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QCD

- SU(3) gauge symmetry and 1 + ns+ 1 parameters:
1
Locp = —5 tr[Fuy F*]
80
— Y VD +ms)vy
f
10

| ) VPO tr[Fy Fpo)

- Ultraviolet regulator necessary; use spacetime lattice.

- Infrared regulator helpful; use finite lattice = # d.o.f. is finite = computer.

+ Compute M (L, a(g(z)); {msea}; {mval};l?) :



QCD

- SU(3) gauge symmetry and 1 + ns+ 1 parameters:

1
Locp = ? tr[Fqu“V] Jpas & fn, Or wo & Mg, or ...
0
: ;\ij(@+Mf)wf Mz, Mk, Mps, Mps, ....
| 9 HVPO
| 32n28 tr|Fuy Fpo| 0 = 0 < neutron EDM.

- Ultraviolet regulator necessary; use spacetime lattice.

- Infrared regulator helpful; use finite lattice = # d.o.f. is finite = computer.

+ Compute M (L, a(g(z)); {msea}; {mval};l?) :
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sea quarks:
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http://arXiv.org/abs/1203.1204/

Neutron-Proton Mass Difference

Science 347 (2015) 1452

A

2 . s
Wstars need different fuel

phyS|caI point

p — n+etv,

Budapest-Marseille-Wuppertal Collaboration phys


https://inspirehep.net/record/1300659
https://inspirehep.net/record/1300659
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Outline

- Lattice QCD
- What is it”
- What has it done to make America great again®

- Selected Calculations

+ FONC & B),\-B/,, Mixing One constraint to kill them all

- Charged-current anomalies: R(D) and R(D*); B — tv (new!).

+ Quark masses (brand new!)


https://inspirehep.net/record/1643879

QC

D for Neutral-Current Anomalies




Flavor-Changing Neutral Currents

Rare processes are sensitive to non-Standard physics: leptoquarks, Z', 4th
generation, non-Standard Higgs bosons, supersymmetry.

Several “tensions”:

deficits in B = K®uu;

0 0
By-B()

miIXing;
excess in B — D™rtv (even if it is a charged current).
Experimental results available; more on the way, e.qg., B — K®ee.

Nonperturbative hadronic matrix elements available (with full error budgets).



Sasic Formulas for B — mtl+l-, K[+~
cf., arXiv:1510.02349, Sec. 2 & Appendix B

- One-loop effective Hamiltonian contains many operators (g = d, s):

O = (qLYuTur)(ary" T by ) Q3 = (GrYuur)(@Ly" br)
O1 = (qryuTcL)(CLy" TbL) 0> = (GrYucr)(CLY"br)
Q3 = (QL'}’ubL)Z(q/qu/) Q4 = (CjL'}’uTabL)Z(q_/'}’“Taq/)

/ /

q q

Os = (G Y, Yin Yisbr) Y (G V1 "2 ¥ ¢) Q6 = (1Y, Vi Yis TPL) Y (@ VM 23T

q q

7\ e _ — a a
&) T2 (L0 bR) Fuy s = %mb(é]mwT br)Guy
~N ] ) )
(0= @mbn) Y. (070 : (@) Y (77 150)

14 14

Matrix elements of Q7, Q9, Q10 yield form factors, including tensor fr.

10


http://arxiv.org/abs/1510.02349

Semileptonic B — K, il

arXiv:1509.06235, arXiv:1306.2384

Compute f(k, ms, my, a).

Combine data with
Symanzik EFT & yPT:

© mp — 2(mytma); 0 5 10 15 2 0 5 10 15 20
¢*(GeV?) ¢*(GeV?)
- a—0. D iy Aot
2r B mlve A e
B BaBar untagged 6 bins (2011) 5 |
1 Belle untagged 13 bins (2011) <
' ' — aBar untagge ins o
Limited range: lkla <« 1. % osf | Gacummsomeors -~ -
4 Belle tagged B~ 7 bins (2013) 7
SN - ]
. = 04~ % @ % éi N b
Extend range with z | ! Toieiy
0.2 [ B
expansion Izl < 0.3. N I
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

11


http://arxiv.org/abs/1509.06235
http://arxiv.org/abs/1306.2384

Comparison
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Jo .
fO S Fermilab/MILC
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Comparison
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data
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Comparison

" | data
25 L fO Fermilab/MILC

HPQCD

excellent agreement

0 5 10 15 20
> (GeV?)



