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8Basic ldea

- Discretize space to have Kronecker 0y, instead of Dirac o(x—y)
so the degrees of freedom are countable [Z. Phys. 56 (1929) 1].

-+ Set up path integral for these degrees of freedom, which
introduces discrete time steps [RMP 20 (1948) 367].

- Figure out how to enforce gauge invariance [PRD 10 (1974) 2445].

- End up with mathematically well-posed definition of QFT:
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-

- In finite volume, the number of degrees of freedom is finite (albeit large).


http://inspirehep.net/record/25366
http://inspirehep.net/record/22425
http://inspirehep.net/record/89145
https://en.wikipedia.org/wiki/Richard_Feynman
https://en.wikipedia.org/wiki/Wolfgang_Pauli
https://en.wikipedia.org/wiki/Werner_Heisenberg
https://en.wikipedia.org/wiki/Kenneth_G._Wilson

-+ With a finite number of degrees of freedom, a computer can integrate.

- Random number generator (Markov chain
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- quark masses tuned to nr hadron masses.



+ This technigue works best when e vs e ™% is irrelevant, in particular,
- (low-lying) energy levels, i.e., masses;

- matrix elements with 1 hadron in the initial state and O or 1 hadrons in
the final state:

- decay and scattering mediated by electroweak currents;

- |local QCD observables; .... -\includes PDFs

-+ QCD scattering and other two-body (even three-body) amplitudes can be

obtained from precise calculations of the volume dependence of (Not-so-
low-lying) energy levels.

- Real time quantities, e.g., fragmentation functions, require new ideas or
even new technologies such as quantum computers.



Resources

- USQCD Whitepapers (published in the November 2019 issue of EPJA):
- Quark and lepton flavor, Lehner, Meinel et al. arXiv:1904.09479;
- Beyond the standard model, Nell et al. arXiv:1904.09964;
+ Neutrino-nucleus scattering, ASK, Richards et al. arXiv:1904.09931;
- Fundamental symmetries, Cirigliano, Davoudi et al. arXiv:1904.09704;
- Hadrons and nuclei, Detmold, Edwards et al. arXiv:1904.09512;
- Hot, dense QCD, Karsch, Mukherjee et al., arXiv:1904.09951;

- Calculations at the exascale, Joo, Jung et al., arXiv:1904.09725;

- Flavor Lattice Averaging Group, arXiv:1902.08191, updates at FLAG2019.


https://link.springer.com/journal/10050/topicalCollection/AC_441c8f346e52ea575708850ad9629286
http://inspirehep.net/record/1730491
http://inspirehep.net/record/1730601
http://inspirehep.net/record/1730504
http://inspirehep.net/record/1730510
http://inspirehep.net/record/1730506
http://inspirehep.net/record/1730501
http://inspirehep.net/record/1730494
http://inspirehep.net/record/1721393
http://flag.unibe.ch/2019/MainPage

Outline

- Introduction

 Quark Flavor Physics: Form Factors and Decay Constants

- Higgs Physics: Quark Masses; o

- Lepton-Flavor Physics: Nucleonic Ingredients for vA Scattering
- HI-LHC+EIC Physics: Parton Distribution Functions

