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Charm (and bottom) physics

Lattice QCD allows ‘first principles’ determination of :

* ‘oold-plated’ hadron masses for accurate tests/predictions
and determination of mq.

 simple hadronic weak decay matrix elements, key to
Unitarity Triangle constraints

High accuracy 1s achievable.
Need to test errors +
calculate using a variety of
methods.
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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 as a function of time to obtain
masses and simple matrix elements

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

* extrapolate to ¢ = 0,m, 4 = phys
for real world

lJ-L‘
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Issues with handling “heavy’ quarks on the lattice in the
same way as light quarks: quark mass

Lq — @(lﬂ + m)w 7 @(V A+ ma)w lattice

/A is a finite difference on the lattice - leads to  spacing
discretisation errors. What sets the scale for these?

For light hadrons the scale is Agcp
For heavy hadrons the scale can be Mg

M = My—o(1+ A(mga)* + B(mga)® +...)
hadron mass  assuming O(mga) improved

mea =~ 0.4, mpa~x2 for a~0.1fm

== nonrelativistic methods escape this problem but at
the price of other systematic errors.

=>> best approach depends on how small is ¢
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Recent progress for charm quarks 1n lattice QCD

Treat relativistically using:
Highly improved staggered quarks (HISQ) HPQCD

Twisted mass quarks ETMC

Spectrum Tests Ds,7c masses easy + accurate.
Use one to fix M. and test the other - errors a few MeV!
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Quark mass ratios from lattice QCD

I I I I |
14 | . B
© Mq1(p)
o o _ /g — —
. 13 F o oo X ] Mg (1)
S 3 - E
™ — ¢o)
3 O ,@’ = o Mgl latt
=10 5B B -
o o o Maq2latt /) ,—0
° 5
11 | _
| © | © | | Lo HPQCD,
0.000 0.005 0.010 0.015 0.020 0910.3102

a? (in fm?)
Determine me/ms using HISQ for both - allows connection

from heavy to light for first time —
méw > (me) =

m
— 11.85(16) use for accurate M
Ur from accurate M. / 1.273(6) GeV

HPQCD, 1004.4285
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Decay constants

< 0[cyoy58|Ds >= fp. Mp. Y

or, 1n formalism with PCAC reln:
(ms +me) < 0[cys8|Dg >= fDSMl%S

(amplitude of
hadron correlator)

Q<

320 ;
exptuv .
exptrv| Leptonic decay rate:
00 }
lat%lce : B(Ds — ly) =
redigtion ¢ 260(11)
PS50t ’ Iy ° . Fermilab] G7|Ves|*TD, 2 mp m? (11— mj i
Z ® S D, 7Da T m2DS
S 260 L + I Expt av.
A N . ° | 5P can extract fps from
-- expt. 1f Vs assumed
249(16)  241(3) 244(8) 248.0(2.5)248(6)
220 r Fermila HISQ « T™M HISQ ™™ A
full lattice QCD \
200 L — exciting history!
2005 2006 2007 2008 2009 20106 2011 2012 2013

year

relativistic charm
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Decay constants - updates 2011

CD, LAT11, 1203.3862

av. of HPQCD
Fermilab/MILC

|

f o
D, 1@ = TV

uv i —e

PDGI2: | 257.3(5.3) | |~ @ —  average
260(5) L

248.0(2.5) 7O u,d, s sea
260.1(9.5) | O

257(5)(?) |

cnoacerror - o
248(6) ~1® ' u,dsea

230 240 250 260 270
MeV

280

=248.6(2.4) MeV

HFAG, Jan.11

CLEO, BaBar - BES will improve ....
\
1.60

V

HISQ, 5 a to 0.04fm
HPQCD HISQ my,q extrapoln

1008.4018

FNAL/MILC Fermilab, a=0.12,0.09fm
1112.3051 myd extrapoln
PACS-CS RHQ B

1104.4600 RHQ, 2=0.09fm

my,4 physical

ETMC 1107.1441 v 44 t0 0.05fm

my,d extrapoln
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HPQCD/HISQ 1004.4018 HPQCD-2010 HPQCD-2010

+ current expt + future BES III
0.28 °0 i i
bound 30 30
0275 4 | 50 - exclusion exclusion
on
0.27 A
charged .
0.265 - . @
3 Higgs
< 0.26 A - 30 4
q—@m
0.255 A
20 -
0-25 1 ~LEP direct exclusion
0.245 1 i 10 50 100 150 200 250 300 350 400 450 500
0.24 ' ' ' ' gt (G2V)
0 0.005 0.01 0.015 0.02  0.025 270 . . . .
a’/fm> | | |
260 |- Preliminary a

