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QCD 1s a key part of the Standard Model but quark
confinement complicates things.

jot#2__ QCD only tested to 5-10%
AN 7 level at high energies from
comparison of e.g. jet
phenomena to pert.th.

CDF

- - 3 meters - >

But properties of hadrons
calculable from QCD 1f fully
nonperturbative calc. 1s done -
can test QCD and determine
parameters very accurately (1%).
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q emits W
and /changes
to 4

Q- >
CKM ,
element_— » qand q

CKM
element

Vag / \annihilate

Rates for simple weak or em quark
processes inside hadrons also calculable,

but not multi-hadron final states. B, — Dse™V
ALEPH (Ds— K"K n")

qu’

Compare to
exptl rate
gives Vi
accurately
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charm physics important component of this as sits between
light and bottom physics

/ Vud Vus Vub
n—Ilv K—Iv B—mlv
K — mlv

Vcd Vcs Vcb
D—lIlv Di—IvB— D
D — nlvD — Klv

Vi Vis Vib
\ (B,IB.) (BB

Expt = CKM x theory(QCD)

Also, lots of interesting new hadrons being discovered 1n
charmonium and charm-light sectors raising QCD 1ssues ..

Wednesday, 15 September 2010



Lattice QCD: solving a path integral

Path integral over gluon and quark fields on a 4-d space-
time lattice - quarks anticommute so do by hand.

1 _
Locp = §T7“Fiy + (v D +m)y

= a huge matrix, M
/ DUDYDYO (1), 1))e 2P —

Integral over gluon / DUO _1)6_(S9 —In(det M))

fields only complicated prob,

valence quarks

= T ) distn for gluons - inc.
%g\ e MOPETAIOL offects of sea quarks
)
Fit as fn of t to
< 0 >=< H( ) > E A, e” Ent get hadron mass.
An gives e.g.

ensemble average decay constant
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Lattice QCD = fully nonperturbative
QCD calculation

RECIPE

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

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

* Fit for masses and simple matrix
elements

* F1x m, and determine 4 to get
results 1n physical units.

l‘-‘v‘ e extrapolate to ¢ = 0, My d = phys

for real world
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Lattice results need to be extrapolated to the real world

where a=0 and my/q = small. To do this
L well needs:
2 r 7 e statistical
precision
1 Mp .
= = o small disc.
£ errors and
- several
s 1.9 values of a
s | ar, ©small mua,
- x 7 <ms/2
- Exp’t
/ ] | ] | ] | ] | ] | ] \ R
em effects using HISQ
t be 0.1 0.2 03 04 0.5
mus charm quarks
estimated ! Mo /d/Ms

E. Follana et al, 0706.1726
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The gold-plated meson spectrum - HPQCD 2009

inc u, d and s sea quarks critical for agreement with expt. across the board

12 .
experiment

h,(2P) Y, gg%(zp) fix parameters

: =Y. @ —2 %0 postdictions
Ny, © ——Y © i bz(ﬁ%’_ Y(1D) predictions —6—
Np —o———Y  h(1P) bl

new predicfion
HPQCD
UNFLAVORED CDF FLAVORED (9094462
2005
B,—e— ©

ES =E==E=

accurate charm
¢ physics now possible

MESON MASS (GeV/c4
(@)

I. Allison et al, hep-1at/0411027, A. Gray et al, hep-1at/0507013
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Charm quarks 1n lattice QCD - heavy or light?

Advantages of relativistic quark formalism:

* Ly = m
* PCAC relation (1f enough chiral symmetry) gives Z = |
» same action as for u, d, s, so cancellation 1n ratios

Key 1ssue 1s discretisation errors:

E =F,—o(1+ A(mea)* + B(mea)* + .. )

mea ~ 0.4, (m.a)* = 0.2, o,(mea)* = 0.06, (m.a)* ~ 0.04
for a~0.1fm

Need to remove all of these errors for precision results

Highly Improved Staggered Quarks (HISQ) formalism

does this, twisted mass formalism has a? errors. HPQCD
ETMC

Previous method: heavy Fermilab formalism  rermitab/mizc
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Results with HISQ charm quarks on MILC 2+1 configs

y)
1.995 | J 144} D p—
1 s
1.99 |
1.9691(32)GeV
1985 F &
3 ’
S 198} mc, Mg tuned
~
= s | . from m,,_, m,,
. so no free
1.97 17
x ? parameters
1.965 F
c1mM COITNS
1.96 | | | | .
0 0.005 001 0015 0.02 included
a’ (fmz)