Coefficients and Correlations: B — Kl+[-
arXiv:1509.06235

\/tcut — 612 - \/tcut — 1)
\/tcut — 6]2 + \/tcut — 1o

+ Form factors expressed as polynomial in z =

by bl b, b b b b}, bi by
mean 0466 —0.885 —0.213 0292 0281 0.150 0460 —1.089 —1.114
error  0.014  0.128  0.548 0.010 0.125 0441 0019 0236  0.971
b, 1 0.450  0.190 0.857 0598 0.531 0752 0229  0.117
by 1 0.677 0.708 0958 0927 0227 0443  0.287
b, 1 0.595 0.770 0.819 —0.023 0.070  0.196
by 1 0.830 0.766 0582 0237  0.192
b 1 0973 0324 0372  0.272
b 1 0.268 0332  0.269
bl 1 0.590  0.515
bt 1 0.897
b 1

Correlations for B — mtl+[- in arXiv:1503.07839 and arXiv:1507.01618.


http://arxiv.org/abs/1509.06235
http://arxiv.org/abs/1503.07839
http://arxiv.org/abs/1507.01618

Kinematic Distributions

Experimental data from LHCb [arXiv:1403.8044, arXiv:1509.00414]| and
earlier experiments; right plot’s theory preceded measurement:

07 | | | | 2 ——————————————————
L 0.1 Form factors + CKM + Others mmms g Form factors©CKM |
© 06 | Form factors On]y ¢ : Form factors only
& Ii}é%bbllt ((BB; — > 1.6t LHCD (1509.00414) —5— -
= 001y Babarl2 ——— < 1;1
SRS Belle09 —— = 41
< 0.3 + IR i =) i HH
+ o S 1‘\ 08 ~
§ 0.2 + =+ — — TT - Tr 0.6 - - | -
g‘.;/ ; I p@S) - SEEN AL _
3 b 7 7. B *E%* III :
0 5 10 15 20 25
2(GeV)? 0 5 10 15 20 25
2
q
arxiv:1510.02349 arxXiv:1507.01618
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http://arxiv.org/abs/1403.8044
http://arxiv.org/abs/1509.00414
http://arxiv.org/abs/1510.02349
http://arxiv.org/abs/1507.01618
http://arxiv.org/abs/1510.02349
http://arxiv.org/abs/1507.01618

Kinematic Distributions

Experimental data from LHCb [arXiv:1403.8044, arXiv:1509.00414]| and

earlier experiments; right plot’s theory preceded measurement:

Form factors — CKM © Others momsm

Form factors only
LHCb [JHEP 1406, 133 (2014)] —e—

190
R
¢
5 1(]%(Ge\/)215 20

arXiv:1510.02349

25

[ S

Form factors + CKM -+ Others mmms
Form factors only

LHCb |arXiv:1509.00414| —e— |

1.40

S

arXiv:1507.01618

25

14


http://arxiv.org/abs/1403.8044
http://arxiv.org/abs/1509.00414
http://arxiv.org/abs/1510.02349
http://arxiv.org/abs/1507.01618
http://arxiv.org/abs/1510.02349
http://arxiv.org/abs/1507.01618

Neutral-Meson Mixing

In the Standard Model, neutral mesons can oscillate into their antiparticles:

q t,c,u b q W+ b
— — — — e
EWi §W¢ Yicu Atcu

| et e e | ——\NNNNS——

b 1.C.T q b W= q

In extensions of the SM, other particles

- could appear Iin the boxes;

- could appear at the tree level: flavor-changing neutral current.

- Observed for all neutral mesons: K9, DO, B0 B,

15



Basic Observables

- The particle and antiparticle evolve in time via

d | B° I\ | B
Gl )= (i) B )

where M and I" are 2x2 Hermitian matrices, with M1 = M2, I'11 = 1.

- Mass difference: AM = 2IM»l.

- Width difference: AT ~2|I"j2|cos¢, ¢ = arg[—M > /T'}5]

- CP asymmetry of flavor-specific decays: ags =



—ffective Hamiltonian

- After integrating out heavy particles:
L = gkin[ga q,7; g] + chi(aa Oy, GF7 Sinz GymfamCI7V;NP)ogi[€7Q7 Y g]
i

- For AF =2 processes, discrete symmetries and Fierz rearrangement reduces
the list of all possible operators to 8 =5 + 3:

0, = by"*Lgby"Lg 0 = by"Rqby"Rq
0, = bLgbLgq 0> = bRqbRq

05 = b*LgP bP Lg* 05 = b*RqP bP Rg*
O = bLgbRq

ﬁ5 — [_Qanﬁ i?ﬁRqa

By parity in QCD: (B|0;|B®) = (B°|0;|B®)

17



- The off-diagonal terms in the mass and width matrices are related to

the <Bq’ﬁi‘Bq>.

