)

Mass [GeV]

MSSM
+ hidden flow

MSSM flow

400}
350[

300}

250

st gon 20 | Bl Hidden sector effects
[ 3rd gen.¥= 0 : ] decrease soft masses.
| — — lstgen. Y#0 |
— - — 3rdgen.Y#0 |
|
- — ]
............... ! L .rightjhafld‘?d ]
2 4 6 8 10 12

log,o[1 IGeV]I 1

Hidden scale  messenger scale With hidden sector effects
Mpig = 10° GeV M = 10" GeV  tan 3 = 10



Mass RG along ul — model 1

“*Mass RG flow of squarks (x — (10°/Mpia)p, Misa = 0.2)

 MSSM
MSSM flow )
'+ hidden flow
oo\ It gen. Y=0 | """ squark
fffff 3rd gen.Y=0 | :
900F C et ] Hidden sector effects
PN —  —3rdgen.Y£0 1
2wl =2l ! decrease soft masses.
O, I
2 7005—\
[N
EEENSR | — —
600 NS ez ]
: e —  right-handed |
2III4III6III8III10III12II
Iogw[u/GeV]I 4

Hidden scale = messenger scale
Mpiq = 10° GeV M =103 GeV  tan 8 = 10



Possible coupling to the
messenger fields
2 possible messenger - hidden couplings

L= Lyvssm (P, Wa) +Lines (X, D) + Lnia(X)
Model 2 - SU(2) field coupled: X = u/M

u e —~
[ Wines = EQQ =+ mmesQQ Ay — 223/2}12 }

ai

Argyres-Douglas point




Wave function renormalization

% Za, & va, along uq
Mpia = 0.2




Mass RG along u2- model 2

**Mass RG flow of sleptons (x — (10°/Myia)p, Mpiqa = 0.2)

. MSSM
MSSM flow .+ hidden flow

| sléptén ]

400

= Ist gen. Y=0 I —— eft-handed : 1

g 3 gent=0 . Hidden sector effects

E ;ng y{i <:) | decrease soft masses.
|

300"

2500
C1

L L L | L L L | L L L | L 1 N L L L | L L
2 4 6 8 10 12
logyo[1/GeV] 1

Hidden scale = messenger scale
Mpig = 10° GeV M = 10" GeV  tan 3 = 10



Mass RG along u2 — model 2

“*Mass RG flow of squarks (x — (10°/Muyia)p, Mpiqa = 0.2)

. MSSM
MSSM flow )
'+ hidden flow
t000-\ st gen. 7=0 \ “““ squark -
N N\ === 3rd gen.Y=0 | 1
900} — — lstgen. Y40 |
— :\\\\\ — 3rdgen.Y£0 | 1
2 s00 - ] .
AR - left-handed Hidden sector effects
= 700 e b e decrease soft masses.
A e P
600- - \{\¥/{/4%7
T == right-handed
2 4 & ‘7;‘/#71‘0‘ 2
Iogm[u/GeV][ 4

Hidden scale = messenger scale
Mpiq = 10° GeV M =103 GeV  tan 8 = 10



Possible coupling to the
messenger fields
2 possible messenger - hidden couplings

L= Lyvssm (P, Wa) +Lines (X, D) + Lnia(X)
Model 2 - SU(2) field coupled: X = u/M

u e —~
[ Wines = EQQ =+ mmesQQ Ay — 223/2}12 }

ai

Argyres-Douglas point




Wave function renormalization

“ Za, & va, along us

- Mpiq = 1.2 o Mpiqg = 1.2
Z v
0.013; i 0-35§*
0.012?— 0'305
: 0.25-
0.011- ! -
o 020 |
0.010- Fo
! 0.15; !
| 05 10 15 20 25 30 o8B0 .
AD point AD poin't
dm? d
H— © = (MSSM RGE part) + vm; 7= i In Zx
H



Mass RG along u2 — model 2

“*Mass RG flow of sleptons (x — (10°/Myia)pr, Miiqa = 1.2)

| MSSM
MSSMilow . hidden flow
\\\\lp tan 8 = 24
400r 1st gen. Y= ]

350; ————— 3rdgen.Y=g //7 m% — 1329 (GGV)
Ay | etuhanded | My = 134.9 (GeV
_(;D, 300, 3rd gen.Y~0 ] 1 — * ( € )
2 ST pre

- e Stau can be next

200 / right-handed : ] .

B U (L lightest particle.

2 4 6 o[ /geV]r 10 12 1

Hidden scale = messenger scale
Mpiq = 10° GeV M = 10" GeV  tan 3 = 10



Mass RG along u2 — model 2

“*Mass RG flow of squarks (x — (10°/Myia)pr, Mpiqa = 1.2)

1
1
MSSM flow | M>SM
I .
'+ hidden flow
12000 T T -
I Istgen.Y=0 | squark
L T 3rdgen.Y=0 |
1000j — — lIstgen.Y~0 ‘
= >~ - —3rdgenY£0 |
2 [ T 4
Q800 | left-handed -
o BN § ~ R D 1
= LNl =
600 . >\§\>X, 777777 R =
| ~ ~ \\:‘:\\\Jé////// ]
L — _ = > . § 1
400 — 4{ . right-handed |
2 4 6 8 10 12
logyol1/GeV]

Hidden scale = messenger scale
Mpig = 10° GeV M = 10" GeV  tanf = 10



Conclusion

ﬁ We investigated hidden sector contributions to the

mass RG flow.

We analyzed the strong coupled hidden sector
in GMSB.

L2

@ Hidden sector effects make soft masses to decrease.

&
) 4

Near Argyres-Douglas point soft masses decrease
7 drastically.




Masses of superpartners

“» Gaugino & sfermion masses
Wmes:XQ@ Mmes:<X>#O <FX>#O

Q
P— e A
S S Vo
I q Yq q
v
Gaugino mass Sfermion mass

@7 F }X e 0% 2
a X 2 E : a
’ 4 f-wmes ' (lwmes) 1 2( ) iy

(T2T2)d = C,(i)d



Quantum theory

“*Low energy effective action — Lywm
Effective action respects U(1). x U(1)

Landau pole Ar..... Introduced because of U(1)
o @1 < Apandau

2
1 OF 1
—p— ] 4—AT-|-—/2 W W
Lvm 47Tmz.§:1[/d935 it s dQTJVI/V[/J]

Prepotential: F = F (A1, A2, A, ALandau)
Assuming U(1) dynamics does not affect SU(2)

F = fggg))(Ag,m,A)‘ o + cA? }
T mVER
N=2 SU(2) SQCD effective action ¢ includes the info of Landau pole.

- written by elliptic curve Seiberg, Witten (1994)



Quantum theory

“* Low energy effective action — Ly

Quark, monopole and dyon become light in the
vicinity of singular points on (u, a;)
ﬁHM — /d49 |:MI€2anQD+2neV2+2nV1 MT"

4N, e~ 2nm Vap —2ncVa—2nV; Mr’r]

—l—\/§/d29 [Mr(ﬂmAQD + neAs +nA)M”™ + h.c.]

M, M - Quark, monopole, dyon
(nm,ne)rn - Magnetic, electric charges, U(1) charge.

Ex. Quark: (7, Me)n = (0,1)1
OF

Ap =
D= 94,




