Quark Masses and o, from the

total hadronic cross section In

_|_

e e annthilation

Matthias Steinhauser
TTP, University of Karlsruhe

in collaboration with Hans Kuhn, Christian Sturm, Thomas Teubner

g(l I o g:‘:ﬁ:ﬁfﬂiﬁrgir'i;ﬁ?ﬂ‘jﬂ;ﬂ Matthias Steinhauser, Quark masses and c g, QWGO07, 17-20 Oct., Hamburg — p.1
Karlsruhe Institute of Technology



Outline

1. Introduction
2.

3. Ty

Forschungsuniversitat - gegriindet 1825

o Universitét Karlsruhe (TH) Matthias Steinhauser, Quark masses and o g, QWG07, 17-20 Oct., Hamburg — p.2



Introduction

#® Quark masses
® Bdecays:I' ~m; ...
& Spectroscopy

# Higgs decay [ ILC

T'(H — bb) = (iP\’/]\—{THmb (1+O(ag) +...)

® Yukawa unification
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Introduction

Couplings

[Auto,Baer,Balazs,Beyaev,Ferrandis, Tata’03]
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Introduction

#® Quark masses
® Bdecays:I' ~m;...
® Spectroscopy

# Higgs decay LI ILC

T'(H — bb) = (iF\’/]\—{THmb (1+O(ag) +...)
® Yukawa unification

& Strong coupling as and quark masses
[] Fundamental parameters of QCD/SM
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Quark mass definitions

1 _
Lqcep = _ZG/Z,LV + Z% (D —mg) g
q

pole mass

MS mass

Kinetic mass [Bigi,Shifman, Uraltsev,Vainshtein'97]
1S mass [Hoang, Smith, Stelzer,Willenbrock'99]
PS mass [Beneke'9g]
RS mass [Pineda01]

e o o o @0 0 @
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Light quark masses, top quark mass

PDG:
m, = 1.5...3.0 MeV
mg = 3...7MeV
m:m’“;md — 925...55MeV

ms — 95 :l: 25 MeV [Chetyrkin et al., Jamin et al., Lattice, . ..]

[1 less accurately known than heavy quark masses

my = 1709+ 1.8 GeV [CDF,DO]
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Charm/Bottom

# Consider o(ete~ — hadrons)
Cross section

A

N

S

-

Energy

® m.my O sumrules, (“SVZ” sum rules) [Novikov et al:78]
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Charm/Bottom

# Consider o(ete~ — hadrons)

Cross section
A
/ i
Energy
® m.my O sumrules, (“SVZ” sum rules) [Noviko et al:78]

® o, from continuum
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R(S)

R measurement
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o, and R

basic idea: R®P = R"M(ag,my) O ay
(weak dependence on variation of m,)

R™M(s): thad: [Harlander MS'02]
» full qguark mass dependence up to O(a?)

s O(ad): (m2/s)’, (m2/s)!, (m3/s)?

o

# consistent running and decoupling of as

[v. Ritbergen,Larin,Vermaseren’97,Czakon’05]

[Chetyrkin,Kniehl,MS’97]
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o, and R

basic idea: R®P = R"M(ag,my) O ay
(weak dependence on variation of m,)

® RP(s) 0 alV(s) (ns=4)

Vs (GeV) ozg4)(s) o . Yo U Yo iy ag4)(8)\CLEQ
10.538 0.2113 0.0026  0.00618 0.0444 0.232
10.330 0.1280 0.0048 0.0469 0.0445 0.142
9.996 0.1321 0.0032 0.0516 0.0344 0.147
9.432 0.1408 0.0039 0.0526 0.0291 0.159
8.380 0.1868 0.0187 0.0461 0.0195 0.218
7.380 0.1604 0.0131 0.0404 0.0138 0.195
6.964 0.1881 0.0221 0.0386 0.0134 0.237

)
massless
approx.!!!

:\‘(I I Universitat Karlsruhe (TH)
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o, and R

basic idea: R®P = R"M(ag,my) O ay
(weak dependence on variation of m,)

o Rep(s) O alY(s)  (ny =4)

® Evolve to common scale and combine
0 oY (9 GeV) = 0.160 & 0.024 + 0.024
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o, and R

basic idea: R®P = R"M(ag,my) O ay
(weak dependence on variation of m,)

® RP(s) 0 alV(s) (ns=4)

® Evolve to common scale and combine
0 oY (9 GeV) = 0.160 & 0.024 + 0.024

s a9 GeV) — i () — o () — ol” (My)
(practically) independent from 14 (4-loop running and

