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INTRODUCTION



Remarks on heavy quark masses

* Confinement — m, not physical observable

« Parameter in QCD Lagrangian —» formal definition (as strong coupling)

Loco = 4G£VGWA+ZC|f |D @ d;

* Renormalization and scheme dependent object —

5mq <A

possible

In general running mass m( ) (RGE evolution)

e () = Mg () [1+ fi {'09 (gﬂ o (1) + 1, {'09 (%ﬂ org (1) ++- j

Only interested in short-distance schemes, MS scheme

which do not suffer from the O(A .,,) * Short distance scheme.

_ e Standard mass for comparison: m, (m, ).
renormalon problem inherent to the pole

e And free of renormalon ambiguities.
mass scheme.




Why high precision?

Strong dependence in flavor processes Constrains new physics
Bo Xs 4 Strong charm mass (scheeme) dependence
in NLO matrix elements  Misiak & Gambino e &)e
K{BE’ .
b s

K" —>7z7"vv NNLOQCD computations for charm contributions

m Taken from P.
] Gambino CKM’08




Determinations of m_

Spectral moments of inclusive B decays (nonrelativistic)

Charmominum sum rules (relativistic)

Taken from A. Hoang

Flavor institute CERN 2008

Lattice
[1.21, 1.34]
b Allizon et al. ‘08
FA Kishn ot al. 07
F 4 Boughezal et al. ‘07
: u | Buchmller & Flcher “05
— — Hoang & Manchar ‘05
| = | Hoang & Jamin 04
— — deDivitiiz et al. ‘03
— — Rolf & Sint '02
| X | Becirevic et al. ‘02
| = | PDG ‘04
U MU R B L
1.1 1.2 1.3 1.4 1.5 1.4

m.(m,.) [GeV]

mom.) [GeV] method
1266 +0.014 | lattice, unquenched, staggered
1.286 +0.013 low-momentum sum rules, NALO
1.295 £ 0.015 lovw-momentum sum rules, NPLO
1242007 | it to B-decay diztribution, oisfo
1'22';2'2?]? + fit to B-decay data, niﬂu]
1.29 + 0.07 MNHNLO momants
1.319 £ 0.028 lattice, quenched
1.301 £ 0.024 lattice, quenched
1.24 + 0.04 + 0.12 | lattice, quenched
1.256 = 0.0% PDG 2006




Relativistic sum rules

Total hadronic cross section Moments of the cross section
a(e+ e - hadrons) ES 1 o (z
R(s) = = —

O ies ) T VI = R (] J, e R
Vacuum polarization function Vector current (electromagnetic)
(9, —9,0.)11(0") =i [dxe** (0[T{3, (93, (}[0) 3,00 =(07,4(

electric charge ,
— 2 C At T1(0?) — T1(0) = g o d R(S)

R(s) 127r|§ ImIT(s+i0") == () —T1(0) 122°0° Lmz Ss(qz_s)

L= L=
- = il
1 , : I1(s)
I1 2 ~ O, = M 2 =
(q m) 270" nzz(; -q > M, =671Q (ﬁds o



Relativistic sum rules

Effective energy range:|E; =

m
n

(assimptotically correct for large n)

m,

n

> AQCD

» Since we want to apply perturbation theory for Wilson coefficients.

» Otherwise the OPE converges badly.

n=1 is the cleanest moment, and we will focuss on it for the
analyses presented in this seminar.

(n =2 is also fine)




Determination of m_from sum rules

Fixed order analysis
(correlated variation)
ll’la = Il’lm

Kiihn et al (‘08)[3] m.(M,) =1.286+0.009, , +0.009, +0.002,

exp —

Boughezal et al (‘08) [4] 1.295+0.012,,, £0.009, £0.003,

exp —

Maier et al (08) [5] 1.277+0.006,,, £0.014, +0.005,

exp —

Only for n =1 [3,4], 2 [5] 3-loops in pert.
theory. Updated experimental data.



