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I. GENERALITIES



I. 1. The Concept

of Quark Masses

Bavarian

“eine Mass" (= approx. one quart)

“Masskrug” (= beer mug, stein)

1 liter = 1 kg

French
Platinum-Iridium-Alloy

(Sevres, Paris)



Avogadro’s project

12 g = N4 atoms of carbon-12

define Avogadro's constant N4 = 6.022141 --- x 1023

in practice

count the number of Si-28 in a “perfect” sphere

input:

relative atomic mass of Si-28: 27.9769265325(19)
(6 =6.39 x 10~ 11)



Watt balance

mechanical power —= electrical power

mgqguv = U? / R = constants x (frequency)? h
h h
U~v — R~—2
(& e

g. gravitational acceleration
v. velocity
U:. Josephson

R: quantum Hall resistance



Masses of elementary particles

mp = 1.007 276 466 77(10) in “atomic units” (= carbon/12)

T-lepton: mr- = 1776.82 £ 0.16 MeV
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but: can we separate core and cloud (field energy)?

(@) Electric field lines around an electron.

kick the particle hard

= perhaps only short distance part

consider Higgs boson decay: H — rt -



“H v2 = Gpv2 = (246 GeV)?

MH—-717717)~ G

i ?
47T\/_MH Which mass M,

Calculate quantum corrections:

. - 3. Mi 9
QED: correction factor (1 - %(jln i Z) )

T

large logarithm: | negative;

can be absorbed in “running mass’

MT(MH):MT(l— (3|n +1))

constant term: | depends on choice of mass definition

(concept of “running” mass (and coupling) was introcuced in QED

before QCD was discovered)



convenient choice for QCD calculations

M S convention:
perform calculation in dimensional regularisation: d =4 — 2¢
divergencies appear as poles in ¢

= subtract poles ( and convention dependent constants)

m IS a convention-dependent parameter in the Lagrangian and depends on the

renormalization scale pu.
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v

Observables :

11



conversions: M < mp(w)

mg (k) = M{l — as [§+ In ]\/‘4—22] — as? [# 4+ In+1n2| 4 as3 [# + ]}

asS: Chetyrkin4+Steinhauser; Melnikov+Ritbergen
examples: My = 171GeV = m¢(mt) = 161GeV
mp(mp) = 4165MeV = My = 4796MeV

large logarithms for u? > M2 — renormalization group

MQd%Qm(u) = m(p) v(as)
v(as) = — Yis0vias T, (known up to 43, Chetyrkin; Larin+-...)

+matching
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solve RGE numerically or perturbatively

my(W) (GeV)

mi(n) = m(uo) |

Q{S(,u) %%/ﬁo fy,rln
as(uo)] [1 " (50

“10 | | HHHlO
U (GeV)

85

T 7

517%) <Ozs(u) B Oés(ﬂO)) 4 ]

mp(mp) = 4165 MeV
mp(10GeV) = 3610 MeV
mp(Mz) = 2836 MeV
mp(161GeV) = 2706 MeV
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MS- vs. Pole-Mass

Pole-Mass (Mpple): close to intuition

ot — bW
Mpole(b W) = (171.4+2.1) GeV = O(A?)

o cte” 5ttt

"peak” at 2Mpgje + O(a?)

o Mp ~ Mpole + O(N)
5280 MeV =~ (4820 + 460)MeV

But: large corrections for observables involving large momentum transfers
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Implication for Higgs decay: (e.g. My = 120 GeV)

=t = S a1 s (5) 4 ()
(%) ()]

(mb(MH)/Mb)2 ~ (2.8/4.8)2 ~ 0.34
[1+...] ~[1+0.207 + 0.039 + 0.002 — 0.001] ~ 1.247

= dominant corrections from running mass!

Large corrections (often, not always!) absorbed by running mass.
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other schemes:

pole mass contains unphysical long distance contributions
— subtract unphysical long distance terms

“potential subtracted (PS) mass” (Beneke)

“1ls-mass” (Hoang+Manhohar)

often used for B-meson decays, Y-spectroscopy, closer to pole mass definition

— residual uncertainty often larger than uncertainty of m; in M S-scheme.
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I. 2. Why

T he Puzzle

my =17 —-33 MeV  mc= 12701770 MevV  m; =1724+0.9+ 1.3 GeV
mg=41-58 MeV  ms=101T3) Mev  my =4.1977.% Gev

me = 0.511 MeV my = 106 MeV mr = 1.7773 GeV

PDG

17



18



WHY precise masses?

B-decays:

(B — Xulp) ~ G& m3 |Vyp|?

(B — Xclv) ~ G,Q: mg f(mg/m%) |Vcb|2

dN dN
moments of dE * dm{p)’

B — Xsy: moments of m2_
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Y'-spectroscopy:
m (T (1s)) = 2M}, — <%a5)2 Mo+ ...

sum rules:

ds 1
[ st Ra(®) ~ mZ

dominant decay mode for light Higgs
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perturbative vs. lattice:

recently (HPQOQ)

me(3 GeV) = 986(6) MeV

mp(10 GeV) = 3617(25) MeV
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Yukawa Unification

>\T:>\b or >\T:>\b:>\t
identical coupling to Higgs boson(s) at GUT scale

top-bottom — mt/mb ~ ratio of vacuum expectation values

5mb ~ 5mt
mp my

omi =~ 1 GeV = dmp =~ 25 MeV

request
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couplings

SSB masses (GeV)
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I1.

CHARM and BOTTOM

MASSES
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II. 1. mQ from SVZ Sum Rules, Moments and Tadpoles

Main Idea (SVZ)

S S BET 14
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Some definitions:

(a0 + auar) M@ = i [dwe®™(T5()5u(0))

with the electromagnetic current j,.

