Charm meson decay
constants from lattice QCD
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Outline

- Motivation

* Pseudoscalar mesons
* Vector mesons
 Renormalization

« Summary

XQCD, arXiv:1312.7628, 1410.3343, 1710.08678, 2008.05208
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Charm physics and LQCD

« LQCD can

factors and meson decay
constants appearing in weak

calculate form

decays of hadrons

« Combined with experiments,

they can give us CKM matrix

elements

* Test the SM (is CKM unitary?)

« Or use V,, from elsewhere to
compare QCD/SM results with

experiments

For example:
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(01g(0)y,¥s5c(0)|P(D)) = ifppy, q=4d,s
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« It is not easy to measure fy
 Leptonic decay BRs are much smaller than those of
strong decays
* Test the accuracy of HQET,
fv/fps =1+ 0(1/mg)
* fi./fy for D* and D} can be used as inputs for LCSR in
calculations of B — V form factors at low g*

* Input parameters for QCD factorization in studies of
nonleptonic B decays, e.g., B - DM
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« Let 0 = qy,ysc, its matrix element between the vacuum

and a ground state hadron can be obtained from

C(®) = (2]0(®)0"(0)|Q) = [(2/0|P)|?e™rt = Ae™m*

t// 0

MSriEET

~

sBFAEREIT

Heavier hadrons with same
quantum numbers as O
are suppressed at large +.

i8S re U

+ EXBHBREM (1) =In[C()/C(t+ 1], RAWRBAEE—1

REFE
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Mass plateau, M. ¢(t) = In[C(t)/C(t + 1)]

aMpg
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arXiv:2008.05208, CPC45,023109(2021)

gL RER SR M
« Combination of correlators: C(w,t) = C(r = 1,t) + wC(r,t)
« Smearing
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Flavor Lattice Averaging Group

(FLAG) B IE#& ST E 57 15

H=FHir—RBRER

http://flag.unibe.ch/

« LECs

2010 Eur. Phys. J. C (2011) 71, 1695 (arXiv: 1011.4408) *

2013 Eur. Phys. J. C (2014) 74, 2890 (arXiv: 1310.8555)
2016 Eur. Phys. J. C (2017) 77, 112 (arXiv: 1607.00299)
2019 Eur. Phys. J. C (2020) 80, 113 (arXiv: 1902.08191)

« quark masses

- decay constants
« form factors

« nucleon matrix

elements
MWIENRFZERNRAREMITE e
* EE@WBE Color-coding of systematic
. ‘ errors:
$1IE9HE has been estimated in a
. ﬁ[{ﬁﬂ;ﬂ:{ satisfactory manner.
reasonable, could be
* EIE“B%& improved.

- ETSR{FA=E
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i no estimation, or
unsatisfactory.
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fD N fDS*gﬁi‘\QCDF%

- BIRR T FREFHRILQCDITRRECIEZ1%KER, HIAf o,
s RENFRELZZHTRENEZ

. ~NQO oy AT v W
Collaboration Ref. Ny ¢ 9 &~ fp .
YQCD 14 129] 2+1 A 254(2)(4)
F7G2010 1D / 1410.3343, PRD92.034517.2015
— our average for Ns=2+1+1 _ .
:—i_ FNAL/MILC 17 * Nf =2 + 1
cﬁ BT 1aE fo, = 248.0(1.6) MeV
~ - FALMILC 13 fp =209.0(2.4) MeV
FNAL/MILC 12B
e Ne=2+1+1:
our average for Ny =2 +1 f .

_ ROCIUKQCD 17 / fp, = 249.9(0.5) MeV
g < v fp = 212.0(0.7) MeV
Il T PACS-CS 11
z " oo * PDG2016 (CPC40):

e fpi =257.8(4.1) MeV

- our average for Ny =2
o HH E{'?'%Scle[; i‘? * *ﬁl\\\ == | %5 g;%?’fz O'z Ij\] _ﬁ
I i+ ALPHA3]éBB
z . evin * PDG2018:
)—D——( ETM 09
180 200 220 240 230 250 270 MeV fD+|VCd| B 45'91(1'05) MeV

fpi|Vesl = 250.9(4.0) MeV
FLAG Review 2019, EPIC (2020) 80:113 [arXiv:1902.08191]
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BESIIEHER: fp, = 251.1(2.4)(3.0) MeV [PRL127.171801.2021]