- QOutlook



Quark-Flavor Physics



FLAG2019

arXiv:1902.08191

Ne=2+1+1

Ne=2+1

2

N¢=

e

3
FIAG2019 | 1:K‘i FIAG2019 | f+(0) | FIAG2019 |ng|X1Q
FLAG average for N;=2+1+1 + - FLAG average for Ny=2+1+1 +
ETM 14E T K H FNAL/MILC 18 + ———=——— B-m(BaBar)
FNAL/MILC 14A ~ dm ETM 16 ~ R B—1v (Belle)
MICT3A Il i FNAL/MILC 13E Il 5 )
ETM 10E — = HL HH FNAL/MILC 13C = —_— . —TV (average
FLAG average for N;=2+1 FLAG average for Ny=2+1 K
I jLQcD 15 _ JLQCD 17 | FLAG estimate for Ny =2+1
RBC/UKQCD 14B i L RBC/UKQCD 15A
RBC/UKQCD 12A H—— 3 RBC/UKQCD 13 - Bty
i Laiho 11 1l FNAL/MILC 121 b
MILE 10 & JLQCD 12 c': —  .@m B-t(BaBar)
Z
I W— LQCD/TWQCD 10 —{ }— JLocp 11 I B Belle
JRE?C/U/IIQC% 108 ——{F— RBC/UKQCD 10 . i — v ( )
MILC 09A —H RBC/UKQCD 07 z ‘ - ‘ B—1v (average)
MILC 09A
m:::g gg ’—E ~ . FLAG average for N;=2
—  Aubin 08 —+H U. 1 ETM 10D (stat. err. only) — = B-ow(BaBar)
{1 RBC/UKQCD 08 +———+— —+— Z —— ETM 09A o~
~[®— HPOCDIUKQCD 07 Py h — B—1v EBelle) )
[ - o —e—— Kastner 08 = - B—1v (average
- ] —— Cirigliano 05 .
;%Glz\srage for N¢=2 - — il E P Jamin 04 %
e ! —— Bijnens 03 - H H
‘ ‘ ‘ ETM 09 ‘ | S o Cevtwylor 84 L +~e— HFLAV inclusive (GGOU)
1 150 155 160 c ‘ ‘ ‘ ‘ 2 ‘ : : : : : ‘
120 125 130 MeVE= 0,95 0.97 0.99 1.01 730 35 40 45 50 55 6.0
Dn DK 3
Fo2019 D fo, N i (0)! f1°(0) 201 IVeplx10
'_—'_ our average for Ne=2+1+1
- FNAL/MILC 17 + #
T+ FNAL/MILC 14A — - FLAG average for Ny =2+1+1 —— R B—D ¢v (BGL)
tﬁl ETM 14E :in-
—— ETM 13F *
s I T B—D ¢v (CLN)
FNAL/MILC 13 T+
z FNAL/MILC 128 = —E— ETM 17D o &
I
our average for Ne=2+1 2_ —— B— va
RBC/UKQCD 17 *
- 2QCD 14 FLAG average for Ne=2+1 —O— B—(D,D )¢v (BGL)
+ HPQCD 12A * ( )
o~ FNAL/MILC 11 B—)(D D )fV CLN
——
1l —{—PACS-CS 11 - — s
o HPQCD 10A + JLQCD 17B
HPQCD/UKQCD 07 O ~
FNAL/MILC 05 I HPQCD 11/ 10B «
— Z Il ‘ . B->D¢tv
. our average for N¢=2 L ENAL/MILC 04 2_
Blossier 18
o~ HH TWQCD 14 HH +—
Il {— 1+  ALPHA 13B &
> - ETM 13B ~ = . .
= — H— ETM 11A 1] ——0O—+— ETM 11B ——O—+— IC —o— HFLAV |nC|US|Ve
—H— ETM 09 = 2
180 200 220 240 230 250 270 MeV 555765 0.75 0.65 0.75 0.85 36 38 40 42 44 46
f MeV
Foc2019 & Bg./Bs, FTAG2019 Bs [ ] - FTAG2019 Bk
i our average for Ne=2+1+1 T = FLAG average for Ny =2+1+1
B + FNAL/MILC 17 ~
HH FLAG average for Ne=2+1 | —m— & HPQCD 17A I L ETM 15
! i ETV 168 i —i— FLAG average for N¢=2+1
z H— ETM 13E v =
‘-_’- L FNAL/MILC 16 —— HPQCD 13 ——{ RBC/UKQCD 16
RBC/UKQCD 14A —0— _ ’ HilH ! SWME 15A
cﬁ —— /UKQ — — - our avz;a;;; flt;r Ne=2+1 RBC/UKQCD 14B
v ‘ n - A — RBC/U | HH ‘ SWME 14
= ——+— FNAL/MILC 12 { ] + 4+ {RBC/UKQCD 14A — [ESSS— i SR S— SWME 13A
™~ = RBC/UKQCD 13A (stat. err. only) | 4 ) o
' {} { RBC/UKQCD 10C HH SWME 13
s = HPOCD 12 o i o RECIUKQCD 12
HH HPQCD 09 H—{H— = FNAL/MILC 11 = — ;\a/\mgllly\
—t HPQCD 09 T
i BMW 11
—— our average for N¢=2 P+ { RBC/UKQCD 10B
- FLAG average for N¢ =2 - ALPHA 14 —_— ] SWME 10
N P Bl e ALPHA 13 = Aubin 09
I h | ETM 138, 13C
3 Bl ETM 138 o | ——— ALPHA 12A - FLAG average for Ny =2
z z —J— ETM 128 3
—t ETM 12A,12B — ETM 114 " ‘ = ; ETM 12D
— ETM 09D z H {1 ‘ ETM 10A
1.1 1.2 13 1.4 09 10 11 1.2 210 23 25 270 290 0.70 0.75 0.80 0.85



