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Quark low-energy strong interactions are a major
complication in testing the Standard Model

An accurate nonperturbative treatment
of QCD - lattice QCD - 1s key to
compare SM and low-energy
experimental tests for new physics



Lattice QCD: perform path integral on
a discrete space-time lattice

Must be able to determine results in
physical continuum limit.

Final accuracy depends on :

* control of lattice spacing
dependence

* tuning of quark masses

» normalisation of operators in
matrix elements

A variety of quark formalisms exist;
pros/cons suit them to different
physics programmes.

Comparison of results from different
formalisms 1s important




e.g. : Parameters for gluon field configurations generated

with Highly Improved Staggered (HISQ) sea qu

uarks

‘2nd generation”

My = Md 0,14 K () 03fm  MILCHISQ, 2+1+1 @ _ lattices inc. ¢
= my a = 0.042fm quarks 1n sea
0.12 | 0= 0.06fm 1 HISO
- very
mass of u,d l ® a = 0.09m accurate
quarksy 0.1 .‘ o o 1 discretisation -
> leading error a4
O 0.08 | HPQCD, hep-lat/
9\ e 0610092.
£ 006 } .
O
o ® O o — My~ mS/IO
phySICa(i ne=1+1+1+1
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Physical u/d masses also available 1n other formalisms



Hadron Correlation functions constructed from valence quark propagators

Y, OO
OA OB OA OB

Connected 2-point function (quark-line) Disconnected 2-point -
(for meson) difficult and noisy
- decay constant
Multiple states - E : —M,T . L
need to be inc. in fit OQ - Aane / 1f O normalised

J " N0|0aln)
0 t T CS —ZA Jnmc
N O mn/ ~ Myt~ My (T 1)

Connected 3-point function <Tl ‘ j ‘ m form factor,
~—  if ] normalised




Hadron Spectrum

Ground-states very accurate for flavour non-singlet mesons - use to

tune quark masses accurately. Baryons also improving.
Issue now 1s adding in QED (previously often estimated)

Excited and exotic states - experimental interest high (Belle/
BES3/JLAB/LHCb/PANDA) R. Edwards, review LAT2019

S. Prelovsek, review, 2001.01767
Need large basis of operators, O, including multi(=two at present)-hadron
operators to determine many energy levels in a given channel as a function
of volume. Allows mapping of scattering amplitudes to locate
unstable resonance poles.

Aim for very complete spectra and search for exotica - hybrids, QQG
tetraquarks qQQ( etc

Has not yet been possible to do calculations at physical u/d quark masses or
multiple lattice spacings, so precision of results 1s not high.



Example: charmonium spectrum
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Prelovsek et al,

Hadspec,
1709.010147

1610.01073,

‘Hybrid’ states - lowest
multiplet. Arise from coupling to

~1.3 GeV. Same picture seen for
baryons, light mesons etc.

No sign of tetraquark state that
could be Zc+(3900).

—400 1

Lattice
NRQCD

Lattice QCD
static potentials

[

3

Lattice QCD
sees stable
tetraquark in

bbud

JP=1+,1=0

Mass below
BB* threshold

1607.05214,1810.12285,1904.04197



Ground-states : adding QED + 1sospin-breaking effects
FLAG: 1902.08191

QED and my-mgq effects for valence quarks are each ~ few MeV.

Estimated in the past, now being included.
Most calculations 1gnore effects for sea quarks - ‘Quenched QED’

2 QED 2 Choose A from Gaussian dist.
SFeynman x k |AM (k) ‘ in mom. space, setting zero-

Quark electric charge modes to zero: (QED)L

UQ.ED — exp(—igquSED (2’) + &/)/2)) Feed into Dirac

H eq. as for gluons

Must allow for finite-volume effects from long-range Coulomb
interaction : BMW:1406.4088