Determination of m_from sum rules

Fixed order analysis
(correlated variation)
ll’la = Il’lm

Kiihn et al (‘08)[3] m.(m.) =1.28640.009, - 0.009  #/0.002
Boughezal et al (‘08) [4] 1.295+0.012,,, +£0.009, £0.003,

exp —

Maier et al (08) [5] 1.27740.006,,,|+0.014 ¥ 0.005,

Only for n =1 [3,4], 2 [5] 3-loops in pert. Tiny errors! ( underestimated ? )

theory. Updated experimental data. Need for more general analysis

Similar for bottom mass determinations



Experimental data



Experimental data: charm

J/v ) (2S)
M (GeV)  3.096916(11) 3.686093(34)
Narrow resonances
.. (keV) 5.55(14) 2.48(6
(a/a(M))?  0.957785 0.95554
Experimental data
E A_II'QS — QWFEE’.
i " o M )2 M2n+1
el v Narrow-width
approximation
2 4 6 g 10

E(GeV)



Experimental data: charm

Sub-threshold and threshold BES 1999 *

Experimental data

6] -

5| L

4:- Jj'PE -r

Riot [ i i } }

3 } o

| { |

AL

1}

P 4 6 3 10

E(GeV)

* Means that there is no information on the splitting of systematic errors in correlated and uncorrelated



Experimental data: charm

Sub-threshold and threshold BES 2001

Experimental data




Experimental data: charm

Sub-threshold and threshold BES 2004

Experimental data




Experimental data: charm

Sub-threshold and threshold BES 2006 (l)

Experimental data




Experimental data: charm

Sub-threshold and threshold BES 2006 (ll)

Experimental data




Experimental data: charm

Sub-threshold and threshold BES 2009 *

Experimental data




Experimental data: charm

Sub-threshold and threshold Crystal Ball 1986

Experimental data




Experimental data: charm

Gap region Crystal Ball 1990 (I)

Experimental data




Experimental data: charm

Gap region Crystal Ball 1990 (ll)

Experimental data




Experimental data: charm

High energy region CLEO 1979

Experimental data




Experimental data: charm

High energy region CLEO 1998

Experimental data




Experimental data: charm

High energy region CLEO 2007

Experimental data




Experimental data: charm

Sub-threshold and threshold CLEO 2009 *

Experimental data




Experimental data: charm

High energy region MD-1 1996

Experimental data




Experimental data: charm

Threshold and high energy PLUTO 1982 *

Experimental data




Experimental data: charm

Threshold region MARKI 1976 *

Experimental data




Experimental data: charm

Gap region MARKI 1977 *

Experimental data




Experimental data: charm

Gap region MARKII 1979

Experimental data




Experimental data: charm

Threshold and gap regions Mark-l 1981




Experimental data: charm

* Only where there is no data

Perturbation theory - Assign a conservative 10% error
to reduce model dependence

Experimental data

b




Experimental data: charm

Data used in Hoang and Jamin (2004)

Experimental data




Experimental data: charm

Data used in Hoang and Jamin (2004)

Experimental data

* Perturbation theory only in
gap and region with no data

* 10% error assigned as well

o SM® =0.70

\*ﬁ “““““““““ i
~— | 21% of the first

moment

I IID I .



Experimental data: charm

Data used in Kuihn et al (2001), Boughezal et al and Narison

Experimental data

; ] Use perturbation theory
r o SM® =0.31 right from here!

Even though there is
data available...

30% of the first
moment!

lf Finite energy sum-rule?

Underestimates errors!
(they assing only naive
theory error)

E(GeV)




Experimental data: charm

Data used in Kuhn et al (2004, 2005, ...)

Experimental data

; B Use perturbation theory
6r oMt 031 right from here!

Even though there is
data available...

30% of the first

moment!
li_ Finite energy sum-rule?
T E— |
E(GeV) Underest!mates errqrs!
(they assing only naive
theory error)




Experimental data: charm

Data used in Bodenstein et al

Experimental data

: o Use perturbation theory
r right from here!

Even though there is
data available...




Fit procedure

...................