Results at 5 values of a, several sea myq and ms and two volumes
CTHD, Eduardo Follana, Craig McNeile et al, HPQCD, 1008.4018
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Updated value for Ds decay constant: >\
(since 11 and r1/a updated)

0.275 1 1 1 1

0.27

0.265

0.26

0.255

fp /GeV

0.25

| | 0.2480(25)GeV

024 F .

0.235 ' ' : ' 1% error!
0 0005 001 0015 002 0025

aZ / fm>
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Compare to recent experimental results (lower than 2008)
- no fps puzzle remains!?

320 | History of
expt u v Ds decay
300 | Pty constant since
- 2005
20T ! . o - 255(6) MeV
> 77 s /update
S 0| ] I _ . 260(5) MeV?
- HFA
Xl O | - L | expt aV lo — 20
240/ ¢ “ ™ new HPQCD
FNAL |
220 1 . I~_ ETMC, u/d sea
full lattice QCD ~ now doing u/d/s/c
200 ' ' : ' ' HPQCD 2007

2005 2006 2007 2008 2009 2010 2011
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Can use to set limits on charged Higgs in some models

HPQCD-2010 HPQCD-2010

+ current expt + future BES III
60 i i
30 30 using
<0 - exclusion exclusion I HF AG /
FPCP10
40 - : exptl av.
ol
g
30 - -
20 - -
. . using
— LEP direct exclusion Akeroyd and
10 . . . . Mahmoudi,
50 100 150 200 250 300 0902.2393
my+- (GeV)
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P 258.6(9.9)
i | Need also
275(20) to 1mprove
& i o
lattice
Expect an HFAG fD ces
average soon k .
260.1(5.4) (\1y average) WOork 1n
/ I}% PLTEI‘EIgE progress
—— o Unquenched Latﬁce QD - fI'OIIl
07 2(3) B | HPOCD
b
) Unguenched Lattice QCD .
200 217 (Iﬂ) 260 ( 10} If';l}.—‘slﬁ}ﬂ[.i:] 3 preliminary Ferm11&b/
[PoS LATTICE 2009 249, (2009)]
MILC,

e C. T. H. Davies et al. [HPQCD
PZENiIp ] Collaboration], arXiv: 1008.4018 IS N\Y/ (@

PR ST T I TS IS | (RN [ Y T T | -
180 200 220 240 260 280 300
X1in,CKM2010
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q emits W
and changes

Semileptonic form factors

D — Klv
1'1_""|""|""|""_
I o °
1O ] element
I ] o
I 1 'With HISQ quarks
-~ 0.9 = r ~| no renormalisation issues
: 1 and good statistics
: . 1 possible
0.8 — & O: coarse —
: m o fine L fol>=0)=  2.5%!!
o 2
I | | | 1 f+(@=0)= /
o7 bbb e g (11 (15)

q° [ry®]  cem:
t Na, Shigemitsu et al, HPQCD, 1008.4562
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Semileptonic form factors D — Klv

10% — 2.5%

B Other theory B hep-ph /
] Fermilab/MILC (2005)  ——& _ 0408306
o Sum Rules (2009) 2 Khodjamirian,

PRD80:114005

Experiment + CKM Unitarity
CLEO-c (2009) el

_ BaBar (2007+update) —

- Belle (2006) ¢ |

1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
02 03 04 05 06 07 08 09 1

D ETMC prelim. LAT10
0.76(4)(?) u/d sea
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Comparison to expt gives direct determination of
Vs assuming Standard Model

V.l .
. error dominated by
HPQCD: theory (now 2.5%)
Semileptonic —a—
0.961(26) .
o o error dominated by
eptonic ——
1.009(27) expt (now 2.5%)
Allows 2nd row
CKM Unitarity:
575 an(.:l 2I}d column
unitarity tests to
3%

0.8 0.85 0.9 0.95 1 1.05 1.1
Vsl

Wednesday, 15 September 2010



Consistency check between lattice and experiment for D -> 5 D % / 7 i l V
2 . 2 2
f.(q") rescaled by its value at g = 0.15 GeV