R (n-p mass diff.)
M; =M. — Q%«
L o~ Q ~ 0.7 MeV

2L
/ \ for L=3fm and Q=1

Hadron electric charge

Known higher orders in 1/L



Perturbative approach (ROMEI123) 1303 4596

Expand path integral to first order in & and d-u mass diff. Calculate slopes from

correlators:
@ % + mass insertions

® (=1.90,L/a=20

e.g. ETMC:1704.06561 W B=1.90, Lia=24
0.005 | ® pB=1.90,L/a=32 _

B =195 L/a=24

Allows separation of ~ —_ S D

strong-1sospin-breaking and % _ physical point

0.004

QED eftects, up to scheme
dependence. Find e.g.

(M e+ — Mo ]9EP
= 2.07(15)MeV

See also
RBC/UKQCD:1612.05962 ..

0.003

Mo - M 02 (GeV?)

0.002 |-




Stochastic Approach
Simply include QED field 1n calculation; noisy for light quarks,

but very accurate for heavy

Mj/w - Mnc

Lattice ‘connected’ calculation

- 1gnores Ne — g

Experimental average
| 113.05) MeV
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This work: QCD+QED QCD and QCD+QED results

Ehmel;M‘;EC %CD - tune m¢ to J/y. QED effect
e i +1.4% HPQCD:2005.01845
HPQCDI12

Discrepancy with expt. implies
LHCb17

LHCb15 Anglnihln. _ _|_73(12)Mev

KEDR

(Not calculable 1n lattice QCD so far)



Determining quark masses from lattice QCD

Lattice quark masses tuned very accurately from ground-state meson
masses, now inc. QED. Issue 1s accurate conversion to \[S

Update on me: HPQCD:2005.01845 ,
p ° . Momentum-subtraction

DG scheme, inc. analysis of
HPOCD HISQ RLSMOM nonpert. condensate effects
© ' me(m.) = 1.2719(78)GeV
u,d,s,c sea + §QED
"""""""""""""""""""""""""""""""""""""""""""""""""""" Heavy-light meson masses
O HPQCD HISQ RI-SMOM + minimal renormalon-sub.
\ Errors / scheme
I o FNAL/MILC/TUM HISQ MRS
/< 1% 1802.04248
A HPQCD HISQ JJc __, Time-moments of
1408.4169 pseudoscalar correlators
C ETMC twisted mass RI-MOM
1403.4504 PDG: take note
u,d,s,c sea
120 195 130 135 140 o€€ FLAG:1902.08191+
Me(Me, np = 4)(GeV) FNAL/MILC/TUMQCD:1802.04248 for

other masses + ratios



Weak decays probe hadron structure and quark couplings.

(Semi)-leptonic decays and mixing calculable 1n lattice QCD
S. Gottlieb, review LAT2019 |

/ Vud Vus Vub \ \ /‘/MS

T—Ilv K—=Ilv _B—=Ilv
K — ml vmv\\% = -
Ved Ves Veb v f
D — mlv D — Kilv B— D]y ~ \
D—1v Dy—1v Ay — AV / K\
th Vts th 5 5
\ 4 /BT(M%MV)OCVabe
1507 05008 CKM matrix  Expt = CKM x theory(QCD)
Need precision lattice QCD to get accurate CKM
elements to test Standard Model. Aim : sub-1% errors

If Va known, compare lattice to experiment to test QCD
ALSO - test corresponding electromagnetic processes



Lattice QCD results for K/z decay constants

FLAG:1902.081

91

2%
0.2% unct
FLAG2019 Y
+ FLAG average for N;=2+1+1
— FNAL/MILC 17
+ ——T ETM 14E
N FNAL/MILC 14A
” — ETM 13F
« [ ] HPQCD 13A
= H H MILC 13A
H H MILC 11 (stat. err. onl?/
—_L ETM 10E (stat. err. only)
il FLAG average for Ny =2+1
—_— QCDSF/UKQCD 16
i Durr 16
— B RBC/UKQCD 14B
+ —H— —+ RBC/UKQCD 12
~N H Laiho 11
MILC 10
I : ] JLQCD/TWQCD 10
Z"- } L — RBC/UKQCD 10A
BMW 10
MILC 09A
— MILC 09
: 1 : Aubin 08
: ] RBC/UKQCD 08
HPQCD/UKQCD 07
—+"H—A MILC 04

