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@ HISQ ensembles with (2+1+1)-flavors of dynamical quarks
e Decay constants of heavy-light mesons

© Extraction of quark masses from heavy-light meson masses
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Motivation

@ Need precise values of decay constants fp and fp, to
e provide accurate Standard Model predictions for rare decays such as B — 1v,
neutral B mixing, and By — pu .
e probe the V' — A structure of the Wy, vertex.
o resolve/sharpen tension between inclusive and exclusive |Vys|.
@ Need precise values of quark masses

o for precise SM predictions.
e to test Higgs origin of quark masses.
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How we achieve high precision

@ Gluon gauge-field configurations generated with the highly-improved
staggered quark (HISQ) formulation for sea quarks.

o HISQ formulation for all valence quarks, including b, following HPQCD [Phys.
Rev. D85, 031503 (2012) ]
@ Exploit merger of effective theories to carry out extrapolations to the physical
point:
o Heavy-quark effective theory (HQET) to treat heavy-quark discretization
effects.
o Chiral perturbation theory (HMrPQASXPT ) to treat the light-quark mass
dependence.
e Symanzik effective theory (SET) to treat light-quark and gluon discretization.

@ New minimal renormalon subtraction (MRS) scheme improves HQET for
quark mass calculation. [Phys. Rev. D97, 034503 (2018)], [Komijani, JHEP 08,
062 (2017)].

@ High statistics: 24 gauge-field ensembles with approximate lattice spacing
ranging from 0.03 to 0.15 fm, several values of the light quark masses,
including physical values.
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MILC ensembles with (2+1+1)-flavors of dynamical quarks

@ Ensembles with physical mass for the strange quark:

~a (fm) my/ms size L (fm) ML My, (MeV)
0.15 1/5 16% x 48 2.38 3.8 314
0.15 1/10 243 x 48 3.67 4.0 214
0.15 1/27 323 x 48 4.83 3.2 130
0.12 1/5 243 x 64 3.00 45 299
0.12 1/10 243 x 64 2.89 3.2 221
0.12 1/10 323 x 64 3.93 43 216
0.12 1/10 403 x 64 4.95 5.4 214
0.12 1/27 483 x 64 5.82 3.9 133
0.09 1/5 323 x 96 2.95 45 301
0.09 1/10 483 x 96 4.33 47 215
0.09 1/27 643 x 96 5.62 3.7 130
0.06 1/5 483 x 144 2.94 45 304
0.06 1/10 643 x 144  3.79 43 224
0.06 1/27 963 x 192 5.44 3.7 135
0.042 1/5 643 x 192 2.91 4.34 204
0.042 1/27 1443 x 288  6.12 4.17 134
0.03 1/5 963 x 288  3.25 4.84 294

@ The fermion action is "highly improved staggered quark” (HISQ) action
@ Physical-mass ensembles at most lattice spacings
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Heavy-Light Pseudoscalar Mesons

h

v

Decay constant (Notation: “H,” instead of “B™" or “B,"when masses and
light quarks vary)

Pseudoscalar density-density correlator

Cpt—pt(t) = Apt—pt exp(—Mp,t) (1)

[3V A, _
Fy, = (m, +my) ﬁém (2)
H,

Mmy+mg —
5 =

light valence: m; S my S mg

heavy valence: m. < my, < my
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Scale setting and calculating tuned quark masses

@ Intermediate scale setting for chiral analysis is done using f,4s
It is the decay constant of a fictitious pseudoscalar meson with both valence
masses equal to my4s = 0.4m.

@ The physical value of fp4, is set from f.

