[e] 0000000

Outline .4/ =1 SYM theory Bound states Ward identities Global method Generallzed 22 method AdJOInt pion Summary
00000 o]
# institut for

theoretische physik

(e]e]

Graduiertenkolleg 2149
H”a'f Research Training Group

Ward identities in .4~ =1 supersymmetric SU(3)
Yang-Mills theory on the lattice

Sajid Al

GRK 2149 Annual Retreat, 25-28.09.2017




Outline ./ =1 SYM theory Bound states Ward identities Global method Generalized ZZ method Adjoint pion Summary
[ ] 0000000 o] 00000 o] o] [o]e] [e]e)

A =1 SYM theory
Motivation

Bound states
Supermultiplets

Ward identities
SUSY Ward identities on the lattice

Renormalization
Numerical results

Global method
Renormalized gluino mass

Generalized x? method
Renormalized gluino mass

Adjoint pion
Extrapolation to chiral limit

Summary



Outline A =1 SYM theory Bound states Ward identities

[e]

@000000

-
o,

| Quarks

S
-/

00000

Standard particles

2/

@ Leotons

Higgs

@ rorce particles

Global method Generalized )(2 method Adjoint pion Summary
o] o] [o]e] [e]e)

SUSY particles

Higgsino

Squarks @ sleptons @ susyforce
particles



Standard particles

SUSY particles
- ~ ~
J C (
~ -
Higgs d S b Higgsina

Vi Yie S
Voo Ve

P W ~

4
e A E

) Quarks @ Leotons @ rorce particies

Squarks @ Steptons @) susyforce
particles

A =1 supersymmetric Yang-Mills theory

«0O)>r «Fr «

it
it
)

¥l
i)



Outline A =1 SYM theory Bound states Ward identities Global method Generallzed 22 method Adjomt pion Summary
o] O@00000 00000 o] [e]e)

Supersymmetric Yang-Mills theory

4 a ra i_a a Mg=24,a
S= [d'{ - 3R Fi A (2u0) - TEL7)
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Supersymmetric Yang-Mills theory
a ra i_a a Mg3a,a
S= /d4 ——F Vit A 20) - TE27)

e Field strength tensor
Fiv=0uA3 — oy A% —ig 2 AR, A
e Covariant derivative in adjoint representation

(.@#A)a:aula—"_gfbacAﬁlc, a:].’,Ng_].
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Supersymmetric Yang-Mills theory

4 a ra i_a a Mg=24,a
S= [d'{ - 3R Fi A (2u0) - TEL7)

e Field strength tensor
Fiv=0uA3 — oy A% —ig 2 AR, A
e Covariant derivative in adjoint representation

(PuL)? =uA?+g baCAﬁQLC a=1,...,N>~1
e Vector supermultiplet

1) Gauge field(gluon) A .

2) Majorana-spinor field(gluino) A2, A2 =A2TC

(e]e]
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Supersymmetric Yang-Mills theory

e SUSY transformations (on-shell):
SAL = —2giayue

Slaz_goqu 8
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Supersymmetric Yang-Mills theory

e SUSY transformations (on-shell):

SAL = —28A°YE,

5A7 = —éo“VFu"ve

e In contrast to QCD:
1) A? is Majorana spinor field, “Nf = %
2) adjoint representation of SU(N,)

e Gluino mass term %iala breaks SUSY softly
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Motivation

e SYM: simplest model with SUSY and local gauge invariance
e Part of the supersymmetrically extended Standard Model

e Possible connection to ordinary QCD
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Motivation

SYM: simplest model with SUSY and local gauge invariance

Part of the supersymmetrically extended Standard Model

Possible connection to ordinary QCD

Similar to QCD:
1) Asymptotic freedom
2) Confinement
3) Numerical lattice simulation of bound states
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Motivation

Solution of non-perturbative problems:

e Spontaneous breaking of chiral symmetry Zopy, — 25
+— Gluino condensate: < AA >#£0

e Spectrum of bound states — Supermultiplets
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Motivation

Solution of non-perturbative problems:

e Spontaneous breaking of chiral symmetry Zopy, — 25
+— Gluino condensate: < AA >#£0

e Spectrum of bound states — Supermultiplets
e Spontaneous breaking of SUSY?

e SUSY restoration on the lattice
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Motivation

Solution of non-perturbative problems:

e Spontaneous breaking of chiral symmetry Zopy, — 25
+— Gluino condensate: < AA >#£0

e Spectrum of bound states — Supermultiplets
e Spontaneous breaking of SUSY?

e SUSY restoration on the lattice



A =1 SYM theory
[e]e] o]

Supersymmetric Yang-Mills theory on the lattice
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Link:
UX/J — glagAu (x)

Plaquette:
Uspv = el Fuv(x)
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Supersymmetric Yang-Mills theory on the lattice