New results 2012 agree _
from Fermilab/MILC Tl — S

& e m™=0037m’
x s
240 -

using HISQ with - s
u, d, s and ¢ quarks in
sea and u/d mass at

physical value
0 0,005 0,01 0,015 0,02 0,025
E. Gamiz, ECT workshop, April 2( a” fm’

220

210
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Semileptonic form factors
3ptamp. D — Klv

t
< >,
SOPL
< >
T
M2 _M2
< K|V"|D >= fi(q%) {p% + Pl — Dq2 Kqﬂ}
expt. - / M2 M2
dI’ G v
B LT C LERELIC R

d_q2 2473
2 2 abs. norm. for ¢/s HISQ
< K|S|D >= Mp — M fO(CIQ)K HPQCD: 1008.4562

e — 1o fo(0) = £+.(0)
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Quoting results at =0, max. recoil, is

Updates on f+(0) 2011 just convention
— (OO
' ' D->m D>K
£.0) £.0) using unitarity:
3% @ 1% cLEo Vs = 0.97345(16)
0906.2983
Vg = 0.2252(7)
4% o — o— 2.5% HPQCD HISQ 2 a values;
1008.4562;1109.1501 scalar
u,d, s sea
®- —@ | FNAL/MILC 1 a value; vector
hep-ph/0408306+ FN AL renorm.
® % - ® - leT™MC 3 a values:;
u, d sea 1104 .0869 VeC.tOI' + dOUble
ratios to cancel Z

0.55 0.6 0.65 0.7 0.75 0.8
£ HPQCD results will improve further....
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Lattice QCD can also calculate full g? 7. Koponen et al,

dependence: HPQCD, 1111.0225
B | | | | | | | | | | | | | | I | I }l /4}/ | | _
- M Y/ a4 =
E QK escoarsefsfine 77 Abs. norm.
" O fDtwK Yy 1 vector and
- O ¢ DS tom, /z'/ﬁ/ -
12F O 005D tom, ; A~ C—r S§3 scalar ops
— B O fDS to TIS + ,///// -
“o 1.1 — fitDtoKf, A =
«" | _— fitDtoKf )y A RSt
;5 - : p % ,// Ry = i
=~ 1 — fitD ton f, P e = \
3 - — fit DS to T]S fO y//// == - ]
= 0oF ’ S 1 disc. effects
- 1 very small
0.8F 3
0.7F recoil ]
| P4

: S C
>,

**NOTE ** very little dependence on spectator quark
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Spectator quark mass independence also true for
D — mand D, — K -bothexptlly accessible

1.5_| | | | | | | | | | | | | | | | | | | | | | | | | | | | I_
14 O cDtoxf, c=coarse, f=fine 7
T c005 D to 7 f, ]
1.3:_ O fDtoxf, F 7
- O ¢D toKf, f+ E
_12F O <005D_toKf, ]
" [ O fD tKf ]
t+11; + cDtonf, I ae B
° B c005Dtom f, = = _:
Ng - thoatf+ ’ﬁ‘i _
q_‘009__ -+ CDStOKf+ @ s
C |+ 005D 10K, 5C f, ]
08 + fD toKft -
0.7:—% -
06:' ] I B R R I B A A R A i B Y |_|>| -

' 0 0.5 1 1.5 2 2.5

2 2
q (GeV)
J. Koponen et al, HPQCD, 1111.0225
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Can extract V¢ from comparison to experiment at any g2

- 1 | | | | | | i

12— ]

- | O CcLEO HPQCD PRELIMINARY )

- < BaBar -

B — BaBar fit 7

LIS | — cLEOfit . ~

- —— Unitarity -

~, LI _:
> | ]
g F §
E 1.05:— i —:
2 - - .
*é n L . —_ _
s I _ - 7
S B . ]
£ RN ISR T < SN S M ]
5 095bdm L T ___L__fi___@___ ________ =
A T /> _ N il 7 ]

— N H
L T unll L

L N - = _ET 1 1 -
09—l ————+ e 1 g -
f—'—'——————————————:_——“————EEI————————————————————————:

0.85 - ~
[ 1 | | | | | | | | ]

Binl

q [GeV/c'] 002 0204 0406 0608 0810 1.0-12 12-14 1416 1.6-18 16", 0-q°

Bin2 Bin3

Bin4 Bin5 Bin6 Bin7 Bin&

Bin9

Total

max

Will
allow
1.5%
determn

of Vs

lattice
errors
best at
high g7,
expt at
low g°.
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Axial and vector form factors for D, — olv