R(s) = 127Im [ﬂ(q2 = s+ z’e)}

Taylor expansion: Mg(¢?) = Q3 e

with z = ¢?/(4m3) and mg = mg(p) the MS mass.

Cn = +° C(l)—|—<ﬁ> C<2>+( ) o O

T
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Analysis in NNLO

Coefficients C,, from three-loop one-scale tadpole amplitudes with

“arbitrary” power of propagators;
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Analysis in N3LO

Algebraic reduction to 13 master integrals (Laporta algorithm);

numerical and analytical evaluation of master integrals

nf -contributions

nf -contributions

ng?—contributions

() heavy quarks,

.~

\

A
~-

-light quarks,

ny:number of active quarks

= About 700 Feynman-diagrams
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Relation to measurements

1272 (d \"
th 2
MiP =22 5) )

1 \"~
SCENE
2—0 mC

2

Perturbation theory: Cp, is function of as and In %
7

q

dispersion relation:

HC(QQ) —

/ds RC(S)Q + subtraction

1272 s(s — q°)

:>Mexp —/ +1RC(S)

constraint: My ® = Mmth

)1/(2n)

o . = %@Qg Cr ) MEP
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qualitative considerations

ds : . _
My = / 3n+1RC(S) ~ dimension (m¢) 2"

threshold

depends moderately on ag!
M(g?) is an analytic function with branch cut from (2mp)?2 to co.

averaging over resonances reduces influence of long distances

(binding effects).

M(g2 = 0) and its derivatives at ¢2 = 0 are short distance quantities.

= pQRCD is applicable.
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II. 2. Experimental Analysis: me¢

0 A :23

- e
TS 4 4
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experiment:

Ingredients (charm)

o e(J/Y,y) from BES & CLEO &
BABAR (PDG)

e (3770) and R(s) from BES

e s = 0.1187 = 0.0020
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Results (mc)

n| me(3GeV) |exp | as | p | np | total
1 086 O 9 2 1 13
2 976 6 14 | 5 0 16
3 978 5 15| 7 2 17
4 1004 3 9 |31 7 33

Remarkable consistency between n =1,2,3.4
and stability (O(a?2) vs. O(a3));
prefered scale: u = 3 GeV,

mc(3 GeV) = 986 + 13 MeV

< conversion to me(me): mc(mec) = 1279 &+ 13 MeV )
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II. 3. Experimental Ingredients for my,

Contributions from

e narrow resonances (T (15) — T(45)) (PDGQG)
e threshold region (10.618 GeV — 11.2 GeV) (BABAR 2009)
e perturbative continuum (EF > 11.2 GeV) (Theory)

e different relative importance of resonances vs. continuum forn=1,2,3,4
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Ry(S)

0 CLEO(1985)/1.28
v BABAR (20009)
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n | mp(10GeV) | exp | as | p | total | my(my)
1 3597 14 | 7 | 2 16 4151
2 3610 10 | 12| 3 16 4163
3 3619 8 |14 | 6 13 4172
4 3631 6 |15 20| 26 4183

Consistency (n = 1,2,3,4) and stability (O(a?) vs. O(ad));
e mp(10GeV) = 3610 + 16 MeV
L mb(mb) = 4163 £ 16 MeV
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lattice & pQCD (HPQCD + Karlsruhe, Phys. Rev. D78, 054513)

lattice evaluation of pseudoscalar correlator

= replace experimental moments by lattice simulation
input: M(neo)=me, M(T(1S)) — M(T(2S))=as
PQCD for pseudoscalar correlator available:

“all’” moments in O(ag), four lowest moments in 0(a§>).

update: HPQCD 2010

as(3GeV) = as(My) = 0.1183(7)
mc(3GeV) = 986(6) MeV
mp(10GeV) = 3617(25) MeV
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I11.

TOP

41



3
F(t— b+ W)~ gj% ~ 1.3 GeV

= NOo top mesons!

(formation time would be too long)

kinematic reconstruction of top from decay products W + b-jet

= pole mass 17

But: decay products are color singlet!
= no perfect separation of ¢, ¢ and underlying event conceptually possible

= dm ~ several 100 MeV (guess!)
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result based on MC simulation, templates, ...

my = 173.3+ 1.1 GeV (Shabalina, ICHEP 2010)
note: m(m) = 173.30 — 7.53 — 0.96 — 0.14 = dramatic difference

my 1S Important ingredient in electroweak precision test:
m¢(m:) seems to be the natural parameter for electroweak precision tests

(p-parameter)

SMyy ~ 10 MeV 20t (cf My, = 80.399(23) GeV  PDG)

43



how can we do better?
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ILC:
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theoretically clean prediction for ete™

— tt in threshold region

NNLO
NNNLO
L= (25 -80 ) GeV
349 350 351 352 353 354

Vs

experimental precision: dém; = O(20MeV) |

theoretical interpretation: démy =7

45



LHC: substitute 7

do / dM [pb/GeV]
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IV. SUMMARY

multiloop results + precise data

mc(3 GeV) = 986(13) MeV eTe” + pQCD

mc(3 GeV) = 986(6) MeV lattice + pQCD

mb(lo GeV) = 3610(16) MeV
ete™ + pQCD
mb(mb) = 4163(16) MeV

mp(10 GeV) = 3617(25) MeV lattice + pQCD
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Top at hadron colliders

my = 173.3+ 1.1 GeV

Essential improvements from ILC 4+ NRQCD for
threshold behaviour

= dmy < 50 MeV feasible!
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