- In the Standard Model, the mass difference (aka oscillation frequency)

am, — G
T 47T2M3q

e 12 ;
Vi Vin|” So(m; /myy )Mop(Bg|O11By), q=d,s

where So comes from the box diagrams, 12 from pQCD corrections.

+ The product n,5(B,|0'1|B,) is scheme and scale independent.

- |In extensions of the Standard Model, any or all of the 5+3 operators

could appear.

- arXiv:1602.03560 has first unguenched lattice QCD calculation of all

five matrix elements: dominate FLAG average of November 2017 .

18


http://arxiv.org/abs/1602.03560
http://flag.unibe.ch/Media?action=AttachFile&do=get&target=FLAG_HQB_webupdate.pdf

Oscillation Frequencies

- Taking CKM from tree-only inputs - Contrast with the measured
(from CKMfitter): frequencies:

AMSM = 0.639(50)(36)(5)(13) ps~' AMS™®' = (0.5055 +0.0020) ps !
d d

AMPM =19.8(1.1)(1.0)(0.2)(0.4) ps~'  AMP' = (17.757+£0.021) ps !
SM

AMCéM = 0.0323(9)(9)(0)(3)

- These amount to discrepancies of 2.10, 1.30, and 2.90, respectively.

- Examine these tensions with those in other FCNC processes, casting
each one as a “CKM determination”.

19



CKM Comparison

CKM from FCNC are lower than determinations from trees and unitarity.

2.00, 1.20

2.00, 2.90

v, x10° IV, | x10°

I I I : I I I
HH HH
| -

| | | | |

7 8 9 35 39 43

BoKmp'p |

CKM unitarity:

full

tree

0.18 0.19 0.20 0.21 0.22 0.23

vV, 1V,

M

HH

—t—
| | |

2.10

expt
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Wilson Coefficients

[t’s sad to assume no new physics: 10

take the CKM matrix from a
global fit;

)

determine best fit to Wilson
coefficients Co9 and Cio.

Re(Cy"

From the observables considered 0
here, the SM is 20 away from the *
best fit.

W B> (K, 7m) s

Comparable but complementary to =5/ T g B->Xsll

angular observables in B — K uu. -10 -8 -6 -4 -2 0 2 4
Re(C,\"



Wilson Coefficients 2

Add By — uu, which also relies
on lattice QCD—f3,.

(Decay constant of 2015.)

)

Favored region shrinks butonly ~ Zg
away from SM point. %
C

NB: assuming no new CPV and
avoiding b — sy constraints.

22
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New

Physics in B — DO tv?

BaBar, arXiv:1205.5442; Belle, arXiv:1507.03233; LHCDb, arXiv:1506.08614

BaBar presented evidence for an excess in both channels:

2.00 for R(D); 2.70 for R(D"); 3.40 combined.

With Belle & LHCb:
3.90 combined.
Estimated form factors w/
HQET;

quenched QCD.

R(D*)

0.45

04

0.35

0.3

0.25

0.2

T T T | T T T T |
BaBar, PRL109,101802(2012)

— 2 —
- Belle, PRD92,072014(2015) Ay = 1.0 contours -
_ LHCb, PRL115,111803(2015) . -
- Belle, PRD94,072007(2016) e=== SM Predictions T
- Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) -
u LHCb, FPCP2017 R(D)=0.299(11) ENAL/MILC (2015)  —
—_ [ Average R(D*)=0.252(3) S. Fajfer et al. (2012) __]
- ~ -0 -
_— \\% \\\l \\-—_
u ‘ FPCP 2017 ‘:
— P(x) = 71.6%]
B I [ I I [ [ [ [ [ I ]
0.2 03 04 0.5 0.6
R(D)

24


http://www.slac.stanford.edu/xorg/hflav/semi/fpcp17/RDRDs.html
http://arxiv.org/abs/arXiv:1205.5442
http://arxiv.org/abs/arXiv:1507.03233
http://arxiv.org/abs/arXiv:1506.08614

Form Factors for B — D®)tv
Fermilab/MILC, arXiv:1206.4992, arXiv:1503.07237; HPQCD, arXiv:1505.03925

+ R(D) values:
- 0.297 £0.017 (est.);
- 0.316 +0.014 (F/M ’12);
- 0.299+0.011 (F/M’'15);
- 0.300 = 0.008 (HPQCD).

