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N =1 SU(2) SUSY Yang Mills Theory

Outlook

@ &

L= 3T (-1F P + 4508 - 89

o A%(x) : gauge fields

¢ §(x): gluino fields, Majorana fermions in adjoint representation
o (Dug) = aﬂga + gﬁ?bcAﬁgCr here: fabe = €abe

o TEgE: soft SUSY-breaking term
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G. R. Farrar, G. Gabadadze, M. Schwetz, “, Phys. Rev. D60 (1999) 035002,
arXiv:hep-th/9806204.
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Expectation values in lattice field theory

_ D[, W] e 0 [0, ¥
e Interested in (O) = f }D[dj w]esE[cb,[\V] ]
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5YM Technlques Result
Expectatlon values in lattice f|e|d theory
[D[o, V] e El®l0 [0, W]
| Db, W]e—Sel®.9]
e Integrate out the fermions
= Z = [D[d, V] e 5c[Ple=5[*V] = [D[d] e~
o detQ = [D[W]e Y?¥ : Fermion determinant

¢ Interested in (O) =
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Techniques
o

Expectation values in lattice field theory

. Do, V] e >0 [0, W
° Interested n <O> - f }D[q)] \U]e—SE[q),l;*U] ]

e Integrate out the fermions
= Z = [D[d, V] e cl®le=SF®V] = [D[d] e=%c[®l det Q
o det Q= [D[W]e ¥ : Fermion determinant
o For different lattice spacings a and (bare) gluino-masses m,
generate ensembles of lattice gauge configurations with
probability distribution e~ £[®l det Q
e Hybrid Monte Carlo (PHMC)

- - -, - - # : Fermion fields

- - -, - = —=—: Gauge fields
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Expectation values in lattice field theory

. Do, V] e >0 [0, W
° Interested n <O> - f }D[q)] \U]e—SE[q),l;*U] ]

e Integrate out the fermions
= Z = [D[d, V] e cl®le=SF®V] = [D[d] e=%c[®l det Q
o det Q= [D[W]e ¥ : Fermion determinant
o For different lattice spacings a and (bare) gluino-masses m,
generate ensembles of lattice gauge configurations with
probability distribution e~ £[®l det Q
e Hybrid Monte Carlo (PHMC)

e Calculate (O) on the ensembles

e for each a perform chiral >¢>9>¢>8>9 ®: Fermionfilds
extrapolation m72r —0 . 5 iy 5 5 5 N = ° —=: Gauge fields
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Expectation values in lattice field theory

. Do, V] e >0 [0, W
Interested in (O) = I }D[¢] W]e—SE[cb,[\U] ]

Integrate out the fermions
= Z = [D[d, V] e cl®le=SF®V] = [D[d] e=%c[®l det Q
o det Q= [D[W]e ¥ : Fermion determinant
For different lattice spacings a and (bare) gluino-masses m,
generate ensembles of lattice gauge configurations with
probability distribution e~ £[®l det Q
e Hybrid Monte Carlo (PHMC)

Calculate (O) on the ensembles

'FOF each a perform Chiral = = =, = = # : Fermion fields
extrapolation m72r —0 . 5 iy 5 5 5 N = ° —=: Gauge fields
continuum extrapolation a — 0
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Expectation values in lattice field theory
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SYM Techniques Results
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Extracting masses from Correlation Function

e Correlation function
Cx,y) = (0(x)01(y))
e Operator O is interpolating field,
eg. O(x) = E(x)E(x)
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Extracting masses from Correlation Function

e Correlation function
Cx,y) = (0(x)01(y))
e Operator O is interpolating field,
eg. O(x) = E(x)E(x)

e Translation invariance +
0-momentum projection leads to

C(At)=NY (O(At)07(0))
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Extracting masses from Correlation Function

e Correlation function L sroundetate " "
~ 1’ S f(x) = 0.006 cosh(—! 0151(At 32)) .*
C(x,y) = (O(x)0'(y))

e Operator O is interpolating field, o
e O(x) = E(x)&(x) 3
0.01

e Translation invariance +
0-momentum projection leads to boot o
C(At) =N Z <O(At)OT(O)> o 10 20 30A 0 50 60

= t
x a-n’- glueball
o @5 =1.9, k = 0.14435
e Spectral decomposmon'
(T—At)

C(At) = a3+ Z e EnAt 4 o~ F
n=1
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Particles and their operators

