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1. Before 1998: Theoretical problem IR renomalon

2. Around 1998: Drastic improvement
Discovery of renormalon cancellation, Interpretation

3. OPE of QCD potential with subtraction of renormalons

Determination of | by matching OPE and lattice computation

4. Summary & Conclusions
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Computation of spectrum of Positronium (eTe~ boundstate)

Free e E nd e :
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Theoretical Framework (pNRQCD) Brambilla, Pineda, Soto, Vairo

Compute quark-antiquark scattering amplitude in ordinary perturbative QCD.
= Determine a quantum-mechanical Hamiltonian in expansion in 1/¢:
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— Solve the non-relativistic Schrodinger equation
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Accuracy of perturbative predictions for QCD potential
improved drastically around year 1998.

If we re-express the quark pole mass (17 po1e )
by the MS mass (355), IR renormalons cancel

in Etut(T) — 2Tnpulc + WQUD(T) .
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for small q,

the leading renormalons cancel .[=» much more convergent series
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Residual renormalon: A X { (G- 7)%) ~ A X (A r) < A



anr

lar

05—

0 1 1 3

Leading log approximation I [GeV]

1 [GevT]

2.0

[GeV]

15

Ny

1o

0.5

i} 1 2 3

Exact pert. potential up to 3 loops L [GeV]




. o o
_ Mdependence and convergence of U pY
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_ Mdependence and convergence of U pY
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_ Mdependence and convergence of U pY

NNNLO

p YGeV]

. 9
< |o |
Z
o _

p YMGeV]
\/ =
Z
o

., 34251 e i i ‘\\”\, NLO
-2 NNNLO =
""\ LO
342.0 -‘ I I . o I | I- 42.0 \\
100 150 200 5 0 100 130 00
" [GeV] ‘ [GeV]

General feature of QCD beyond large b, or leading-log approx.

06 (NQ n Qw 1 1 @ Bl
'T‘r’] Couples to total charge as N1 © Tt

@




"

Pole mass 1m0/ MS mass m = mye(mye)
0 <Ag<oo 0< A< 1/m
Mpare Mbare

Computation of spectrum of Heavy Quarkonium (QQ boundstate)

Fren

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

Poorly convergent perturbative series
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Pole mass e MS mass 7 = m vs(mis)
0 <Ag<oo 0< A< 1/m
mbal’e mbare

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

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 § states. The solid curves show
the support functions as defined in Eq. (19): for comparison of the
relevant scales, aei‘”(,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.
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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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3.

OPE of QCD potential w

What to do with residual 0 ¥ i

(1)

renormalon?



" -« s 0lution

In OPE, IR renormalons in Wilson coeffs. should be separated and abosorbed

into non-pert. matrix elements. Wilson; Miiller
w () w@)é ) Al 1800 i E Brambilla,Pineda,Soto, Vairo
Wilson| coeff .

Q. Q® Y (pgd (©+ 0 bgO )
non-pert. matrix element

AContdedror mati on prescriptiono

Expandini: w (i) 06 ¢r 6 g¥ 1 6 ¢x 1 E YS, Takaura
g ¢ # g Hayashi, YS, Takaura
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" -« s 0lution

In OPE, IR renormalons in Wilson coeffs. should be separated and abosorbed
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" -« s 0lution

In OPE, IR renormalons in Wilson coeffs. should be separated and abosorbed
into non-pert. matrix elements. Wilson; Miiller
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In OPE, IR renormalons in Wilson coeffs. should be separated and abosorbed
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1 Consistency with lattice results and |

determination

Consistency check
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after renormalon subtraction.
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First time to subtract NLO renormalon
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and confirm the OPE structure
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4. After 1998: Many Applications

Spectroscopy

Decays

Determinations of m,, m, (m,)
Determination of a,

Gluon config. inside quarkonium

Casimir scaling violation for static potential
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Summary

1. Before 1998: Theoretical problem
IR ambiguity (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 a,

Gluon config. inside quarkonium

Casimir scaling violation for static potential



Summary
OPE with subtraction of renormalons K | determination
A OPEof w |
A RG improvement of @ i
Short-distance expansion combines with
n non-pert. matrix element
reaf® T d e e B at sl ey

Genuinely UV contr. (i) (renormalon-free) of pert. prediction separated.

First observation of OPE structure at PQ]—‘” M 8.

N 8 g Error reducible by finer lattices.
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‘ Comparison with other methods
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Scale dep. is much smaller compared to other methods.

| behavior stably observed up to larger distances. T,
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The case of w l

It has been known that @ | is plagued by renormalons,
whereas its Fourier transf. 1} is not. Defined via
Borel transf.
A new justification: X/
O )  QkQ*e i = 1o ) QpQTo |
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‘ Renormalon uncertainty \ 6 Kooft A & 5
5 (6) —0 |

Later it was shown that renormalon O >
uncertainties can be absorbed into 0
non-pert. matrix elements in OPE. | Y(0) DO T 6 o
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Short-distance expansion of 1 (qualitative)
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UV contribution O
A
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UV contribution O
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UV contribution | —t—> h\ = I/)\
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0 and, can be computed analytically.
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UV contribution
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genuinely UV O ¥ i renormalons cancel

w (@) 1 including
subleading logs

3-loop
MS

Vir)/A

vs. lattice comp.
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