S= —EZReTr Up
N, >

1 —a 4 ra —a
—{—5 Z{AXA; —K Zl [)Lx—i—ﬂ Vab,xu(1+’)/#))“>?+z’x V;b,x/.l(l _Y#))’f-ﬁ-ﬁ} }
'LL:

K = ——(hopping parameter), mq :bare gluino mass
2m0+8( pping p ), mo g

Vabxu = 2Tr(Uiu T.Uxu Tp),  adjoint link variables
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Supermultiplets

Colour neutral bound states of gluons and gluinos
Predictions from effective Lagrangeans:
Chiral supermultiplet (Veneziano, Yankielowicz)

e 0 gluinoball a-n' ~ AwA
e 0 gluinoball a-fh ~ AA
e spin 1 gluino-glueball ~ o, Tr(FuyA)
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Supermultiplets

Colour neutral bound states of gluons and gluinos
Predictions from effective Lagrangeans:
Chiral supermultiplet (Veneziano, Yankielowicz)

e 0 gluinoball a-n' ~ AwA
e 0 gluinoball a-fh ~ AA
e spin 1 gluino-glueball ~ o, Tr(FuyA)

Generalization (Farrar, Gabadadze, Schwetz): Additional chiral

supermultiplet
e 07 glueball
e 0T glueball

(Henning Gerber)
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Supermultiplets

Colour neutral bound states of gluons and gluinos
Predictions from effective Lagrangeans:
Chiral supermultiplet (Veneziano, Yankielowicz)

e 0 gluinoball a-n' ~ AwA
e 0 gluinoball a-fh ~ AA
e spin 1 gluino-glueball ~ o, Tr(FuyA)

Generalization (Farrar, Gabadadze, Schwetz): Additional chiral

supermultiplet
e 07 glueball
e 0T glueball

(Henning Gerber)
possible mixing and Baryons
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Expression in the continuum

Noether Theorem in classical theory — WIs in quantum theory

(9" (x)) Qy)) = < 55?((5))>

RHS of equation is contact term, which is zero if @ is localized at
space-time points different from x.
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SUSY transformations on the lattice with P, T, Majorana nature
and gauge invariance:

30,00= £ (20 Un(IA0) + E-+ RV -+ A) Ui

L o(e
SA()= + P ()ouve(x)
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SUSY transformations on the lattice with P, T, Majorana nature
and gauge invariance:

30,00= £ (20 Un(IA0) + E-+ RV -+ A) Ui
SA(x)= +%P£fv/)(x)6uv8(x)

Above transformations result in following Ward identities:

(VuSu(x)) Q(y)) = mo(Ds(x)Q(y)) + (X ()Q(Y)>_<55§((>)</))>

Su(x) ==Y Cpvu Tr(Pigcvl)(X)Mx))
X%
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SUSY transformations on the lattice with P, T, Majorana nature
and gauge invariance:

30,00= £ (20 Un(IA0) + E-+ RV -+ A) Ui
SA(x)= +%P£fv/)(x)6uv8(x)

Above transformations result in following Ward identities:

((VaSu(x)) Q(y)) =mo(Ds(x)Q(y)) + (X ()Q(Y)>_<f$§((>{))>

Su(x) ==Y Cpvu Tr(Pigcvl)(X)Mx))
X%

Ds(x) : due to bare gluino mass (mg)

X(x) : due to lattice regularization }Break sUsY
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After renormalization WI gets the following form:

ZT

((VuSu00) QWD)+ 5L ((Va Tu(0) Q) = 72 (Ds(x)Q(y)) +0(2)

Tu(x) is mixing current.
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After renormalization WI gets the following form:

ZT

((Va5) Q) + 5 ((VaTu(0) @) = 52 (Ds(x)Q()) +0(a

Tu(x) is mixing current.

Zero spatial momentum WI and expansion in a basis of 16 Dirac
matrices; the surviving contributions form a set of two non-trivial
independent equations:

Ixp,t + Aypt — Bzpt =0, b=1,2



Outline .4 =1 SYM theory Bound states Ward identities Global method Generalized ZE method Adjoint pion Summary
o] 0000000 o] 00e00 o] o] [o]e] [e]e)

After renormalization WI gets the following form:

(V) Q)+ ZE (Y Tu)) Q) = 22 (D5()Q()) +0(a)

Tu(x) is mixing current.
Zero spatial momentum WI and expansion in a basis of 16 Dirac

matrices; the surviving contributions form a set of two non-trivial
independent equations:

Ixp,t + Aypt — Bzpt =0, b=1,2

Y Auxia =0, i=(b,t),00=1,2,3
o



Outline .4~ =1 SYM theory Bound states Ward identities Global method Generalized 12 method Adjoint pion Summary
o] 0000000 o] 00080 o] o] [o]e] [e]e)

Supercomputer
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Numerical results

Figure: V =16-32, B =5.5, k =0.1673
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Global method