: : : G. Donald et al,
. N —— | €= S gpocp, 1111.0254
14 F A(q) —
e - 1 _Now more formfactors/
e 1 helicity amplitudes since
o8F 1 vector final state.
0.6 :ffff‘fffﬁf?fiffffifff?f'f'f’ff:f“fff’f:f?fﬁffﬁffiffﬁfffffffifffTi:fﬂfff?if%ﬁfffﬁiﬁfiff?:::-_::;:;r:;;:-::::-: |
04 f 4500 | T T T
- | 4000 t i
02 3500 * .
N 3000 - IR -
0 01 02 03 04 05 06 07 08 09 %(5)88 e [} ]
@’ (GeV) 1500 F 1 -
| 1000 t -
Comparison to BaBar rate 00 T )

in g2 bins using V¢ = 0.97345. 0 0204 0608 1

Can also use to extract V¢ (to 5%). q° (GeV?)
BaBar, PRD78:051101 (2008)
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Heavy-strange decay constants

— use HISQ for quarks heavier than ¢ and extrapolate up
to b using multiple lattice spacings

0.35

mg, (GGV)

Note fBS < fDS - 1n fact st a

max.

—2/Bo
fHS _ A(mHs)b <aV(mHs)) >

ay(mp,)

Zci(a) (17)(32\/)%
st = 225(4)M6V

using HISQ so no
renormln needed. Error
smaller than nonrel.
methods and best so far.

Future plan - repeat for semileptonic form factors
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IB., /B comparison

1910) Hm wa 227(10)

195(12}
ﬂﬂ w 232(10)

172(129 |

280(33)

1s94) ® |
N p; 225(4)
197(9) * * 242(10)
! o, d, s sea |
u, ‘d sea

150 175 200 225 250 275 300

ftn / MeV

CD, LAT11, 1203.3862

fp lattice average : 190(4) MeV

PDG av BR(B->1v) tp expt
| + PDG av Vub

120%(4:1I9DIIZIRQCD most
accurate fis

111%%15)11313(2 available -
most

FNAL/MILC 1112.3051 gccurate g
from
combining

ETMC 1107.1441 with
NRQCD

ALPHA 1112.6175 ,
ratio

tension with expt ...
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Further spectroscopy :
Charmed baryon masses

30

%)3.0

02.5

20

5.0

4.5
>4.0

Q
3.8

LD3.0
2.3

R. Briceno, D. Bolton,
H-W. Lin,1111.1028

s
® Briceno et al. (Nf=2+1+1, a=0) = °-0-I s
o -
v Liu et al. (Nf=2+1, a~0.12fm, splitting) o SELEX -
® Na et al. (Nf=2+1, a~0.09fm)
¢ ETM Collaboration (Nf=2, a=0) Wrong?

o Oy
x0, moy * -
» O }:
— =/ ™)
N, B, 2, CHRE 0 S
® Briceno et al. (Nf=2+1+1, a=0) -
® Na et al. (Nf=2+1, a~0.09fm) —
¢ ETM Collaboration (Nf=2, a=0)
— o - <« .
predictions
= i
- = —
* X * K X
S— S

E G — Q C —C Q(_ﬁ(; QCC(
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Charmonium spectroscopy

L. Liu et al, HADSPEC, 1112.1358 exotic
5000 | i
: =
- 3_+
2500 4 Hybrids/ __
I - — B+

~ 4000 - p +— 43t g+
E _,DFQT__E__—_;_____E_Z;”_“ _______________
z - DD T T T T T Pl ek .
CU -
= 3500 + — =— D-wave
B 1+__1++2++
o+t
[ ~ P-wave
3000 - __—
i 0_+1
- S—wave
2500

Use anisotropic lattices and many operators to obtain full
spectrum of single meson states. 1 ensemble so far.
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R. J. Dowdall et al, HPQCD,

B¢ meson spectrum 1112.0449
7.2 - - T ' ' BD threshold
fixing parameters X T o eSO
7 F ) postdictions —+H— -
® B. @ B predictions —&—
6.8 I T
) B:O @ B¢
&, 6.6 .
>
3 6.4 o B 7
= —=-B,
2 0.2 7
s
= o '
O — B, —B
S 5.8 F . _Biz -- BK threshold
1
5.6 | T
54 F =B, _@_Bi - B threshold
=5 =B
5.2 1 1 1 1 1
0 1" 0" | A
P
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Conclusions

» Accuracy from lattice QCD charm physics 1n now very
good. 1-2% precision possible on masses, decay constants
and form factors with improved relativistic actions such as

HISQ.
Need more results with such formalisms .. e.g. TM

* Semileptonic form factors are important tests of SM. For
D/Ds decays all g% accessible to lattice QCD. Form factors

have little spectator quark dependence.
Lattice QCD 1s expanding the number of different ffs

calculated.

» Extrapolation to b from ¢ with HISQ/TM. Promising for

masses + decay constants.
Now move to semileptonic ffs. Tests at ¢ form baseline.
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Spares
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Spectrum of gold-plated mesons HPQCD 2011
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C. Davies, 1203.3862
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Summary plot for decay constants

0.9
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More work on vectors (em decays) underway ....
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