0l

K+

Uu
Di Carlo et
al:1904.08731
+ Martinelli
LAT2019

Exptl leptonic rate is

I(m/K — uv[y])
~ Now calculate QED radiative corns in corrections to super-
' lattice QCD. So far agree with

g—i—

previous estimates. Extend to heavy

mesons, semilept. decays

Combine w. ratio
of exptl leptonic
decay rates:

Vus
Wasl _ .2313(5)

Tensions at ~2 o with

Vus from semilept. K
decay and first-row
unitarity.
FNAL/MILC:1809.02827

Electroweak

allowed nuclear f

decay affect Vud and
must be pinned down.



B and D meson decay constants _uncty. now 0.2-0.7%

FNAL/MILC:1712.09262 / << exptl. error on lept.rates
T wdeewe ] W rvven it N 1150
¥ * Fermilab/ 1\}/[IIILSCQ18 o " Fermilab /MILC H
e i ET%Vliéted mass e e HPQED 17 NRQCD
- - Fermilab/MILC 14 | lo— — e ETM 16 rwisted mass
| wdssea | 0 e —e— HPQCD 13 (NRQCD b)
A - RBC/UKQCD 17, [ I |
omain-wall u,a, s sea
A xQCD 14 | s I RBC/UKQCD 14
overlap
A HPQCD 12 = = — A HPQCD 12 (NRQCD b)
HIS
a N Fermﬂab{%ILC 11 A —] HPQCD 11 HISQ
clover .
A HPQCD 10 A— —a—— | Fermilab/MIL{J 11
HISQ Lo v Lol b b v b b v bl b v by | ClOV r
205 215 225 235 245 255 265 275 175 185 195 205 215 225 235 245 255
fp+ (MeV) fp, (MeV) [+ (MeV) fB, (MeV)
Key to accuracy for ¢ and b quarks is 0.35F 7 | | S
a highly improved relativistic action, o030 finer a .
such as HISQ, so disc. effects and % sl e '
operator norm. are controlled. E ' , :
, , 020} -
Multiple ampn and multiple a alloV - o
determination of value at b - O-15E - : : : ]

‘heavy-HISQ’ approach HPQCD 1110.4510 ma, (GeV)



Semileptonic form factors

Encode QCD meson structure info. from which
differential rate calculated, up to CKM factor.

e.g. B — D*Eﬁ A. Lytle, review LAT2019

(exclusive) expt. + lattice QCD gives Vcb.
(D™ (p)|[VH — A¥|B(p = 0))

L Ao(?), A(q7), Ax(q?), V(QQ)\(f = (p; — py)

Issues for form factor calculations are : 0 < q2 < (M; — Mf)2

* Discretisation errors, operator
normalisation (as for decay constants)

Pilgr=0 = =5~ = M,

* Dependence on g2 . Early calculations done for A at zero recoil (q%max),
compared to expt. extrapolated to that point.
MUCH better to compare direct to expt. across FULL g2 range.

Large B mass and g? range make this hard - much work going on ....

For B/D* see FNAL/MILC,1906.01019



BC N J / w ép *FIRST* lattice QCD calculation .

. ntinuum
Harrison et al, Continuu C
HPOCD. in prep. result at b mass - u‘ ----- X
1.0 ‘\‘ ‘\“— .4'1 E_ "
/ ‘\‘ \02]<¢ J/’(?L“\ 'l' W A\QWI"
0.9 o - O iy
4)6{‘7?37 + Ajt ¥ d*ﬁj ‘#* ‘\ :’ * vﬁ :’
. ‘\ + PO e ‘.----'
0.8 Resulting N .
. hehc1.ty o
amplitudes | — #,
o e | — H_
206 4*& combining | o
all Y h
v form |
15
o PRELIMINARY | factors
a\amh 0.427 0.500 0.525 0.600 0.650 0.800
e - m
0.3 0:0592 —e— —— —_— ——
02755 00 25 50 75 100 5
¢*(GeV?)

