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Dymamical charm on the lattice

Dynamical charm: why?

@ Appelquist-Carazzone decoupling theorem : heavy quarks decouple from
low energy physicCs [T. Appelquist, J. Carazzone, Phys.Rev.D 11 (1975)]

@ Effective theory [s. weinberg, Phys.LettB 91 (1980)], 1/M? corrections make only 2
permille effects for charm [Fk, T. Korzec, B. Leder, G. Moir, Phys.Lett.B 774 (2017)]

@ But dynamical charm is essential for example to compute
charm-annihilation effects in charmonium or the four-flavour A-parameter
without perturbation theory for charm or string breaking

Dynamical charm: issues on the lattice

@ Large lattice artifacts of order (am;)? with improved or even am; with
unimproved Wilson fermions

@ Cost and tuning of the simulations
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Gradient Flow

[M. Luscher, JHEP 08, 071 (2010); R. Narayanan, H. Neuberger, JHEP 03, 064 (2006)]

Flow equation

I~ 2v/B 0B, =D,G,,  Bu,_,=Au

Correlators of B, at t > 0 are renormalized
quantities [M. Luscher, P. Weisz, JHEP 1102, 051 (2011)]

[M. Luscher, 1308.5598]
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Decoupling N; =2 — N;=0
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Effective theory prediction R(M) = R(cc) + kA?/M? with fit parameter k
[FK, T. Korzec, B. Leder, G. Moir, Phys.Lett.B 774 (2017)]
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Lattice artifacts

N; = 2 twisted mass fermions at maximal twist, O((au)?) lattice artifacts
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Isovector charmonium masses, continuum extrap. of Mvyector/ Mpseudoscalar
Viomp = 1.807463 fixed (~ charm mass) = (amp)? = 3.3a% /1y

Continuum extrap. reliably starts at lattice spacings presently achievable in
large-volume simulations with light quarks
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Decoupling in charmonium

Comparison N; = 2 charm quarks with pure gauge

N’=2 Nf=0
1.4
.13 *“~
01 A
=12 = - iy, [y, |
S '—r’__, 9 ?\[ he /]
1.1
1.25 ,~‘*
& g b4
£ 2 T +
1.15 % [ /maJo®
1.055 T
____#__--0-'30 l»c_¢_>_>_¢>
RN e
g
=
£1.045
g
1.04 [/ |
0.2 0.1 0 0.1 0.2
a*/ty a*fty

Sea effects ([my/mp|N=2 — [my/mp]N=0)/[my/mp]N=2 = 0.12(7)%
Difference with exp: no light quarks, charm annihilation, electromagnetism;

one charm quark too many [s. Cali, FK, T. Korzec, Eur.Phys.J.C 79 (2019)]
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Massive O(a) renormalization and
improvement scheme for dynamical
charm
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Symanzik improved 3+1 scheme for Wilson quarks

Mass-independent scheme

@ Symanzik improvement for Wilson fermions: O(a) — O(&?)

@ Mass-independent renormalization scheme: renormalization and
improvement factors do not depend on quark masses

@ Improvement terms oc armg M. Lischer, S. Sint, R. Sommer, P. Weisz, Nucl.Phys.B 478
(1996); T. Bhattacharya, R. Gupta, W. Lee, S. R. Sharpe, J. M. S. Wu, Phys.Rev. D73 (2006)

¢ = Z(8,an)d = g5(1 + aby(go)tr [Mg]/Nr)

r [Mq]

mp = 9073N |:mql rm(Qo)—1)

] 2 N [Mq])2 H

+ a{tgm(g0 )Mz ; + b (95 )tr [Mglmg,i

+ m(@)n(ch) — (g (98)dn(95) = bm(95)) —p
bare subtracted quark masses of flavor it mg,; = m; — M (g2),
My = diag(mg1,...,Mgn,)

@ Pratically almost impossible to determine all b coefficients
non-perturbatively, usually low order perturbation theory is OK for light
quarks but charm gives an order of magnitude larger contribution
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Symanzik improved 3+1 scheme for Wilson quarks
contd

Alternative: massive scheme
@ Massive renormalization scheme with close to realistic charm mass m,
and Mugs = > i s m}’hys /3 P. Fritzsch, R. Sommer, F. Stollenwerk, U. Wolff, JHEP 06 (2018)
@ mass-dependent renormalization and improvement factors

g = Zy(dk. ap,aM)gg

mi = Zrln(gga au, aM)[mi - mcrit(gg7 atr [Mq])]

b- and d-terms are absorbed into Z; (rm — 1)-term into
mcrit = mcrit - (rm - 1)111‘ [Mq]/Nf