Glueballs:
* 0(x) =X Py(x)
1<J
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Techniques
o

Particles and their operators

Glueballs:
* O(x) =>_ Pj(x) .
i<y X Y

e Gluino-glue: O%(x) =), UE-‘B Tre [Pij(X)gﬁ(Xﬂ
i<j
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Techniques
o

Particles and their operators

Glueballs:
* O(x) =>_ Pj(x) .
i<j X y

o Gluino-glue: 0%(x) ; 037 Tre [Py(x)g" (x)]

OOO
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Smearing

e Improve signal-to-noise ratio by applying smearing techniques:
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Techniques
@00

Smearing

e Improve signal-to-noise ratio by applying smearing techniques:

e For gluonic operators: APE Smearing

+3
U (x)=Us+eape Y. Ul(x+ p)Uu(x + 2) Uy (x)
v=+t1lv#p
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Smearing

e For mesonic operators: Jacobi Smearing
§(%.1) = F(F D& 1)
y
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Smearing

e For mesonic operators: Jacobi Smearing
§(%.1) = F(F D& 1)
y

e F(X,y) =lterative solution of 3d Klein-Gordon equation for
source and sinks :

Smearing Level 1 Smearing Level 41
1.8 18
1.6 16
14 14
1.2 12
1 10
0.8 8
IFGy)l 88 IRyl ¢
02 2
0 0
- T T
%/\"W\?y———cr\ 4/(0/(15 O 4}0/5”
Sy g g
N, 3 ¥ i
Fobaa(X, ¥) = 0z, 700 + 0pa 3. (HJ 2= {5yix*+u Upn,ba(X) + 074U, pa(x )D
i=1
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Smearing

Techniques
000000000

Jacobi Smearing

¢ Smearing Radius:

Radius [a]
w

Supermultiplets in SYM

40 50 60 70 80 90 100
Smearing Level
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Smearing

Jacobi Smearing

¢ Smearing Radius:

_ 2z X2 |F(X,0)|

= > F(0)*
7
— k=01
—w— iy =0.15
6 k=02 1
Ky = 0.225
5t ky=0.25 4
=4 |
w
=
B 3 E
['4
2t ]
1t ]
-
0 :

0 10 2‘0 3‘0 4‘0 5‘0 6‘0 7‘0 8‘0 9‘0 100
Smearing Level

=Use Kjacobi = 0.2

=-Use smearing levels up to 80

=Optimizing the signal lead to

choosing smearing levels 0, 40 and 80
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Techniques

Smearing
Jacobi Smearing APE smearing:
e Smearing Radius: e similar analysis as for
R _ 2 zIXI?IF(%,0)]2 Jacobi smearing
- 2
7 i i Z | ( 0 | . [ ] GAPE ~ 04
—_— hJZOI
of T s ] e smearing levels up to
5| i ] 95 for 322 x 64 lattice
% 4l ] e i.e. {5,15,...,95} for
FE : gluino-glue
2tk ]
1t ]
.
o LE=

0 10 2‘0 3‘0 4‘0 5‘0 6‘0 7‘0 8‘0 9‘0 100
Smearing Level

=Use Kjacobi = 0.2

=-Use smearing levels up to 80

=Optimizing the signal lead to

choosing smearing levels 0, 40 and 80
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Variational method

o Correlation Matrix Cj(At) = <O;(At)OjT(O)>
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Variational method
o Correlation Matrix Cj(At) = <O,~(At)O}L(O)>

¢ Generalized Eigenvalue Problem (GEVP):
C(t)7 (M = X"(¢, 1) C (o) M
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Variational method
o Correlation Matrix Cj(At) = <O,~(At)O}L(O)>

¢ Generalized Eigenvalue Problem (GEVP):
C(t)7 (M = X"(¢, 1) C (o) M

. t|i)r20)\(n)(t7 to) oc e~ mMn(t—t0) (1+0 (efAm,,(tfto)))

Am, = mi —
* Am, r&lplm/ my|
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Y M Techniques Results Outlook
oo 000000800
Variational method

o Correlation Matrix Cj(At) = <O,~(At)OJT(O)>

¢ Generalized Eigenvalue Problem (GEVP):
C(t)7 (M = X"(¢, 1) C (o) M
: (n) —mp(t—to) —Amp(t—tg)
otll)ngo)\ (t,to) x e ) (1+0 (e 0)))