http://flag.unibe.ch/2019/MainPage
http://arXiv.org/abs/1902.08191/

FLAG2019

arXiv:1902.08191

3
_ mc2019  fr* fics FIAG2019 | f+(0) | FIAG2019 IVpIx10
i— FLAG average for Ny=2+1+1 + HEH FLAG average for Ne=2+1+1 I 5 (B B )
+ ETM 14E ¥ ] FNAL/MILC 18 i & bB—w(babar
5 AL 141 ~ et £ s N . B (Belle)
I MILC 13A Il i FNAL/MILC 13E Il
z ETM 10E T = HLHH ENAL/MILC 13C = — B—1v (average)
g ] ] —
- [ ™
——r +
— \ | —
+ d i +
D \/ g i
o ——R v \ e | “
-4 A i bd
ﬁ—_d'—a - 'é —{— sirzonly) waBar)
. [m—  HpqCD/UKGTD 07 :ﬁ ) SR 3 - B—1v (Belle)
e = o Kastner 08 z — B—1v (average)
~N FLAG average for Ny=2 ——] tl‘ —— Cirigliano 05 -
n ETM 14D s o —— J;‘mi” 0%3 5
. —— ijnens = . .
z 12‘0 125 130 ETM 09 150 15—5'1—60 ., V§ e | ‘Le‘utwyler 84 é we—+ HFLAV inclusive (GGOU)
e ‘ ‘ ‘ ‘ ‘ ‘ ‘
0.95 0.97 0.99 1.01 =7 3.0 35 40 45 5.0 55 6.0
Dn DK 3
FRG2019 D _fo Fc2010 Tt (0) f7(0) 62010 Veplx10
'_T_ our average for Ny=2+1+1 ‘ ‘ ‘ ‘ ' ' !
i FNAL/MILC 17 T ¥
i‘. E%Lﬂgc 14A < - FLAG average for Ne=2+1+1 e B—D ¢v (BGL)
Il —— ETM 13F ~
5| FNAL/MILC 13 -
z FNAL/MILC C'L‘
I
z
N
I ca GS
zZ /
-
~
- our average for Ni= - Il
Blossier 18 i
N H H TWQCD 14 ;
IJ_ 1+  ALPHA13B 5
| ETM 13B o . .
z — ETM 11A —+—O—— ETM 11B ——O——— L —e— HFLAV inclusive
—rH ETM 09 = 2
180 200 220 240 230 250 270 MeV 5557565 0.75 0.65 0.75 0.8t 36 38 40 42 44 46
FAc2010 & Bs,/Bs, FLAG2019 fg, [MeV] — FTAG2019 Bk
: : : o : : T
i our average for Ne=2-+1+1 :- L FLAG average for Ne=2+1+1
FLAG average for Ny=2+1 c': E’;g'ég“'l‘%” 3\ = ETM 15
I ETM 16B =
_ FNAL/MILC 16 ETMclgE13 G average for N¢=2+1
+
~ —
Il
z
Vig] & |Vis] ) arg\,
td L i b
S | u
or N¢=2
- FLAG avera ALPHA 14
T ~ ALPHA 13 Aubin 09
) Il ETM 13B, 13C
z il ETM 138 = ALPHA 12A ~ | FLAG average for Ny =2
——t ETM 12A,12B s I o ETM 12D
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ETM 09D z -+ 0 ! ETM 10A
11 12 13 14 09 10 11 1.2 210 230 250 270 290 0.70 0.75 0.80 0.85


http://flag.unibe.ch/2019/MainPage
http://arXiv.org/abs/1902.08191/

1Veal and 1Vgl: Leptonic

- Major update from Fermilab Lattice/MILC [arXiv:1712.09262]: ~0.2%

. Also RBC/UKQCD [arXiv:1701.02644].
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eptonic

- Updates from Fermilab Lattice/MILC [arXiv:1712.09262]: ~0.7%

+ Other updates from HPQCD [arXiv:1711.09981], ETM [arXiv:1603.04306].

