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e SUSY breaking
Why our world is not supersymmetric?

e gauge/gravity duality
tool for strong coupling gauge theory
talks by S.Catterall, M.Hanada, S.Matsuura

e Will be found in LHC ?
worth developing simulation techniques

o “Experiment” for theoretical analysis
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. supersymmetry
©(SUSsY)

boson ¢ ferzmion A
algebra: {O0,0}=id Q?2=0Q" =0

invariance of the action: QS = 0(= oX)
oX =(0X1)X2... Xp+X1(0X2)... Xn+---
But on the lattice, Leibniz rule is broken! |=|NO SUSY?
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If N> 2, it is possible!

e topological twist=scalar Q on a site (Q% = 0)

Scenario

e part of SUSY at finite a, the whole is restoredina — 0
(automatically/with only a few fine tunings)
e 2-dim: g has dim=1, [-loop ~ (a?g?)! - 0
no SUSY breaking quatum corrections

perturbative power counting: non-pertubativitly...?

First, we need to confirm this scenario in the simulation

U

Then, we measure SUSY breaking




Formulation
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Target System: 2-dim /' =(2,2) SYM

Q =4 =2P: a 2-dim cousin of 4-dim /' =4 (Q = 16)
Qai = (Q1 + YuOQu + ¥50)ai Dirac-Kahler (staggered)

nilpotent Q (Twisted) SUSY Algebra, continuum
Q°=0 Q=0 {Q, Qo} = 2iao

Action (dimensional reduction from 4-dim N = 1)

- 2 g T "2
S=—2 dex tr EFMNFMN‘FUJ CrCyDmyWY +H- ;= 0Q(...)
g

Am = (gauge field, scalar)
W' = (o, ¥1,x,n/2)  (with a suitable rep. of My)
H = aux. field



Sugino model

Sugino, JHEP 01(2004)067
target: 2-dim N = (2, 2) SYM

nilpotent Q Lattice version

2 __ (gauge)
Q% =5,

Q-exact action (lattice)

S=0(...)=S[U(x, W), p(x), ¢(x), H(x) bosons
n(x), x(x), Yo(x), ¥1(x)] fermions

QU(x, 1) = iu(x)U(x, u)
Quu(x) = (X)Pu(x)
— i(p(x) — U(x, W)@(x + DU(X, 1)~1)
Qp=0

.‘/fur X1




Lattice Action (SU(N(¢))

[ Scont. = Qz [ dxtr{xH + znl®, #]+2XFo1 — YuDy@} ]

Ssugino =Q

1 1 _ -
oz 2| XOOHEO) + 30001800, 500 - iXOB00

¥ Z {0u() (0(x) — U(x, W)o(x + ai)U(x, “)_1)}]

u=0,1
1 1,
azgz Ztr[Z¢TL(X)2+... ]
X

U(x,0,1)—U(x, 0,6 1)1
1- 5|1 - U(x,0,1)]?

i®(x) = ~ 2iFo1
with ||1 —U(x, 0, 1)|| < €

To suppress lattice artifact “vacua”, we need:
O0<e<2+v2 forNc=2,3,4

O<e<2yNcsin(n/Nc) forNc=5




Different models: the same result

Sugino model
Ay, scalar ¢

CKKU model Cohen-Katz-Kaplan-Unsal JHEP 0308 (2003) 024
Ay + @ : complex link variables
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Different models: the same result

Sugino model
Ay, scalar ¢

CKKU model Cohen-Katz-Kaplan-Unsal JHEP 0308 (2003) 024
Ay + @ : complex link variables

Both types give the same results: m.Hanada-I.K., JHEP 1101 (2011) 058
0.85

Suginol%kﬂ | | %
0.8  CKKU +--x--- |
Wilson loop on T»:

%ltrexp(i;ﬁL dxHAL))|

0.75 I o

0.7 |
0.65 * s
06 | ¥ i
0.55 |- X -

05 ] ] ] ]
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Restoration of the full SUSY

No SUSY breaking lattice artifacts survive

|.K and H.Suzuki, NPB (2009), 420
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In which stage is SUSY broken?

Target: 2-dim N = (2, 2) SYM, SU(2)
lattice model + scalar mass term
+ thermal B.C.
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In which stage is SUSY broken?

Target: 2-dim N = (2, 2) SYM, SU(2)
lattice model + scalar mass term

1. lattice artifact |Our interest

2. scalar mass term: to contro

+ thermal B.C.

the flat directions

Partially Conserved Super Current (PCSC)

3. boundary condition: anti-periodic in temporal direction

for fermion (thermal)

no effect to local Ward-Takahashi identity

PCSC relation

(Separate the effect of lattice artifact)
satisfied = the lattice artifact vanishes
not satisfied = does not vanish

12



PCSC relation

4 supercharges: Qa = {Qo, Q1, Q, Q}
Partially conserved supercurrent:

aujlj‘ =0 > a“j/j\ = u?/g? YA|(PCSC) u: scalar mass

112

(9u T )IXA(0)) - ?(YA(X)XA(O)) = —i6°(x){Q*X*(0))

