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QCD 1s a key part of the Standard Model but quark

confinement i1s a complication/interesting feature.

ATLAS
@LHC

VS

Properties of hadrons calculable from QCD if fully nonperturbative
calculation 1s done - can test QCD/search for new physics and
determine parameters (to 1%). CLEO-c

Event: 98595

/ / ﬁ%\ Dy — uv
/ gl \ " D, — Knrnm
Q- »Q ro"l \
CKM V / 025 Y\ \n "’s,\ \_,’,%.«'.a;‘“;\z..\k /4

.y . \ ~ J
/ \anmhﬂate N S

Thursday, 14 November 2013



Lattice QCD = fully nonperturbative
QCD calculation

RECIPE

* Generate sets of gluon fields for
Monte Carlo integrn of Path Integral
(inc effect of u, d, s (+ ¢) sea quarks)

* Calculate averaged “hadron
correlators” from valence q props.

* Fit as a function of time to obtain
masses and simple matrix elements

* Determine @ and tix m,, to get
results 1n physical units.

lJ-L‘ « extrapolate toa = 0, m, 4 = phys for

real world. *now have phys my ¢*
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Issues with handling ‘heavy’ quarks on the lattice:

= () +m)Y — Y(y - A+ ma)y
/\ 1is a discrete finite difference with discretisation errors.
What sets the scale for these?

For light hadrons the scale is Agcp = few hundred MeV

For heavy hadrons the scale can be ™M@
E(a) = E(a=0) x (1+ A(mga)®* + B(mga)® +...)
mea ~ 0.4, mpa ~ 2 a ~ 0.1fm

= charm is between heavy and light

with good discretisation of Dirac equation and multiple

values of (1 can do accurate continuum extrapolation.
Highly Improved Staggered Quarks (HISQ) formalism has
errors improved to as(am)?, (am)* upoco, nep-1at/0610092
Now also using for b quarks ....
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Example parameters for gluon configurations being made

using two different formalisms for handling quarks.
u,d.s,c in sea

mass 014 | | " MILCHISQ.2+1+1 ' ® <] Highly Improved
of ud BMW clover, 2+1 O \ Staggered Quarks
b \ .
0.12 } 1> u,d,s1n sea
quarks o
) 01 Need volume:
> ° and >500
S 008 F 1 independent
NEI:‘, 006 s ¢ $ o configurations
S oo o o «— my g~ mg/10
0.04 ® * NEW! physical u/d
: ° / now possible * My g ~= M2
002 F o _os 3 o 1« Tud 2 1
real / MILC:1212.4768
ld 0 I I 1 1 1 BMW: 1011.2711
WOTIA "o 0005 001 0015 002 0025 003 mec/UKOCD: du
a2 | fm2 quarks underway
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Results for the masses of mesons that are long-lived and so can be
_ . . . ’.-i
well-characterised 1n experiment =7 ]
expt
fix params
%(ZP) postdcns
Eg © o=o predcns —o—
b1 (1F) Y(ID)
o st 1 .
>
3 b quark & iy
2 6| TS 5005 >B.—e- © B, "
= BBS —=-—= Bs gpocp:
Z 1207.5149
= I = =Y c2 ]
Ne === Xl
[ Wt N VT Ke — ¢ quark
D '4
2 F DS:E:E: -
u, d, s quarks
0 v
Agreement very good - errors typically a few MeV, need to worry about em, mu-md ..
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Hadron

Mapping excited states 1s harder but important ...  spectrum

Collaborn:
1204.5425
-
1500} e _
_ - - == o= .
| [EJ@—--] = lightest
' multlplet
o (0,1,2)°*
: ] (=~~~ 1
i
500} X(3872)
e Wy | | |
| - 1 uses aniso-
0[3 _ |} tropic
7t 27T 3T 4 47 oYt 1t 1t 2t 3t 3t 4t 1t ot 9t
- e | 'f clover ¢
0 / 400 Me P 07 (20 quarks

No extrapolation to physical point and only ‘single particle’
operators so systematic errors still significant
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Lattice QCD 1s best method to determine quark masses

mg latt determined very accurately by fixing a meson mass
to be correct. e.g. for me fix M,

The issue is conversion to the M S scheme
e Direct method
marg(t) = Z(pa)miatt
Calculate Z perturbatively or partly nonperturbatively.

