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For most of the quarkonium states: 1/r ~ Mu ~ AQCD
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In this talk we will deal with EFT’s suited to describe these states.
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Quarkonium Scales
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Quarkonium Scales
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Spectrum from lattice NRQCD
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NRQCD power counting

* Counting in ag(m):

3 Qg m
cp=1—=——log—+4+... cg=2cp—1

2T 7

50 o m
cp=14+——1log— +...

9 w L4

/=0(as) Imf = O(a?)

[ ] Lattice matching coefficients are known at tree level.



NRQCD power counting

*Counting in v:

1
3 Toly ~ 3.3
1)/dX¢¢_1:>|¢|2~( x)?’va
2) KD~ (mv)d (e.g. gE, gB ~ m?v?, D ~ mv)

3) Dy ~ mv?  (virial theorem)




NRQCD power counting

*Counting in v:

1
S3xc ahTahy ~ 3,,3
1)/dX¢¢_1:>|¢|2~< x)gwmv
2) KD~ (mv)d (e.g. gE, gB ~ m?v?, D ~ mv)

3) Dy ~ mv?  (virial theorem)

[ ] The power counting is not unique.

E.g. in Lepage et al. 92 (“standard NRQCD power counting”):

gAy ~ mv?, gA ~ muv3, gE ~ m?v?, ¢gB ~ m*v?t.



NRQCD power counting

*Counting in v:

1
3 Toly ~ 3.3
1)/dX¢¢_1:>|¢|2~< x)gwmv
2) KD~ (mv)d (e.g. gE, gB ~ m?v?, D ~ mv)

3) Dy ~ mv?  (virial theorem)

[ ] The power counting uses arguments rigorously suited only for

bound states in a non-relativistic quantum-mechanical context.



L attice NRQCD precision

[ ] In the bottomonium case, the precision of the radial splittings is
s v? ~ 0.2 x 0.1 ~ 2% in the standard NRQCD power
counting; o, v =~ 0.2 x 0.3 ~ 6% in the most conservative one,

while for the fine and hyperfine splittings is cvy ~ 0.2 ~ 20%.

L] In the charmonium case, the precision of the radial splittings is not
smaller than 10% in the standard counting (20% in the

conservative counting).

] Order azv* (asv? in the conservative counting), 1/m2 corrections
o the Yang—Mills sector of the NRQCD Lagrangian and 4-fermion

operators also have to be taken into account.



Decay in NRQCD

I'(H — LH) = —21m<H‘H!H>
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P-wave decays at O (muv°)

2

RO 21y
1
[y —LH) = 9Tm f; b+ 208 (0y('50)|)
2
R (0)
Cxs —y7) = 9Im f,, A J=0,2

* Octet and singlet contribute to the same order.
= The IR divergences of Im f; are absorbed into the

non-perturbative operator {x|Og(*Sy)|x).

Bodw n Braaten Lepage 92



P-wave decays at O (muv°)

2

RO 21y
1
[(vs —LH) = 9Im /i i + == (Os("5)[v)
2
R (0)
Cxs —y7) = 9Im f,, A J=0,2

* Bottomonium and charmonium (below threshold) P-wave decays de-

pend on 6 non-perturbative parameters [3 w.f. + 3 octet |.



S-wave decays at O(muv°)

I'(V(nS) — LH) = % <1m f1(381)(V]|01(°51)|V)

+Im f5(°S1)(P|Os (" S0)| P) + (P|Os(°S1)|P)

Im fg(ls())
3

+Im g (351)

m?2 3 m2

(PIPL('S0)IP) | 30,27 + Dim [s(*Py) <P|os<1P1>|P>>

D(P(nS) — LH) = — <1m f1(*S0)(P|O1(*S0)|P)

(P|0s(°S1)|P)

<P|08<1P1>|P>>

+Im fg(*S0)(P|O0s (" So)|P) +

Im f8(351)
3

(P|P1(*So)|P)

+Im g1 (*So) - +Im f3(*P1)
m

m?2

* Bottomonium and charmonium (below threshold) S-wave decays

depend on 30 non-perturbative parameters.



S-wave e.m. decays at O(muv”)

I'(V(nS) - ete™) = % (Im fee(S1){V|OEM(°S1)|V)

+Im Jee (351>

<P|7>1<1so>|P>>
m2

2

L(P(nS) = 1) = — (Im fr~ (1 S0)(P|OEM (" S0) | P)

+Im g~ (*So) <P|P1(1SO)|P>>

m2

* Bottomonium and charmonium (below threshold) S-wave e.m. decays

depend on 10 extra non-perturbative parameters.



