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1 _Introduction

Spontaneous SUSY breaking should be treated non-perturbatively:
not broken in tree level=not broken in all orders

e Witten index: spontaneously broken/unbroken

e Not available in some models:
e 2-dim N = (2,2) pure SYM (maybe broken? Hori-Tong)

Lattice regularization of supersymmetric field theories:

e formulation
(SYM) CKKU, Sugino, Catterall, DKKN, ST,...

e Monte Carlo simulation=it does work
Catterall, Suzuki, FKST

Our work:

Observe spontaneous (non-)breaking of SUSY via lattice simulation
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2_ldea

The order parameter of the SUSY breaking: Hamiltonian

H =0: SUSY H>0:SUsY
The conjugate applied field: temperature 7 =tre PH
— anti-periodic boundary condition for fermions

H = 0 comes form the SUSY algebra ((2|H|2) = HQ\Q>||2)

e algebra: {Q,Q} =id P
e Noether charge for Q: O 2
H = Hcanonica €.0.m
_ _1+( ) (later)
gauge Invariant 4
We should measure
, tr He P
Lo 26151;10<H>aPBC (= Jm =5 )

The action must be Q-invariant () can be kept on the lattice)
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Note: periodic boundary condition
Under the periodic condition, (H) is always 0 or indefinite

_ s F _—BH
Zppc = N . dpe ™ =tr(—1)"e Fujikawa Z.Phys.C15(1982)275

= Witten index = #(F = 0 state)
N JppodpHe™®

= (H)ppc = 7
PBC
Ctr(-D)FHe P —gptr(=1)fe g
ZpBC ZpBC ZpBC

If Zpsc = 0, (H)ppc IS indefinite; simulation does not work

()-exact H: If the action and the measure are invariant under @),

/ dy He™ :/ du Q) (i@eb) =0
PBC PBC 2
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3_Example. SQM

L= %(5@)2 — %(W’)Q + (10 — W + %F2 =Q (%E(F — 10¢ + W’)) +0(...)

superpotential W = W (¢(x))
W (—o0)W (400) < 0: SUSY is broken

W (—o00)W (400) > 0: SUSY is kept

algebra: Q2 =0° =0 {Q,Q} = i,

Qo =1 Qv =0
No_ethergharge: Qb = F+idp—W'  QF = —idp + Wi
Q=90 —iW') | Qp=1 Q¢ =0

QY =—-F+idp+ W' QF =idp+W")
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Construction of Hamiltonian
Hamiltonian

H = ZQ@/2 (e.0.m)

N\

r N\

= S (00 + S (WP 4 TW" — 2 F? 4 2 F(F — i — W)

A _J/

N

_ | 1_
Hcanonical _|_ Ew(la L W//)w

After Wick rotation, we obtain the Euclidean Hamiltonian
(real time — Imaginary time)

e Nilpotent ()

e ()-exact action

e ()-exact Hamiltonian
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SQM.on the lattice
Nilpotent ()

Qo(x) = () Qy(z) =0
Qu(z) = F(x) = 9¢(x) = W(¢(z)) QF(x) = d(x) + W (¢(x))¢(z)
I¢(x) = ¢(x + a) — ()

()-exact action Catterall JHEP 05(2003)038

(Euclidean)

QY ST [F(@) + 06(x) + W' (6(x))]

X

S

()-exact Hamiltonian

H(x) = 2Q[~—T(@){id(x) — iW'(6(x))}]

\ . _J/
N

descritization of continuum Q

(
2
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Result. of SOM._(no. SUSY_breaking)

3.5

2.5

1.5

0.5

-0.5

W = 2m?¢*
| | | | | |
} aPBC ——+—
B PBC :--x--+ 7
- { —
- o _
| Iz _
-
EFEEK X o .
| | | | | | |
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Bm
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Result of SOM_(SUSY breaking)

3.5

2.5

1.5

0.5

W = 3m¢* + 39¢°
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4 _Two-dimensional N = (2,2) SYM

()-exact Lagrangian (continuum, twisted fermion basis)

L=Q(..)= g—lztr{—%[qb,@]z — H? + 2HFy; + Do¢pDod — D1¢pD1¢

+%77[¢a77]+"‘—¢017077—|—...}

nilpotent ) (Twisted) SUSY Algebra

Qz _ 5égauge) Q(2) _ _5égauge) {Q, QO} — 20y — 2i55¢iauge)

QAo =ity Quio = Dogb Qodo = ~n  Qon = —2Ded

| 2
QA1 =1t1 Qi =iDi¢ QoAr=—x Qox =iD1¢
Q¢ =0

Qop =0
Qo= Noether current 7,
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Hamiltonian.density

H=0QJy)/2= Qg—12 tr {%77[9575] + 2xH + 20 Do — 2i¢1D1$}

— g—]étr{%[gb,g]z - H? + Doquoa + D1¢D1$ — o Don + 1191 D17

_ %U[Cba nl — x[®, x| — Vo[, Vo] + 11]¢, wﬂ}

This construction gives -invariant and gauge invariant
Hamiltonian
cf. H = 7_(canonical + (e.O.m)
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Hamiltonian density(cont.)