* Indirect methods: (after tuning’q¢¢t ) match a quantity
calculated 1n lattice QCD to continuum pert. th. in terms

of M S quark mass

e.g. Moments of current-current correlators
J J
for heavy quarks known through a

Chetyrkin et al, 0907.2110
HPQCD + Chetyrkin et al, 0805.2999, C. Mcneile et al, HPQCD,1004.4285
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Most accurate to use pseudoscalar correlator time-moments:

G(t) = a® Z(amc)2 < 0]j5(%,t)j5(0,0)|0 > ]@J

L n ¢ >
t (0) ratio to results with no gluon
Rpjat = Ga/Gy7 n=4 « field improves disc. errors

iy, 0)\1/(n—4)
= G, /G n==6810...
S (G /G)
, , I , | extrapolate to a=0 and compare
ore 1 to contnm pert. th.
T g Be 4 it first 4 moments simultaneously,
e e g I 1 gives My, /2me (i) AND o (1)
of T . » | RESULT: NOTE 0.5% error
— 1 , 1 1 | | mc(mc) — 1.273(6)G6V
0.0 0.2 0.4 . .
a? (GeV™2) input for H — cc
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Quark mass ratios
Obtained directly from lattice QCD 1f same quark formalism

is used for both quarks. Mgl latt My 375 (1)
Ratio is at same (tand for same ne. \ mg2.1ait ) oy M0 375 (1)

Not possible any other way ...

Me /M
14} ) R !
p S 1.3
© ° ~ S
. 13} o . § - $ 1.2
£ e L | EN]
s S ° ] <
125 3 ‘g ? B £ 10
o © S 0.9
(o]
B o - 0.8 | -
0.000  0.005 0010 0015  0.020 S é s mo
a? (in fm®) o (GeV
mC mb Nh ( )
— 11.85(16) M 4.51(4)
TN g M.
allows 1% accuracy in ms HPQCD, 0910.3102; 1004.4285
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Can also extract charm piece of:

o(eTe” — hadrons)

Re+ e~ (8) —

e.g. Kuhn et al,
hep-ph/0702103

from experiment,

dra? /(3s)
5 - lattice and expt errors both ~1%
4'451_ h‘ ? ~ T T T T T
o e aaa o Lap R J— .
Z 25| : S =10
~ 2 i 8 1]34];158-1(2001)§ 1.2} " ]
> VCLEO | o
05 | B BES (2006) N I
0t ‘ 1 B Qfee—e—T . g -
2 3 4 5 6 7 8 9 10 N
Vs (GeV) & 0sl |
and compare moments S T — -
0.6} n=6 |
M= [ % p §
k= | gkt1 tete” () £ 04f -
. —4 h
to lattice QCD for vector case 02} " :
ood agreement! L
S S . %0 01 02 03 04 05
J J vector coupling (am,)?
to photon G. Donald et al, HPQCD, 1208.2855
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Weak decays probe meson structure and quark couplings

/ Vud us Vub
wn—Ilv K—Iv B— mlv
K — miv

Vcd Vcs Vcb
D—lIlv D;— IvB— Dlv
D — wlivD — Klv
Vti Vts_
\ (B/B,) (BJB.)

Expt = CKM x theory(QCD)

Precision lattice QCD + expt needed
for accurate CKM elements.

