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SIMULATION CODE




FEATURES

¥ Del Debbio et adl
PRD (2008)

® Modified version of the HiRep$ code

Flexible code for BSM models
Can simulate QCD, QED and QCD+QED
Compact QED (with Fourier acceleration)

Rational approximations

®©@ ®© ® @® @

Different boundary conditions

Wilson-Clover fermions

®

® |LUscher-Weisz gauge action
® OMF Integrators

® Charged and neutral meson correlators



BOUNDARY CONDITIONS

® C* boundary conditions

Au(e + L) = ~ A, (x) S S
Yz +L)=C""¢ (2) N
B+ L) = " (@)C =
AN
® Extended lattice \\
® Static boundary ; .

Ullias)l =G
Lucini, Patella, Ramos, Tantalo
JHEP (2016)



FERMIONS

® Fermion representation
@ Consider fermions in the 3 @ 3 representation

X (C_%T> o xle+ L) = ((1) é) X
® Rotated to basis where b.c.s. are diagonal
:(¢+ >:L( W+ C T )
i) T VR il - 7T

~ ReU —ImU g
U = (Im U Rel/ ) «— Easy in HiRep



FERMIONS

® Path integral

® After change of basis the path integral can be
evaluated

| [pylipg) oo

|

/[Dn] €+%"7TCD[Z7]"7
e

Pf CD[U]



FERMIONS

® Lattice fermions
© RHMC algorithm is needed

Pt CD[0]| = y/det DIT]

Pf CD[(?] — /[D¢HD¢*] o~ (DO DU}~/



ACTION

® Lattice action
® Wilson-Clover fermions
® Plaquette action for QED field
® LUscherrWeisz action for QCD field

Dg(x) = (4 +m)¢(x)
Lk Z<1 — u)Vu(@)"Up(@)p(x + 1) + 1+ 3)V (& — 2)"U(z — )p(z — )

1L Z O_'uy {CQCDFQCD _|_ CQEDFQED } QS(CU)

QED

® At tree-level ¢z~ =n where n is a function of the

fermion charge



EXPLORATORY STUDIES
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ENSEMBLES

® QCD simulations with Ny = 3 at the symmetric point

—_———— e e B — — — —

| v
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' Ensemble | [°xT B K Csw b.cs. MDU

I Al 163 x 32 3.40 0.13675962 1.986246 PPPP 1000
l? A2 16° x 32 3.40 0.13675962 1.986246 CCCP 1500
! A3 243 x 48 3.40 0.13675962 1.986246 CCCP 693 |
Bl 163 x 32 3.55 0.13700000 1.824865 CCCP 1000
B2 24 x 48 355 0.13700000 1.824865 CCCP 1000

— , . e R I ™. |

© QCD+QED simulations with Ny =2 + 1

e B — e

Ensemble | L3 xT B o qf K 2P bes. MDU

Q1 |163x32 355 005 {+2/3,-1/3,—1/3} 0.13700000 1.824865 CCCP 1000
Q2 | 163x32 355 1/137 {+2/3,-1/3,—1/3} 0.13700000 1.824865 CCCP 500




QCD




TUNING THE RHMC

® Reduce number of integrations steps by a factor of five

oy using two pseudofermions in Nf = 3 simulations

— — ——_____ — R _ ___ _ __ _ _ _ s
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Clark, Kennedy |
PRL (2007)
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QCD

® Comparison with CLS
® VVe have smaller volumes and less statistics

® Agreement within 5% on our largest volumes

— e ———— e ———— e = _ ——— = —

Ensemble my My K frk Mo K to ML

" Al 0.00868(35) 0.2006(82)  0.0486(21) 0.425(35) 2.960(48) 3.2 |
f‘ A2 0.00877(24) 0.1820(47) 0.0562(12) 0.396(28) 2.879(34) 2.9
\; A3 0.00901(12) 0.1819(16) 0.06022(96) 0.371(18) 2.901(10) 4.3

| H101% 0.009202(45) 0.18302(57) 0.06351(34) — 2.8469(59) 5.8 |

Bl 0.00665(23) 0.1866(65) 0.0305(24) 0.397(21) 5.01(10) 3.0 |

B2 0.006805(93) 0.1324(28) 0.04597(51) 0.295(27) 5.259(41) 3.2 |

H2008 0.006856(30) 0.13717(76) 0.04704(43) — 5.150(25) 4.4 \

Y Bruno, Korzec, Schaefer
PRD (2017)