375 3.76 377 378

3.79



Fit procedure

6}
51
L]
4 .
oy
T4 e
Rtot > ‘I. ® i 4 I P R 1
3} L 4+ | » N
{—. — 1 E |
2
1F
3.75 3.76 3.77 3.78 3.79
E(GeV)

1. Recluster data. Clusters not necessarily equally sized.

Number of clusters and size of cluster according to the
structure of the data




Fit procedure

ol
5|
N
Rt B Atk et '
S SRS 1 <
o|
Experimental
energies I | | | | | |
3.75 3.76 3.77 3.78 3.79
E(GeV)
K: Label for experiments
Ne,:  Number of experiments
m: Label for clusters
Nyuses - Number of clusters
/ I Label for data points
N“™:  Number of data points for experiment k in cluster m

Cluster energy

2. Calculate the energy of the cluster. One weights the
energy of the data points inside the clusters with their

errors.




Fit procedure

I:\)n |

Experimental data | | |

3.7

E(GeV)

3.78 3.79

€
k
k=1 b\ mE | | =1 i

2
k,m
ZZ:Z dk2+ z /V i

Fit parameters

Z?Z

exp *

clusters *

NKkm™

Label for experiments
Number of experiments

Label for clusters

: Number of clusters

Label for data points
Number of data points for experiment k in cluster m

3. Fit the value of R for each cluster. Data is allowed to “move” within its systematic
error. The method renders errors and correlations among various clusters. One
can then calculate errors and correlations for the moments.




Fit procedure

Xeorr ({d}) = ) di to auxiliary

Nexp 1-0 constraint Rnon—cE(E) = Tns R-u.ds (E)

k=1 parameters background (free normalization)

s k1 2
- (1 —+ Af d;b Wise Wada E?.‘
X2 (s, {di}) = Z Z ( - 1) L)

k=1 1=1 g;

Data below threshold (only background), first cluster

x>({Rm}. s, {d,}) = Data above threshold (signal + background)

ex -Z\c usters \ L TTE
yf lyt‘ iy* ( L " (1 5% Af;h'm dﬁ:) (Rm T Nps uds( k m)>)
k.m
g

#wi=2 =1

1

total y°

L)(TQ({R-m}:nnSa {dh}) — Xgorr({dk}) i Xic('nllsa {dk‘}) -+ X:z({R-?7t.}r"r1'115:{dk})




Fit procedure

* Method inspired by a similar one in Hagiwara, Martin & Teubner.

- Avoids the problems of a regular ¥° in which the systematic
errors are 100% correlated

d — Auxiliary parameters

Prediction for moments M_ = m_10"*1 GeVn*1

M, = 21.38 £ 0.20,, + 046,
M, = 14.91 £ 0.18,, + 0.29 .
Mj = 13.10 £ 0.19,, + 0.25_
M, = 12.49 £ 0.19,, + 0.23

We also predict correlations among the various moments, useful for simultaneous fits.

(0.250 0.167 0.147 0.142 ) ( 0.041 0.035 0.034 0.034
pop _ | 01670120 0,007 0.103 | g [ 0.035 0.034 0.084 0.035
0.147 0.107 0.095 0.092 0.034 0.034 0.035 0.036

\0-142 0.103 0.092 0.090 ) \0.034 0.035 0.036 0.037 )




Moments budget

M,

Narrow resonances

0.5%
7.25—-10.54 GeV

10.54 GeV — Infinity

0.03%
0.3%

0.002%
0.04%




Minimal data selection

Experimental data

Data sets 1, 2, 5, 6,
9,12, 13, and 14

BES, CrystalBall,
CLEO and MD1

a2

Xminimal

= =1.806
d.o.f

S

prinimal — 1 099 4 0,003 + 0.015gyst

E(GeV)
n Resonances 3.73 -48 48 -7.25 7.25—10.538 10.538-0¢ Total
1 12.01(17]21) 3.11(6/8) 3.30(9|16) 1.40(2/6) 1.27(0[13) 21.09(22|51)
2 11.76(18[21) 1.73(3|4) 1.06(3|5) 0.199(4(9) 0.057(0(6) 14.80(19(31)
3 11.69(19/21) 0.98(23) 0.36(1/2) 0.030(1[1) 0.0034(0(3) 13.07(19|26)
4 11.77(19]21) 0.57(1]2) 0.131(5/5)  0.0046(1]2)  2.3(0]2) x 10—* 12.47(19/23)