If Vab known, compare , A
lattice to expt to test QCD Br(M — M uv) oc Vg, f1(¢7)
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Constraining new physics with lattice QCD: I D,
New results using HISQ quarks on MILC 2+1+1 configs with

Event: 98595

320
j——— *physical u/d quarks™ \
expttv
300 |
MILC (Lattice2013):
280 | ! ‘ - +0.5
_ ? % T fp, = 248.9 £ 0.2444¢ MeV
% ¢ __1-63y3t
Z 260 ] } | Exptav. . .
o \ . % e AT0OCDH agrees Well. with previous
a0 - [ © 1" HPQCD with 2+1 sea quarks:
! fp. = 248.0(2.5)MeV
220 | !
2+1+1-flavor lattice QCD HPQCD:1008.4018
2+1-flavor lattice QCD
200 e
2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 oo~ CLEO-c  BaBar  Belle Preliminary

year

experimental update: new Belle results

World av: fp, = 257.2(4.5)MeV
20 above theory

Zupanc:charm2012

f, [MeV]

» 280

260

240

220
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Mapping out dependence on heavy quark mass ...
uses HISQ and multiple m and a. Finest: a=0.045fm

HPQCD:
0.35F ! | ' 17 ] C McNeile
: E et al,
| ! 1110.4510.
_0.30F i -
% : E Test
O ; ests
= 0257 = .1 HoET
= : :
0.20 |
m m
015 B l|)S | | | b
2 3 4 5
/B, < ID,

but only by 10%: glves:
fB./fp. = 0.906(14) fB. = 225(4)MeV
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Current StatUS:fD Jonna Koponen, Charm2013
fp = 212.5 4 0.5500t 1 0 |syst MeV

I 7¢I I
n f=2+ 1+1 Ha . FNAL/MILC 13
| & | prellm. ETMC ’13
nf:2+1 —c=— HPQCD 12
| o | FNAL/MILC 11
| o I PACS-CS 11
—— HPQCD/UKQCD 07
n= 1 Alpha 13
Preim. \grve 11
n=2+1 —e—
f_ FLAG averages
n=2 | & |
N T T T T T N T N T A T T O O O O

180 190 200 210 220 230 240 MeV

CLEO-c result fp = 207(9) MeV assuming V4 known
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Semileptonic form factors for charmed mesons: ¢ — S

O ¢DwK c=coarse, f=fine 1 HPOCD,
135 c005D to K i 1305.1462
: - O fDtoK 7]
- O c¢D ton, .
12 c005D_ to . .
s - O fD,ton, f+ i
“o 11f — fitDtoKf, .
<t F — ftDwKF, ]
2 1F — fitD ton f, 3
Ng E — fitD_ton_f, E
T 09k 3
08F P lo=22E 40
X7 7] BES
0’7:_ 30t HE BaBar
—*(l) [ R 0| [ R |1 [ R 1| I \ \ L CLEO
/ > 2 2 3 20! \\\ E22 HPQCD | |
0) — 0 q (GeV) \
f —I—( ) — f 0( ) = \
4-mom transfer = N
/ o
Shape agrees well with expt.
_10,
Form factor same whether o
. 2073530 25 20 15 10 05
spectator 1s u/d or s by /b
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Convert to decay rate in g bins to compare to experiment:

D — K HPQCD
1305.1462
12F | | | )
[ O CLEO 1 uses all
u BaBar .
~  LISE A Belle 4 exptl data
> -~ — BaBar+lattice, fit A . . del
= 1.1F — CLEO+lattice, fit A 4 1n moael-
_4 " [ — CLEO+BaBar+Belle total rates +lattice, fit B N :
a - — Unitarity N ] lndpt way
L;j 1.05 ~
s E 3 errors of
2 F oS ek e s e e E==F 3 lattice best
— [~ ’ N =
5 U9 e I — A ™7 at large q°;
E 09 _E:%‘:—:—ﬁ: i‘:lff ET:‘:‘:ET:‘:‘ = i——ilrff %‘:‘:‘f ==+ expt best at
- - small g?
0.85
| | | | | | | | |

00 02 04 06 08 10 12 14 16 2 Total

q max

Binl Bin2 Bin3 Bind Bin5 Bin6 Bin7 Bin8 Bin9

Vcs = 0.963 (5) expt (14) lattice
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D, — plv o, XK

Vector final state has additional by 5}\ W/ & /('efg,;
angular information + there are NG e
both vector and axial form factors ‘ V LT

0.4 ! ! ! ! 0.2 T T I

Oi)3 g ! ek | 5 b

3 1 015 e -
SR ! ] it Hii .