@ This method yields a precise determination of both the lattice spacing a and
the quark mass ampss (and in turn mg = 2.5my45)

@ The values of f,4s and quark mass ratio m/m; are determined by analyzing
light-light data from the same ensembles
= Various systematic errors (such as FV, EM, continuum extrapolation etc.)
in estimate of fp4s and tuned quark masses must be incorporated to our
estimate of uncertainties
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Constructing fit function for decay constants

@ We use a cascade of EFTs to construct our fit functions
@ We start from the following schematic form for decay constants of H, mesons

/N 3/27
fra, /Mg, =&y, = C (1+SET) (1+HQET) (1 4+ HMrASXPT) (%) d

Me

[=}
D

@ These terms correspond to different effective field theories

Symanzik Effective Theory (SET) Wilson coefficient C'

cras (aAqop)? + -+ + ez (amp)? + - [aS(MHs)] e <1 + o(a5)> J

HQET (and integrating out sea-charm) Integrating out charm quark

3
AaQET ; Me AﬁgéD(m’C) m/, 272
e M, toot Yl (3) )%
Hg c A (m Me
qcp (Mme

Chiral terms contain effects of

HMrPQASXPT at NLO

. . o Taste splittings in “pion” masses & new logs.
chiral non-analytic terms

+Lymy + Ls(2my +ms) + Laa® e Hyperfine and flavor splittings

niLte 1 Jd € VOoluMm
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Constructing fit function for decay constants

@ As indicated in the previous slide, to take into account SET, higher order
analytic XPTterms, and higher order HQET effects, we include analytic terms.
@ They are typically polynomials in dimensionless, “natural” expansion
parameters:
o Light-quark and gluon discretization (SET): (aAqcp)? with Aqep = 600
MeV.
o Heavy-quark discretization effects (SET-HISQ): (2amy /)2
o Light valence and sea quark mass effects (XPT): Bo/ (47 f2) m,
° HQET AHQET/MHS-

The coefficients of the polynomials are fit parameters. Expected to be O(1).

60 fit parameters — 492 data points.
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A snapshot of the fit and data
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Results for decay constants

fpo = 21154 0.3t £ 0.35s £ 0.2f, 1p MeV
for = 212.6 £ 0.3ac £ 0.35ys £ 0.2, 1p g MeV
fp. = 249.8 £ 0.3sat + 0.3eys £ 0.2, e MeV
for = 1894 % 0.8gar £ L.1leys £0.35, 1 MeV
fro = 190.5 £ 0.8sar £ 1.04ys £ 0.3f, np MeV
fB. = 230.7+ 0.8t £ 0.8eys £ 0.2f, o MeV

The systematic error includes
@ Continuum extrapolation
@ Finite volume

@ EM contribution to meson masses that are used to fix the quark masses
(Decay constants are pure-QCD quantities; EM contributions to the relation
between decay constants and physical decay rates are not included here by
definition but would be relevant for phenomenology)

@ Uncertainty in adjustment for non-equilibration of topological charge
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Comparison with previous 3 and 4 flavor calculations

u,d,s,c sea w,d;s,¢ sea o B
Fermilab/MILC 17 i i Fermilab/MILC 17
. . BTM 14 Lo o HPQCD 17 (pseudoscalar current)
Fermilab/MILC 14 " - ETM 16
ol . HPQCD 13 (NRQCD b)
u,d, s sea
|, LQOD 14 u,d, s sea
RBC/UKQCD 14
2
- HPQCD 12 - | HPQCD 12 (NRQCD b)
Fermilab/MILC 11 (Clover c) i N HPQCD 11 (HISQ b)
- HPQCD 10 s —a— | Fermilab/MILC 11 (Clover b)
205 215 225 235 245 255 265 275 175 185 195 205 215 225 235 245 255
fo+ (MeV) . (MeV) Fpe (MeV) J5, (MeV)

Our results are shown in red. The gray bands indicate the total error.
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Extraction of quark masses from heavy-light meson masses

@ New method based on HQET to extract masses of quarks from masses of
heavy-light mesons

2 — pZ,(mp)

Mg =mp+A+ 22 +O(1/m2) J
2mh

o A: energy of light quark and gluons inside the system
o u2/2my: kinetic energy of the heavy quark inside the system
o uZ(mn)/2mp: hyperfine energy due to heavy quark's spin
(can be estimated from B*-B splitting = p&(ms) = 0.35GeV? )
e my, is the pole mass of the heavy quark
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Extraction of quark masses from heavy-light meson masses

@ New method based on HQET to extract masses of quarks from masses of
heavy-light mesons

2 — pZ,(mp)