3-|00p deCOUpling) RunDec: [Chetyrkin,Kiihn,MS'00]
(5) 1+0.0104-0.010 +0.014
L o (M ) = 0.110 ~0.012—0.011 — = (0.110 —0.017

[KUhn,MS, Teubner'07]
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o, and R

basic idea: R®P = R"M(ag,my) O ay
(weak dependence on variation of m,)

® RP(s) 0 alV(s) (ns=4)

® Evolve to common scale and combine
0 oY (9 GeV) = 0.160 & 0.024 + 0.024

® al”(9 GeV) = 0 (%) — 0 () — 0¥ (M)
(practically) independent from 14 (4-loop running and
3-|00p deCOUpling) RunDec: [Chetyrkin,Kiihn,MS'00]

0 i’ (M) = 0110733136610 = 0.1107 5617
[KUhn,MS, Teubner'07]
® CLEO analysis: o\ )(MQ)\CLEO = 0.126 + 0.005 o1

#® massless approximation for R(s)

# no decoupling of oy
\‘(IT o : sssssssss tn WZ,ISL Igeg:ndﬂstg Matthias Steinhauser, Quark masses and o g, QWGO07, 17-20 Oct., Hamburg —p.8



R(S)

R: experiment + theory

375 —— A
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R: experiment + theory

37 | v CLEO (1998)
| m CLEO (2007)




o, from R

» o’ (M) =0.11010010+0.010 _ () 110 +0014 K M8 Teubner 7]

® Combine with ag )(Mz) = (). 124+8 8%}1 [Kiihn,MS'01]

R measurements between 2 and 10.5 GeV from
BES'01, MD-1'96, CLEO’'97

0 o’ (Mz) = 0.119730%

#® Compare: a§5)(MZ) = 0.1189 + 0.0010 [Bethke'06]

ﬁ(l I o Universitat Karlsruhe (TH) Matthias Steinhauser, Quark masses and & g, QWGO07, 17-20 Oct., Hamburg — p.10
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Sum rules

olete” — QQ +...)

olete” — putu~)

ds
= /Sn+1RQ(S) (moments)
= 127lm [IIg(¢° = s + ic)]
1202 ( d \" )
= 11
n! (dq2> Ql7’)
q*>=0

(dispersion relation)

Matthias Steinhauser, Quark masses and & g, QWGO07, 17-20 Oct., Hamburg — p.11
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¢*=0

[1 compute Taylor expansion

HQ(QZ) — QQ167TZZ ( 2

n>0 Q
th _9 2 1 — 5771@ B 1 5./\/1
M= 1% 4mi, C“ mqg  2n M,

A\‘(I I o EO sssssssss tmvzrgat Igeg:ndﬂ;z Matthias Steinhauser, Quark masses and & g, QWGO07, 17-20 Oct., Hamburg — p.12



C,, to 4 loops

Q-0

9 1, 2 and 3 |OOpS: MATAD [MS'96-'00]

® 4 loops:
# method: 1. reduce to master integrals

[Laporta,Remiddi’96; Laporta’01]

2. compute masters
# several Million equations; several GB tables
# all steps cross-checked

1 « [Chetyrkin,Kihn,Sturm’06; Boughezal,Czakon,Schutzmeier'06]

2 « [Schroder,Vuorinen’05; Chetyrkin,Faisst,Sturm, Tentyukov’'06],. . .

A\‘(I I o gg‘fﬂgtﬂizrgir'i:;:‘n‘iﬂ;z Matthias Steinhauser, Quark masses and & g, QWGO07, 17-20 Oct., Hamburg — p.13



C,, to 4 loops

+ 3

n

0
(0<20> + C(2l>lmb +CPe, )
i

zmb)

s (1) (30) (31) (32) 2 ~(33) 3
- Crn +Cx i, +Cn 712, + Ch L,

2/,.2

lm, = In(mj /p?)
- I S0 S0 G20 S0 S22 G030 S0 502 &033)
1 1.0667 2.5547 2.1333 3.1590 3.4425 0.0889 —7.7624 —0.0599 1.5851 —0.0543
2 0.4571 1.1096 1.8286 3.2319 5.0798 1.9048 — 4.0100 7.2551 0.1058
3 0.2709 0.5194 1.6254 2.0677 4.5815 3.3185 — 5.6496 13.4967 2.3967
4 0.1847 0.2031 1.4776 1.2204 3.4726 4.4945 — 3.9381 17.2292 6.2423

AT

o

Universitat Karlsruhe (TH)
Forschungsuniversitat « gegriindet 1825
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C,, to 4 loops