Ne=2+1+1

Ne¢=2+1

N¢ =2

FTAG2019 fg [MeV]
our average for Ny =2+1+1
FNAL/MILC 17
HPQCD 17A
H ETM 16B
- {} ~ ETM 13E
—lHH HPQCD 13
—l— our average for Ny =2 +1
[ [+ RBC/UKQCD 14 1
B el RBC/UKQCD 14 2
: —l { RBC/UKQCD 14A
L RBC/UKQCD 13A (stat. err. only)
— HPQCD 12
HlH HPQCD 12/ 11A
—+—— FNAL/MILC 11
——H —— HPQCD 09
——— our average for Ny =2
R ALPHA 14
1 —H ALPHA 13
—l— ETM 13B, 13C
H—+— H—+— ALPHA 12A
1 — ETM 12B
H— T ALPHA 11
T f— ETM 11A
F ETM 09D

X e Fermilab/MILC 17
—e—i - HPQCD 17 (pseudoscalar current)
o Lo ETM 16
o] —o— HPQCD 13 (NRQCD b)
u,d, s sea

RBC/UKQCD 14

Al HPQCD 12 (NRQCD b)
HPQCD 11 (HISQ b)
Fermilab/MILC 11 (Clover b)

| 2

A

160 175 190 205 220 235 250

175 185 195 205 215 225 235 245 255
f+ (MeV) B, (MeV)

10


http://inspirehep.net/record/1644910
https://inspirehep.net/record/1639266
https://inspirehep.net/record/1427417

Semileptonic Decays

-+ Semileptonic decays are a bit harder for lattice QCD: function of g2 and
final-state hadron. But experimental rates are higher.

+ For Vel and [Vl
- B — D®]v [arXiv:1501.05373, arXiv:1503.07839, earlier, underwayl;
- B — mlv [arXiv:1501.05373, arXiv:1503.07839, earlier, underway];
- By — Klv [arXiv:1808.09285, arXiv:1901.02561, underway];
- Ay —= Ad/plv: Detmold, Lehner, Meinel [arXiv:1503.01421].

- Explore prospects for, e.q., B — K"l (two-hadron final state).
b K

11
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Semileptonic Decays

-+ Semileptonic decays are a bit harder for lattice QCD: function of g2 and
final-state hadron. But experimental rates are higher.

- For IVl and 1Vl

» [ (* i ' 0 '
. () () . () () O .
:

Aim to keep QCD uncertainties similar to Belle 2 and LHCb uncertainties.

. B, — KIv [arXiv:1808.09285, arxiv:1901.02561, underwayl;

- Ay —= Ad/plv: Detmold, Lehner, Meinel [arXiv:1503.01421].

- Explore prospects for, e.q., B — K"l (two-hadron final state).
b K
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[Veal and 1Vl: Semileptonic

- Most recent entry in FLAG 2016 was HPQCD 2010 (D — K), 2011 (D — m);
see also arXiv:1305.1462 (unpublished).

- Newer results from ETM removes hypercubic artifacts [arXiv:1706.03017]
and determines CKM [arXiv:1706.03657].
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V.sl: Semileptonic

+ QCD uncertainty in 1Vl now the same as experiment [arXiv:1809.02827].

[Vis |

| I | I |
0.22 0.222 0.224

|
0.226

This work Visl = 0.22333(42)expi(43),, )

This work (only neutral kaon exp. data)

K3 ETMC 2016

K3 Fermilab Lattice/MILC 2014

K;3 RBC/UKQCD 2014

K, FLAG 2016 + fx FLAG Ng=2+1

Ky, + fx/f; Fermilab Lattice/MILC 2017

T- s inclusive, Boyle et al. 2018

T- s inclusive + K, input, Boyle et al. 2018

T— s inclusive, Hudspith et al. 2017

T— s inclusive, Hudspith et al. 2017 + HFLAV 2016 exp. input
T—- K{v/t - olv HFLAV2017+ fi/f; Fermilab Lattice/MILC 2017
Unitarity with |V 4|=0.97420(21), RC from Marciano & Sirlin 2005
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V.sl: Semileptonic

QCD uncertainty in 1Vl now the same as experiment [arXiv:1809.02827].

