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Standard model of particle physics

- describes successfully what we observe at < O(10 TeV)

Open questions

* Higgs mass
- dark matter
« unification of forces

= Not complete
= More fundamental theory?

Introduce supersymmetry
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Minimal Supersymmetric Standard Model

- contains a super partner for every particle

34 generation Q m
24 gonoration Q ‘
+' generation Q ﬂ
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v 942 v 24
- &b = - & =
e e
Photon WZ bosons Gluons Photing Wing, Zing 6 luinos
Higgs bosons Higgsinos
[4]
https://web2.ph.utexas.edu/~coker2/index.files/supersymmetry.htm
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https://web2.ph.utexas.edu/~coker2/index.files/supersymmetry.htm

N=1 Super-Yang-Mills Theory

- contains a super partner for every particle

PARTICLES SPARTICLES

%82 %42

Gluons 6luinos

= important building block of Super-QCD

[4]

https://web2.ph.utexas.edu/~coker2/index.files/supersymmetry.htm
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N=1 Super-Yang-Mills Theory
Fields

- Gauge boson (gluon) A, (x) in the adjoint representation
+ Super partner (gluino) A(x) is Majorana fermion in the adjoint representation

On-shell Lagrange density
L =tr{ ——F, F" + i )\@)\
SYM 1 nv 2

Supersymmetry: Relation between fermionic matter particles and
bosonic force particles

S A, =i\, BN = i%,, e
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N=1 Super-Yang-Mills Theory
Fields

- Gauge boson (gluon) A, (x) in the adjoint representation
+ Super partner (gluino) A(x) is Majorana fermion in the adjoint representation

On-shell Lagrange density
1 [ mq -
=tr| —=F, F*" + — ]
Lsym tl’( iz + 2)\@)\ 5 /\)\)

Supersymmetry: Relation between fermionic matter particles and
bosonic force particles
0cA, = i€y N, A =12, Fe

Softly broken by gluino mass term
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gmmetries

Chiral (R) symmetry breaking in SU(3) SYM theory
- Global chiral U(1)a symmetry: \ s el*75 )\
+ Due to anomaly only Z¢ remnant symmetry
A @555\ with ne {1,...,6}

* Spontaneously broken to Z, symmetry in consequence of
gluino condensate (A\\) # 0 — 3 different vacua
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The Chiral Limit

1
)0y — 9 Z (T = 7))V (X) Oty

Dy, (va):

with adjoint representation [V, (x)],
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Dirac Operator

Dv (o) =(+m o= O (1= 2)Vale) ety

Feature of SYM

« Particular directions of Zg symmetry are favored by gluino condensate
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Dirac Operator W1th TW1sted Mass

D‘rﬂnltw(xv y)7(4 + m+ l/“' X}’ 2 Z 7# V}L x+u,y

p==x1

Feature of SYM

« Particular directions of Zg symmetry are favored by gluino condensate

- Deform lattice action by adding parity-breaking mass . resembling a
twisted mass

- m breaks chiral symmetry explicitly and generates a condensate ~ (\)\)
- 1 leads to a condensate ~ (Ays\)
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Dirac Operator with Twisted Mass

. 1
D™ (%, y) = (4 + m +1175) 5, — 5 Z (L = 7u)Vu () Gty

p==x1

Feature of SYM

« Particular directions of Zg symmetry are favored by gluino condensate

- Deform lattice action by adding parity-breaking mass . resembling a
twisted mass

- m breaks chiral symmetry explicitly and generates a condensate ~ (\)\)
- 1 leads to a condensate ~ (Ays\)

= Possibility to get closer to chiral symmetry and supersymmetry at finite lattice
spacing?
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Dirac Operator W1th TW1sted Mass

D‘rﬂnltw(xv y)7(4 + m+ l/“' X}’ 2 Z 7# V}L x+u,y
p==x1
_ 1 +4
=4+ M e )0x,y — 5 Z (1 = yu)Vu(x) Oxt iy
p==x1
Feature of SYM

« Particular directions of Zg symmetry are favored by gluino condensate

- Deform lattice action by adding parity-breaking mass . resembling a
twisted mass

* m= M cos(x)
* p= Msin(a)

= Possibility to get closer to chiral symmetry and supersymmetry at finite lattice
spacing?