@ clover action term sheikholeslami and Wohlert (SW), Nucl.Phys.B 259 (1985)
Ssw = &Cw(95, aM) 3=, ¥(X) 30 Fu (X)0(X)

@ non-perturbatively determined clover coefficient & (g3, aM)

@ reduce the number of mass parameters via
My = diag(mq,1, Mq,1, M1, Mg,c)

4
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Tuning and scale setting
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Action
S =S, + S, open boundaries in time

Gauge action

Lischer—Weisz . Liischer, P. Weisz Commun.Math.Phys. 97 (1985) and Phys.Lett.B 158 (1985)
SulUl = & {3 X wphr [t = Upo(0)] = 15 X2, w(r)ee[1 = Ui ()]}

oriented plaquettes p and rectangles r; weights w(p) = w(r) = 1 except for
spatial boundaries, there w(p) = w(r) = 1/2 < boundary improvement term
cc=1.0

Fermion action
O(a) improved Wilson fermions

SiU, b, ¢ = & St_4 S ¥s(x) [Dw + me] v¢(x) + Ssw

with clover coefficient &.(g3, aM) = ﬂ‘% ,A=-0257,B=-0.050"

Fritzsch, R. Sommer, F. Stollenwerk, U. Wolff, JHEP 06 (2018) and boundary improvement term
cr=1.0
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Preliminary work

Scale setting in CLS N; =2+ 1 QCD

relation between bare coupling go and lattice spacing in fm
e dimensionless quantity /#; M, in the continuum limit

@ my,q experimentally accessible quantity of mass dimension 1
°

f; (mass dimension -2) flow scale M. Lischer, JHEP 08 (2010) at the symmetric
mass point

81’* 0.41 3(5)(2)fm M. Bruno et al., Phys.Rev.Lett. 119 (2017); M. Bruno, T. Korzec, S.
Schaefer, Phys.Rev.D 95 (2017)

Non-perturbative decoupling of the charm quark

@ scale tj is the same in N; = 3 and N; = 3 + 1 theories, up to small
corrections O(1/m?

charm)

@ study of non-perturbative decoupling of the charm quark
Bruno et al., Phys.Rev.Lett. 114 (2015); Knechtli et al., Phys.Lett.B 774 (2017); Athenodorou et al.,
Nucl.Phys.B 943 (2019); Cali et al., Eur.Phys.J.C 79 (2019)
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Scale setting and tuning of N; = 3 + 1 QCD

@ computation of &3/ a° at the mass point Myp = Mdown = Mstrange @nd

m?
¢4 = 8t0<m§+2”>=12t0m;%=1.11
¢5 = /8t (mp, +2mp) =\/72tymp = 11.94

@ we use first tuning results from Pp. Fritzsch, R. Sommer, F. Stollenwerk, U. Wolff, JHEP 06
(2018)

B8 = 3.24 (bare coupling)
0.134484 (light quark mass)
ke = 0.12 (charm quark mass)

Cw = 2.188591 (bulk improvement)
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S|mU|at|0nS US'ng OpenQCD'1 6 Lischer, Schaefer

@ start with algorithmic setup of CLS’s H400 simulation Bruno et al., JHEP 02
(2015) and Bruno, Korzec, Schaefer, Phys.Rev.D 95 (2017) andAadd a charm quark
@ u/d quark doublet in terms of even-odd prec. D with weight

DD + 12 P .
o det[D' D] — det[(Dgo)?]det ——~——2det[DT D + 1] (twisted mass
DD + 242
reweighting type 2 Luscher,Palombi 0s10.0926) and further factorization
ALn AL n Bt P2 Dt D+ 2
det[DD + 2] = det[D'D + 112 x % X ... % %Lw
with au; given by {0.0005, 0.005, 0.05, 0.5} Hasenbusch, Phys.Lett.B 519 (2001)
@ strange and charm quarks are simulated with RHMC, Zolotarev rational
functions have degrees 12 and 10
@ rational function of the strange is further decomposed (partial fraction
decomposition)
@ both, doublet and rational parts need reweighting
@ gauge + 13 pseudo-fermion fields on 3 different time scale integration
levels: No =2, N; = 1,N2 =8
@ 2nd and 4th order omelyan, Mryglod, Folk, Comp.Phys.Comm. 151 (2003) integrators
@ SAP preconditioning and low-mode-deflation based on local coherence
Lischer, Comp.Phys.Comm. 156 (2004), JHEP 07 (2007); Frommer et al. SIAMJ.Sci.Comp. 36 (2014)
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Tuning of ¢4
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— 11.94 (A1)

Tuning of ¢5
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Tuning Results: k; = 0.13440733, k. = 0.12784

ens. T x :33 Lm:  Nps ty/ & am, amp p, ba &5
A0 96x16%° 17 700 88(2)  0310(6) 0614(17) 102(9)  15.5(4)
12.17(4)

Al 96x328 35 1954 7.43(4) 0.1138(8) 05251(7) 1.16(2)
0.5236(4) 1.087(6) 12.06(2)

A2 128 x 48 53 1934 7.36(3) 0.1108(4)

@ The integrated autocorrelation time of f is 7in s, ~ 20 = 10 [4 MDU].