NRQCD matrix elements

e By fitting charmonium P-wave decay data
(O1(*P1))p 1Py ~ 8.1 x 1072 GeV® and (Os(150)) s, (1p) ~ 5.3 X 1073 GeV?
in MS and at the factorization scale of 1.5 GeV.

Mal t oni 00

e In quenched lattice simulations
(O1(*P1))p,, (1p) = 8.0 x 1072 GeV® , (Os(1S0)) . (1p) ~ 4.7 x 1073 GeV? and
<01(1SO)>776(15) ~ 0.33 GeV?
in MS and at the factorization scale of 1.3 GeV.
Bodw n Sinclair Kim 96

e In lattice simulations with three light-quark flavors (extrapolation)
(01(180))n, (15) &~ 4.1 GeV?, (O1 (1 P1))y, 1p) = 3.3 GeV® and
(O8(1S0))n, (1p) ~ 5.9 x 1073 GeV?
in MS and at the factorization scale of 4.3 GeV.

Bodw n Sinclair KimO01l

Some further recent (quenched) determinations are in Bodwi n Lee Sinclair 05



E.m. widths on the lattice
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PNRQCD

Tmuv ~ AQCD



PNRQCD for mv ~ Aqcp

o All guarks with energy > mv* and momentum > mu
are integrated out.
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with the static Q@ energy.



PNRQCD for mv ~ Aqcp

o All quarks with energy >> mwv? and momentum > muv
are integrated out.

e All gluonic excitations between heavy quarks are

iIntegrated out since they develop a gap of order Aqgcp
with the static Q@ energy.
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PNRQCD for mv ~ Aqcp

All quarks with energy > mv* and momentum > mu
are integrated out.

All gluonic excitations between heavy quarks are

iIntegrated out since they develop a gap of order Aqgcp
with the static Q@ energy.

The singlet quarkonium field S of energy mwv? and
momentum mu IS the only the degree of freedom of
ONRQCD(up to ultrasoft light quarks, e.g. pions).



PNRQCD for mv ~ Aqcp



PNRQCD for mv ~ Aqcp
ﬁ:Tr{ST (7;30—%2—%) s}

The potential V, (Re V. + 2 Im V.) is a mixture of perturbative and

non-perturbative contributions to be determined by the matching.



Matching |

e The first step consists in integrating out quarks of momentum
v/mAqgep > Aqep and energy Agep (semihard) .

(

(Aqep,; Aqep) (Aqcp, Aqep)
mv?, mv) E : : 3 (mv?, mv)
(E,p) (E,€) ' (E,q)
X X
1 3¢ 1 1
V(p—&)E_£2/ (€-a) ~ o (277?35_4E—£2/m

, 1 1

" Aqep /m Aqep




Matching |

Semihard quarks induce the following vertices in NRQCD

H i SH
S = Olh(R, r)r- gES., (R,r)

Y

SH 2 P = x®) BT ®) vV (r) 5. (R, 1)
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Matching |

e Contribution to the spectrum:

RedV = 25, O0)
O T o (9y2) T2 32

e Contribution to the decay width:

68 1 g 03(r)
ImoV = Imeés 55/2 W




Matching |

e Contribution to the spectrum:

289 1
6, = a el
" o27 T(9/2) 2 TT/2

|Rnl(0)‘2

MO
S S0 ~ O moudas :
m3/2 < A /mAQCD >

e Contribution to the decay width:

HPns) = LH) = %‘ngo)' Imfl(lSO)gr(G:/m f%
T(Vons) —eeT) = %‘ngo)' f€€<351>3r<678/2) f%

Branbilla Pineda Soto Vairo 04



Matching |

e The second step consists in integrating out quarks of momentum < mwv and
energy Aqcp, and gluons of energy Agqcp -



The matching condition is:

Matching |




Matching |

The matching condition is:

p2 Vs(n)
(H|H|H) = (nljs| — + Z g Inljs)

m

SHD  sH@  sHB) sH&)
+ + +

H=H + -

m m m3 m

ngf
1
H(O):/d?’ Z(TICTIC® - BeB%) — S §iD -
X2( + ) qu Y q

D2
SHM =— /d?’xw (7 +crgS- B>¢ + antip.



Matching |

The matching condition is:
(H|H|H) = (nljs| 2= + 3" 2 |nljs)
m " m

In a QM language:

HO s x1,%x2) @ = B (x1, %2) |15 x1, %2) ©)
n;x1,x2)(9 = 9T (x1)x(x2) 0 x1, %2) (¥

x; are the quark positions n : C'P, ...