Lattice QCD work for R(D*)
underway (see below).

R(D)

0.8

0.6

0.4

0.2

see also arXiv:1206.4977

2HDM II (This work)
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http://arxiv.org/abs/1206.4992
http://arxiv.org/abs/1503.07237
http://arxiv.org/abs/1505.03925
http://arxiv.org/abs/arXiv:1206.4977
http://arxiv.org/abs/1206.4992

New Physics in B — mttv?
arXiv:1510.02349

- A charged Higgs boson mediating b — ¢ could also mediate b — u.

+ SM prediction, including term < 8
~ mglfol”. & Ty
= o
- With the Fermilab/MILC form S
factors, we find = 4
N Sl
PB(B — nTV,) ro2
R(TC) = t é 1L
BB — wlvy) 3 L | | | | |
=0.641(17) 0 .

- Awaits LHCDb, Belle 2 see also arXiv:1501.05373

26


http://arxiv.org/abs/1510.02349
http://inspirehep.net/record/1340702

Progress Report on R(D™)

arXiv:1710.09817

Fermilab/MILC B — D*:

all four form factors;

MILC’s asgtad
ensembles;

2+1 sea quarks;

(same as previous
slides).

Lattice 2017 proceedings:

Alejandro Vaquero

0.50
040 @
0.30 |~
< :
5
S I
02009 ®
o
010 @
I
0.0 0.06

0.12 0.15 0.18
a (fm)

27


https://arxiv.org/abs/1710.09817

Form Factors Defined

Electroweak charged current (w = vp-vp):

(D*(pp+,€¥)| V" |B(pp)) _ .
\/MB MD* — SV S‘UVPGvgvg* hV (W)

(D*(pp+,€")| 2" |B(pa))

VMg Mp+ = igy {guv (L+w)ha, (W) — Vg [Vghz‘\z (w) +Vl%*hA3 (W)} }

Linear combination of 4, & ha,appears in dI'/dw suppressed by mg;

charged Higgs &7 =« m;, which could thus alter the w distribution for Tv.

28



ha,(w)

0.95

<4 a0.060 1.4 <4 a0.060

0.90 + 4 a0.090 * <4 a0.090
H +# 4+ a0.120 13 M ++ 4+ a0.120

"4 + 20150 4+ a0.150

0.85 t _ ﬂﬁ
+ 4 : + 4T -
0.80 + 1
0.75 1.0 4H+
0.70 0.9
1.00 1.02 1.04 1.06 1.08 1.10 1.12 1.14 1.00 1.02 1.04 1.06 1.08 1.10 1.12 1.14

w w

A. Vaguero Avilés-Casco et alia (Fermilab/MILC), PRELIMINARY

1.4
-0.3 ®
1.3
a 0.090
-0.4 1 _ 1.2 ¢ a 0.120

. 1 :{: a 0.150
- 5 — . + -9~
! <5 —l— = R G & S
—r 1.0 % ?
<

—-0.6 e

a 0.045
a 0.060

444+

S

. [ }
—_—— 1
>
[ ]
4 b 0.045 0.9 +
—0.7 | 4 a0.060 o
- )| 4 a0.090 '
e 4 a0.120 0.7
4 a0.150
1.00 1.02 1.04 1.06 1.08 1.10 1.12 1.14 1.00 1.02 1.04 1.06 1.08 1.10 1.12 1.14
w w
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Leptonic Decays: B — tv, Dy — [v; By — W~

Simplest flavor-physics for lattice QCD.

Amplitude(B — tv) = [V.,lfs and, so far
“yields” that is too high.

Amplitude(B — p+u-) « [VillVilfpxbox, so
could have BSM loop too.

New calculation from Fermilab Lattice &
MILC Collaborations [arXiv:1712.09262].

20 (2+1+1) HISQ ensembles.

Huge slab in parameter space.

