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Quark mass definitions

» What are quark masses?

« Why do we measure them?

SM parameters at weak scale:

Lsy(e, 9w, 9s: vV, A4, Yij, ) —>  connected to fundamental physics
GUT models

Yukawa couplings at weak scale: y, Q. Hqg + h.c.

Relation free from IR contaminations

Short-distance quark masses (e.g. MS mass)



Definitions of quark mass in pert. QCD

Pole mass o MS mass 7 = mye(mye)
0 <Ag <oo 0< A< 1/m
Q : %-0-% ) Q éo%
Mpare Mpare
Not defined beyond pert. theory Conceptually close to
Perturbative uncertainty Yukawa coupling at scale u~m

O(AQCD) < 1GeV
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b-flavor hadrons

Bottomonium

IR gluons decouple

color-singlet
small size

B meson

color singlet
typical hadron size
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b-QUARK MASS

b-quark mass corresponds to the “running mass” ﬁb(_u == ﬁf ) in the M5
scheme. We have converted masses in other schemes to the MS mass using
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WEIGHTED AVERAGE
4,18120.004 (Error scaled by 1.0)
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Determination of m, from Y(1S5) and n,(1S) energy levels

Kiyo, Mishima, YS
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my, m,. determination

Kiyo, Mishima, YS
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Summary and future prospects

- Current theoretical analyses can extract the MS masses m,, (and )
consistently with 20-30 MeV accuracy from different observables.

Relativistic/Non-relativistic sum rules, Quarkonium 1S energy levels,
B,D masses+HQET OPE, Inclusive observables in semileptonic B
decays, ‘-
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« Towards high precision QCD predictions
Theoretical tools: pert. QCD, EFT, OPE, lattice QCD, ---

Higher-order computation, eliminate IR contamination (renormalons)

I » BaBar (2009) | Y(].S), T]b(IS) B

1 I
11 115

10 105
V5 [GeV]









"

WEIGHTED AVERAGE
4,18120.004 (Error scaled by 1.0)
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Sum rules

Moments of R-ratio

M, =] ds
So

M,P =

Sensitive energy regions

Shifman, Vainshtein, Zakharov

Ry (s)

C12r2 0 \"
~ n2 \dg?

M (NNNLO)

Ro(s) = Rt (5) — Rbkg(s)

T(15)

T(15)

1 <n <4 Relativistic sum rule
relativistic pert. quarks

n > 1 Non-relativistic sum rule
non-rel. bound-state theory

|1, (0)]?
Ro(s) Imz\/‘ M, + il /2
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Dispersion integral relating 11, and R,:

2
2 q
= 1202 fds

Rq(s) , 3

HE(‘? ) - s(s —g2) + O 16w

R.(s) «« ImII.(s)

3 "
M(¢%) = Q2 >, Cu?",
n =0

2

Co,

Ims

&

Integral path of j ds
C

I (s)

s(s—q?)

(17)

with 0. =2/3and z = qz,’[;imf:) where m, = m(jt) is the MS charm quark mass at the scale .
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Sum rules

Moments of R-ratio

M, =] ds
So

M,P =

Sensitive energy regions

Shifman, Vainshtein, Zakharov

Ry (s)

C12r2 0 \"
~ n2 \dg?

M (NNNLO)

Ro(s) = Rt (5) — Rbkg(s)

T(15)

T(15)

1 <n <4 Relativistic sum rule
relativistic pert. quarks

n > 1 Non-relativistic sum rule
non-rel. bound-state theory

|1, (0)]?
Ro(s) Imz\/‘ M, + il /2




._ Original slide by A. Maier @Hansfest2016

Relativistic vs. non-relativistic sum rules

Chetyrkin, et al. Penin, Zerf
Dehnadi,\et al. Beneke, et al.

x O(a?) fixed-oN]er ¥ NNNLO PNRQCD
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> Use of PS-mass at intermediate step
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Heavy quarkonium states (tt, bb, cc, b¢)

Unique system: Properties of individual hadrons predictable in pert. QCD

Two theoretical foundations for computing higher-order corr. systematically

Pineda, Soto, Brambilla, Vairo

* EFT (pPNRQCD, vNRQCD) Luke, Manohar, Rothstein

« Threshold expansion Beneke, Smirnov



Computation of full spectrum up to NNNLO

Kiyo, YS: 1408.5590

Lonroep = ST(id; — Hg)S + 0%7(iD — ﬁo)abOb + g ST#-E20% + ...

S, 0%: color singlet and octet composite-state fields

Energy levels given by poles of the full propagator of S in pNRQCD.

singlet singlet ‘\octet/ singlet
1 q 7. E®
E — Hg + ie NNNLO
l same as Lamb shift

Pert. theory in Quantum Mech.

=1

2t

3-loop pert. QCD vs. lattice comp.

Vocp (1) € Hs

* JLQCD
¢ Takahashi et al.

e Necco, Sommer

Anzai, Kiyo, YS

0.05 0.1 B 15 0.2 B «25

3-loo
re A r ~ 0.25 fm
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Scale dependence
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Use MS mass m;, = my® (m?,"s)
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my, m,. determination

Kiyo, Mishima, YS
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WEIGHTED AVERAGE
4.17640.004 (Ermmor scaled by 1.0)
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Simultaneous determination of |V, | and m; S(mb ) .
Alberti, et al
from inclusive semileptonic B decays

Observables in inclusive B — X .£v decays

<L~n> 1 / f,” fr fﬁ,
) = dE,.
& I lE‘;r":‘:'"‘J—:‘-cul J E¢>Eqy alﬁf

(m%) = - my —- o4 Imy3 g
)= X 7.3 HEX
Er=E

| E,>E,, - fh”x

My invariant hadronic mass
OPE in 1/m,; expansion

X . Lm . 5 I‘i 2 - I_n,- 2
[y =TI {1 +alh)- L) + al?Po) g, ({_> +a\? (L>
/s o T

n _lﬂ,( 2 Hx By (40 0% #c,(h"fb) iE = 211 (BB, (iD)%b,|B)
m? r n
2 g"' I
) _ P = <B‘b Gy 0"'by| B)
52 d© D T —4g ﬂlfL;S + higher ordersw. 2”
mj, mj,

Observables are mostly sensitive to = m;, — 0.8 m,

= Input m.(3 GeV) = 0986(13) GeV
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Fit experimental data of the observables and determine

2 3 2 3 —
i PDr K6 Pis Vep |, M.

Results:

e x?/d.o.f.~ 0.4

V| = (42.21 +0.78) x 1073,

c.f. Determination from exclusive B — D*fv decays
Veb| = (39.04 £ 0.495, +0.53), + 0.19gep) X 103

- 7y = my'> (m}®) = 4183 + 37 MeV
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Summary

- Current theoretical analyses can extract the MS masses m,, and m,
consistently with ~30 MeV accuracy from different observables.

Relativistic/Non-relativistic sum rules, Quarkonium 1S energy levels,
Inclusive observables in semileptonic B decays, -
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» Theoretical tools: pert. QCD, EFT, OPE, lattice QCD, ---
Higher-order computations, renormalons vs. non-pert. matrix element