Standard data selection

Experimental data

All Data sets except
16,17 and 19

All periments except some
MARKI and MARKII

thandalcl
—=anealt — 1.89
d.o.f

pstendard — 1,039 £ 0.003400 £ 0.01 24y

E(GeV)
n Resonances 3.73 —4.8 4.8 —7.256 7.25—10.538 10.538-0¢ Total
1 12.01(17|21) 3.20(46) 3.47(8[13) 1.43(215) 1.27(0|13) 21.38(20/46)
2 11.76(18|21) 1.76(2(3) 1.13(3/4) 0.204(3|7) 0.057(06) 14.91(18/29)
3 11.69(19/21) 0.99(1|2) 0.390(9/12) 0.0305(5|10) 0.0034(0|3) 13.11(19|25)
4 11.77(19|21) 0.565(8/11) 0.143(3]4) 0.00474(9|15) 2.3(0|2) x 10~* 12.49(19/23)




Standard data selection

Experimental data

° All Data sets except
o 16,17 and 19

All periments except some

Error in M”® from unknown continuum
where a 10% theory error has been

i assigned: 0.13

i ) (}E{GcV) 3 "’ Acceptable model

dependence !

n Resonances 3.73 - 4.8 48 —-7.25 T7.25—10.538 10.538\{)&:- Total
1 12.01(17[21)  3.20(4]6)  3.47(8/13) 1.43(2/5) 1.27(0[13) 21.38(20146)
2 11.76(18[21)  1.76(2|3) 1.13(3/4) 0.204(3(7) 0.057(016) 14.91(18]29)
3 11.69(19/21)  0.99(12)  0.390(9/12)  0.0305(5/10) 0.0034(0[3)  13.11(19[25)
4 11.77(19/21) 0.565(8|11)  0.143(3[4) 0.00474(9|15) 2.3(0[2) x 10~% 12.49(19/23)




Maximal data selection

Experimental data

All Data sets

All experiments

2
Xmaxima] — 1.81

d.o.f

preximal — 1 023 4+ 0,003 £ 0.01 14y

s

n Resonances 3.73—48 48 -—-7.25 7.25—10.538

10.538- Total

1 12.01(17]21) 3.16(3|5)  3.66(6|7) 1.56(2/4)

2 11.76(18[21) 1.75(23) 1.16(22)  0.222(3|5)
3 11.69(19/21) 0.98(1]2) 0.40(1]1)  0.033(1]1)
4 11.77(19)21) 0.56(1]1) 0.142(3]2)  0.0051(1]1)

1.27(0[13)  21.65(19|39
0.057(0(6) 14.95(1827
0.0034(0[3)  13.11(19[24
2.3(0[2) x 10™%  12.49(19|23

| T . T




Comparison selections

10° x M; " (GeV™?) 10° x M50 (GeV™)
_ _ 15.4;
22.00 f 152
21.3] T ] 15.0¢ | |
[ ' 14.8F ¢
21":';' 14.6}
w5k * ] 14.4:— 1
L Minimal Standard Maximal ; 1ol Minimal Standard Maximal ;
20,01 i
10*x M3F(GeV™) 10° x M3 " (GeV™®)
13.6 _ 13.0f
13.4} 12.8¢
13.2f : 12.6
[ [ ] 1 [ ] [ [ ] 1 i
13.0f 12.4f
12.8} 12.2}
12.6f Minimal Standard Maximal ] 12.0f Minimal Standard Maximal -
12.4 ' 11.8



Fit results

Whole fit range Whole fit range
6
4.0
3.5
I Riot
| g
| 3.0
|
2.5
8 10 2 4 6
E (GeV) E (GeV)
6
Below threshold
Tcluster p 4
3
4
J— w;ﬁh
2.0 2.5 3.0 3.5



Fit results

Whole fit range Whole fit range
6_
4.0t
5 |
3.5¢
Riot 4 Riot
3 | ]_ 3.0
P 1 2.5
2 4 6 8 10 5 4 6
E (GeV) . 5 (GeV)
6