“on [ L1 ol (i «—lattice QCD

0.15 ]

0.1 11 005 i

0.5 1, l— BaBar
dl' "0 02040608 1 1 05 0 05 1
d... g’ (GeV?) cos 6,

0.25 | T T 0.2 | | | | | | |

0.2 f 1 015 | | From total rate

0.15 ||y A, L] Tl TRl can determine:

i | ’
0%; WHTWI 0.05 Ves = 1.017(60)
0 0

‘1 05 0 05 1 3 2 -1 0 1 2 3 G. Donald,

HPQCD, i
cos O X QCD, 1n prep
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Test with electromagnetic decays of charmonium

no CKM uncertainties!

G. Donald et al,
HPQCD,1208.2855

1 decay constant for

0.50 | |
0.48 I & J/w % 6 6
g 046 # 1 form factor for
< 044 7
> , jJ / ¢ — Ve
S 042 : ]
g': . *— o ' v '
0.40 _é % ] experlm;ent
0.38 [ \ | | ] / (():Ei)b';(.())ZSZ
0.0 02 03 04 05 A
(am)* / u,d, s sea '
" Ehca HISQ
experiment : this et
. . u,dseaé
Lattice QCD 1is only | o | et o
method that can give e
O(l%) precision 12 14 16 18 2 22

Vector form factor V(0)
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Conclusion

 Lattice QCD results for gold-plated hadron masses and
decay constants now providing stringent tests of QCD/SM.
* Gives QCD parameters and some CKM elements to 1%.
 BSM constraints and tests of sum rules/HQET etc.

Future

e sets of ‘2nd generation’ gluon configs now have
Mu,d at physical value (so no extrapoln) or
4  down to 0.05fm (so b quarks are ‘light’)

* Aim for 1% errors for B and Bs physics building on D/Ds
» Harder calculations (excited states, hybrids) will improve

In UK now have access to STFC’s DIRAC facility
with computers 1n world’s top 100. www.dirac.ac.uk
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http://www.dirac.ac.uk
http://www.dirac.ac.uk

Summary of latest/best Lattice results

Jonna Koponen,

o =212.5 £ 0.55at 15 5 |syst MeV chammadt?
D, = 248.9 + 0.240; T3 |oyes Moy Preliminary’
fp./fp = 1.1717(20)stat (7773 ) syst

Veq = 0.2184 + 0.009xp: 70 0016 hattice (leptonic)
Ves = 1.0169 % 0.026xpt T 0 002 l1attice (leptonic)
Vea = 0.225(6) expt (10)1attice (Semileptonic)

Ves = 0.963(5) expt (14 )1attice (Semileptonic)

Decay constants from C. Bernard’s talk, Lattice 201 3.

CKM elements from semileptonic decays taken from
PRD84(201 1)1 14505 and arXiv:1305.1462.
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Current status: fp. Jonna Koponen, Charm2013

fD = 248.9 = 0. 2stat_|_0 F syst MeV
T T T [T T T T[T T T 1] I I I O O
n=2+1+1 / FNAL/MILC 13
prelim.
| o | ETMC ’13
n=2+1 | o | FNAL/MILC °11
—o— PACS-CS 11
o HPQCD ’10

o HPQCD/UKQCD 07
n= prelim. Alpha *13
ETMC ’11

FLAG averages

Lottt v b e b v e b
220 230 240 250 260 270 280

MeV
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Summary of results on decay constants - HPQCD

0.8
Lattice QCD predictions —6—
Lattice QCD postdictions
0.7 F Y experiment -
o N
< 06 .
i
<
05 F ’ .
% Y
= : o
. J/ Y -
% 0.4 @ nC ’I'P BC
®
O :
>~ 03 F Y -
S o Ds
2 02 ®= D §BS ,:
. B @ -
T —=— K N BELLE
0.1 F { B—=>71v
UNFLAVORED FLAVORED 2012
0

More work needed on vector (electromagnetic) decay constants
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