+ 3

n

0
(0<20> + C(2l>lmb +CPe, )
(e

zmb)

+ CV, + CP12, 4+ O3, )

by, = 1n(m%/u2)

" &0 &0 SISED) SICI IR 22 &30 SIGED 32 5033
1 1.0667 2.5547 2.1333 3.1590 3.4425 0.0889 —7.7624 —0.0599 1.5851 —0.0543
2 | 0.4571  1.1096  1.8286  3.2319  5.0798  1.9048 - 4.0100 7.2551 0.1058
3 | 0.2709 0.5194  1.6254  2.0677  4.5815  3.3185 - 5.6496  13.4967 2.3967
4 | 0.1847  0.2031  1.4776  1.2204  3.4726  4.4945 — 3.9381  17.2292 6.2423

—8.0< <95, -80<C <83, -80<CP <74

AT

o

Universitat Karlsruhe (TH)
Forschungsuniversitat « gegriindet 1825
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MEXP — AAres 1+ Mthresh + Mcont

2
® Mres: Rres(s) _ 97T]\§§Fee ( a)) 5(8 o M}%)

o\ S

T(15) T(25) T(35) T (48)

My(GeV) | 9.46030(26) | 10.02326(31) | 10.3552(5) | 10.5794(12)
T..(keV) 1.340(18) 0.612(11) 0.443(8) | 0.272(29)
(a/a(My))? | 0.932069 0.93099 0.930811 | 0.930093

A\‘(I I o Universitat K?r.'sr“he (TH) Matthias Steinhauser, Quark masses and & g, QWGO07, 17-20 Oct., Hamburg — p.15
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MEP — AfTes Mthresh 1+ Mcont

2
o Mres: Rres(s) _ 9mMRlc. (aa)) 5(8 o M}Z{)

o (s

o Mthresh- CLEO data up to 11.24 GeV

ﬂ(l I o U”i‘h’ersnét Kar'sr“h“j (11-8';'5) Matthias Steinhauser, Quark masses and & g, QWGO07, 17-20 Oct., Hamburg — p.15
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MEXP — AAres 1+ Mthresh 1+ Mcont

2
o Mres: Rres(s) _ 9mMRlc. (aa)) 5(8 o M}%)

o (s
o Mthresh- CLEO data up to 11.24 GeV

® Meont; /5 > 11.24 GeV

no data
Rtheory [0 full mass dependence up to O(a?) s aransermsoz)

ﬁ(l I o gZ'C‘h’uengjtnizrgir'i:;:‘n‘iﬂgs) Matthias Steinhauser, Quark masses and & g, QWGO07, 17-20 Oct., Hamburg — p.15



R(S)

CLEO 1985 and 1998

65 ——mM8m ——
o | ° CLEO (1985)
| 55 v CLEO (1998)
55 |
5 Q %%QQQQ QQ§§D§Q§§§QQQQ§§§§§§§§§%
45| 0%° - |
4| :
35 [

%04 105 106 107 108 109 11 111 112 113
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CLEO 1985 and 1998

65 —n  —¥—0 m—mm
A 0 CLEO (1985)
. 5 v CLEO (1998)
CLEO: :
— no corrections applied 00 0 ]
@ — 6% systematic uncertainty QQQ Q§§§9090§§%§§§ % ]
45| 50%° !
4
35 f——t—

%04 105 106 107 108 109 11 111 112 113
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R(S)

CLEO 1985 and 1998

5:
48 | Q :
40 ! CLEO (1985)/1.28
44 | i v CLEO (1998) *
4.2 |

3.6 §§%§

34 |
32 |

38 | : #% §§2§§§§ ﬁ%@@ %;ﬁﬁ %

%04 105 106 107 108 109 11 111 112 113
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CLEO 1985 and 1998

5 I ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ \ ‘ ‘ ‘ \ ‘ ‘ ‘ \ ‘ ‘ ‘ \ ‘ ‘ ‘ \ ‘ ‘ ‘ \ ‘ ‘ !
attribute 10% systematic

uncertainty ?
46 ﬁ CLEO (1985)/1.28

44 v CLEO (1998)
4.2 |

4 § o éé§ 5
3.8 : #é §§%§§§§ §§§§§ %;ﬁﬁ %

3.6 _?ég_

34 |

R(S)

n N : |
oy(v/5 = 10.865 GeV) = 0.301 = 0.002 + 0.039 nb [ Ry (10.865 GeV) = 0. 409 Lo