0)(?) = [(QQ)1) — Quarkonium Singlet

in > 0)(Q = [(QQ)¢™) — Higher Gluonic Excitations



Matching |

The matching condition is:
(H|H|H) = (nljs| 2= + 3" 2 |nljs)
m " m

Expanding in 1/m:

0; %1, %2) = |05 x1,x2) (O + Z /d3z1 d*z2|n; 21, 22) ")
n#0
(0) <ﬂ7 Z1,7Z2 |5H(1) |Q7 X1, X2>(O)
X 0 0) + ...
Eo (z) — b, (:1:)

|H> — ’Q, X1,X2> X |nlj8>




The non-perturbative Potentials
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The non-perturbative Potentials

VO = lim = In(W(r x T)) = lim —In<[_]>
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The non-perturbative Potentials

2

(0) (0)
V0 = —O(D2j0)® = —v2 4+ 3" klgE|0)
Kinetic energy — k70
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E
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The non-perturbative Potentials

E
1 2 oC 1
VS([Q)) — (CFG —T Z/ dtt <|I:Z|> — 5‘/;(0)/> (Sl —|— SQ) : L
0 B

(A (A

—er rzr]'/dt(m> - 'j<[:]>>
x<sl-sz—3(sl-f-)(sz-f)>

(—cF 2/ dt<[ - ]>—4 <d2+4d4) 5@ ())Sl-s2

Ei chten Feinberg 81, G ones 84, Chen et al. 95 Branbilla Vairo 99



The non-perturbative Potentials

2 i
VS(I ) _

z/ dt t*
0

2 o0
—C—Fz/ dt ¢
—Z/ dtl/

i Eval

4 4
j> + <d1‘|‘ Sds—l— SWQSCD) 5 (r)
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/ dt, / dts(t, — t2)% V'
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1 1
=« ? =X )
(2 + D+ 5 D)
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lmaginary parts of the Potential

Im V, = V6 (r)V
P—wave
I QS—I—IP I 25+1
% |3 mf1( J)_l_g me( SS)
mA 27 mA
where

£=18%" (0|gE|n) - (n|gE|0)

1 ©.@)
- 5/ dt > (gE“(t,0)P.(t, 0;0)gE"(0,0))
0



P-wave decays at O (muv°)

2
R'(0)] T I |
F(XJ%LH): 1 91mf1 -+ meg
Tm 9
2
R'(0)
C(xs —7y) = 9Im f,, A J=0,2

Branbilla et al. 01, 02, 03



P-wave decays at O (muv°)

2 p

R'(0)

Im |
F(XJ — LH) p— ﬂ_m4 9 IHlfl —|— 9f8 g
2
R'(0)
) = 91 J =20,2
CXJ'_>WqO nlf%v A :

Branbilla et al. 01, 02, 03

2

R'(0)

18mm?

(x10s("S0)|x) =

E & E/OO;lttS (Tr(gE(t) gE(0)))



P-wave decays at O (muv°)

2
RO T /o
F(XJ%LH): 1 91mf1 + meg
mTm 9
2
R (0)
C(xs —7y) = 9Im f,, A J=0,2

Branbilla et al. 01, 02, 03

)|
(OSSN = oy

E & E/OO;lttB (Tr(gE(t) gE(0)))

* The quarkonium state dependence factorizes.



P-wave decays at O (muv°)

2
RO T /o
F(XJ%LH): 1 91mf1 + meg
mTm 9
2
R (0)
C(xs —7y) = 9Im f,, A J=0,2

Branbilla et al. 01, 02, 03

)|
(OSSN = oy

E & E/OO;lttS (Tr(gE(t) gE(0)))

* Bottomonium and charmonium (below threshold) P-wave decays

depend on 4 non-perturbative parameters [3 w.f. + 1 corr. |.



Determination of £ from charmonium data

Process ' (MeV) Reference
I(x.o— LH) | 9.7+1.1 | E835
I'(xveo — LH) | 14.3+3.6 | BES

Xco — LH) 13.5£5.4 CBALL
Xe1 — LH) | 0.6440.12 | E760
I(xe2 — LH) | 1.71+£0.18 | E760

£(1GeV) =5.3753  [exp] N

_elm 96 nas(m) 1ol

5,




Bottomonium P-wave decays

I(xo(1P) — LH)  T'(o(2P) — LH)
(v (1P) — LH)  T(x,(2P) — LH) 8.0+ 1.3 [£]