Mg =mp+A+ 22 +O(1/m2) J
2mh

o A: energy of light quark and gluons inside the system
o u2/2my: kinetic energy of the heavy quark inside the system
o uZ(mn)/2mp: hyperfine energy due to heavy quark's spin
(can be estimated from B*-B splitting = p&(ms) = 0.35GeV? )
e my, is the pole mass of the heavy quark
(Conventional pole mass is ambiguous because of the renormalon problem)
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Extraction of quark masses from heavy-light meson masses

@ New method based on HQET to extract masses of quarks from masses of
heavy-light mesons

2 — pZ,(mp)

Mg =mp+A+ 22 +O(1/m2) J
2mh

o A: energy of light quark and gluons inside the system
u2/2my: kinetic energy of the heavy quark inside the system
pé(mn)/2mp: hyperfine energy due to heavy quark's spin
(can be estimated from B*-B splitting = p&(ms) = 0.35GeV? )
e my, is the pole mass of the heavy quark
(Conventional pole mass is ambiguous because of the renormalon problem)
o We use the new minimal renormalon-subtracted (MRS) mass [Brambilla et al.
Phys. Rev. D97, 034503 (2018); Komijani, JHEP 08, 062 (2017)].
o Removes the leading infrared renormalon from the pole mass
e It is a gauge- and scale-independent scheme
o Admits a well-behaved perturbative expansion in a
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Mapping bare quark masses to the MS and MRS masses

1) Continuum relation between the MRS and MS mass:
MMRS = M (1 + Z[rn — R,Jal M (m) + JMRS(m)) 3)
n=0

o M = mys(mys) and Jurs(m) is known [arXiv:1712.04983].
o Small coefficients [r, — Ry] are the difference between the MS and MRS
expansion.
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Mapping bare quark masses to the MS and MRS masses

1) Continuum relation between the MRS and MS mass:
MMRS = M (1 + Z[rn — R,Jal M (m) + JMRS(m)) 3)
n=0

o M = mys(mys) and Jurs(m) is known [arXiv:1712.04983].
o Small coefficients [r, — Ry] are the difference between the MS and MRS
expansion.
2) Introduce a “reference mass”, m, =m,, ws(p). Choose i = 2GeV.
Identity:

_ Mp,MRS Mp  aMmp 4
TTh, MRS = m’"’m(u) my m,ys(p) ams )
r,M
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Mapping bare quark masses to the MS and MRS masses

1) Continuum relation between the MRS and MS mass:
MMRS = M (1 + Z[rn — R,Jal M (m) + JMRS(m)) 3)
n=0

o M = mys(mys) and Jurs(m) is known [arXiv:1712.04983].
o Small coefficients [r, — Ry] are the difference between the MS and MRS
expansion.
2) Introduce a “reference mass”, m, =m,, ws(p). Choose i = 2GeV.
Identity:

_ Mp,MRS Mp  aMmp 4
Mh, MRS :mr,m(ﬂ) mn 75(”) pr— (4)
r,M

3) First factor, a fit parameter. Second, use Eq (3) above. Third, MS mass
running;
mh C(oms(mn)

s ()~ Clas () ®)

Last factor from simulation parameters.
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Including discretization effects, light quark mass

dependence

o Include HMrPQASXPT terms

1 W — p&(man)
Mg = mp,mrs + Amrs + Wzi + HMrASXPT + higher order HQET (6)
M A, MRS

@ As with the decay constants, all terms get corrections for light-quark- and
gluon-discretization effects, based on polynomials in the natural expansion
parameters. Polynomial coefficients are fit parameters.

@ 67 parameters (6 with external priors) and 384 data points

o Adjust experimentally measured masses for EM effects before matching to
the continuum extrapolation of the fit result.

o Light-quark masses and decay constants use light-quark rPQSXPT.
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A snapshot of the fit and data