Heavy-HISQ approach covers full g2 range -  *
expands with mass range on finer lattices

¢*/GeV? i

HPQCD, 1906.00701 Contributes for



differential distributions for
W decay to (massless) p or
(massive) T

0.200

0.175

0.150;

0.125;

0.100;

0.075

0.050

0.0251

(B = J/Ypv)[T(B. = J [ v)
(B = JYr ) [T(B = J[Yuv)

0.000

PRELIMINARY
0 2 4 6 8 10
q*/GeV?

R(D")|sy = 0.258(5) wrrav
R(D")|Belle = 0.283(23) 1910.05864 LHCb, 1808.08865

J. Harrison et al, HPQCD, in prep.

lepton universality test

Br(B. — J/vT10;)

R = Be(B. > J)6 )

We find, in SM:
R(J /1) = 0.2636(37)

PRELIMINARY
close to R(D*)

First LHCD result :
Rj/w — 0.71(17)(18)

LHCb, 1711.05623

LHCDb aim for 2% 1n R with 300fb-!



Precision tests of the Standard Model

+,,- i
Byja — 1t p e
: : t 4 Y
rare process that may give access to BSM physics b | _w__| "
115 -
S BN HPQCD’19
S 110 BN FNAL/MILC1T
— @005 PDG'19
_ 1.05 - ; :
i =
_|_
= 1.00 A : -
0 Rate requires lattice QCD
= 0.95 - input: Either
= .90 - AMq 4q-op
- Rate o« — Bag
1.0 L : 0 lg
-B-%M - 109] B, param.
HPQCD, 1907.01025 , OR
agree: CKM consistent 5 . 9
with unitarity Rate oc f Bq‘ i Vigl

FNAL/MILC:1712.09262

See Kane et al, 1907.00279 for first steps towards
QED radiative corrections from lattice QCD



QCD effects in the anomalous magnetic moment of the muon
V.Gulpers, review LAT2019

8- no new physics Hadronic vacuum
Lattice QCD o | BMW, 2002.12347 QCD+QED  polarisation contribution
. FNAL/HPQCD/MILC Needs vector-vector 2-
—a— 1902.0{1223Q / ot 5
i Mainz/CLS oin
Stk P
- ——#— |PACS, 1902.00885
—— ETMC, 1808.00887+  Separate by flavour A
- RBC/UKQCD : /
i 1801 077 tdise. __, %
— BMW, 1711.04980 Y q
- o HPQCD/RV
. 160(12.030/71
Pheno. Keshavarzi et al.
€° 3 3 1802.02995 Isospin Breaking
S Davier et al., 1706.09436 disconnected
ete™ + 7 I Jegerlehner, 1705.00263 charm
cre EHaTT e
610 630 650 670 690 710 730 750 Also hadronic light-by-light
10'9a5VP(LO) contribution in QCD+QED
Lots of lattice results - not yet at RBC:1911.08123
accuracy of pheno. from R(e+e- 1 e gt —7.9(3.5) x 10710
y 9(3.
to hadrons). Not |
New exptl. results awaited .. See also Mainz:1911.05573 ot farge ...



Conclusions

Lattice QCD continues slow but steady progress

Precision quantities, such as hadron ground-rates

masses and decay constants continue to improve.
Progress now 1s through inclusion of QED and

d-u mass difference eftects.

Harder calculations, such as those of exotic
spectroscopy, semileptonic form factors, QCD

etfects on a, , are improving through
competition between different groups.

The range of calculations 1s growing e.g. 1n baryon
physics, not discussed here.