Below resonances

2 clusters  p 4

| I

3.730 3.735 3.740 3.745 3.750
E (GeV)

e




Fit results

Whole fit range Whole fit range

4.0¢

! 3.5}
I ,“I||

| I ¥\

E (GeV) —  F(GeV)

First resonance

20 clusters 4
tot

| 3.I7'8 | 3.79

10




Fit results

Whole fit range Whole fit range

4.0¢

S~ TN

3.5¢

| - 3.0}

S

R |

2 4 3 R 70 5 y : 5 0
Resonance region GBV)

C1 T T O U O [ O
Second resonanc AR /A NI
A RN | A0 A o
o ke R
H H ! ! H | ---iu:-i!:i I !
0clusters g 4 VIR
AR | | A L
i -ii! |i | i Ilh ,i, il
iy e
|ili : I 1 I I 1 I : : I 1 I I I I I 1
o | L
38 39 40 41 42 43 44 45



Fit results

Whole fit range Whole fit range

i !- _ W

.

1 L L 1
2 4 6 R 10, N A
Continuum region

GeV)

Continuum data

10 clusters , 4
tot




_Comparison with other analyses

Hoang & Jamin' 04

Kuhn e-t al.'01

Kuhn et al.' 07

b
v This Work
20.0 20.5 21.0 21.5 22.0
10%2x M, ¥ (GeV™?)

Hoang & Jamin'04

Kuhn.et al.'01

Kuhn et'al.'(]'/’

This Work

Hoang & Jamin '04

Kuhn e.t al.'01

Kuhn et al.' 07

This iNo rk

13.5 14.0 14.5 15.0
10° x M5 ¥ (GeV'™?

11.5 12.0 12.5 13.0 13.5

10* x M3 T (GeV™)

Hoang & Jamin ' 04

Kuhn e.t al.'01

Kuhn et al.'07

This Work

11.0 11.5 12.0 12.5
105 x My T (GeV™®)

* Blue lines use outdated experimental data for narrow resonances.

« Different analyses tend to agree better for large n — Narrow resonances dominate




Theoretical developments



Mass and coupling running

Resummed Expanded Out

1.08 1.08
1.06| 1.06|
"t 1.04} A" 1.04]
O’SNI‘LL(#) O!_gk)(ﬂ)
1-02\ | 1.02f
) E——— = 1.00]
I3 2.0 25 3.0
g 7
1.035 Resumed 1.035 Exp;mded Out |
1.030; Losal
1.025! | 05|
sy 1:020/ ingy 1:020
ﬁg"tLL(#) 1.015' —ﬁ(ck)([.l) 1.015'
1.010; Lotol
1.005 L 0051
1.000—— ‘ ‘ L oool
15 2.0 25 3.0 s

» Excellent convergence of the running of quark masses and QCD coupling

» No failure of perturbative RG-evolution even down to 1 GeV

Use of m.(m.) isfine!



Methods in perturbation theory

. 1 (as(ua>j‘ {ms(um)} {mf(um)}_ -
Fixed order M = - —S s C*"log > |log > =M,
| AT (44y) | )2

Him He

Expanded i , ., 1
S (T ol L IV
’ er.'cZ(/um) i=0 7T ! ri luj

1 1

exp \2n eXp \2n

o) -

lterative 2C. 0 2C, ,




Methods in perturbation theory

. 1 o, (1,) ) 5 e ooya| M) | o] () | 1 ren
Fixed order M_ = nZ(ﬁj > C*log { . }Iog { . }:an
4 () | 0N 7 Hi He
/

Numerical solution for mass:

sometimes there is no solution

W
Expanded 1 1 1

2 e {2 o

2mg (1) =\ 7« . 1,

Analytic solution for mass

1 1 _
exp \2n exp \2n always has a solution!
méo):[an]z _(Mn ) /

2C.,

mc(,um) rnéO) {1_'_2( (/ua j ZC Ioga|:r_né02)2:|logb|:ﬁ]é02)2:|}

Him Hy

lterative




Methods in perturbation theory

Fixed order M. -1 Z(Mj Zcia,blog{ﬁfmm)},og{ﬁf(ﬂm)}: M

/ 4 ()] L 7 j 2

M M,
u, and g independent

Expanded \ i , ., 1
S N L I
’ er.'cZ(/um) i=0 7T ! ri lus
1 1
exp \2n eXp \2n
rT]éO)_[anjz :(I\/In~ )2
lterative 2C. 0 2C, ,