(Cleolll 02) = 19.3 £ 9.8

14

12

IijO/Iijl 10

NLO
6/ . LO

i s 6 7 8 9 10 U

Branbilla Eiras Pineda Soto Vairo 01, Vairo 02, CLEO coll. 02



S-wave octet matrix el ements

At leading order in the v and Aqcp/m expansion:

(2)
(V08 (°S$1)|V) = (P|Os(*S0)|P) = 3|R;?r)|2 <_%>

(VI0s(*S0)|V) = (FI0sCIP) _ 3|R(O)|2 <— C%E>

3 o 18m2
(VIOs(®*Py)|V) <P|Os(1P1)IP> !R(O)I2 ( )
2J 4+ 1 B 9 27T 54

/ 2
(X10s(*50)1x) = < eIy

(VIPLCS1)IV) = (PIP1(*S0)|P) = (VIPeM(°S1)|V)

— (PPem(50)1P) = 3EOL (mE®) 1)



S-wave decays

'(V(nS)— LH) ['(P(nS)— LH)

R, R,

[(V(nS) — ete) [(P(nS) — vy)

It is a prediction of pPNRQCD that, for the states for which
AQCD > mo?, the wave-function dependence drops out.
| Residual 1 dependence in 1 /m, Efl%) and Im f;

residual 7 dependence in ET(L%). ]



S-wave decays

(*51) (
R?Y@ Im f1(331) Im fee(?’Sl m
R—fj _q (Imgl(1S0) B Imng(150)> Mn — Mm
Rﬁz Im fl(ls()) Im ffyfy(lso) m

For m, = 5 GeV, Rg/RT ~ 1.3 [pdg >~ 1.4]

Im g, (*So)/Im f1(*So) — Im g, (" So) /Tm £, (*S0) ~ @

=up to O(v?), R is equal for all radial excitations.



NRQCD power counting & pNRQCD

+ In pPNRQCD:

0
IRY)|?

VIPLCS)IV) =302

(mEY - &)

+ Using the “standard NRQCD power counting™:

G emm Kapustin 97

|Rn0 ‘2

(Va(n8)[P1(*51) |Va(n)) o = 322

mEnO



NRQCD power counting & pPNRQCD
+ In pPNRQCD:

0
IRY))2
2

(VIPLCS)IV) =822 (mEL — &)

« Using the “standard NRQCD power counting’:

G emm Kapustin 97

0
IR |2
2T

mE,,S%)

(Vo (nS)[P (3S1)|VQ<nS)>GK =3

The difference clarifies the range of validity of the “standard
NRQCD power counting’: Eé%) ~ mv?, &1 ~ Adep:

o |f AQCD ~ mu, then &, ~ mqu%)

° If Aqep ~ mv?, then &, < mE,,(,L%)



Conclusions

e Heavy quarkonium in the non-perturbative regime is
accessible to a systematic study inside QCD.
Wave-functions and potentials may be precisely
defined in terms of QCD parameters.

e Accurate determinations interesting both for the
phenomenology and for the structure of the QCD
vacuum are possible.

e Future applications may include radiative and hadronic
transitions.



e In lattice calculations for quantities that involve two very different scales
() > q it should hold

Lo <al

a = lattice spacing, L = lattice size



NRQCD

D? S-¢B D-. ¢E
L= @DT(ZDO+2—+CF J —|—CD[ 1 ]+...>¢

m 8m?
—I—XT( )X
—I—Z ¢T Kyxx' Ko+ --
1 a 1auy
_ZF‘“/F + .

Caswel | Lepage 86, Bodwi n Braaten Lepage 95, Manohar 97
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8
91mf1:---—§nfa§ln——|—
I 8

mfgé'z—n ag’lni—i—...
9 140
a2

1) Imfgznf?

2) & 5/00215 t2 (Tr(gE(t) gE(0)))
_ > 3 r arpa 2

8—/Odtt Te{TT} g /

3) / dtt3 e "th = —
0 k4

e dBk
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0 Fod3k 1 1 M
~ n
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1

£ = o /0 "t (Tr(gE(t) - gE(0)))

1 RS,
B, = E/o dit" (Tr(gB(t) - ¢gB(0)))

e = o [T [an [Vata (2 - 00* {0 (0B 9B (1)} {50 9BO))).

- (Tr(gB(11) - gB(12)) T{gE) - B(0))

C

where

({gE(t1)-, gE(t2) } {gE(t3) - gE(0) })c = ({gE(t1) - gE(t2)} {gE(t3) - gE(0)})

1

———(9E(t1) - gE(t2)) (9B (ta) - GE(0))
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