(A: no sum)

(9uT20OXA(0))

(YA(x)X*(0))

2
=H—2 forx #0
g

YA = —2[C(I> tr(AL2W) + '3 tr(AsW))]*  ~ (scalar) x (fermion)
XA = 5 [Fo(I2 tr(A2W) + M3 tr(A3¥))]A

g

13



PCSC relation (continuum limit)

2.5 i I |
0.3 I I .
2| o f = i
0.1 |
1.5 | 0
0

: (QuT2CIXA(0)) 2

(YA)XA(0)) g7

0.5
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PCSC relation (continuum limit)

2.5 I I |
0.3 | | .
2 b o2 - s
0.1 |
15 0
0
' (QuTLCOXA(0)) 2
0.5 (YA(X)XA(0)) g2
O > | ‘
0 0.5 1 1.5 2

2l

PCSC is satisfied =>no SUSY breaking due to lattice artifact
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Simulation detail

e Algorithm: Rational Hybrid Monte Carlo (RHMC)
(+ Multi-time step acceleration )

e |attice size: 3 x 6-30x 10
e ag=0.2357-0.059
e 200-4,000 configurations

o (YO)Y(y)) =D~1(x, y):
Brute force inversion with Lapack (always all-to-all
propagators)
cf. disconnected fermion loops in QCD

15



Vacuum Energy
order parameter for SUSY breaking
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Observing spontaneous SUSY breaking

|.K.-Suzuki-Sugino, PRD77 (2008) 091502

no explicit breaking caused by lattice artifact
We can discuss spontaneous breaking
2-dim N = (2, 2) SYM: maybe broken? Hori-Tong, JHEP 0705 (2007) 079

e order parameter (H) = %(Qjéo)) ({Q,0Q0} = 2i0p)
e measure with thermal boundary condition

e extrapolate to zero temperature (8 — 0):

ground state energy density £

£ = (H) at zero temperature {= 0 SUSY
= P £0 SUSY

e extrapolate the scalar mass to zero (before g — o)

17



Check with SQM

(known): form of the potential = broken or not
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Check with SQM

(known): form of the potential = broken or not
3.5 I | |

[ [ [ 1
s not broken V‘1/= zm2¢14
X broken :--x---1 T W = Zm2¢2 + +g¢3
25 i
2 I i
1.5 % B
1 [ XXXX X X X X N i
+
05 — EEE ﬂ —
+
0) | e e o =
-0.5 I | I | | |
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SYM: Seems not broken

|.K. PRD 79 (2009) 115015

30 5 l l (BI)_al l
| aplPg) “Fap ~
~ 25 —
o
> 20 I o § l l l N
% 15 - = { . |
1+ —
2 10 F |
(@) e e — E,,,,iffif‘,i ,,,, E,‘,f,fifif_‘
= s L . | | I l |
3 L1 2 3 4
~ 0 L e e e ]
5 | | | |
0 1 2 3 4 5
Bg
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SYM: Seems not broken

|.K. PRD 79 (2009) 115015
Ground state energy is consistent with O

30 ' I |

— |
: ag(Bo) +ay |
n DT +11
- .| ap=1.94"1¢
S ; a; =2.59%¢
2 15 L £ 2 _£ +10
@ L1 |a2=0.09Tg
© ‘ B N
> 10 (stats.err.only)
=X Oy [ BE e o] oo
L O r *+ N
3] uy 1 2 3 4
~ 0 L e e e ]
5 | | | |
0 1 2 3 4 5
B9

o =0.09 + 9(sys.)f€130(stats.)
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Witten Index: normalized sign
The sign problem is a problem, but...

|.K. NPB841 (2010), 42

20



Witten index

Witten index: useful index to detect spontaneous SUSY
breaking

o Witten index: w = tr(—1)Fe=PH = (Ng — Nf)|_,
iIndex # 0: SUSY
index = 0: SUSY or SUSY
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Witten index

Witten index: useful index to detect spontaneous SUSY
breaking

o Witten index: w = tr(—1)Fe=PH = (Ng — Nf)|_,
iIndex # 0: SUSY
index = 0: SUSY or SUSY

e Lattice action with S = QA, Q% = 0:
IA) and Q|A)(# 0) make a pair as in the continuum

=index is well defined

21



Normalization...?

Witten index in_path integral

w=/2Lp= J D¢ DY DY exp(—Sp)

P: Periodic boundary condition
a proper definition of the measure is needed
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w=/2Lp= J D¢ DY DY exp(—Sp)

P: Periodic boundary condition
a proper definition of the measure is needed

Expectation value

- [ DpDYDYAexp(=S)
[ Do DYDY exp(-S)
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Normalization...?