Isospin-breaking effects

+ FREXEILN1%AY, BHIEE ERIAERERSR
« ETFSREREE: 0((mg —my,)/Agcp) ~ 1%
« QED¥M: O(dey) ~ 1%
¢« 1+1+1+1KQED+QCD#&E# [Borsanyi et al., Science 2015]
- [REZE: n—p, D*-D", ......
« Wilson-clover, 4 a ~ [0.06 — 0.10] fm
- a,,=01/137,1/10,1/6

* 3D*QED+QCD*§;U, [Horsley et al., J. Phys. G 2016]

- BREE: n—p, nt —n°
« Quenched QED

- BERATHE

- NSEwH
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Quenched QED

- de Divitiis et al., PRD87.114505.2013

« RE=E: n—p, n* -7’

- 2BRETMCAZ
« Giusti et al., Lattice2017
- [REE: ot —n0 Kt —K° Dt - D°
. §Mp;:
« 2+1+1BETMCAZS
- Di Carlo et al., PRD100.034514.2019
- nt, KTIIARET, 2+1+1KETMCAS
- HPQCD, PRD102.054511.2020
* [ =410.4(1.7) MeV
- HISQ{ERE
.« 2+1+1EMILCETS

2021/11/02 X|ERIE
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fo:/fp,

—=— JHEPOZ (20 12)042
2 flavors

-0 1803.03065
2 flavors

- HPQCD, 2014
2+1 flavors

o ETMC, 2017
2+1+1 flavors

QCD sum rules

PRD88.014015,2013

1.0 1.2 1.4
fpe/ T,
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* Becirevic et al., JHEPO2 (2012)
042

* 43, 2-flavor, tmQCD

* Blossier, Heitger, Post,
PRD98.054506 (1803.03065)

» 23, 2-flavor, Clover fermions

» HPQCD, PRL112.212002
(2014)

* 23, 2+1-flavor, HISQ+asqtad

* ETMC, PRD96.034524 (2017)
* 33, 2+1+1-flavor, tmQCD

* Sea quark effects from the
strange quark?

13



fp+and fpx

[ | | I | [ [ I |
JHEP02(2012)042
2—flavor < S
i 1803.03065
2—flavor
S HPQCD, 2014
2+ 1—flavor
o = ETMC, 2017
2+1+1—flavor
—_— _——
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* Becirevic et al., JHEPO2 (2012)
042
* 44, 2-flavor, tmQCD

* Blossier, Heitger, Post,
PRD98.054506 (1803.03065)

e 23, 2-flavor, Clover fermions

* HPQCD, PRL112.212002
(2014)
* 24, 2+1-flavor, HISQ+asqtad

« ETMC, PRD96.034524 (2017)
* 33, 2+1+1-flavor, tmQCD

* Sea quark effects from the
strange quark?
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chiQCD, Chin. Phys. C45, no.4 (2021), arXiv:2008.05208
Lattice setup

I3 xT 483 x 96
« 2+1-flavor ensemble a~1(GeV) 1.730(4)

[RBC/UKQCD Collab., Neont 45
PRD93.074505, 2016] a,ml(val) 0.0017, 0.0024, 0.0030, 0.0060
* Physical sea quark mass: mﬂ(/ﬁ)e\/ 114(2), 135(2), 149(2), 208(2)
sea — 139.2(4) MeV am{™ 00580, 0.0650
amse 0.6800, 0.7000, 0.7200, 0.7400

* 45 configurations

* Overlap valence and domain wall fermion sea

* Partial quenching effects are small: A,;x = 0.030(6)(5) GeV*
[chiQCD, PRD86.014501, 2012]

* 4 light val. quark masses: m;~114 — 208 MeV
elm;,=3.2/3.7/4.1/5.8

- 2 strange val. quark masses, slightly < m?"