[Vis |
=" This work
o Unitarity with [V,4|=0.97420(21), RC from Marciano & Sirlin 2005
@ Unitarity with |V,4|=0.97366(15), RC from Seng et al. 2018
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~20 violation of unitarity becomes >50 with new RC
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Quark Masses



https://imgur.com/S4HBG

Four Methods

+ Mass renormalization [/ = myg(my)]:

© m=Z,(my— me), with Z,, either < 2 loops or nonperturbative. A
- Ward identities:
« mawZp(P) = Z5(d - A), run maw to high scale u & convert to myg(U).

+ Continuum limit ® continuum pQCD:
K>3

- 1im G, (Qa) =1+ Z Gflk) (xf(Q), e.g., quarkonium moments. 4 :
k=1 ' -

a—0

- Continuum Iimit ® HQET:

. M = myrs +Amrs + -+, .9., heavy-light meson masses.




Charmonium Correlators

- Very precise determinations of heavy-quarks come from:

G

lim = = (0 (), m, s/ 1)
! even

G, — ;tnmg <Ey5c(t) E)/SC(O)> n>4

Bochkarev & de Forcrand [hep-lat/9505025],
Allison et al. [HPQCD, arXiv:0805.2999].

- New analysis on 11 hotQCD ensembles
(nr=2+1 HISQ) by Maezawa & Petreczky

larXiv:1606.08798] compatible with earlier
HPQCD results [arXiv:1408.4169].

Ne=2+1+1 |

| ETMC’ 14

e JLQCD’16

— — xQCD’15



http://inspirehep.net/record/395527
http://inspirehep.net/record/786244
http://inspirehep.net/record/1472824
http://inspirehep.net/record/1311492

RI-SMOM Method

arXiv:1805.06225

- Fix gauge and use quark vertex function:

Ap= (S (p)) WY w(p1,p2)) (S~ (p2)
p1+p2|=|p1l=|p2l=u

AR
Z M () = 1/Zp"M ()

- Trickiest part of the analysis is that this gauge-fixed quantity has “gluon-
mass condensate” contribution ~ (A%) /2.

- Run mSMOM(

1) = ZMOM(1)my to a high scale and convert to myrs(pt)-

17
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Heavy-light Meson Masses

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

2 2
MHJ :mh—|—/_\ { 'uTC d]‘uG(mh)
th th

This formula used to determine A, u2, and pg(my) from lattice QCD in
hep-ph/0006345; new, improved theory [arXiv:1712.04983].

18
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Heavy-light Meson Masses

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

for B, —% for B*)

4 N
mass of %
spin-J Hz
meson My =m,+A+ 2 _d,
- J> t /\ 2my,
4 N
- energy of
mass of gluons and
heavy quark light quarks

uz(my,) e )
omy, — spin-orbit
1 iInteraction
Y,
Kinetic
energy of

heavy quark

This formula used to determine A, u2, and ug(my) from lattice QCD in
hep-ph/0006345; new, improved theory [arXiv:1712.04983].

18
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Minimal Renormalon Subtraction
arxXiv:1701.00347, arXiv:1712.04983

New idea how to isolate the leading O(A) ambiguity in the pole mass,
vielding an unambiguous definition of A.

For the bottom quark (tree, 1-loop, 2-loop, 3-loop, 4-loop):
My pole/Mp = (1,1.093,1.143,1.183,1.224)

mpMmRrs,/Mp = (1.157,1.133,1.131,1.132,1.132)
For the top quark (tree, 1-loop, 2-loop, 3-loop, 4-loop):

my mrs /M = (1.0687,1.0576,1.0573,1.0574,1.0574)

could have implications for top physics at LHC.