Am, = mi -
e Am, ?;29 |m; — my|

10° P Ju—
P\ C) ra—
101 | o Tl A2
ol -," !iiiII”””[
i

S Py f i
. THUHER
10 | : It
g0 I
10—60 5 ” = 2 25 30 35
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Techniques
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Exploiting supersymmetry in GEVP

e Mixing of meson and glueball states allows using a larger
operator basis for determining the masses in the 0" Tand 0~
channel

e e.g. a-fy and 0" " -glueball
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Techniques

L ]
Exploiting supersymmetry in GEVP

e Mixing of meson and glueball states allows using a larger
operator basis for determining the masses in the 0" Tand 0~

channel
e e.g. a-fy and 0" " -glueball

e Build correlation matrix C from mesonic and gluonic operators:

OO0
OO
Ol
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Simulation

o Configurations produced at Jiilich Supercomputing Centre
e Measurements performed on
e local HPC clusters in Miinster
e PALMA, NWZPHI (Xeon-Phi)

e Jiilich Supercomputing Centre
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Groundstate multiplet

0.4 1 o4t ]
03t N & 1 o3 i $ ]
0]
g — g b
S0t I o 1 S0zt ]
I B=1.90 B=1.90
0.1f 1 ot ]
© g8 2 glb_pp
00500 0.05 0.0 90500 0.05 0.10
(am_) (am_)
b1 b1

Extrapolation of the lightest supermultiplet to the chiral limit. Desy-Miinster
collaboration arXiv:1512.07014
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SYM Techniques Results
[e]e) 000000000 [ leJele]

Groundstate multiplet

T T T
041 1 04f
03 o & 1 o3 i :
o}
g S g i
®0.2p i @ 1 ®0.2p
0.1r 1 0.1
007500 0.05 010 07000 0.05
2
(am,) (am,)
Extrapolation of the lightest supermultiplet to the chiral limit. Desy-Miinster
1.4 2 .
i a—ln’ - gluino-glue :
Juino-glue a
13 gluino-g| 18 gucball 07— &
1.2 w ) 16
11 | . 14 ;
- 1 o 12 g
3 N
=~ 0.9 = 1 4 @
0.8 0.8 [
0.7 0.6
i
0.6 1 0.4
0.5 0.2
0 0.1 0.2 03 0.4 0.5 0.6 0 0.1 0.2 03 0.4 0.5

ajwy afwy
Extrapolation of the lightest supermultiplet to the continuum limit. Desy-Miinster
collaboration JHEP 03 (2016) 080
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EXCIted Multiplet @ 8 = 1.9, preliminary

0.8 T T T T
—_— 0++-Mixed first excited
—w— a7/’ first excited

0.7 | ~—=— 0~ '-glueball groundstate
= gluino-glue first excite:

06 | e

E 05}

0.4 |

03

0.2
0 0.01 0.02 0.03 0.04 0.05

(am-)’

Linear chiral extrapolation at 8 = 1.9
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000000000

EXCIted Multiplet @ 8 = 1.9, preliminary

Results
[e] lele]

0.8 T T T 0.8 T T T T T
0++-Mixed first excited
—w— a7/’ first excited sttt
07} 0~ -glueball groundstate 0.7 o * . ]
gluino-glue first excite : * .
06 | - 0.6 )
g L i
s 05 05
04} 4
% 0.4 b |
03 { o .I[J**-Mixed first excited ——
0.3 a-7)’ first excited —s—
02 0~ "-glubeall groundstate
0 .01 0.02 0.03 .04 0.05 02 gluino-glue first excited
(am,,)2 0 0.02 0.04 0.06 0.08

Linear chiral extrapolation at 8 = 1.9

Supermultiplets in SYM
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Quadratic chiral extrapolation at 3 = 1.9
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Challenges

10 T T T T T

e Eigenvalues need to
be ordered correctly i 4

. : ' i "
0.01 f . [ ; 1
0.001 } !

