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Heavy Quarkonium play a role in so many high energy processes:

c¢ BES, BES-IIl, E835, KEDR, CLEO-c; bb CLEO-III

Production at (Fermilab (CDF, D0))

Production at (Hera (Zeus, H1))

Production at (B factories (BaBar, Belle))

Quark-gluon plasma (NA60 at CERN, Star and Phenix at RHIC)
Physics at ILC

LHC at CERN, Panda at GSI



Systems made by two heavy quarks are a rather unique theoretical laboratory.

accessible to QCD studies.
(i) hierarchy of scales (= factorization/effective field theories)
(i) some of the scales are perturbative.
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(i) some of the scales are perturbative.

systems where low energy QCD may be studied in a systematic way (e.g.
non-perturbative matrix elements, QCD vacuum, confinement, exotica, ... ).

allow to study the Quantum Mechanics of a non-Abelian Field Theory.
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The hierarchy of energy scales in quarkonium allows the contructions of effective
field theories with less and less degrees of freedom. This leads to a field theory
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Plan of the talk

The hierarchy of energy scales in quarkonium allows the contructions of effective
field theories with less and less degrees of freedom. This leads to a field theory
derived quantum mechanical description of these systems: pNRQCD.

weakly coupled pNRQCD (systems with small r).
strongly coupled pNRQCD (systems with r larger than the confinement scale)

Applications: Potentials, Spectra, Annihilations, Transitions, Gluelumps



Scales and EFTs



Quarkonium Scales
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The mass scale is perturbative:

myp >~ 5 GeV, me >~ 1.5 GeV

The system is non-relativistic:
ApE ~ mv2, Ae E ~ mo?

vi ~0.1,v2 ~ 0.3

Non-relativistic bound states are characterized
by at least three energy scales

m > mou > mu? v <1



Quarkonium Scales

Another small parameter shows up near threshold:

L with v= 2 <« 1
m

2
E%Qm—i—p—
m

e The perturbative expansion breaks down when ag ~ v:

+ + ~ 12
p
()
Qg
as (1 + - —|_ . . )
v
p2
e The system is non-relativistic : p ~ mv and E = “— + V ~ mv>.

m



Quarkonium Scales

Scales get entangled.




Effective Field Theories for

guarkonium

N\
QCD
m -t
perturbative matching perturbative matching
............................................ u
1 NRQCD
|
............................................ u
» | nonperturbative matching perturbative matching
RIS (long—range quarkonium) | (short—range quarkonium)
PNRQCD

In QCD another scale is relevant: Aqcp

hard

soft (relative momentum)

ultrasoft (binding energy)



NRQCD

NRQCD is the EFT that follows from QCD when A = m

xc(p/m)

e The matching is perturbative.

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

LNrQeD = ) clas(m/p)) X On(u, A)/m"

n

Suitable to describe decay and production of quarkonium.

Caswell Lepage 86, Bodwin Braaten Lepage 95



Weakly Coupled pNRQCD



PNRQCD forQQ

1
PNRQCD is the EFT for heavy quarkonium that follows from NRQCD when A = — ~ mw
T

NS

1
E—p?/m—V(r)
NRQCD PNRQCD

e The Lagrangian is organized as an expansion in 1/m , r, and as(m):

Lonrqep = Y clas(m/p)) x V(rp,rp) x On (', ) r™

n



PNRQCD Lagrangian fof)Q

e If mv > Aqcp, the matching is perturbative

e Degrees of freedom: quarks and gluons

Q-Q states, with energy ~ Aqcp, mv? and momentum < mu
= (i) singlet S (ii) octet O

Gluons with energy and momentum ~ Aqcp, muv?

. : 1 1 1
e Definite power counting: r ~ — and t, R ~ :
muv mv? AqQcp

The gauge fields are multipole expanded:
A(R,r,t) = A(R,t) +r- VA(R,t) + ...