QCD+QED




OPERATORS

® Coulomb operator
® Unigue gauge-invariant extension of operator In
Coulomb gauge

U, (7) = 014 [ d°y Ou Ar(20,y) ®(y —x) ()

(9kc9k<1>(x) — 53(X)
¢(x+ L) = —P(x)

® String operator
® Simple discretisation

U, (x) = e~ 7 J2ay ds Ax(atsk) b(z) et Jo 7Tk ds Ay (a+sk)



QCD+QED

® Ensemble QI with @ = 0.05
® Charged and neutral Kaon correlator

— E———————————
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QCD+QED

® Ensemble QI with @ = 0.05
® Charged and neutral Kaon effective masses

_— E———————————
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QCD+QED

® Ensemble QI with @ = 0.05
® Charged and neutral Kaon mass splitting

| Ensemble Q1 |
03 I I I I I I I

\

1
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QCD+QED

®© Ensemble Q2 with x = |/137
® Charged and neutral Kaon correlator

— E———————————

Correlator




QCD+QED

®© Ensemble Q2 with x = |/137
® Charged and neutral Kaon effective masses
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QCD+QED

® Ensemble Q2 with x = 1/137
® Charged and neutral Kaon mass splitting

= —

i Ensemble Q2 |
02 ! ! ! ! ! ! ! ‘
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CONCLUSIONS

® Simulation code Is working

® Simulations with C* boundary condritions works both for
QCD and QCD+QED

® Masses of charged hadrons can be extracted in a gauge
invariant way with a good signal

® More results are on the way!
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FOURIER ACCELERATION

® Evolution of U(l) field is controlled by the eigenvalues
of the Laplacian — not all modes evolve equally fast
® Change momenta in HMC algorithm

H=) m()0(x,y)r(y)

® VWhere
1

—0*0

O —

® Field update
p(x,t +0t) = ¢(x,t) + 0tO(x, y)m(y, t + 0t/2)



FOURIER ACCELERATION

® Thermalisation of pure gauge at 3 = 60

Fourier Acceleration }

‘ 0.9963
i With
Without
0.9962 ]
0.9961 _ ;
9 |
S R
g. 0.996 |
®©
o “
|
' |
"WW'”«"N ’\"1‘”“* 1“ 'IA "k" AURLR e ] |
‘

| | |
1000 2000 3000 4000 5000 6000 7000 8000




TOPOLOGY




AUTOCORRELATION

® Autocorrelation of E(t) with clover discretisation

e — — =S —— ———__——— — — = —————— e
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OPERATORS

® |nterpolating operators

® Gauge Invariant and electrically charged
U5 (2) = ') Ty AW T (u=2) ()

Opd () = 8% ()
Ju(r + L) = —Jyu(x)

Ju(x) ~ 6(xo)



OPERATORS

® Coulomb operator
® Unigue gauge-invariant extension of operator In
Coulomb gauge

U, (7) = 014 [ d°y Ou Ar(20,y) ®(y —x) ()

(9kc9k<1>(x) — 53(X)
O(x + L) = —P(x)

® String operator
® Discretisation I1s non-trivial

U, (z) = KDL, ds An(atsh) p(x) et d o F ds An(atsh)



OPERATORS

® Redefine perturbative expansion for U(Il) field
® |ntroduce tunable parameter

U,u (ZIZ‘) . 67iju (x)

® (Gauge action Is unchanged when
1
w?e?

BoED =

® Modify fermion coupling

q ITTN N
n="t QUM = qp A



OPERATORS

® Choice of tunable parameter
® For QED we can use w = 1/2 such that

+2 positron
T, —
—2 electron

® For QCD+QED we can use w = 1/6 such that

+4 up quark
T, —
—2 down quark



OPERATORS

® Discretised string operator

n

U, (z) = ( ﬁ Uk(a;+s/%)) w(x)( _ﬁ_ U,;f(a;+s/%)>

S=—XTp s=0

i
2

® Discretised Coulomb operator
U, (z) = U, (2)et s Lo Ak(ztsk)

Aj(x) = AT Of Fyp ()

® In Coulomb gauge A} (x) = A,(x) and ¥ (x) = ¢ (x)