Methods in perturbation theory

i _ - 5
Fixed order M = 1 . Z(Mj ZCia’blog{mC(gm) Iog{mC(’gm)}: M
/‘ AT () | RN Hn Ha
u, and . independent residual 4, ar.ld Fhn depen.dence
due to truncation of o series
ded \ - T 3
Expande 1 1 L TP T2 1
out (M . )Zn — (Mj Zcia,b |Oga |:ngm):| Iogb |:L/21m):| _ (M r?Xp )Zn
2m; (#,) 2\ 7 - L
- residual 2, dependence
1 1 - renders correct ., dependence
O - [ M &® ]2” _ (M ﬁxp)zn to the order of truncation
lterative 2C, 0 2C0 —

—

S e

J75s 7y



Contour improved analysis

First applied to hadronic tau decays Liberder & Pich (‘92)

Now « dependsons — rearrangement of higher order contributions

2
2 - loops
Reweights threshold versus| 4. > u2(1-2) z= 9

L5 _
continuum effects i 4y () Hoang, Jamin
Residual dependenceon z, (2004)




Contour improved analysis

First applied to hadronic tau decays Liberder & Pich (‘92)

Now « dependsons — rearrangement of higher order contributions

2

Reweights threshold versus| 4. > u2(1-2) z= 9

continuum effects

? 4 (44,,)
Residual dependenceon z,

2 - loops
Hoang, Jamin
(2004)

Calculations —— easy to understand through vacuum polarization function

However one can derive analytic expressions (!)
using properties of the running of the strong

coupling constant.

Contour improved methods are (perturbatively) sensitive to the value of I1(0)




Nonperturbative contribution

At MTIL)ert —|—AM<G2>

e
\ gluon condensate

already discussed

distribution
y 1 g f « ’(ﬂr(}g) mZ (Nm)
AM(GD — ‘ ‘ Ji 5G2> 0,0 s 1,0 Bl s 200
o (4> (11m)) "2\ 70 RGI Lan i T O G 108 i
Renormalization group invariant s 9o . 4
scheme for the gluon condensate <?G >RGI B 8'006 = 0012 GeV/
200% error
Contribution to the moments Compatible with 0

n=1 n=2 n=3 n=4
0.02% 0.05% 0.08% 0.1%




State of the art of calculations

Kuhn et al, Maier et al,
« For n=1,2,3the C° coefficients areknown at O(«})  Boughezal et al

- For n> 4, C>° are known in a semianalytic aproach (Padé approximants)
this method renders a central value and an error Hoang, VM & Zebarjad
+ Therest of C** can be deduced by RGE evolution Kiyo etal

Greynat et al



State of the art of calculations

Kdhn et al, Maier et al,
« For n=1,2,3the C° coefficients areknown at O(«})  Boughezal et al

- For n> 4, C>° are known in a semianalytic aproach (Padé approximants)
this method renders a central value and an error Hoang, VM & Zebarjad
+ Therest of C** can be deduced by RGE evolution Kiyoetal

Greynat et al

A first look into the various methods

1,35+

1.30

me(m;)

125}

1.20




State of the art of calculations

Kuhn et al, Maier et al,
« For n=1,2,3the C° coefficients areknown at O(«})  Boughezal et al

- For n> 4, C>° are known in a semianalytic aproach (Padé approximants)
this method renders a central value and an error Hoang, VM & Zebarjad
+ Therest of C** can be deduced by RGE evolution Kiyo etal

Greynat et al

A first look into the various methods

1.35}

2GeV <y =pu, <4GeV —
130

m(m,) |

H = M (M) Y
2GeV < u, <4GeV .

