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Y Plan of Talk

1. Before 1998: Theoretical problem

IR renomalon

2. Around 1998: Drastic improvement

Discovery of cancellation of renormalons
Interpretation

3. After 1998: Applications

Spectroscopy

Decays

Determinations of m,, m_ (m,)
Determination of o,

Gluon config. inside quarkonium

Casimir scaling violation for static potential
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1. Before 1998: Theoretical problem

Non-rel. Hamiltonian determined by matching to pert. QCD
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Phenomenological Pot.
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Accuracy of perturbative predictions for the QCD potential
improved drastically around year 1998.

If we re-express the quark pole mass (1.1 )
by the MS mass (355 ), IR renormalons cancel

in Etut(T) — 2Tnpulc + “QUD(T) .

VLL(T) —

F

_/ d*q ST Aoy (q)
(27)3 q2

d*q C 4monL(q)

l .
Mpole 2 Myps( ) + 5 /

q<_p

(27)3 F q>

Pineda
Hoang,Smith,Stelzer,Willenbrock
Beneke

[
-

e
0
)
cancel
o0

_,;l:b - d:))‘ >< 2

N 1 ,
Expanding e'7" =14 1iq 7 + E(wj' 7)* + .-+ forsmall q,

the leading renormalons cancel .S much more convergent series
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3-loop
MS

Vi(r)/A

« Agreement with lattice comp.
extends to larger r at higher orders.
« Stable prediction up to larger r
with higher-order corrections.
« JLQCD r =y | (| Folklore ruled out
o Takahashi et al. 1 o
e Necco., Sommer pert. ~ —CF?S ) non-pert. ~ Kr
CES
1% ~ —Cp—+Kr
0.2 0.4 0.6 0.8 1 qcp(7) TR
3-loop
e AN
e Y(1S): DMy@us)y = 9.94— 0.17 — 0.20 — 0.30 GeV (Pole-mass scheme]

= 8.41+4 0.72 4+ 0.15 4+ 0.015 — 0.008 GeV (MS-scheme)
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Pole mass mqe MS mass m = m vis(mire)

0 <Ag <oo 0< A <1/m

Qm— Q R

Mbare \mw{ae

Computation of spectrum of Heavy Quarkonium (QQ boundstate)
Using MS mass 2mpole = 2m (1 +c1 ag + 2 O‘S + c3 oeS + -

o . . .

IR gluons A\, > r decouple mm) much more convergent series



Rapid growth of masses of excited states originates from
rapid growth of self-energies of Q & Q due to IR gluons.
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FIG. 5. Support functions for the S states. The solid curves show
the support functions as defined in Eq. (19): for comparison of the
relevant scales, a:i“”(,u,) 1s also plotted (dashed curve). Since the
analysis that we advocate in this work does not attribute scales to
the individual states, the scales indicated by the dotted lines are

taken from [3], Table IL.



Rapid growth of masses of excited states originates from
rapid growth of self-energies of Q & Q due to IR gluons.

SN N

""""" —————— 1S

Coulomb Bottomonium

Spectrum Spectrum (exp.)

Brambilla, Y.S., Vairo

@
@ /

Reminiscent of

constituent quark mass picture
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A ‘Coulomb+Linear potential’ is obtained by
resummation of logs: YS
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Vacp(r) = Ve(r) + const. + or + O(A%r?)

Free of IR renormalons
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3. After 1998: Many Applications

Spectroscopy

Decays

Determinations of m,, m_ (m,)
Determination of o,

Gluon config. inside quarkonium

Casimir scaling violation for static potential



'S¢ Action density surrounding heavy gquarks

3D plot of \/pﬁo Z, 7 R=08A1~04 fm

Color electric field (oc\/p(7,7)) between ) and () is stronger
than pure Coulomb field <— VV.(R)

Domain of color electric field (action density) grows
isotropically and scales as ~ R3

Action density distributions corresponding to “Coulomb” and
linear potentials:



Markum,Faber

Casimir scaling hypothesis | ---- supported by lattice Campbell, Jorysz,Michael
measurements Deldar
Bali
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2nd Casimir op. ¥
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protected by C-inv.

3-loop %V\ﬁ
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Anzai, Kiyo, YS
ol o I:> Casimir scaling violation

Tiny violation predicted, compatible with current lattice data.



" A
Y Summary

1. Before 1998: Theoretical problem

IR renomalon

2. Around 1998: Drastic improvement

Discovery of cancellation of renormalons
. . . < -1
Interpretation, alinearriseat r 3 AQCD

3. After 1998: Applications (besides theoretical developments)

Spectroscopy

Decays

Determinations of m,, m_ (m,)
Determination of o,

Gluon config. inside quarkonium

Casimir scaling violation for static potential
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Pole mass mqe S mass m = mys(mye)
0 <Ag <oo 0< A <1/m

Qw Q R

Mbare \ﬁlbrge

Computation of spectrum of Heavy Quarkonium (QQ boundstate)

Fren

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

Free ) and Q:
not well-defined
Etot = 2mpole _Ebin

Poorly convergent perturbative series



Application to quarkonium spectroscopy and determination of g, 1y, M.

|:> * Global level structure of bottomonium is reproduced. Brambilla, Y.S., Vairo
Recksiegel, Y.S

 Fine and hyperfine splittings of charmonium/bottomonium reproduced.

Two exceptions in ~2003: Recksiegel, Y.S.; Kniehl, Penin,
charmonium hyperfine splitting W (25) 1.(25) Pineda, Smirnov, Steinhauser
bottomonium hyperfine splitting T (1.5)-7,(15)

Solved in favor of pert. QCD predictions.