FRIEDRICH-SCHILLER-

UNIVERSITAT N =1 SYM with a Twist Wuhan, June 19, 2019
J

NA Marc Steinhauser 5/16



Veneziano-Yankielowicz Multiplet

mass
A

softly
susy broken
susy

a-fy

............. gg

a-n’
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Veneziano-Yankielowicz Multiplet

mass
A softly
susy broken connected
part
susy
a-fo a-a
........ _gg
an/ am
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Dirac Operator with Twisted Mass

Numerical Investigations

Spectroscopy

for different angles o = arctan(y/m)

of connected (unphysical) mesons with good signal-to-noise-ration
of full (physical) mesons including disconnected contributions

of gluino-glue
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Dirac Operator with Twisted Mass

Numerical Investigations

Spectroscopy

for different angles o = arctan(y/m)

of connected (unphysical) mesons with good signal-to-noise-ration
of full (physical) mesons including disconnected contributions

of gluino-glue

Analytical Investigations

Calculation of

fermionic expectation values of lattice interpolators
eigenvalues of the free Dirac operator
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Fermionic Expectation Values

(0) = ((O)e)s = %/DZ/{ e~ Sl p =S O]\ 1]

A @)

A e
X Ae®@BA = XX cos(2a) 4 iIAysAsin(2a)
AsA = Ay5e5975 X = Ays X cos(2ar) + iA sin(2a)

FRIEDRICH-SCHILLER-

UNIVERSITAT N = 1 SYMwith a Twist Wuhan, June 19, 2019
JE

NA Marc Steinhauser 8/16



Fermionic Expectation Values

(0) = ((O)e)s = %/DZ/{ e~ Sl p =S O]\ 1]

et

A e

A = e

(i) ((ed ) ()
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Fermionic Expectation Values

General Observables

Ogen (X) =alAM+ b/\x’75)\x

Mesonic Observables

Results
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Fermionic Expectation Values

General Observables

Mesonic Observables

la b — a b
Oag(x) = S\_X)\X 1 0 cos(2c) isin(2a)
Oay (X) = AevsAc | 0 1 isin(2a)  cos(2cx)

Results
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Fermionic Expectation Values

General Observables
Mesonic Observables

Results

(Ot (1) Oat, (M))£(0° ) = (Oauy (1) Oary (m))£(90°)
(O (1) Oaeyyr (M) )£ (0° ) = (Oart, (1) Oas, (M))£(90°)
)

(Oat (1) Oy (M) (45°) = (Oapy () Oay () (45°)
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ﬁgenvalues

Goals

Effect of twist angle o
O(a) improvement

Dirac Operator with Mass Twist

+4

_ 1
D\I\;W(Xv y)=(4 + Me"7 oy — 2 Z (1 - VAL)VM(X) Oxtpy
p==+1
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ﬁgenvalues

Goals

Effect of twist angle o
O(a) improvement = angle ¢

Dirac Operator with Double Twist

+4

. - 1 o
DR ()= (4677 4 M), = o 37 (€97 = ) Vi) iy
p==+1

e Idea based on G. Bergner, T. Kastner, S. Uhlmann, A. Wipf, Annals Phys. 323 (2009)
e General action found in G. Immirzi, K. Yoshida, Nucl. Phys. B210 (1982)
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ﬁgenvalues of Free Dirac Operator

Fermionic Kernel D Eigenvalues AT\

YO+ m—EA p? + m* + amrp® + O(a%)

FRIEDRICH-SCHILLER-

UNIVERSITAT N = 1 SYMwith a Twist Wuhan, June 19, 2019
JE

NA Marc Steinhauser 11/16



ﬁgenvalues of Free Dirac Operator

Fermionic Kernel D Eigenvalues AT\

YO+ m—EA p? + m* + amrp® + O(a%)
0 for «=90°

N P+ M + aMipZcos(a) + O(a?)

,y,uau + Mei(mg
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ﬁgenvalues of Free Dirac Operator

Fermionic Kernel D Eigenvalues AT\
YO+ m—EA p* + m* + amrp® + (9(&12)0f o
or =
YO, + Me s — LA p* + M? +a//\/lrp2/co§®t&— 0(a?)
YO, + m+ Fys A P>+ m? +ra? +0(a%)

2
- 2
. W|thn:—%zﬂpﬁ+5(zupﬁ)
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ﬁgenvalues of Free Dirac Operator

Fermionic Kernel D

Eigenvalues AT\

YO, +m— 5A
,yuau + Mei(mg _ %A
YO + m+ %’%A

7#3“ 4+ Melors 4 éeiWSA

p? + m* + amrp® + O(a%)

0 for «=90°
P+ M + aMipZcos(a) + O(a?)
p? + m? +ra® +0(ah)

0 for «—p=90° 4

p2+l\42+a//\/lrﬁze§(m/g0)'+n‘92+(’)(ag§

2
- 2
. W|thn:—%zﬂpﬁ+5(zupﬁ)
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ﬁgenvalues of Free Dirac Operator

Fermionic Kernel D Eigenvalues AT\
YO+ m—EA p* + m* + amrp® + (9(&12)0f o
or =
YO, + Me s — LA p*+ M? +a//\/lrp2/co§®t&— 0(a?)
YO, + m+ Fys A P>+ m? +ra? +0(a%)
0 for «—p=90° 44
VRO, + Me s + Lees A | p? 4 M? +W+ ka® + O(2)