19
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Results from MRS/HQET

Ols parametric not
PT truncation

/,
Masses in numerical form:
m; w5 (2 GeV) = 3.404(14)stat (08 ) syst (19) o, (04) 1, pp MeV
m, 315(2 GeV) = 2.118(17)stat (32) syst (12) ¢, (03) £, pp MeV
my3i5(2 GeV) = 4.690(30)stat (36)syst (26) o, (06) £, ppg MeV
m yi5(2 GeV) = 92.52(40)star (18 )syst (52) o, (12) f ppg MeV
m,yis(3 GeV) = 984.3(4.2)ta (1.6)syst(3.2) 0, (0.6) £, ppg MeV
mbyM—s(mb,MS) 4203(12)stac(1)syst(8) o (1)f7r,PDG MeV
Mass ratios:

mc/ms — 11.784(11)stat(17)syst(00)06s (08)f7r,PDG
mp /[ mg = 53.93(7)stat(8)syst(1)06s (S)fn,PDG
mp/me = 4.577(5)stat(7)syst(0)06s (l)fyr,PDG

20



Heavy Comparisons

2+1+1 av. PDG

O- HPQCD HISQ RI-SMOM
g FNAL/MILC/TUM HISQ MRS
7\ HPQCD HISQ JJc
O ETMC RI-MOM
udscsea ' .
A JLQCD DW JJa
—A— MP(hotQCD) HISQ JJa
_o_ xQCD overlap RI-MOM
e HPQCD HISQ JJb
A HPQCD+ HISQ JJa
u,d,s sea
1.20 1.25 1.30 1.35 1.40

me(me,np =4)(GeV)

T T T T ‘ T T T T
u,d, s, c sea

nonlattice

4.05 4.15
myp [GGV]

4.25

Precision: 0.3% for bottom to 0.5% for charm.

plots from arXiv:1802.04248, arXiv:1805.06225

Fermilab/MILC/TUMQCD 18

| Gambino et al. 17

ETM 16
HPQCD 14 (NRQCD b)
HPQCD 14 (all HISQ)

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

Mateu et al. 17
Ayala et al. 16
Beneke et al. 16
Kiyo et al. 15
Dehnadi et al. 15
Penin et al. 14
Narison et al. 11
Bodenstein et al. 11b
Chetyrkin et al. 09
Boughezal et al. 06
Brambilla et al. 01

4.35 4.45
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Light Comparisons

2+1+1 av.

PDG

u,d,s sea
T
85 90

95

T
100 105

mg(2.0GeV,ns)(MeV)

HPQCD HISQ RI-SMOM

FNAL/MILC/TUM HISQ MRS + my,/my

HPQCD HISQ JJ + m, /m

ETMC RI-MOM

MP(hotQCD) HISQ JJ + m, /my
RBC/UKQCD DW RI-SMOM

BMW clover RI-MOM

HPQCD HISQ JJ + m, /m

plots from arXiv:1802.04248

arXiv:1805.06225

L

3 32 34 36 38 4

m; 315(2 GeV) [MeV|

Fermilab/MILC/TUMQCD 18

ETM 14

RBC/UKQCD 14
BMW 10
HPQCD 10

MILC 09

Precision: 2% for up quark.

Obtained from charmed quark mass and mass ratios.
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Four Methods

- Small Wilson loops:
O0=1+ 0571 + 0222+ -+ isolate sides, corners, area.

- Vertex functions:

- Ratio of dressed and bare ghost-gluon vertex.

+ Continuum limit ® continuum pQCD:
K>3

. lim G, (Qa) =1+ Z Gflk) ch(Q), e.g., quarkonium moments.
k=1

a—0

+ Continuum limit ® step scaling:

- QCD in a can.
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Small Wilson Loops

HPQCD, arXiv:0807.1687; Maltman, arXiv:0807.2020

+ Wilson loop W(P) = Re(trexp $,dz-A)has UV singularities.

W (N1 x M)W (N x M»)
W(N2 X M])W(N1 X Mz)
cancels these, but still has UV behavior.

-+ Creutz ratios X(Nl,Ml,Nz,Mz) —

- Tadpole-improved Wilson loops: cancel sides.

- OPE/Symanzik: Wisou = Zy s (0s) + a* Ky (0g) 0t tr Gy GHV
condensate information must be accounted for.

- R=—InW, —Iny; O =d/a, with d estimated via BLM.

-+ Range of Q at present is ~6 = 1.8/0.3.

.| (static 3)

corners
(C usp S)

sides
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Small Wilson Loops

HPQCD, arXiv:0807.1687; Maltman, arXiv:0807.2020

Wilson loop W (P) = Re(trexp ¢, dz-A)has UV sin

W(N1 X M])W(N2 >
W(N2 X M])W(Nl >
cancels these, but still has UV behavior.