Calculate A and B by
minimizing the quantity:

2, e (Xb,t+AYb7t_BZb,t)2
Y X =
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Global method

1'2g\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘E

Calculate A and B by 08 , ’ ,
minimizing the quantity: -
N = 3

5“0.4? E

Z %ix (Xb,e + Aype — Bzpe)?  ~ © JHH“}
[U=5 -

Bt b bo bbb bbb bbb b b 13

012345678910111213141516

tmin
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Global method
L2 e
Calculate A and B by os b 3
minimizing the quantity: .
tmax 2 “ E E
2 (Xb,e + Aybt — Bzpt) j HM%HW :
Z Z o2 0E % E
=1 t=tmin g E
Bt b bo bbb bbb bbb b b 13
012345678 910111213141516
tmin
1.2 e g
E| s my(GL) E
E ke = 0.168696(34) 3
08 | .
Extrapolation to the Chiral N
S £ F -
limit using mg o4 . E
of :
B b bev v b d
2.97 3 3.03

1/(2xk)
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Generalized x? method
ZAocXioc =0
o

We employ the method of
maximum likelihood

L=> Y (AuXia)(D")i(ApX;p)

i,oj,B

N =
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Generalized x? method
ZAaXioc =0
o

We employ the method of
maximum likelihood

1 v }
L=5 ¥ (Aa%ia)(D);(ApSsp)
i00j,B
where
Dy =Y AaAg(XiaXip —%iaXp)
op

find Ay such that L is
minimum
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Generalized x? method
ZAaXioc =0
o

We employ the method of
maximum likelihood :

Z (A(x;(ioc)(D_l)U(Aﬁ)_(jﬁ)
i,oj,B

N =

where

Djj= Y AaAp(XiaXip —XiaXip)
op

find Ay such that L is
minimum
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Generalized x? method
ZAaXioc =0
o

We employ the method of
maximum likelihood :

1 . - -
L=35 Y (Aaia)(D1)ii(Ap%p)
i,oj,B

where E [ = mo(GCS) E
E k.= 0.168716(46) E
0,8;7 ,;
Dj =Y AaAp(XiaXip —XiaXip) § F
a.p 5047 . ‘7
find Ay such that L is b
minimum BT ST R

1/(2r)
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Adjoint Pion

e The m,_y is obtained
numerically in simulations
of A4 =1 SYM theory

e It is being used for the
tuning of critical point
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Adjoint Pion

e The m,_, is obtained N
numerically in simulations E .
of A4 =1 SYM theory 0 | 0108408 =

e It is being used for the Tk .
tuning of critical point Soa 3

| S
B b bev s b d
2.97 3 3.03
1/(2x)

Figure: Extrapolation to the critical
point /chiral limit using m2_,



Outline .4 =1 SYM theory Bound states Ward identities Global method Generalized ZZ method Adjoint pion Summary
o] 0000000 o] 00000 o] o] o0 [e]e)

Adjoint Pion

e The m,_; is obtained

numerically in simulations [ m ]
of A =1 SYM theory 0 b= 0108408 .
e It is being used for the Tk .
tuning of critical point Soaf 3
11 =
(am,_ )’ ~ A= — =) L TR T

K K 2.97 1:;%) 3.03

1,1 1
amsZc = —(—— — . . .

S-S 2(1( K'c) Figure: Extrapolation to the critical

point /chiral limit using m2_,



Outline .4 =1 SYM theory Bound states Ward identities Global method Generalized ZZ method Adjoint pion Summary
o] 0000000 o] 00000 o] o] oe [e]e)

Figure: Extrapolation to Chiral limit using m?_, and mg
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Summary
e Introduction of .4 =1 supersymetric Yang-Mills theory
e SYM theory on the lattice

e Spectrum of bound states
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Summary
e Introduction of .4 =1 supersymetric Yang-Mills theory

SYM theory on the lattice

Spectrum of bound states

SUSY Ward identities

Determination of ang§1 using Wls by Global method

e Determination of amsZs_1 using Wls by GCS method
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Summary
e Introduction of .4 =1 supersymetric Yang-Mills theory
e SYM theory on the lattice
e Spectrum of bound states
e SUSY Ward identities
e Determination of ang§1 using Wls by Global method
e Determination of amsZs_1 using Wls by GCS method
e Extrapolations towards vanishing gluino mass using Wils

e Extrapolations towards vanishing gluino mass using m2 .
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Summary
e Introduction of .4 =1 supersymetric Yang-Mills theory
e SYM theory on the lattice
e Spectrum of bound states
e SUSY Ward identities
e Determination of ang§1 using Wls by Global method
e Determination of amsZs_1 using Wls by GCS method
e Extrapolations towards vanishing gluino mass using Wils

e Extrapolations towards vanishing gluino mass using m2 .

2

e Consistency between k. from WIs and from m;_,

e Consistency with restoration of SUSY
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