@ Assuming decoupling, our value of t,/a? ~ 7.4 corresponds to a lattice
spacing a ~ 0.054 fm.

@ In ¢4 and ¢s the mass dependence of {y and the masses go in opposite
directions.

@ The sampling of the topology is sufficient.

Np = 3+1QCD 18/31




Tuning of ensemble B and mis-tuning corrections

ens. Ixb B a[fm] Lmx: Nims [4 MDU]  7exp
A2 128 x48% 324 0.0536(11) 5.354(13) 1934 25
B 144 x48% 343 0.0428(7) 4.282(14) 2000 40

% - <aOI>oCD < >QCD <OI>OCD<§§'>OCD

B dos ¢4 doa dog
111 = ¢4+(de dmd dms)Aerd -

B dos ¥5 d¢5 dos
1194 = ¢5+<de am dms) g A

f = f((O1)aco, - (On)acp, M)

fi df af df Am 4
dn, dmg dms !

Amg

dr
am.

Amg

f; corrected

ens. aAm alAmg

A2 0.00031(6) -0.0043(9)
B -0.00001(5) -0.0004(12)

F. Knechtli ( al) Np =3+ 1QCD 19/31




History of the topological charge Q(t =~ ) (ens. B)
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History of 2E(t) where E(t) = &
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Sytematics: Lattice artifacts, finite
volume, decoupling
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Finite volume scaling effect of am,
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*: Gasser and Leutwyler, Phys.Lett.B 184 (1987); Colangelo, Diirr, Haefeli, Nucl.Phys.B 721 (2005)
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Effects of open boundaries (ens. B)
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Continuum limit, 1.7 permille non-&? lattice artifacts
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Test of decoupling Ny =3+ 1 — N; =3 CLS

N, =3 N; =3+1
0.88 . * clover definition
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Charm sea effects far below 1%
Continuum extrapolations by constrained linear fits to plag and clov definitions

Zeuthen: Symanzik-improved flow and observable A. Ramos, S. Sint, Eur.Phys.J.C 76
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Charmonium spectrum
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Meson spectrum (ens. B)
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Charmonium Spectrum

ne(077)  J/W(1TT) xeo (07)  xe (177)  he (177)
Moy A2 [GeV]  2.990(4) 3.104(4)  3.445(91)  3.605(13)  3.683(12)
mey B[GeV]  2.973(4) 3.086(5)  3.458(22) 3.538(37)  3.650(41)

PDG[GeV]  2.9834(5) 3.096900(6) 3.4148(3) 3.51066(7) 3.52538(11)

A2 B cont. PDG

X . my /v —Mne
hyperfine splitting B e 0.0382(3) 0.0380(3) 0.0376(11)  0.038
[+

Chiral trajectories for charmonia X

@ choice ¢4, ¢5 <+ sum of light quark masses and charm mass physical

@ chiral trajectories: lines ¢4 =const. (+» constant tr (M) M. Bruno, T. Korzec, S.
Schaefer, Phys.Rev.D 95 (2017)), ¢»5 =CONSt.

@ approach the physical point by decreasing m, = my and increasing mg
@ no light quarks in the valence sector, hence the derivatives
dmy/dm, = dmy/dmy = dmy/dms at the symmetric point
o MY = my + (A, + Ay + AMg) T2 + O(A?)
@ linear term vanishes along trajectories with tr (m) = const.

Ny = 3+1QCD 29/31
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Conclusions & Outlook J
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Conclusions & Outlook

Conclusions
@ scale setting and tuning of N; = 3 + 1 QCD

@ massive renormalization and improvement scheme with a
non-perturbatively determined clover coefficient

@ two ensembles with a = 0.054 fm and a = 0.043 fm
@ ratios of flow scales and test of decoupling
@ charmonium spectrum and hyperfine splitting

Outlook
@ further states,
smearing, distillation, ens. IxL  alfm] Lm:
charm-annihilation, a’ & 3 z
string breaking A1 96 x 32° 0.054 35

A2 128 x 48% 0.054 5.3
B 144 x48% 0.043 4.3
° Np=2+1+1 C? 192x64% 0.032 4.2
@ ANagin Ny =4

F. Knechtli (Un of Wuppertal) Np =3 +1QCD 31/31

@ continuum limit
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