Creutz ratios X(Nl,Ml,Nz,Mz) —

Tadpole-improved Wilson loops: cancel sides.

OPE/Symarmk Wy = ZNXM((XS) + (1417(2\/><M(OCS)C
condensate information must be accounted for.

* R=—InW, —Iny; O =d/a, with d estimated via E

Range of Q at present is ~6 = 1.8/0.3. 0116018 0120

am(Mz,nf=5)

0.1185(8)
0.1185(8)
0.1185(8)
0.1184(8)
0.1184(8)
0.1184(9)
0.1183(9)
0.1181(9)

0.1186(9)
0.1185(9)
0.1185(9)
0.1184(8)
0.1171(11
0.1174(11

log W11
log ng
log WBR
log WCC
log W13
log W14
1og W22
log W23

lOg W13/W22

10g Wll WQQ/W%Q
log WocWer/W7,
log WCC/WBR

) log W14/ Was
) 10g W11W23/W12W13

log ng/ug

) log Wer /u$

log Wee /ug
log W13 /ud
log W14 /u®
10g W22/u8
log Was3 /u®

Oéla,t/Wll
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Vertex Functions

+ Fix gauge and use gluon-ghost vertex function—an RI-MOM definition.

+ Same basic idea as the RI-MOM schemes for quark masses, including
gauge-variant condensates.

- Run aRI—MOM

S (1) = ZRMOM (1) o to a high scale and convert to o< ().

- Not as advanced as other methods at present.

- References: hep-lat/9605033, arXiv:1201.5770, arXiv:1702.00612.
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Quarkonium Correlators

- Many precise determinations of heavy-quarks come from:

Gy

clzi—r>r(1) Glree - g”(as(u)’mC,M—S/u)
! even

G, — ;tnmg <Ey5c(t) E)/SC(O)> n>4

Bochkarev & de Forcrand [hep-lat/9505025],
Allison et al. [HPQCD, arXiv:0805.2999].

- New analysis on 11 ensembles from hotQCD
(nr=2+1 HISQ) by Maezawa & Petreczky

larXiv:1606.08798] compatible with earlier
HPQCD results [arXiv:1408.4169].

o 1 JLQCD’16

® : Bazavov’14

0.116 0.118 0.12
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Schrodinger Functional
e.g., arXiv:1706.03821

- QCD in a small volume is still QCD, but it is (mostly) perturbative, with the
box size L being the short distance.

- In this way, it Is possible to probe a very large range of scales:
- If L 1s small, the continuum limit is feasible.

- Can obtain a nonperturbative calculations of agg(1/L) (in a finite-volume
scheme) and verify where perturbative running is observed.

- Units of L obtained from computing a hadron mass in a large volume 10L.:

10L Co T C
_— a — f—
a " 10MPPG
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o, Comparisons
arXiv:1902.08191

FCAG2019
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Neutrino Physics—VN Scattering

- Key issue in neutrino oscillations is to reconstruct the neutrino energy, but
the nuclear remnant (and possibly other particles) are not detected.

- Therefore, nuclear models are needed.

The models require nucleonic ingredients which should come from QCD:

- Therefore, aim to get scattering amplitudes from first principles:

* Vpor vd scattering experiments in the Tokai, NuMI, or LBNF beam;

- lattice QCD with error budgets as comprehensive as those for CKM.
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| attice QCD Calculations

- Calculate quantities of the form (J, = electroweak current)
<Nf’JV‘Ni> <Nf‘JZLJV‘Ni>

where N; and Nrare states are single nucleons, two nucleons, nucleons
with pions (including resonances), or small nuclei.

- Ingredients for nuclear many-body theory:
- the matrix elements themselves;

- chiral-effective-theory couplings, potentials, etc., from EFT analysis of
lattice-QCD properties of small (and eventually medium) nuclei.
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Nucleon Isovector Form Factors

- In the quasielastic region, nucleon form

factors are key:

- vector form factors can be obtained from
eN scattering and isospin;

- axial form factor Fa(Q?) is important only
IN neutrino scattering—

- elementary target, vd or Vp:

- lattice QCD (e.g., arXiv:1801.01635);

- slope of F4 is controversial (see next).

