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QCD and the Onia
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QQ: A MULTISCALE SYSTEM
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by at least three energy scales
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Non-relativistic bound states

o Bvenifas < 1
on bound state the perturbative expansion breaks down when ag ~ v:
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EFTs for Quarkonium
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PNRQCD A potential picture arises at the level of pNRQCD:
1 » the potential is perturbative if mv = Agep

» the potential is non-perturbative if mv ~ Agep




NRQCD is the EFT that follows from QCD when \ =

« The matching is perturbative.

+ The Lagrangian is organized as an expansion in 1/ and as(m):

Lnrqep = ) clas(m/p)) x On(pu, A)/m"

"

Suitable to describe decay and production of guarkonium.

Caswell Lepage 86, Bodwin Braaten Lepage 895




Weakly coupled pNRQCD

pNRQCD is the EFT for heavy quarkonium that follows from NEQCD when A = l ~ T

T

1
E —p?/m—V(r)

NRQCD pNRQCD

¢ The Lagrangianis organized as an expansion in 1/, r, and asim):

LoNrQeD = Y elas(m/p)) x V(ru', ri) x Op(u', X) r"

n

Pineda, Soto 97 Brambilla Pineda Soto Vairo 99
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In this framework we can obfain

® PRECISION DETERMINATIONS OF QCD PARAMETERS
(of interest for SM and BSM physics)

® INFORMATION ON QCD VACUUM AND LOW ENERGY
PROPERTIES (Of interest for theories beyond QCD)

® INFORMATION ON THE TRANSITION REGION FROM
HIGH ENERGY TO LOW ENERGY (Of inferest for the
behaviour of perturbative series)



Low energy (nonperturbative) effects always exist
put their form depend on the size of the system

The EFT factorizes the low energy nonperturbative part.
Depending on the physical system:

(F2(0)) Ti15). ...
(F(t)F(0)y annihilations, short range c¢, b, gluelumps, ...

Agop ~ ¢

Agep ~ loop (ei9 #dz A=)y Jong range cé, bb, hybrids, glueballs, ...

The more extended the physical object, the more we probe
the non-perturbative vacuum.



To extract SM parameters

BOINSDER SYSTEMS OR OBSERVABLES WITH
BIBPRESSED NONPERTURBATIVE EFFECTS
(TYPICALLY QUARKONIA WITH SMALL RADIUS)

BRI NDER CONTROL THE PERTURBATIVE SERIES
AND RESUM ALL LARGE CONTRIBUTIONS
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Mass determination

EXAMPLE: MASS EXTRACTION FROM 1S ENERGY
LEVEL (E.G. Y(1S))
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® 'l)SUM LARGE BETAO (REMOVING THE RENORMALON OF
THE SERIES) Beneke et al., Hoang et al.,Brambilla et al, Pineda

® 2)SUM THE LOGS OF V (COMING FROM THE RATIO OF SCALES:
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e 3) DEAL WITH THE NONPERTURBATIVE CORRECTIONS



1)Bad behaviour of the perturbative series (the renormalonO(Agcep)

Static singlet potential

The potential is a Wilson coefficient of an EFT. In general, it undergoes renormalization, develops scale
dependence and satisfies renormalization group equations, which allow to resum large logarithms.
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Is well behaved (the renormalon cancels between the two when one
eliminates m_pole in terms of msbar or threshold mass)
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Blnonperfturbative corrections are neglected (when
suppressed)




BOTTOM MASS EXTRACTIONS FROM Y(19S),
SUM RULES, LATTICE

[Melnikov 98]
® / [Penin 98]
I = | [Davies 98]
I ® | [Jamin 98]
I - | [Hoang 99]
I @ | [Beneke 99]

I | [Beneke 99]
[Hoang 99]
[Gimenez 00]
- | [Hoang 00]

i [Pineda 01]
g [Brambilla 01]
| ® | [Kithn 01]

I | [Penin 02]

—e— [Erler 02]

® | [Eidemuller 02]
- i [Bordes 02]
I - | [Corcella 02]
I i [Lee 03]
| = | [Divitiis 03]

i [Heitger 03]
| [Contreras 03]
F A [Ahmady 04]
[]
!
¢

[Bauer 04]
/ Average

4.00 4.10 4.20 4.30 4.40 4.50 4.60

m,(m,) GeV
QWG Cern YR 2005

mb(mb) =)l (OFiCel hep-ph/0412158



CHARM MASS EXTRACTION FROM J/PSI,

SUM RULES, LATTICE
} - | [Eidemiller 00]
| - | [Juge 00]
—— [Brambilla 01]
I - | [Penarrocha 01]
l = l [Becirevic 01]
— — [Kithn 01]
I - | [Erler 02]
— — [loffe 02]
} - | [Eidemiller 02]
—a— [Rolf 02]
—a— [Divitiis 03]
| - | [Hoang 04]
| ¢ : Average