%04 105 106 10.7 108 109 11 111 112 113
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Mo

n M;es,(lS—élS) M;clhresh M(;Lont M%Xp

% 10(2n+1) «102n+1) s 10@n+1) | «10(2n+1)
1| 1.394(23)  0.296(32) 2.911(18) | 4.601(43)
2 [1.459(23)  0.249(27) 1.173(11) | 2.881(37)
31 1.538(24)  0.209(22) 0.624(7) | 2.370(34)
4]1.630(25)  0.175(19) 0.372(5) | 2.178(32)

ssssssssssssssssssssssssssssssssss

Matthias Steinhauser, Quar
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Mexp _ Mres

® M™S: J/U, U(2S)

o Mthresh:
5r

1 Mthresh 1+

Mt (charm)

3.73 GeV < /5 < 4.8 GeV, BES01,06

g L 1 o 1
4.5 | ;
4 | ! 5 i
D 3 I Th ' E
¥ 22| ! 4 A BES (2001)
2 ; £ [1 MD-1 E
15| __ oocp TV v CLEO
1 |== m BES (2006)
2 3 4 5 6 / 8 9 10
Vs (GeV)
o Meont: Vs > 4.8 GeV pQCD
Q(IT o Universi ”K'l'gghdffgs) Matthias Steinhauser, Quark masses and ¢t g, QWG07, 17-20 Oct., Hamburg — p.18



my

!
M) = M
1 Cn 1/(2n)
mb(:u) — 5 AP

® 1.setp=10GeV U my(10 GeV)
2. RGE D mb(mb)
#® Uncertainties
o IM;®P
® ay(My)=0.1189 + 0.0020 [Bethke'06]; Scrs X 2
® ;= (10+5) GeV
o SM;P (only charm)

A\‘(I I o E”i‘h’ersnét ’ff’:”sr“h‘i ET“;'S) Matthias Steinhauser, Quark masses and & g, QWGO07, 17-20 Oct., Hamburg — p.19
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my

it L e
1 Cn 1/(2n)
mb(:u) — 5 (M%Xp>
n | my(10 GeV) | exp Qg u total | sCPY my(mp)
1| 3.593 0.020 0.007 0.002 | 0.021 | — 4.149
2 | 3.609 0.014 0.012 0.003 | 0.019 | 0.006 | 4.164
3| 3.618 0.010 0.014 0.006 | 0.019 | 0.008 | 4.173
4 | 3.631 0.008 0.015 0.021 | 0.027 | 0.012 | 4.185
myp(10 GeV) = 3.609(25) GeV
[KUhn,MS,Sturm’07]
A\‘(IT o Universitat Karlsruhe (TH) Matthias Steinhauser, Quark masses and o g, QWG07, 17-20 Oct., Hamburg — p.19



mb(lO GeV)

m, (10 GeV) (GeV)

—

>
e
>
>
L
|

2 3 4 5

n [Kiihn,MS'01]

Matthias Steinhauser, Quark masses and & g, QWGO07, 17-20 Oct., Hamburg — p.20
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m, (10 GeV) (GeV)

mb(lO GeV)

>
>
>

L
>
>
>
>
L
>
|
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n [KUhn,MS,Sturm’07]
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Bottom — comparison

Kuehn, Steinhauser, Sturm 07

[ow-moment sum rules, NNNLO

Pineda, Signer 06

Y sum rules,; NNLL (not complete)

- , DellaMorte et a. 06
lattice (ALPHA) quenched
S Buchmueller, Flaecher 05
B decays a 23,
- : Mc Neile, Michael, Thompson 04
' |attice (UKCD)
- , deDivitiiset a. 03

lattice quenched

, - . Penin, Steinhauser 02
Y(1S), NNNLO

- : Pineda 01

Y(1S), NNLO

Kuehn, Steinhauser 01

[ow-moment sum rules, NNLO

, Hoang 00
Y sum rules, NNLO
. QWG 2004
. , PDG 2006
42 43 44 45 46 47

m,_(m,)

o Universitat K?r.'sr“he (TH) Matthias Steinhauser, Quark masses and & g, QWGO07, 17-20 Oct., Hamburg — p.21
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Conclusions

Most precise values for m. and my,
me(me) = 1.286(13) GeV  my(my) = 4.164(25) GeV

NNNLO analysis

MS mass

Possible improvements: experimental measurements:
R(s), Iee

oMs ~y 10%

ms

5mc ~ 1%

me

My~ ().6%

mp

M%1%

my

R 0 of” (M) = 0.119799%

A\‘(I I o gg‘fﬂgﬂ:izrgir'i:;:‘n‘iﬂgs) Matthias Steinhauser, Quark masses and & g, QWGO07, 17-20 Oct., Hamburg — p.22
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