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Code

Ensembles generated with the openQ*D code?®
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Available at https://gitlab.com/rcstar/openQxD

2Campos et al., ‘openQ*D code: a versatile tool for QCD+QED simulations’.
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Overview - Ensembles
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Setup:

Wilson fermions
Ny=1+2+1
RHMC for all quarks
PBCs in time

C* BCs in space

a = 0.05 fm

Lm_+ ~3and Lm_+ ~5
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QCD-+QED has 6 free parameters

We use the scheme:

to = 0.415 fm
ar € {0,1/137,0.04}

¢o = 8to (mii — mii) =0

hys.
¢1 = 8tg (mio + mi(i + mii) ~ pPYE
P = 8tg (mio — mi{i) aﬁl ~ gbghys'

¢3 = /8t (ngi +mpx + mD()) ~ (ﬁghyﬁ‘



mgo — Mg+ [MeV]

Observables - Mesons
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Charged masses are extracted using gauge invariant interpolating operatorsP®

PHansen et al., ‘Gauge invariant determination of charged hadron masses’.




Baryons - Theory

Baryon operators are constructed from smeared, gauge invariant fermion fields and smeared gauge links

Gauflian smearing for gauge invariant quark operator U:

H{[U,] is spatial hopping operator depending on smeared gauge field U,

Gauge smearing with modified gradient flow:

85U5(x,k) = Oz ,k ZtrPS,ij(x) s Up=U
i#]

Flowtime s and parameters n and w are optimized using the GEVP

Currently still neglecting quark-quark Wick contractions! = expected to be O (e_L)
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Observables - Baryons 1

V=64x 323 aR = aphys.
neutron proton

1250 A

1200 A

1150 A

1100 4

1050 A

1000 A

950

15 20 25 30 15 20 25 30
Xola Xola



m [MeV]

Observables - Baryons 11

V=64x 323 aR = aphys.
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Finite volume corrections - QED

K* QED-FVE at ar = 5.6Qnys.
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Finite volume corrections - QCD

Combined LO-xPT Fit
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“Hollwieser, Knechtli and Korzec, ‘Scale setting for Nf =341 QCD’.



Cost analysis

ensemble global volume core x hours core x sec.s
MDU MDU X point

a19 96 x 323 303 0.35
A400a00b324 64 x 32° 242 0.42
B400a00b324 80 x 483 1516 0.62
A450a07b324 64 x 323 622 1.07
A380a07b324 64 x 323 599 1.03
A500a50b324 64 x 32° 512 0.88
A360a50b324 64 x 32° 616 1.05
€380a50b324 96 x 48° 4115 1.40

dHiillwieser, Knechtli and Korzec, ‘Scale setting for Ny =3 + 1 QCD’.



Summary and Outlook

v Production of Ny =1+ 2+ 1 fully dynamical QCD+QED configurations
- Using openQ*D with C* boundary conditions
- ar € {0, aphys.; 5.6apnys. }
-V =64 x 32% ,80 x 48% ,96 x 48°
v Refined tuning strategy using reweighting of the mass in the context of the RHMC
e Computation of hadron masses
- Goal: Lower the errors on the baryons
» Generate more ensembles along the LCP at different values of ag and V'

- Goal: Finite volume effects? Generate larger volumes!
» Split down and strange quark to approach physical point
» Generate more QCD ensembles to explore RM123-method with C* boundary conditions

Thank you!

Other contributions from the collaboration:
e Tue. 8:00 pm, P. Tavella, Strange and charm contribution to the HVP from C* boundary conditions.
e Tue. 8:00 pm, A. Cotellucci, Tuning of QCD+QED simulations with C* boundary conditions.
e Thur. 9:00 am, R. Gruber, A first look at the HVP from QCD and QCD+QED with C* boundary conditions.
e Thur. 9:20 am, A. Altherr, A first look at the HVP from QCD and QCD+QED with C* boundary conditions II.
e Thur. 9:40 am, S. Martins, Finite-Size Effects of the HVP Contribution to the Muon (g — 2) with C* Boundary Conditions.
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Backup - Setup

- Liischer-Weisz SU(3) gauge action

- Compact U(1) with Fourier acceleration

- Non-perturbatively O(a) improved Wilson fermions for the QCD ensembles®
- For QCD+4+QED ensemble same value of cgw as for the QCD ones

- Periodic boundary conditions in time

- C* boundary conditions in all spatial directionsf

- RHMC with rational approximation for all quarks

- Deflation solvers for up and down/strange quarks

©Fritzsch et al., ‘Symanzik improvement with dynamical charm: a 3+1 scheme for Wilson quarks’.
fLucini et al., ‘Charged hadrons in local finite-volume QED+4+QCD with C* boundary conditions’.