300}

M, (MeV)

2001

135}



http://inspirehep.net/record/1644910

Results for Decay Constants

1 meenner - Fermilab Lattice & MILC [arXiv:1712.09262):
e e HPQCD 17 (pseudoscalar current
o —o— fl?(\gdclli 13 (NRQCD b)
Au,d,.s Sea. o R fDO — 211 5(() B)Stat(0.3)syst(O.z)fn_prG MGV
T |maoonmes Sp+ =212.6(0.3)5at(0.3)syst(0.2) £, ppg MeV
T fpy = 249.8(0.3) st (0.3)syst(0-2) £ o MeV
e for = 189.4(0.8)sar(1.1)5yst(0.3) £, pps MeV
u,d,s,csea-* Fermilab/MILC 17 fBO — 190 5(() 8)Stat(1°O)Syst(0°3)f7r7pDG M@V
. . Fermilab/MILC 14 fB, = 230. 7(0. 8)Stat(0.8)syst(0.2) FeppG MeV
u,d, s sea e
e HPQCD 12
. [remimbpie 1 ey ¢ Overall uncertainty: ~0.2% for D mesons,
“ HPQED 10 ~0.7% for B mesons.

205 215 225 235 245 255 265 275
fo+ (MeV) fp, (MeV)


http://inspirehep.net/record/1644910
http://inspirehep.net/record/1306303

Archaeology

u,d, s, c sea

A

—A——

175 185 195 205 215 225 235 245 255

fp+ (MeV)

/. (MeV)

Fermilab/MILC 17
HPQCD 17 (pseudoscalar current)
ETM 16

HPQCD 13 (NRQCD b)

RBC/UKQCD 14
HPQCD 12 (NRQCD b)
HPQCD 11 (HISQ b)
Fermilab/MILC 11 (Clover b)
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Archaeology

LA A B B
u,d, s, c sea

%

;

[ a—

175 185 195 205 215 225 235 245 255
fe+ (MeV) fB, (MeV)

500

400

Fermilab/MILC 17
HPQCD 17 (pseudoscalar current)

ETM 16 300
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Quark Masses




Heavy-light Meson Masses in HQET

From HQET (or other approaches to the 1/my expansion):

2 2
MHJ :mh+/_\ | 'un- d]uG(mh)
2mh th

For ~20 years, |I've wanted to vary my, and use this formula to determine
A, 1z, and pg(my) from lattice QCD [arXiv:hep-ph/0006345].
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Heavy-light Meson Masses in HQ

=

From HQET (or other approaches to the 1/my expansion):

4 N
mass of
spin-J .U2
meson My, =my + A+ %
\_ J> / /\ 2my,
4 ™
- energy of
mass of gluons and
heavy quark light quarks

djy

~

_/

uc(my) |
om, — spin-orbit
1 iInteraction
Kinetic
energy of

heavy quark

For ~20 years, |I've wanted to vary my, and use this formula to determine
A, 1z, and pz(my) from lattice QCD [arXiv:hep-ph/0006345].
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Heavy-light Meson Masses in HQ

=

From HQET (or other approaches to the 1/my expansion):

for B, —% for B*)

- )
mass of %
spin-J .U2
meson My, =m,+A+ -2 —d;
\ J> / /\ 2mh
4 A
- energy of
mass of gluons and
heavy quark light quarks

ug(mp) R
om, — spin-orbit
1 iInteraction
Y,
Kinetic
energy of

heavy quark

For ~20 years, |I've wanted to vary my, and use this formula to determine
A, 1z, and pz(my) from lattice QCD [arXiv:hep-ph/0006345].
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What’s a Quark Mass”

You can’t put a quark on a scale and weigh it.

Need definition, preferably regularization-independent, in QFT.

Natural candidate is the “perturbative pole mass.” Alas, ambiguous:
physics—infrared gluons need to find a sink;

mathematics —obstruction to Borel summation of the perturbative
Series;

jargon—infrared renormalon;

numMbers— my pote /iy = (1,1.093,1.143,1.183,1.224)
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Short-

Distance

Definitions

Usual work-around Is to use a “short-distance” mass.

The MS mass in dimensional regularization, m, x5 (1 ); My = my, yg5 (7):

spoils HQET power counting: mpole — Aty o< Ot (1, )1y

Other definitions subtract out infrared part:

“kinetic mass” (Uraltsev) via a Wilsonian renormalization;

“renormalon subtracted mass” (Pineda) subtracts out renormalon;

“MSR mass” (Hoang, Jain, Scimemi, Stewart) similarly

all need another scale 1 GeV < vy < my, or yet another os(L).
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Renormalon-a-Ding-Dong

The nth coefficient in the relation between myole and m grows like n!:

F(n+ 1—|—b) By 231

L~ R, =Ry(2Bp)" : >0, b=—=—1f1 =4
' o2P0) =y 0 "2 2B 645 (ny =4)
Theory of asymptotic series leads to (o is as with simpler algebra):
°° _Z/ 2o 0g (1))
.ur;)Rnag 2[30 / dz- (1—z)H**

=J (K

and note that the integration is ill-defined for z > 1.