- m_~480 MeV - 270 MeV
L5— a~0.100 fm - 0.063 fm

6 I T T T T T T T T | T T T T | T T T T | T T T T | T T T T T I_
- | — 5 ensembles of full QCD lattice data (statistical errors only) . R R
5 | e CLEO-c, PRD (2009), arXiv:0906.2983 — New prellmlnary
. 1 results at LAT2010
a [ |
= i
< | .
2 3 —
<0 i
r T T T T T T I —
i PRELIMINARY ,
- — f,(q") ETMC N=2 (HMChPT, continuum) (
1 —
i I - 1,(q") EIMC N,=2 (HMChPT, continuum) :
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 - ,'. I
0 0.5 { 13 5 sl | ™ f,(q") CLEO-c D’->m [PRD 80 032005 (2009)] &
. © |
q (GeV?) | A& £,(q) CLEO-c D"->1" [PRD 80 032005 (2009)] |
5 |
2
2 _ - q max "'% :
[
|
|

Gamiz et al, Fermilab
Lattice/MILC

Di Vita et al, ETMC,
u/d sea quarks

expect improved results soon .. S & (GeV)
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Harder calculations in progress ....

25+1 | 3 1 3 3 1 1 3 3

LJ SO S1 P1 PO P1 P2 D2 D2 D3 HYBRID
6
Preliminary - |
55 —
]
O Cais et
5 . 1
= i [ ] 1 Trinlat,
| —— _|
é B —— * — 7]
sl XGuo k= . 20%0) _
- iﬂi@ﬂ@ _________________ X(3872) o __-
. S
35 == ? - = —
i h (1P) % experiment|
& e - DD
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v. preliminary excited charmonium spectrum using anisotropic lattices.
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Radiative transition rates from exotic charmonia

0.2
[ N0 = Iy
0.15
T al,
<§?’ ! Hadspec,
S 0902.2241
1
0.05
[ F
NG 0 %
_I L | | | I T T
0 0.5 1.5 2.5 3
Q?/GeV
_ 11—+ *quenched approx.
Ner — J/¢py Tt = 1 a PP

at present *
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Future - use relativistic formalisms such as HISQ or twisted
mass for heavier quarks up to b, 1.e. all quarks same method

» Exactly normalised operators, but need very fine lattices

0.35 I——— ﬂ_
HPQCD,
LAT2010,

~ | 1 HISQ

% I @, e - quarks

SD/ 0.25 ”;;é:;;ég:a%::::_i::—f-i—f?f—fffzzszz::::m:::::::: _____ ;}! ————— _

N % {Pf\NRQCD
0.2 r ~  result
0.15 ' l I | i [ ;

2 4 6 8 10
M, (GeV)
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Full error budgets now available for lattice calcs

Error mp, fp.

statistical /valence tuning 0.094%  0.57%
ri/a 0.025%  0.15%
71 0.051% 0.57%
a’ extrapoln 0.044%  0.40%
My seq €Xtrapoln 0.048%  0.34%
finite volume 0% 0.10%
- 0.056%  0.13%
em effects in Dy 0.036% 0.10%

em and annihln in m,,_ 0.076%  0.00%
em effects in 7. — —
missing ¢ in sea 0.01% 0%
Total 0.16% 1.0%

— will tell you what 1s possible 1n future
€.g. 1s error from disc. errors, my 4 €xtrapoln, stats ...
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Conclusions

» relativistic formalisms with absolutely normalised
currents are good for gold-plated charm physics - HISQ
currently most accurate.

* HPQCD updates give mps to 3 MeV and 1ps to 1% -
result moved closer to expt - discrepancy now 2 o

D — K semileptonic form factors now to 2.5% -
gives Vs 1n agreement with CKM unitarity

» Updates to Fermilab and twisted mass results 1n
progress. Also harder charm calculations ...

 Relativistic techniques have allowed precision for ¢
physics - now applying to b physics - watch this space ..
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Future

e sets of ‘next generation’ gluon configs will have
My.d at physical value (so no extrapoln) or

a down to 0.03fm (so b quarks are ‘light’) or
much higher statistics (for harder hadrons)
also can include charm 1n the sea now.

* Pushing errors down to 1% level will mean em
corrections and 1M, 73 mg must be understood.

» some harder calculations (flavor singlet, excited states,
nuclear physics) will also become possible
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