H = 7_(caurlonical + (e.O.m)

1 | —
= ? tI’(Z[Qb, Qb]z —+ H2 —+ c%gb(?ogb - ... ) Hcannonical

+2tr<Aog>+gitr{wo 203 0] + 2iDyx — Don)} (e.0.m)

G: Gauss law constraint B
g = 1 > {D1H + %[p, Doo| + %[0, Dod] + i{th1, x} + 5{n, %0} }

canonical momentum: not gauge covariant
_ 0
TA = B3(@da) fd:l:‘ﬁ
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SYM on the lattice
Sugino, JHEP 01(2004)067

Nilpotent @ Q* = [¢, - | = 5§bgauge>
QU (z, ) = i, (2)U(z, 1)

Quu(x) = W, (2)Yu(z) —i(p(x) — Uz, w)p(x + afi)U(x, p) ")
Qo(x) =0

Qx(x) = H(z) | .

QH(z) = [¢(z), x(z)]

Qo(x) = n(x) . o
Qn(z) = [¢(z), ¢(z)] U
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SYM. on the lattice
Q-invariant action (SU(N¢))

5=0— Y u [x<x>H<x> + 20(@)[6(), 3(2)] — ix(x)B(a)

+i Y {u@) (6(x) = Uz, p)d(z + ap)U(z, 1)) }

pn=0,1

1 1.
= azgzz [4(1)“( e

T

- U(z,0,1) — U(z,0,1)1
o) = Y000 Z U0

1—-3|[1-U(z,0,1)|]?

To suppress lattice artifact “vacua”, we need:

0<e<?2y2 for No =234
0 <e<2y/Ngsin(n/N¢g) for No > 5

N2’iF01 3"1—U($,O,1)"<6
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SYM on.the lattice

()-exact Hamiltonian
Discretized “Noether current”:

o o] @) [0l B@)F + 212 H (o

— 2itpo(z) ($(z) — U(z,0)d(z + ad)U(x,0) )
+ 2ip1 () (d(2) — Uz, 1)p(a + al)U (z, 1>1)}

To () =

H(z) = QjOO/Z
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Monte Carlo simulation

(‘H) under anti-periodic boundary condition
<0Pf(D)>Sb

<Pf(D)>Sb
Z = [Df Dbe %5 = [ DbPf(D)e

e gauge grope: SU(2)

e fixed spatial physical length: gL = 1.414

e lattice size: 3 x 6 —36 x 12

e lattice spacing: ag = 0.2357 — 0.0707

e 9900-99900 independent configurations for each parameter
e Computer: RIKEN Super Combined Cluster

e quench + reweight: S = S5, + S¢, (O)s =
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Result

<hamiltonian>_pg (continuum limit)
35 T I I I I I I I

(H)apac — 0, SUSY is not spontaneously broken
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Result

<hamiltonian>pg- (continuum limit)

(H)ppc = 0 within error.
= consistent with (H)ppc o 77 (Witten index)
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Detalls._more about reweighting of Pfaffian
The Pfaffian is real positive in the continuum: argument = 0

45 I I I i IC)235% I
1 ag=0.

40 ag=0.1179 ------- i
35 -
30 result of the direct 1 = practically,
25 N _
20 calc. Pf = 4++/Det
15 o | (__ﬂ7“2<< 9 <:7T/2),
10 1 ] less computation

5 —|1_|—‘ | time

O | | :1m | |

06 -04 -02 0 02 04 0.6
argument of the Pfaffian(aPBC)
Z.ppc = N DbDfe 5 = N DbPfe™ £ 0

aPBC

aPBC
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Detalls. effect of the boundary condition (SQM)

Z =N / DbDfe >

= N/DbDet e~ = N/Dbsign(Det) e~ In|Det
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Detalls. effect of the boundary condition (SQM)

Z =N / DbD fe "v—5f

= N/DbDet e~ = N/Dbsign(Det) e~ In|Det

10000 — | Ea— | Histogram of sing(Det)

9000 |- 3
8000 - SUSY breaking potential

7000 i
5000 L antl-PBC case

5000 -
4000 [
3000 -
2000 -
1000
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Detalls. effect of the boundary condition (SQM)

Z =N / DbD fe "v—5f

= N/DbDet e~ = N/Dbsign(Det) e~ In|Det

6000 — | , | | Histogram of sing(Det)

5000 — : :
SUSY breaking potential

4000 1 PBC case

3000 Zppc = 0

2000 | U/

numerically, expectation

1000 - value is Ill-defined
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5 _Conclusion

We have developed a method to observe spontaneous SUSY
breaking using lattice simulation

e Lattice model with one exactly kept nilpotent ()

e Algebraic construction of the Hamiltonian(= [, du He % =0)

e Measure H at finite temperature (anti-PBC), then take § — oo

Two-dimensional N = (2,2) pure SYM: SUSY is not broken
First physical result with recent development of lattice SUSY

Future works
e Simulation with reweighting= pseudo fermion (less error)

e Other models: Two-dimensional N = (4,4) SYM, SYM with
matter,...

BUIMEDBRABENOEF =1L —T 3 VICKDRAIE -p. 22




Taking.the continuum_limit

<Hamiltonian>_pg- (L=1.41 at g=1)
35 . | | | |

| | |
30 S a=0.2357 ———+— |
L a=0.1768
25 a=0.1179 :--*---1 -
o0 L a=0.0884
a=0.0707
15 ~
10 " ~
3 N _
S T . ] ¥
i S Tt = 2N . % _
0 PR 5 k
_5 ] ] Jl ] ] 1 ] ]
O 05 1 15 2 25 3 35 4 45
Bg
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Taking.the continuum_limit

60 | | |

' |
B g=0.354 ——+—
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