2021/11/02 X &Rl 15



Results

_l-__-

Mass/MeV  1873(5)  2026(5) 2116(6)  1018(17)
Mer/MeV  1869.6  2010.3 1968.3 2112.2 1019.5
fu/MeV  213(2)(4) 234(3)(5) 249(5)(5) 274(5)(5) 241(9)(2)
fv/fv 0.91(3)(2) 0.92(3)(2)

« Mp- is ~1% higher than experiments
* fp, = 249(5) MeV vs. 254(2)(4) MeV [chiqcD, 1410.3343, PRD92.034517]

* Errors from stat., interp./extrap., Z-factors and finite a
* fp agrees with FLAG2019 (2+1-flavor): 209.0(2.4) MeV
* ®A fp+1V,ql = 45.91(1.05) MeV, F [V 4| = 0.2155(51)(49) (lat.)(exp.)

. flTTEs) /fp;, are the first lattice QCD results

2021/11/02 X|ERIE 16



Results

« Heavy quark symmetry breaking (~10%)

* fv/fps =1+ 0(1/my)

* fo-/fp =1.10(2)(2), fo:/fp, = 1.10(3)(2)
« SU(3) flavor symmetry breaking (~17%)

* fp,/fp=1.163(14)(23), fp:/fp- =1.17(2)(2)
T T T T T T T | |
LTMC 12 € ETMC '12
2—flavor o flavor
—o— Blossier et al. '18 galgllb'mo et al. '19
2—flavor —flavor

—Sie HPQCD '14
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—e— ) this work

Blossier et al. '18
2—flavor

HPQCD '14
2+1—flavor

2+1—flavor

this work
2+1—flavor

—— i ETMC "17
2+1+1—flavor

1 1 1 | | 1 1 1 1 | 1 1 1 ‘ 1

ETMC "17
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1.4
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Becirevic et al., JHEPO2
(2012) 042

Blossier, Heitger, Post
PRD98.054506 (2018)

Gambino et al., J. Phys.
Conf. Ser. 1137,
012005 (2019)

HPQCD,
PRL112.212002 (2014)

ETMC, PRD96.034524
(2017)
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Renormalization

Y. Bi et al. (yQCD), PRD97, 094501 (2018)

— Zr/Z,4(2GeV) =1.055(31
MS, 2 GeV B T RORED

fv/fv  0.91(3)(2) 0.92(3)(2)

Uncertainties: stat., interp./extrap., Z-factors (~3%), finite a

« Renormalization constants (RCs) are needed in determining
« quark masses
« quark chiral condensate
- meson decay constants
« form factors in hadron decays

- High precision needed to test the Standard Model

2021/11/02 X|ERIE 18



RI/(S)MOM renormalization

G. Martinelli et al., NPB445, 81 (1995) C. Sturm et al., PRD80, 014501 (2009)
O(p) =Z(n,a)0(a)

« Consider local bilinear operators g = p1 — po
- MS works with dimensional regularization

« RI/MOM with Ward Identity (WI) P1
* d,A" = 2m,P gives Z, for chiral fermions

O
P2

. i _ 2 _ 2 _ 2
Then Z, and other Z-factors (p, = p2, pi = p; = 1°) working window:

« RI’/MOM Agcp <p<m/a
* Z, from quark propagator, then the other Z-factors
« RI/SMOM with WI
« Use WI to get Z,, then the other Z-factors
« p% =p3 = (p1 — P2)*= q* (Symmetric momentum)
- Infrared effects suppressed by 1/p° (VS. 1/p? for MOM)

. ZVS /7Z3MOM converges faster than zYS/zMOM

* (S)MOM schemes have different systematic uncertainties

2021/11/02 X &R 19



Overlap fermion on Domain-

ZS (MOM VS. SMOM) Wall fermion configurations

Y. Bi et al. (YQCD), PRD97, 094501 (2018)

e 1.4

1-4 IAARAARELE RELRRLRARN LR

; RUMOM —=— | | RUSMOM =

B MS —— ] M5 —
I I§ MS(2 GeV) o | -4 MS(2 GeV) |
L2 1 ap*e[50:80] —— - L2-%  a?p?e20:50] ——

s L S e Bl & S

+c3/z(a2p2)2

0 1 2 3 4 5

- c1a’°p? + ¢ (a’p?)?

« Zg in the RI/MOM, RI/SMOM and MS schemes
o ZMS /Z3MOM g ZMS /ZMOM (truncation error: 1.5%—0.2%)

- Larger 0((a*p?)?) effects in Z; through SMOM than MOM?