RS0 1.15 1.20 1.25 1.30. 1.35 140 1.45 150 1.55 1.60 “1i65

m_ (m) GeV
i i ‘= QWG Cern YR 2005
) = 1.28 4+ 0.05 GeV Hennhiaa




More recent determinations:

NR SUM RULES (FuLL NLL ,PARTIAL NNLL ACCURACY):

mb(mb) — 4.19 £+ 0.06 GeV

SEMILEPTONIC B DECAYS

iclme) = 1.224 £ 0.017 £ 0.054 GeV

LATTICE (UNQUENCHED)

mb(mb) — 4.4 4 0.030 GeV




alpha_s determination



ozS(MZ) FROM PDGO6
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ep event shapes
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—_——
t decays
Spectroscopy (La’gce)

Y decay
—_——

as(Mz) = 0.1176 £ 0.002
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New extraction of OZS (Brambilla, Garcia, Soto, Vairo 07)
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New extraction of OZS (Brambilla, Garcia, Soto, Vairo 07)
from

['(T(1S) - vX)
I'(Y(15) — X)

=

based on;:

¢ NEW DATA FROM CLEO (HEP-EX/0512061)

e COMBINED USE OF NRQCD, PNRQCD AND SCET

® ACCURATE ESTIMATES OF THE OCTET CONTRIBUTIONS
FROM THE LATTICE ( AND FROM
CONTINUUM
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Using NRQCD decay factorization:

r 1 2Im flm) :
U H — Lh.) = Z ] 1 0y fermion | H

we obtain

i I'(YT(1S) — vX) —--36 e%a N
§i - FCL(1S) = X0 S blia) B

N =1+ CQQW% =t CP1(351)R771(351)+
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=
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accurate at NLO in alpha_s and v
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RADIATIVE TRANSITIONS

:ID3

,_3D2—1D:3
H-D1

MAGNETIC DIPOLE TRANSITIONS

D{J/y — ney) = (118 £ 0.36) keV PDG 06

® I(J /v — nev) enters into many charmonium BR.
lts 30% uncertainty sets typically their experimental errors.

1= 012" 1*- 123~ 2*
IN POTENTIAL MODELS
At leading order I'(J /4 — 1.v) ~ 2.83 KeV
this implies:
* large value of the charm mass
Eichten QWG 02 * large anomalous magnetic moment of the quark

* large relativistic corrections to the S-state wave functions



EFTHEORY OF RADIATIVE TRANSITIONS

PNRQCD WITH SINGLET, OCTET, US GLUONS AND PHOTONS

Brambilla, Jia, Vairo 05

2
* No nonperturbative physics at order U

e Exact relations from Poincare invariance

e No large anomalous magnetic moment
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OUTLOOK: BOTTOM AND CHARM MASSES

QWG extraction of ¢ and b mass (2005)
mb(mb) =122 = 0.05GeV mc(mc) = 128 iila. 005 GGV

Improvement requires:

BOIEIS'mass exiraction: Lattice calculation of
<E E(t)> (full NNNLO and LL in pert)

In NRSM: -NNLL and NNNLO; for low moments SR, from
experiments: R for bbb above threshold, new R for cc is
good input

For lattice: th error in lattice -->MS conversion,
need 2 loop matching in NRQCD and Fermilab;
nonperturbative matching desirable
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OUTLOOK: TOP MASS AND ALPHAS

ttbar system: extraction of m_t at the ILC.

Present undetermination around 100 MeV.
Needed: complete NNLL and complete NNNLO;

EW and non fact.; EFT for unstable parficles

alphas from etab
From hyperfine separation calculated at NLL:

M (np) = 9.421 £ 1113Gev

from a measurement of eta_b with few Mev accuracy
get alpha_s(M_z) with 0.003 error!

alphas da j/psi ->gamma X
need both theory calculations and
experimental measurement
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EFFECTIVE FIELD THEORIES PROVIDE A SYSTEMATIC TOOL TO
INVESTIGATE A WIDE RANGE OF HEAVY QUARK OBSERVABLES
INSIDE QCD

THEY NEED TO BE COMPLEMENTED BY LATTICE CALCULATIONS

THESE THEORY TOOLS CAN MATCH SOME OF THE INTENSE
EXPERIMENTAL PROGRESS OF THE LAST FEW YEARS AND OF
THE NEAR FUTURE, BUT MORE HAS TO BE DONE:

PERTURBATIVE CALCULATIONS AT HIGHER ORDER

(FIXED ORDER AND LOGS SUMMATION)

LATTICE CALCULATIONS OF LOCAL AND NONLOCAL CONDENSATES
(OR EQUIVALENTLY NRQCD MATRIX ELEMENTS)

Heavy quark bound states are a unique lab for the study

of the strong interactions from the high energy scales where
precision studies can be made to the low energy region where
confinement and nonperturbative physics are dominant
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