O(a¥)



O(c?) analyses
first moment

Ha

Exclude regions with
Hims M, < M (M)

g

Contours in the ,ua

Fmed order

4.0F

" T1286

35

2.5}

ane

Linearized

Hm P

40F

20¢
1.5¢
1.0k . : . . g 1.0H , . ]
10 15 25 30 35 40 10 15 2[} 25 30 35 40
Hm Him
Contour Improved
] 4.0F ' ' '
3.5t
2.5} L7 1 e 23
[ /7 ] [ 1
2.0 \C///'/—“lﬁj 2.0f
: ’ ] : ]
L.5¢ Ve 1.5} ”—ﬁ? 1
i V4 1235'/1; L 7 124
1.0f et Mt LR e
10 15 20 25 30 35 40 10 15 20 25 30 35 40
Him Him



O(?) analyses
first moment

Contours in the ,ua

Fmed order

40F
3.5F

3.0}

Kuhn et al path | —ta
AQz::/lm

g

1.0
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Various error estimates

Kuhn

GeV < (u, = p1,) <4Gey,

My, = M (M)
2GeV < 1 <4GeV

U, =3GeV

N

2GeV < u, <4GeV

O(c?) analyses, first moment

Double variation

m(m) <u ,u, <4GeV

m(7,) /ariuus methods a(mz)=0.118

I

H

Contour |
Improved 1




Results



Convergence of errors

M-(M:), double u variation, as;(mz)=0.118

1.5}

: O(a?) O(a,) O(a? O(al)
1.4}
1.3; l l H'H
1.2§ ”
1.1} |
1.4::;
0.9l

Ogpder

Using double variation all metheds have similar values and errors

Result for as@()/: O}1§4i 0.0021

m.(m.)=1.277+0.006,, +0.013,, +£0.019,, +0.009,_ +0.002

sl s =

=1.277+0.025

(GG)




Res ults ...

Central value wm.(m,)

1.280

0.020F
1.275}
0.018¢+
1.270}
1265k 0.016+
1.260} 0.014+
1.255
0.113 0.114 0.115 0.116 0.117 0.118 0119 0.113 0.114 0.115 0.116 0.117 0.118 0119
o as(mgz) . ay(mz)
Statistical Uncertainty Systematical Uncertainty
0.00570 0.0129
0.00565¢ 0.0128;
0.0127¢
0.00560+
0.0126¢
0.00555¢ _
' ] ' ' ' ' 1 0.0125% : : : : '
0.113 0.114 0.115 0.116 0.117 0.118 0.119 0113 0114 0115 0116 0117 0118 0119
@ (mz) @s(mz)

.(Te) = (0.788 4+ 4.13 X ag(mz)) £ (0.006)ga = (0.013)gyst
+(—0.127 + 1.23 X ag(mz))pere £ (0.009)4, % (0.002) Gy




Glimpse on higher moments

mq(m.) for as(mz)=0.118

1.40
Using only iterative method
1.35}
etgas ] Only perturbative errors
13b || “l “” f
1.25} 1 ;
1.20f * . Results including
1 D) 3 gluon condensate
O(a) (7, for a,(mz) = 0.1184 + 0.0021
 Perfect agreement for central values 130}
* Very similar error bars
1.28}
1.26}
1.24

1 2 3 4
moment



Situation for bottom?

Perturbation theory

Experimental data

20 ‘ . l‘
I | | I |3
|
L : | \:
L5F | | |i\
|
\:
R o | ! |
B OL T Y(S) L Y(28) L Y(38) |;| Y(4S)
L I : H .
| , Perturbative QCD
P H -
0.5 | B
0.0 — _ | /
95 100 s

E(GeV) 65% of the first moment

for bottom sum rules !!

Aren’t we comparing theory to theory?

10% error gives a huge error to the + same issues with
total moment perturbative analysis




Comparison to similar analyses

4-loops

McNeile et al.'10
P lattice data

Allison et al.'08 psedoscalar
C » | C »

Narison'10 Bodenstein et al.'10

weighted finite energy
QCD sum rules

Sum rules 3-loops Hoang & Jamin'04
s e——] )
Chetyrkin et al.'09
Sum rules

Boughezal et al."06
e

This Work /

4-loops

122 124 126 128 130 132 134 136
71, (77.)