2021/11/02 X|ERIE 20



Zr (MOM vs. SMOM)

y = yo + c1a*p?

0((a*p?)?) effects not apparent

1.20 [N R R LR R R R LR 1.20 T_TT D
RI/MOM = %ﬂ% RI/SMOM — -
115 MS(2GeV) 1 - LIS 5% MSQ2GeV)
a’p* €15.0:8.0] R p? e 2.0:50] ——
1.10 1.10 L i
N N _
< R
N1.05 N1.05 | 5 o
1.00 1.00 ﬁ ]
: :
0.95 | L bl Ll \ | 095 L4 1. \ | |
O 1 2 3 4 5 6 7 8 0 1 2 3 4 5
2.2 2,2

Zr in the RI/MOM, RI/SMOM and MS schemes

Y. Bi et al. (yQCD), PRD97.094501(2018)
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Arthur, Boyle, Hashimoto, Hudspith, PRD88.114506.2013

0((a?*p*)?) discretization effects and smearing

« Is this behavior related to the HYP smearing that we use?
- Smearing is used to speed up matrix inversions

- How does it depend on specific operators?

Lattice setup

« Overlap fermion on domain wall fermion configurations

- 2+1-flavor, RBC/UKQCD (32l) [rRBC/UKQCD, PRD83.074508.2011]

« 1/a=2.28(3) GeV, m;/m; = 0.004/0.03, L3> xT = 323 x 64
« Statistics: 42 configurations (fixed to Landau gauge)

« No smearing (HYPO), HYP1 or HYP2 (a,,35 = 0.75, 0.6, 0.3)

« 10 valence quark masses (pion mass ~ 220-500 MeV)

« Periodic BC in all directions

2021/11/02 X &Rl 22



Zr: HYPO/1/2 (preliminary) | y =y, + c;a?p? + cp(a?p?)?

1.20 e gy 1.20 —
i HYPO, p /(pz) <026 —a— . i
HYP1, p[4/(P2)2<0 26 —a—
HYP2, p¥/(p?)? <026 —e— 115 L
1.15 - -
= L ~1.10 1
% ] miﬂwﬂ o ] E
™ I@mmﬁ mmﬂ o
110 ¢ 5 0 engysa8te? \Ngl.OS i
}‘\ ﬁ* gun O-;;gsgese |m\
= Tl b=
< # T N 1.00 ]
105 ¢ & i
1 f004, 321, RI/MOM | 0.95 | )
100 _\\\\\||||||\\\|\\||||||\\l\\\ll\lll\\\\\\ll\ll\\l_ 090 7. P NS T S (T U S U N S S S N W S VS SRS
0 1 2 3 4 5 6 7 8 9 10 0 ] 2 3 4 5 6
a2p2 a2p2
MOM as intermediate scheme SMOM as intermediate scheme

« Smearing changes the size of c,

- SMOM gives a small (a?p?)2-term for ZM5(2 GeV) in the cases of HYP1
and HYP2 (compared with HYPO)
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Zs: HYPO/1/2 (preliminary)

12 L IR BN NN B Y T R R B 140 T ' ' L L U L
- HYPO. p/(p?)2 <026 —a— | i HYPO —e— |
. HYP1. p/(p?)? <026 —a— | Fd HYP1 —=— |
11 L HYP2, pl/(p?)? <026 —e— | 1.30 [ HYP2 e |
L ]
~10] % . f004, 321, RT/MOM ] — 120 [} |
S % " 0 ogg | & i £004, 321, RI/SMOM |
Qg | |E e emiiteeee. ’ 20 ] ]
2 1] ﬁ’% b @%@@Emm;m.w = j
NO.8 | ”’”“’“ﬂmuum N1.00 | .
0.7 L o ] 0.90 | ]
I - - 2.2
: extrap. function y = y¢ + c1a°p +i :
06 o b b b b b b b 080 L .
0 1 2 3 4 5 6 7 8 9 10 6
a’p? &2
MOM as intermediate scheme SMOM as intermediate scheme

- Smearing changes c, (MOM+HYP1 happens to be straight)

- SMOM seems to give a bigger (a%p?)?-term for Z¥5(2 GeV) in all cases
(HYPO, HYP1, HYP2) compared with MOM (?)
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