0.0001 :
0 2 4 6 8 10 12

At/a

Generalized eigenvalues of 01" -channel at
B =1.9, kK = 0.1433 sorted by value
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Challenges
e Eigenvalues need to 1 ————— .
be ordered correctly : \2
I
i

0.1 F i i 1 I ]
0.01 } 1

0.001 : : : :

0 2 4 6 8 10 12 14

Generalized eigenvalues of 07" -channel at
B =1.9, kK = 0.1433 sorted by value
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SYM Techniques Results Outlook

[e]e) 000000000 [e]e] le] [e]e)
Challenges
e Eigenvalues need to 10 ————————— T
1
be ordered correctly Jo —
3
1F = §4 g
5
i } Pt gyt
0.1} ? 1 I i l ]
L]
0.01 } ]
0.001 | ]
0.0001 -
o 2 4 6 8 10 12 14

Generalized eigenvalues of 07" -channel at
B =1.9, kK = 0.1433 sorted by new method
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[e]e) 000000000 [e]e] le] [e]e)
Challenges
e Eigenvalues need to 1 ———— 7
be ordered correctly ] ; \2
i
01} i i l ;
0.01 f 1
0.001 | .
0.0001 1 1 1 1 1 1
0 2 4 6 8 10 12 14

Generalized eigenvalues of 07" -channel at
B =1.9, kK = 0.1433 sorted by new method
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[e]e) 000000000 [e]e] le] [e]e)
Challenges
e Eigenvalues need to 1 . . . — .
be ordered correctly 05
e Eigenvalues don't 06 | 1
always behave as :
0.4 | ;
expected
£
o large 02F 1
autocorrelation i
0 5 ¥ 3 33
FTrszsreafffFEEELT
—0.2 : : : : : :
0 5 10 15 20 25 30

At/a

0~ t- glueball @3 = 1.9, ~ = 0.14435
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(o]e]

[e]e] le} [e]e]
Challenges
e Eigenvalues need to 05 — . . — .
be ordered correctly 04
e Eigenvalues don't 03| 1
always behave as .
02 f ;
expected
o large 0LF |
autocorrelation I
0 ¥ U S
e use “Derivative o1 ) ) ) ) ) )
trick”: = Use 0 5 10 15 20 25 30
C(t) = At/a

c(t) — C(t+1)"

0~ t- glueball ©3 = 1.9, ~ = 0.14435
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Things to be checked

e Second order polynomial fit fits the data too well

e errorbars overestimated?
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Things to be checked

e Second order polynomial fit fits the data too well
e errorbars overestimated?
e Within errors there seems so be no mixing in the 0~ -channel

e off-diagonal entries of the correlation matrix are zero within
errors
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Results
L]

Things to be checked

e Second order polynomial fit fits the data too well

e errorbars overestimated?

e Within errors there seems so be no mixing in the 0~ -channel

e off-diagonal entries of the correlation matrix are zero within
errors

e 0 "-glueball and a — 1’ masses differ
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Summary & Outlook
e Agreement with the predicted supermultiplet structure for the

groundstate
= SUSY is restored in the continuum limit
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e 0~ "-glueball groundstate heavier than groundstate multiplet

=might become lighter in the continuum limit
=-maybe it belongs to the first excited multiplet
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groundstate
= SUSY s restored in the continuum limit

e 0~ "-glueball groundstate heavier than groundstate multiplet
=might become lighter in the continuum limit
=-maybe it belongs to the first excited multiplet

e Work to be done:

e Continuum extrapolation of the excited multiplet
e reanalysis of groundstate multiplet using the full correlation
matrix
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Summary & Outlook

e Agreement with the predicted supermultiplet structure for the
groundstate
= SUSY s restored in the continuum limit

e 0~ "-glueball groundstate heavier than groundstate multiplet
=might become lighter in the continuum limit
=-maybe it belongs to the first excited multiplet

e Work to be done:

e Continuum extrapolation of the excited multiplet
e reanalysis of groundstate multiplet using the full correlation
matrix

e Determine mixing between glueball and mesonic states using
the variational method:

e learn about mixing in the SUSY-phase
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Thank you for your attention!!

WestrAsChE @ Graduiertenkolleg 2149
WILHELMS-L TAT B 3 . e
— MUNSTER =W Research Training Group
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e Calculate the lowest eigenvalues of @ and corresponding
eigenvectors

e using Arnoldi (ARPACK)
e Chebyshev Polynomials of order 11
e Even/Odd-Preconditioning

e Stochastic estimator technique for space orthogonal to the
previously calculated eigenvectors:

¢ & X 1) (] =1+ 0 (V)
® use Zg-noise

Qls) =)

Q= & 33 |s)) (o

Conjugate gradient
Ns = 40 for 8 = 1.9, 32% x 64
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