Witten index in_path integral

w=/2Lp= J D¢ DY DY exp(—Sp)

P: Periodic boundary condition
a proper definition of the measure is needed

Expectation value

| DoDYDYAexp(=S) C[DpDYDYAexp(-S)
 [DeDYDYexp(-S) ¢ [ Do DYDYexp(-S)

Overall normalization of Zp seems impossible to determine

(A)
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Sign of the Det(D) (or Pf(D))

Z = JDEDL/J Dpe>87>F = JD(/) o[D]le™>, S’ =Sg - In|Det(D)|

Reweighting the sign of Det(D) (or Pf(D)): o[D]
_ [Dgpae=s’ _ [p¢aciple-s’  (Ad[Dl)o
o= Toges Y= Togomo1es = (610000
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Z = JDEDL/J Dpe>87>F = JD(/) o[D]le™>, S’ =Sg - In|Det(D)|

Reweighting the sign of Det(D) (or Pf(D)): o[D]
_ [Dgpae=s’ _ [p¢aciple-s’  (Ad[Dl)o
o= Toges Y= Togomo1es = (610000

Normalized partition func.

/1< ,,242
chpe_%Z"“z‘piz <e5 > M ¢z>

— 0
4 (o[D])o

(U[D]—1e+5/e_%2i“2¢[2)
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Sign of the Det(D) (or Pf(D))

Z = JDEDL/J Dpe>87>F = JD(/) o[D]le™>, S’ =Sg - In|Det(D)|

Reweighting the sign of Det(D) (or Pf(D)): o[D]
_ [Dgpae=s’ _ [p¢aciple-s’  (Ad[Dl)o
o= Toges Y= Togomo1es = (610000

Normalized partition func.

/1<, ,,242
chpe_% 5242 <e5 > i M9 >
= Z = (o[D1)o

> |w=2Zp= (JD¢e_%ZilJ2¢[2) (0[Dpl)o,p
(

1 2
P 65;_7 Ziu2¢i )O,P

(U[D]—1e+5/e_%2i“2¢[2) 0

\

~
calculable const.

P: Periodic boundary cond.
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Test with 1-dim model (SQM)

Supersymmetric Quantum Mechanics:
1 real scalar + 1 complex fermion (+ aux. field)

Known results with a bosonic potential: %W’(cp)2

4: W =Xz + X292 SUSY, w=1
3: W=MA3¢p3+ X202  SUSY, w=0

I
I
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Test with 1-dim model (SQM)

Supersymmetric Quantum Mechanics:
1 real scalar + 1 complex fermion (+ aux. field)

Known results with a bosonic potential: %W’(cp)2

n=4: W=MA10*+ A\rp? SUSY, w=1
n=3: W=X3¢3+X¢%  SUSY, w=0

Lattice Action: S = OA

_ ) .
Z [ (Prs1 — PK)* + = W’((]bk)2 + (Pr+1 — PIW (Pr) — _,_-2

+ U (Y41 — Yk) + W”(¢/<)l/f/<l/f/<}

Catterall, Beccaria-Curci-D’Ambrosio,...

¢: scalar, F: aux. field, ¢, ¢: fermions
24



Result: n=4

4 L ' i ' - ' (o[Dp])o,p
set 4a, N:Zl - w=C o -
st | s T
3 F _
1 04 | "set4t|), u2:2.0 ——
25 11 _{; I ;% % ] 1 103k
2+ 1 e > S S S 7 4 102}
oot 4 _
Lo r 15 2 25 3 1. | % fffffffffffffffffffffffff ]
1 - L 7777777777777777 % 777777777777777 f% 7777777777777777 % 777777777777777 % 7777777 ] 0.99
0.5 ' ' ' ' ' ' 0.98
0.5 1 1.5 2 2.5 3
uz 091 0 O.I02 O.I04 O.I06 O.I08 Ol.l 0.1
setda (LA, =1,L%A54=1): u =2.5,0.88(5)
set 4b (LA =4,L%A4=1): u2=2.0,0.984(12)
set 4c (LA, =4,L°A4=4) : u4=1.5,0.989(11)
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Result: n=3

01 | | | | | | | | |
0 . =R e I 2 B -2 D -~ SO -~ B~z B - -2 B -~ B -

A S A A A A
orf | feer T R .
0.2 1 set 3a, N=21 ——+— - 0001 r l «

set 3b, N=21 ——<— | _0.0015 |
set 3c, N=21 ——*—
set 3d, N=21 & -0.002 -
_03 ] ] ] ] ] ] ] ] ] 0.0025 -
0.5 1 1.5 2 2.5 3 3.5 4 4.5
|J.2 0003 0 0.I02 O.I04 O.IO6 O.I08 Ol.l 0.1
set 3a (LA, =4,L32A3=4): u2 =1.5,-0.024(23)
set 3b (LA =4, L32X\3=16) : u =2.0,0.0004(7)
set 3c (LA2 =4, L32)A3=32): u2=1.5,-0.0009(8)
set 3d (LAy = 2 L3/2X3=16): u2=1.5,—-0.0005(6)
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Conclusions and Discussions

2-dim N = (2, 2) super Yang-Mills on lattice
a robust system (no sign problem): [ready to enjoy physics

e SUSY breaking lattice artifacts vanish? | YES

e seems no spontaneous SUSY breaking with SU(2)

e flat direction: scalar mass term
—twisted boundary condition?

e gravity dual???

the sign factor with a proper normalization
—>Witten index, partition function (SQM)
e Witten index of BFSS model?

28
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