0.72 \ a =~ 0.12fm, 0.2m/, 0.70 3 3 3 a =~ 0.12fm
0.70 a =~ 0.09fm, 0.2m/, ’ ! ! a ~ 0.09fm
= a ~ 0.06fm, 0.2m/, =068k i i a =~ 0.06fm
© X N |
O, 0.68 a =~ 0.042fm, 0.2m/, i ! ! a =~ 0.042fm
n a =~ 0.03fm, 0.2m/, o~ 0.66 I ! Continuum
£ 0.66 Comtimm 0 £ A \ J
2 “ontinuum, 0.2my Z 064 - :.
£ 064 S b
| | 0.62F NN
o 0.62 = " e .
& = 060 :
= 060 = Lo | = ‘
058 ' - 1
0.58 b | -
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.2 0.3 0.4 0.5 0.6 0.7 0.8
1/mpims [GeVT] 1/mpams [GeV™

Dashed lines: amy, = 0.9; open symbols: data points omitted from fit
Vertical axis: heavy-strange meson masses minus the (fitted) MRS heavy quark mass
Horizontal axis: inverse MRS heavy-quark mass

X*/d.o.f = 812/307, p value=03 |

@ After extrapolating to continuum, measured Mp_, and Mp_ masses with EM effects
removed are used to determine the charm- and bottom-quark masses.
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Results for heavy quark masses

Results for heavy quark masses and their ratios in a theory with 4 active flavors

ms’m(Q GeV) = 92-52(40)stat(18)syst(52)as(12)f7r,pnc MeV @)
me = 1273(1)5tat(10)Sys(1)f7r,PDG MeV
my = 4203(12)gtat (8)Sys(]‘)f1r,PDG MeV
mc/ms = 11-784(1l)stat(17)syst(00)as (OS)fW,PDG7 (8)
mb/ms = 53-93(7)stat(8)5y5t<1)oz5 (5)f7r,PDG7 (9)
mb/mc = 4'577(5)5t3t(7)5y5t(0)a3(1)fw,PDG (10)

where T, = my, (M), wg). The systematic error includes

@ errors in the determination of scale setting quantities, quark mass tuning,
continuum extrapolation, finite volume, and estimating EM effects;

@ uncertainty in the strong coupling constant
a5 (5GeV;ny = 4) = 0.2128(25) [HPQCD, arXiv:1408.4169]

@ the value of f;
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Comparison with other results

(X

u,d,s, ¢ sea

[E—
———

u,d, s sea

nonlattice

Fermilab/MILC/TUMQCD 18
HPQCD 14 (all HISQ)

ETM 14 (baryons)

ETM 14 (mesons)

Maezawa and Petreczky 16
JLQCD 16

1QCD 14

HPQCD 10 (moments)

Mateu et al. 17
Chetyrkin ef al. 17
Kiyo et al. 15
Dehnadi et al. 15
Narison et al. 11
Bodenstein et al. 11c
Boughezal et al. 06

u,d, s, ¢ sea

)

u,d; s sea

nonlattice

4.15

4.25

435 4.4

mmy [GeV]

Fermilab/MILC/TUMQCD 18
Sambino ef al. 17
ETM 16

HPQCD 14 (NRQCD b)
HPQCD 14 (all HISQ)

Macezawa and Petreczky 16
HPQCD 13 (Y splittings)
HPQCD 10 (moments)

Mateu ef al. 17
Ayala et al. 16
Beneke ef al. 16
Kiyo ct al. 15
Deladi ct al. 15
Penin e al. 14
Narison ef al. 11
Bodenstein ef al. 11b
Chetyrkin ef al. 09
Boughezal cf al. 06
Brambilla cf al. 01

5

Our results are shown in red. The gray bands indicate the total error.
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Results for light quark masses

w,d, s, ¢ sea

Uy d, s, ¢ seal )
& Fermilab/MILC/TUMQCD 18 L Fermilab/MILC/TUMQCD 18
o HPQCD 14 o 1
e |ETM 14
de e u,d, s sea
4 Maezawa and Petreczky 16 ] RBC/UKQCD 14
N RBC/UKQCD 14 i BAMW 10
. BMW 10 A
] :
. HPQCD 10
MILC 09 MILC 09
80 8 90 95 100 105 3 32 34 36 38 4
m3is(2 GeV) [MeV] my (2 GeV) [MeV]

Results for light quark masses in a theory with 4 active flavors.

muﬁm(Q GeV) = 2.118(17)stat(32)syst(12)a, (03) 1, ppe MeV, (11)
mdnys(2 GeV) = 4.690(30)stat(36)syst(26), (06) 1, pp MeV, (12)
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Results for HQET LECs

Results for HQET Low-energy constants in the MRS scheme

KMRS = 552(25)stat(6)sys(16)a (Q)prD(;MeV
p2 = 0.06(16)stat(14)syst(06) 4. (00) . ppc GeV? (13)
pE(my) = 0.38(01)stat(01)syst(00) 4. (00) 4. ppc GeV?