2
s with s = -3 pj + é(zupﬁ)
* Mass & Wilson term orthogonal = O(a) improvement
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a)nnected Correlators

+4
. 1
DW (%, y) = (4 + m +i1175)bxy — 5 Z (T = 7)) Vu(X) Oxtpy

p==x1

04 |
]
02} m =
]
| ]
]
X OF = =
]
—02}F =
—04 |
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a)nnected Correlators

+4

. 1
D (%, y) = (4 + m +i1175)6xy — D) Z (T = 7u) V(%) Oy
p==1
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a)nnected Correlators

untwisted 45° twisted 90° twisted
=
" 0.6 |+ 1F i - = A
8 = I i i {I
E 3
Eoal - {- L i L £ ¥ J
< = I I F3 = 3
© =1 I F = ¥
€ i; : . ezt
ao.z o !! T £ o ; B
a-m ——t— a-m ——t— a-m ——t—
a-a ——— a-a r—+— a-a r——
0 1 1 1 1 1 1
0 0.1 0.2 0 0.1 0.2 0 0.1 0.2
T gluino mass mg

critical point

= improvement of the chiral symmetry & supersymmetry at finite lattice spacing
may be possible
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Mesonic States

untwisted 45° twisted
0.8 T T T T
n
a 0.6 | 1F E
£
) B I i
204 ) i
Zoals T | i
s ?II I a—fo —_— } a—fo —_—
0 a-fr]' — a-fr]' —
0 0.1 0.2 0 0.1 0.2
gluino mass mg
Figure: 8% x 16, preliminary
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Mesonic States & Gluino-Glue

45° twisted 45° twisted
0.8 r T T T

particle mass
=
IS
i
L
T
L

0.2 , 1 .
a-71
0 1 a_fo 1 1 gg 1
0 0.1 0.2 0 0.1 0.2

gluino mass mg

Figure: 16* x 32, preliminary
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S_ummary

SYM on the lattice

New analytical investigations

Fermionic expectation values
Eigenvalues of the free Dirac operator

Lattice results

Fine tuning of bare gluino mass m (and ;) necessary

to restore supersymmetry & chiral symmetry

Chiral symmetry of multiplet improved at finite lattice spacing with 45° twist
Wilson term twist provides an opportunity for O(a) improvement
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S_ummary

SYM on the lattice

Start of SuperMUC New Generation

More statistics to confirm ma.,, ~ ma.¢, ~ mg, along 45° twist
= improvement of the susy at finite lattice spacing may be possible

Spectroscopy at 3 different couplings 3 for continuum limit
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A_ppendix: Pqxpt

SYM

Only 1 flavor = partially quenched framework
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A_ppendix: pPaxpt

SYM

- Only 1 flavor = partially quenched framework

« Inclusion of anomalous chiral symmetry
+ Masses of pseudoscalars, i.e. a-m, a-n/’
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A_ppendix: pPaxpt

SYM

- Only 1 flavor = partially quenched framework

« Inclusion of anomalous chiral symmetry
+ Masses of pseudoscalars, i.e. a-m, a-n/’

Contra

+ No native scalars, i.e. a-a, a-fy
- No direct access to gauge field for hybrids, i.e. gluino-glue
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A_ppendix: Sign of the Pfaffian

Wilson-Dirac operator Dy = D (11=0)

is y5-Hermitian: (y5Dw)" = 5 Dw

is C-Antisymmetric: (CDy)" = —CDy
det(Dy) € R™

Pf (Dw) € R
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A_ppendix: Sign of the Pfaffian

Wilson-Dirac operator Dy = D (11=0)

* is ys-Hermitian: (vsDw)' = ~v5Dw

- is C-Antisymmetric: (CDy)" = —CDy
* det(Dy) € Rt

© Pf(Dw) eR

Twisted Wilson-Dirac operator D (117 0)

- in general Pf(DY) € C
* in continuum theory m — meit,  — 0, a — 0: Pf(D}) € R
- at finite lattice spacing: phase of Pf(DY') = [Pf(D)| - €' negligible
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A_ppendix: Sign of the Pfaffian

44 5% 6% 748% 10

24 34
0.01 p— T T —TT
+
0.001 *
3 ' ] + ]
g +
Q
I +
-~ 0.0001 | i
+
le — 05 L L
10 100 1000 10000

14
m = —0.85, = 0.10, my. ~ 0.70

Wuhan, June 19, 2019
19/16
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A_ppendix: Sign of the Pfaffian

1 — cos(a)

44 5% 6% 748% 10

24 34
0.01 p— r —
+
I
0.001 } .
+
+
_t.
0.0001 }
+
le — 05 L L
10 100 1000 10000

14

m = —0.85, = 0.10, my. ~ 0.70

extrapolated to 163 x 32:
1 — cos(a) < 0.035
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