* Determination of bottom and charm quarkM_S masses:

mp(mp) = 4190 £+ 30 MeV
me.(,.) = 1243 4+ 100 MeV Brambilla, Y.S., Vairo

- Relation between lattice «vs and MS x5 being accurately measured
(realistic precision determination in near future) Y.S.
Brambilla, Petreczky, Tormo, Soto, Vairo
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| Bottomonium spectrum up to n = 3 states

Coulomb

Rs(1181)"

Exp. data
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3-loop
r Afg

* Pert. QCD prediction including full O(aiﬂm) corrections to individ-
ual energy levels, as well as full O(agm) corrections to fine structure

[ag(My) = 0.1181].

Recksiegel, Y.S.
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Slides from Skwarnicki's plenary talk at Lepton-Photon 2003

Lepton-Photon 2002 Heawy Quarkonia Tomasz Skwarnicki 16 =

Predictions for hyperfine splitting ratio

+ For 20 years theorists were exposed to the experimental value of
AM,=M(y(25))-M(n.(2S)) which was wrong by a factor of 2

* Predictions for AM,s/AM, ¢ Old exp.
= value
S 4 . : _| New exp. : .
D - value -
) - .
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H. Ito, Prog. of Theor. SN, Jena PLB123, O b
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Mazs (M)

CL=14% scale factor=1.3
New measurements of mass are
consistent




Motivation for precision determinations of heavy quark masses

» Bottom quark

 Constraints on b—z mass ratio of SU(5) GUT models

* Input param. for b physics: e.g. ', « m, =) LHC,, Super-B factory

» Top quark

* The only quark mass without MS mass in current PDG data.
m: = 173.5 + 0.6 £+ 0.8 GeV <—— What mass?

* Tests of Yukawa coupling at LHC and beyond.

S MM o< m? cf. AM,; ~ 0.1 0.2 GeV LHC

5thﬁ}dssm ~ 'mf ~ 0.05 GeV
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WEIGHTED AVERAGE
4.177+0.005 (Error scaled by 1.0)

Particle Data Group 2012
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Prospects for precision determination of m, from M(1S)

Hagiwara,Y.S.,Yokoya

Hoang, et al. Kiyo, et al.
14 NNLD—I T T T T l 3varl"l.|.,..:,|,‘|_
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e’e — tt inthe threshold region pp — tt (threshold region)
@ future Linear Collider @LHC

Amr; < 100 MeV AT, significantly smaller than 1GeV?



Renormalon in the QCD potential . Aglietti, Ligeti

a(q) = as(p) - am /B
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9.4 MAPPLICATIONS OF HIGH ORDER CALCULATIONS

The computation of radiative corrections entails evaluation of the amplitudes asso-
ciated with many Feynman diagrams. Such computations are highly technical and
require the use of computer programs which can perform symbolic manipulations
and reductions to core integrals. By way of illustration, Figure 9,13 shows the
result of an analytic calculation including terms of order ! of the static potential

-|

o potential energy

Apu=(0.035,0.07,0.14)

® Lattice cale., (Necco, Sommer)

VirVA

3 -

w3 - Joop analytic cale

-,.—

| | | |

ol 02
A

FIGURE 9.13 Computed static color isteraction potential at three-loop order compared
with the lattice computations. The curves correspond to several choices of renormalization
scale. The points represent the results of ndependent lattice QCD calculations. [C. Anzai,
Y. Kiyo, and Y. Sumino, Phys, Rev. Lett. 104, 112003 (2010)]
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Interquark force Flr) = _;_H__Q(,”{_,.,)
-
~ _Cp ag {/:)
P
f

Renormalization-group equation: ,u“ —“—ap(p) = Fplap)

— Due to the running of ap(1/r), the attractive force F(r) increases at large r.
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| Bottomonium spectrum up to n = 3 states

Coulomb

Rs(1181)"

Exp. data
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* Pert. QCD prediction including full O(aiﬂm) corrections to individ-
ual energy levels, as well as full O(agm) corrections to fine structure

[ag(My) = 0.1181].

Recksiegel, Y.S.
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Vaco(r) = Vpert(ripyp) + 5E(7°;/~Lf)

Wilson coeff.

non-pert. contr.

SE—~0asr—0 ~ (G2(0)%)r3

Comparison of lattice Vocp(r) and Vpert (7 11f) at short distances

Viatt (1) — Vpert (7; Mf) = 6E(r; Mf)

_1
rlogr

cancel

1
rTog7 r3

Sensitive to relation between rg and Ay;¢ or ag(My)

3-loop
TO/NRﬁg-

= 0.5741+0.042 YS.

c.f. Schrodinger functional method:

0.602 = 0.0438

Capitani, Luscher, Sommer, Wittig

0.586 4+ 0.048
Necco, Sommer

Including 3-loop QCD pot.

3—loop _ 0.622+U'Ulﬂ

N S,
TU}llas 0.015

Brambilla,Tomo,Soto,Vairo
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_ 1 dependence and convergence of M;(1S)

— LO
b) ——— nwo
—-—-- NNLO
349 | 349 —— NNNLO
2 2
348 348
= =
N e A e e et
347 a7 |/ .
I -
;.
0 50 100 150 200 o 100 150
un GeV u GeV

General feature of QCD beyond large §) -, or leading-log appro#.

Au(q) j*(=q) jH(x) = §#06° (X — 7/2)

1‘61 Couples to total charge as q = 0.
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_ 1 dependence and convergence of M;(1S)

350 T 350

349 - 349 —— NNNLO

M( 1S)

347

347 /

0 50 100 150 200 0

General feature of QCD beyond large §) -, or leading-log appro#.

Au(@) j*(—q) jH(x) = 8H06° (X — 7/2)
Couples to total charge as g — 0.