(14)

Note that the prior value of uZ(m;) is set to 0.35 & 0.07 GeV? [P. Gambino and C.
Schwanda, arXiv:1307.4551]
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Conclusion

@ Decay constants

o We used a combination of EFTs in a correlated, multidimensional fit to lattice
data at multiple lattice spacings
= reduces statistical errors
= controls systematic errors of extrapolations

o We presented results for decay constants f+, fp., fg+ and fg,

@ Quark masses

o We developed a method based on HQET and the MRS scheme to extract

quark masses from heavy-light meson masses

o We used a combination of EFTs to fit heavy-light meson masses .
o We presented results for all quark masses and their ratios and for HQET LECs.
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back-up slides
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renormalon subtracted ( RS) scheme

@ The RS mass is defined by subtracting the leading renormalon of the pole mass

@ In the RS mass a finite part, in addition to the leading renormalon, is subtracted
from the pole mass

@ The finite part depends on the subtraction scale v, (factorization scale)

@ In the minimal renormalon subtracted (MRS) scheme we subtract only the
renormalon part of pole mass (i.e., the ambiguous part of the pole mass in the
Borel plane)
Define

Nm

s 1 1 n
MRS — —1/[2B0a(p)] [
T = gpt e nz:% nl(n —b) [ZBooc(u)]

where b = 2’6713 and a is defined in a scheme with 8(a) = —fBoa?/(1 — ’81 o)

To convert the quark mass and A form the MRS scheme to the RS scheme :

RS(y;) = mMRS _ gMRS(, )
RS(Vf) _ XMRs4_‘71\,11:{5(17)
for instance we have
Amrs = 552(25)stat (6)syst(16)a, (2) 1, ppe MeV (15)
Ags = 636(25)stat(6)syst(24)a (2) £, ppe MeV (16)
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How well the renormalon subtraction works

T R, r,— R,
0.4244 0.5350 —0.1106
1.0351  1.0691 —0.0340
3.6932  3.5066 0.0966

17.4358 17.4195 0.0163

w N R oS

The loop count is n + 1.
[Brambilla et al. Phys. Rev. D97, 034503 (2018); Komijani, JHEP 08, 062 (2017)]
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Stability plot for decay

constants:

parameter count

47 param| | [ T N : | ‘: .
I
| L o o ‘
| , 1 | \ 1 | |
| , | | | | ) :
50 paramp | [m— ! ! ! . ! | .
| | | !
| L o o |
1 H 1 : 1 : | ,
basel |, —=— . 1 Co v ! °
I I I
| L o o ‘
| , 1 | \ 1 | |
| , | | | | ) :
61 param e ! 1 ! . ! , . 1
4.80 4.82 5.79 581 7.16 7.24 8.80 8.88 1.0 1.1 1.2
3/2 3/2 3/2 3/2 2 Jdof
Ooi/fys  On/hye w/fi s/l Xaw/

Stability plot showing the sensitivity to the number of discretization parameters. (See
the text for description.) The error bars show only the statistical errors, the gray error

bands correspond to the statistical error of the base fit and the green dashed lines

correspond to total errors.
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Stability plot for decay constants: data choices

base[ | = ! e e ==
h | |
| o o |
with 0.15 fm| | | ' L L ! | —— .
I
| o o |
no 0.03 fm . | ' | ! L .
i
| L o |
! ! ! !
@)} - e S S .
i A i ] ‘ ] !
| o o |
2x priors| ), ! L { e e e ]
4.80 4.82 5.79 5.81 7.16 724  8.80 8.88 1.0 1.1 1.2
3/2 3/2 3/2 3/2 2 /dof
Soo/fys  n/BL e/ @/ X/