1.0 L L L L L iz '31I0
_ om0 ]
] PNDME =a12m220 1
0.8 % 24a09m310
. 2a09m220
% >209m130 |
0.6 % +a06m310
GJ e =a06m220
ol ‘fg% . > 206m130 ]
: 34 - _

m 4&

i i i
0.2 s

O- PR TR RN SRR RN SR AP SR RENU SR SR SR S S

0 02 04 06 08 10 12 14

Q* (GeV?)

1.0 17 Trr7rrTrrrrrTrTrTTTT iz' '3'1I0'
[ r 12310 |
_‘L? PNDME 2a12m220
0gl % »209m310 ]
l & 2a09m220 |
< | I >209m130 1
o | ﬁﬁ »206m310 |
= 060 i, Q = 206m220 7]
o i p A2 s 0a06m130 |
0.4F % R -
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Axial Form Factor

- Hill, Marciano, Kimmel, Sirlin [arXiv:1708.08462]
argue solid lattice-QCD calculations of

6 dFy

3 =

are urgently needed.

ga dQ?

1.2_ T T T L
- 6(1078cm?)
1.1F

1

0.9 [

0.8

0.7 : 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1

10

02=0

model-dependent estimate:

model-independent:
50% error

subdominant at 20%

20% and 5% feasible
with lattice QCD

| 5?/9 error Idebulnklegll

T | T T | T
vd (dipole) [18]

eN — eN'r (dipole) [18]

vd (z exp.) [20]

7 / ///I///&//;

‘ot LHPC [31]

ko ETMC [32]
lattice QCD
CLS [33]

PNDME [34]
1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1

0.2 0.4 0.6 0.8 1
7“124 (fm2)
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Future Topics and Challenges

+ Form factors for Nt final states (incorporating resonances) (Nx|Jy |N):

» finite-volume conceptual formalism 2015; calculation with mesons 2017.

- Two-body currents —urgent request from many-body theorists:
+ finite-volume formalism for (NN |J,|NN) now worked out.

- Parity-violating structure functions for deep inelastic region.

- Axial-current matrix elements in light nuclei: 3H, 3He, 4He, 6L, ...

- growth of Wick contractions factorial is in number of quark lines.
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Parton Distribution Functions

- Any improvement benefits (HL-)LHC searches.
- EIC will provide unprecedented measurements.
+ Moments of PDFs:

*higher moments power-law divergent;

- gradient flow [arXiv:1612.01584] is a theoretically appealing way to
smooth a gauge field;

- fixing a short flow “time” in physical units provides an observable w/o
power-law divergence: use continuum pQCD to convert from flow-time
scheme to MS scheme.


http://inspirehep.net/record/1501937

Parton Distribution Functions

. ' . X. Ji,
Dependence on Bjorken x: :b DRL 110 (2013) 262002
I
- Explosion of numerical & theoretical o—©O
work < first USQCD studies. O- > -0
O— - )
Chen et al., arXiv:1803.04393
4— [ 1 7 R L L L L
3 ---CT14
3 — matched PDF
oL <
<= " ©
Lo <
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| o 3
of =
_'—(;.4' -(;.é Io olz OE4I[O[6 0[8 1.0
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PDF Outlook

» Need for dialog between EIC, LHC, and lattice QCD communities!

- Already begun: “Parton distributions and lattice QCD calculations:
A community white paper,” H.-W. Lin et al. arXiv:1711.07916.

- What is the correct way to think about the interplay between experiment
and lattice QCD? If PDF uncertainties (at high x) are

+ 20%, 10%, or 5%7

+ Results from QCD Lagrangian, with reliable uncertainty estimates.


http://inspirehep.net/record/1637373

Outlook



- Lattice QCD now has had huge impact in quark-flavor physics:

*results are increasingly precise: sub-% threshold has lbeen passed for
1B(s), fpes), mp, me (@nd good enough for Belle 2, BES lI);

+ quark masses already more than good enough for [LC Higgs studies.
- (Lattice QCD is on track to reduce hadronic uncertainties in muon g—2.)

- Bright future for nucleon matrix elements:

- form factors for neutrino physics; QCD
IS
- PDFs for HL-LHC & EIC; everywherel

+ many others for the precision frontier.
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Thank you!

42