Comparison to similar analyses

Sometimes it is hard to compare because different analyses
use different values of o ,(m,)

M. () as(myz) used  T.(Tm,)s (mz)=0.-1180

This work 1.277 = 0.025 0.1184 £ 0.0021 1.275 4+ 0.023
Chetyrkin et al. [35] 1.279 =2 0.013  0.1189 £ 0.0020 1.277 £ 0.012
Boughezal et al. [9] | 1.205 £0.015 0.1182 = 0.0027 -

Hoang & Jamin [34] 1.29 +=0.07  0.1180 £ 0.0030 1.29 £ 0.07
Bodenstein et al. [61] | 1.319 +0.026 0.1213 + 0.0014 1.295 £ 0.026
Narison [63] 1.261 2 0.018 0.1191 £ 0.0027 —

Allison et al. [3] 1.268 £ 0.009  0.1174 & 0.0012 -

McNeile et al. [39] | 1.273 £0.006  0.1183 £ 0.0007 -

|

These |attice anayses simultaneously Extrapolation to a
fit for m.(m.) and a,(m,) common ¢, value




Conclusions and outlook

* |t is essential to have a reliable error estimate for the charm mass.
» Concerning relativistic sum rules, a revision of perturbative errors was mandatory.

» Experimental input must be treated with care (combining various sets of data,
correlations, systematic errors ...)

* Perturbative QCD should be used only where there is no data, and asigning a
conservative error.

- For charm PQCD is only a small fraction of the moment - small impact.
* The analysis can be easily extended to other correlators connection to lattice

* It can also be used to determine the bottom mass

Stay tunned for updated numbers on
charm, and for results on bottom mass
and pseudoscalar correlators.

Result for o (m,)=0.1184+0.0021
m, (M) =1.277+0.006, +0.013,,,+ 0.019,, £ 0.009, +0.002
=1.277+0.025
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Size of neglected terms

n | Mass corrections Secondary Radiation  Singlet  Z-boson
1 0.02 0.038 3x107*  0.006
2 0.001 9 x 1074 2 x 107>  0.004
3 1 x 10~ 4 %1077 2x107%  0.003
4 8 x 1079 3% 1079 1x10~"  0.003




Experimental data:

Narrow resonances

Experimental data
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Experimental data: bottom

Babar data
Experimental data
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Experimental data: bottom

Perturbation theory

Experimental data
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Aren’t we comparing theory to theory? :
65% of the first moment

10% error gives a huge error to the for bottom sum rules !!
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Stability of choices

Default: widths 50% correlated among themselves and with the continuous data sets.

For those sets with no information on correlations, assume a 100% correlation.

Different correlation between Different correlation
narrow resonances and data for some datasets
Default Minimal Overlap No Correlation J§50% Correlation Uncorrelated
n =1 [ 21.38(20[46) 21.38(20(37) 21.38(20[30) 21.24(22|47) 21.09(2825)
n = 14.91(18]29) 14.91(18]25) 14.91(18]22) 14.87(19(30) 14.84(20[21)
n=231 13. 10(19\ 5) 13.10(1921) 13.10(19|22) 13.10(19|25) 13.10(19/21)
n =4[ 12.49(19(23) 12.48(19(21) 12.49(19|21) 12.49(19|23) 12.49(19/21)

Different cluster

energy definition Different clustering

Default Regular average  Middle point @ (2,20,40,10) (2,10,20,10) (2,20, 20, 20)
n=1 | 21.38(20/46) 21.37(20146) 21.40(20/45) W 21.38(20[46)  21.39(20/46)  21.34(2046)
n=2 | 14.91(18/29) 14.90(18|29) 14.91(18/29) W 14.91(18]30)  14.91(18]29)  14.88(18|29)
n =3 ] 13.10(19|25) 13.10(19|25) 13.11(19(25) @ 13.11(19]25)  13.11(19]25)  13.08(19|25)
n=4 | 12.49(19/23) 12.48(19|23) 12.49(19(23) @ 12.49(19(23)  12.49(19|23)  12.47(19|23)