Stability plot showing the sensitivity to different choices of lattice data. The error bars
show only the statistical errors, the gray error bands correspond to the statistical error of
the base fit and the green dashed lines correspond to total errors.
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Stability plot for quark masses

T T T T T + T T T
S I I I I A N
I i I I I [ ' I | I - i
I i I I I [ ' I | I - !
I i I I I [ ' I | I - !
I i I I I [ ' I | I - !
I I I | I [ I I H— . !
With 015 1m| | fomet | a L e el e e e .
I I I I
1 I B o b o !
I i I I I [ ' I | I - !
I i I I I [ ' I | I - !
I ' I I I ro ' I | I - !
n00.03fm| |rm— | l— —— | —— | | rl—l—«l —— .
I I I A
1 B I B AN B B |
I i I I I [ ' I | I - !
I i I I I [ ' I | I - !
I i I I I [ ' I | I - !
I i I I I [ ' I | I - !
(2+1)} 1 ,_H: | ' >_.—<: | : [ ' - - : .
' ' i ' ' ' Lo Lo
4.57 4.58 11.76  11.80 53.8  54.0 92 93 1265 1278 4190 4210 530_ 560 1.0 1.1
my/m me/ms my,/m mg m, my, Aurs x?/dof

Stability plot showing the sensitivity under variations in the data set and the form of the
fit function. Here ms = m_ (2 GeV), me = m, ys(m, ws), and Ty = my, s (M, 7s)-
The error bars show only the statistical errors, the gray error bands correspond to the
statistical error of the base fit, and the dashed green lines correspond to total errors.
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Stability plot for quark masses

basel | —m— |1 —m— | = 1»—-—«1 L 1»—-—«1 —— .
I [ I ! 1 B 1 N - !
i [ Lo ' 1 B 1 N - !
i [ Lo ' 1 B 1 N - !
i [ Lo ' 1 B 1 N - !
ol I I | I ! I N e i . !
O | mme | | Fms 1| o . [ S .
i - Lo ! 1 B K - !
I
i Lo Lo ' 1 B H N - !
i [ Lo ' 1 B 1 N - !
i Lo Lo ! 1 B i K | !
0@l | Em | we L Ee v wl | 0 .
I I I | I | I | A B I . |
i [ Lo ' 1 B i - '
i [ Lo ' 1 B 1 N - !
i Lo Lo ' 1 B i B - !
i [ i i 1 N | I
O R R i T RSt = U
i : ! i N i I .
157 4.58 1176 1180 538  54.0 91 93 1240 1270 170 4200 530 560 10 11
my/m, me/my my/m m e my, AMRs x2/dof

Stability plot showing the sensitivity to truncation error in perturbative-QCD relations
that are used in our analysis. In the base fit, the perturbative series are accurate through
order aa. In the fits labeled by O(aZ), we keep n subleading orders. Here

ms =m, g5(2 G&V), Me = m, gs(m, ws), and Ty, = my, ys(my, igs)- The error bars
show only the statistical errors, the gray error bands correspond to the statistical error of
the base fit, and the dashed green lines correspond to total errors.
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Stability plot for quark masses

r - T r T T r
A Wl NERE Pl R N
i i I [ I [ o
I | | I
i [ [ Lo ' i Lo Lo !
I ' I ' 1 1 1 ' 1 1 1 1 I !
I ' I ' 1 1 1 ' 1 1 1 1 I !
| v po b v b b !
0 =045 | w1 e ' Dy A B - e X .
i [ [ Lo ' i Lo Lo !
I ' I ' 1 1 1 ' 1 1 1 1 I !
I ' I ' 1 1 1 ' 1 1 1 1 I !
I ' I ' 1 1 1 ' 1 1 1 1 I !
| v po b v b b !
gr=00 1 tmet | el Lm0 e Do e e .
1 . 1 L 1 I R
157 458 1176 IL80 538 540 92 93 1265 1278 4190 4210 530_560 10 11
my/me me/ms my/mg my m, mp A\irs x2/dof

Stability plot showing the sensitivity to different choices for g.. The error bars show only
the statistical errors, the gray error bands correspond to the statistical error of the base
fit and the dashed green lines correspond to total errors.
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