- All ensembles at 3 = 3.248

- Improvement coefficients are c,

SU(3)

SW

—=2.18859 and etV =1

- Lattice spacing is determined using Ny = 2 + 1 value of

8ty = 0.415(4)(2) fmP

Backup - Setup

ensemble lattice o QR a [fm)] m_+ [MeV]
A400a00b324 64 x 327 0 0 0.05393(24) 398.5(4.7)
B400a00b324 80 x 48 0 0 0.05400(14) 401.9(1.4)
A450a07b324 64 x 32°  0.007299  0.007076(24) 0.05469(32) 451.2(4.3)
A380a07b324 64 x 32 0.007299  0.007081(19)  0.05323(28) 383.6(4.4)
A500a50b324 64 x 327 0.05 0.040772(85)  0.05257(14) 495.0(2.8)
A360a50b324 64 x 32° 0.05 0.040633(80) 0.05054(27) 358.6(3.7)
€380a50b324 96 x 48° 0.05 0.04073(11) 0.050625(79) 386.5(2.4)

&Hollwieser, Knechtli and Korzec, ‘Scale setting for Ny =3+1QCD".

hBruno, Korzec and Schaefer, ‘Setting the scale for the CLS 241 flavor ensembles’.



Backup - Reweighting of the Mass

Idea: Go from (O),, to (O)

Focus on the mass reweighting:

m Without generating a new ensemble

Winass = det [R (Q%L) R71 (Q?n/)]

Q = 'y5l§ is the even-odd-preconditioned hermitian Dirac operator
R

o) . . . ) Ao\ —1/4
(Q ) is a rational approximation for (Q )



Backup - Reweighting

For the computation the determinant for the mass reweighting is split into factors:

R R n QQ 42 )2 ,+ 2 n
Wmass = det [R (an> R7! (an/)] = det 1_[1 Q;n " :]2 ?1; +Z; = qdet[B;Bj]—l
Jj=1m Jem! J Jj=

with the definition R R
B = Qmt i @ +iv,
T Qmt iy Qu +iny

=1-iCj .

1 A A 1
Cj = vk — ) = Qs = Orm)
’ Qm + vk Qm’ + ipk
and hence

n n
Winass = [ | <e*"’§<5§31*1>%> =11 <e*21"‘¢§cﬂ>f*<CJ¢J>T<CJ'¢J')>
j=1 ¢ =1

¢



Backup - Effect of the Reweighting
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Backup - Reweighting of the Mass

K* with different reweightings
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Backup - Reweighting of the Mass

0_

idbowtidn L

400 A

200 A

“ J | ., .,

500 1000 1500 2000 -7
ncfg

-5

-3 -1 1 3 5 7
log10(W/Wo)



- 1o is obtained by solving the
equation

t2<ESU@)@)ﬂnJ:(l3

- apR is extracted via'

t2(By 1) (t))
AR = 4N
to

2(E(t))

ar(t)
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Backup - Setting the Scale - Wilson Flow

QCD+QED-+RW
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Flowtime ¢/a?

iBorsanyi et al., ‘Ab initio calculation of the neutron-proton mass difference’.



Backup - Results - Algorithm

ensemble n. cnfg  acc. rate (e*AH> Tint (t0) Tint (@) Tint(R)
A400a00b324 2000 95% 0.9979(55)  51(18)  6.4(2.3) —
B400a00b324 1082 98% 0.9950(25) 31(10) 8.0(2.8) —
34502076324 1000 94%  0.0978(46)  44(19)  6.5(3.0)  2.3(1.6)
A380a07b324 2000 92% 1.0017(46)  46(15)  10.3(3.5)  2.7(1.5)
A500a50b324 1093 97%  0.9961(21) 2L.4(5.5) 1L.6(2.6) 1.40(55)
A360a50b324 2001 95%  0.9956(45)  47(16)  8.5(2.6)  1.1(1.0)
C380a50b324 600 98% 1.004(12)  12.5(3.9) 10.6(4.1)  3.0(1.2)
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