Break the integral into an unambiguous part z € [0,1] and a totally
ambiguous part z € [ 1,¢].
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Minimal Renormalon Subtraction
arXiv:1712.04983

Splitting the integral (Brambilla, Komijani, ASK, Vairo):

Z(u)= _Pvrs(U) +om

Ry 1d e %/ [2Boog ()]
MRS (1) = Z—ﬁo'u o (1—z)+
Ry o ,2/[2Po0g(1)] B , Ro
5m— 2—ﬁou | dZ (1—Z)l+b —(—1) 21+bﬁor( b)AMS

Minimal renormalon-subtracted (MRS) mass:

MMRS = Mpole — om

=m (1 + io[rn —Rn] Olg+1(n7l)) —+ /MRs(n_fl)
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Remarks

MRS mass is a short-distance mass: subtract off long-range om.

No new scale: trim long-range field at 1/my, not 1/vy.

Numerically very stable: mpMrs/mp = (1.157,1.133,1.131,1.132,1.132)
Use new formula [Kojimani, arXiv:1701.00347] for Ro to evaluate_“mrs.

Makes HQET formula unambiguous (to order 1/mp):

2 2

X Ha\mp,

My, = my MRrs + AMRS ac; dy G(mh)
2my, 2my,

Next step: fit this formula to lattice-QCD datal
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HQET Fit ® Symanzik EFT @ yPT

Same '; . ; . —
correlators 0.70f \ : ° a =~ (.12fm
as decay _ . : e a = 0.09fm
constants. - 068 | °* a~0.06m |
<) : | ° a = 0.042fm
20 ensembles  » 0-66] ° Continuum
= 0.64f |
0.005-0.12% g S |
on meson M | 0.62} :
= o :
5 (0) lattice = 060 S |
| | | -

Snapshot at 02 03 04 05 06 07 08
rlghtw l/mh,MRS [Ge\/_l]
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Results & Comparisons

- Not quite finished, so these preliminary results are indicative:

—
o

u,d, s, c sea

non-lattice

1.2 1.25
m. [GeV]

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

| ETM 14 (mesons)

JLQCD 16
xQCD 14
HPQCD 10 (moments)

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

1.3 1.35 1.4

Lyl u,d, s, c sea
®
—O—H
—@—
- u,d, s sea
ey

non-lattice

4.05 4.15 4.25
my [GGV]

Fermilab/MILC/TUMQCD 18
ETM 16

HPQCD 14
HPQCD 14

NRQCD b)
all HISQ)

HPQCD 13
HPQCD 10

T splittings)
moments)

o~~~ o~~~

Mateu et al. 17
Kiyo et al. 15
Dehnadi et al. 15
Beneke et al. 14
Ayala et al. 14
Penin et al. 14
Narison et al. 11
Bodenstein et al. 11
Boughezal et al. 06
Brambilla et al. 01

4.35 4.45

+To our knowledge, first results w/ order-aR running & order-og matching.

+ Precision: 0.3% for bottom to 0.5% for charm.
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Results & Comparisons 2

With mass ratios from light pseudoscalar meson:

u,d, s, c sea . u,d,s,c S L
X Fermilab/MILC/TUMQCD 18 % Fermilab/MILC/TUMQCD 18
1o HPQCD 14 ETM 14
—e—— (ETM14 I
ffffffffffffffffffff u,d, s sea
u,d, s sea - RBC/UKQCD 14
A RBC/UKQCD 14
HA— BMW 10
A BMW 10
HPQCD 10 HPQCD 10
A : MILC 09 —h MILC 09
80 8 90 95 100 105 3 32 34 36 38 4
m, yi5(2 GeV) [MeV] m, ;352 GeV) [MeV]

Most precise strange and “light” quark masses to date.

Most precise quark masses for all quarks except top (m, > 500).
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Outlook



Outlook

Pressing issue is R(D*). Perhaps in time for CKM 20187

Decay constants are done?

- The “all HISQ” technology can be extended to vector & axial-vector form
factors, 1.e., absolutely normalized currents:

+ good news for [Veplt and 1Vl

Neutral meson mixing still falls short of experimental precision: matrix
elements have anomalous dimensions = perturbative QCD to get to MS.

- Omitted here: theoretical and computational progress in B — K*(Km)uu.
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