Non-analytic behaviour in » — matching coefficients V/



PNRQCD Lagrangian fof)Q

LpNRQCD = —iFﬁ,,FW“ + Tr {ST (7330 — %2 - Vs) S LOin r
+ Of (iDo P Vo) O}
™m
+VATr{OTr-gES+STr-gEO}
—|—%Tr{OTr-gEO—|—OTOr-gE} NLO in 7

Pineda Soto 97, Brambilla Pineda Soto Vairo 99-05



Q) Potential

9 3
+ az(as(r))? + —%ln,uxr—i—...]
4 7

Brambilla Pineda Soto Vairo



Q) Potential

- EE -

9 3
:-——[14— —|—a2(as(r))2—i——%ln,ur—|—...]
3 r 4

Brambilla Pineda Soto Vairo

Ol
025 |
05 NNLL + 3 loop est.
075 | NNLO
1 NLO
1122 El?tice: Necco Sommer
/o 107 0.5 m Pineda

015 _02. Q25 03.. 035_ 04 045 05



PNRQCD forQQQq

e The (weakly coupled) EFT for ()()q baryons contains:
(QQ)3 = (T, T?,7°), (QQ)s = (X, ..., X°), g and gluons.

3 6
Qri(x1)Q2j(x2) ~ > THr R)TS, + > 27(r, R)XY, 4,5 =1,2,3
(=1 o=1

¢ 1

Iz'j — ﬁeﬂija

1 4 6
211 2222 2233 =1,

2 2 3 3 5 5
212222122132231:2 = 33y =

1
=23 — =32 — \/57
all other entries are zero.



PNRQCD forQQQq

r = _lpa paw 3
QB +ZQfZ$Qf
f=1

pNRQCD'FélﬁNRéCD4‘5£CLO)

pNRQCD'+"'



PNRQCD forQQQq

0L Mmoo = / @rTt [iDo - VO | T+ 3t [iDo - V¥ | &
g (0) 2 0
V. —
T
T, % T, s
0 1 as
Vi) = ==




PNRQCD forQQQq

(0,1) _ (0,1)
5£pNRQCD — _/d3TVTT-EZ [(

3
; ( 5 zsjw;@-) - TE]

ijk=1

3
> TLTHE? | Tr-gBE %7
ijk=1



PNRQCD forQQQq
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Applications

Spectra (my, me, B., mp, ...) .

Doubly charmed baryons .

Gluelump spectrum.

Radiative transitions (M1,E1).
Electromagnetic widths.

Seminclusive radiative decays of YT (15).

Top-antitop production near threshold at ILC.



Quarkonium Spectrum ata?
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Quarkonium Spectrum ata?

2 o0 ) 0
Fn = (n|Ho()ln) — i /O dt (nlre P ~Ho)x|n) (E(£) E(0)) (1)

(&

Nonperturbative nonlocal condensates set the precision of the calculation.

Applications:

® Perturbative spectrum calculation

e c and b mass extraction



B. mass

State expt lattice04 BVOO BSV01 BSV02
B. mass (MeV)
11Sy | 6400(400) | 6304(16) 6326(29) 6324(22) 6307(17)
Brambilla Sumino Vairo 01 02, Brambilla Vairo 00, HPQCD-FNA L-UKQCD 04

In 2005, CDF found B, in B, — J/v .

Candidates in 5 MeV/c?

CDF Run 2 Preliminary

360 pb™

BC — J/llJ T[+

B, Mass = 6.2870+0.0048 GeV/c?
Resolution (fixed) = 15.5 Mevic®
Signal: 18.9+ 5.7 events

Mean exp. backgd.: 10.0+1.4 evts
under peak

|

Mp, = 6287 + 4.8 + 1.1 MeV

635 6.4

6.45
J/Yy tMass (GeVic?)
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—.. Doubly Charmed Baryons

Evidence of 5 doubly charmed baryons (ccd™ (3443),
ced™ (3520) , ccu™t(3460), ccutt(3541), ccu™(3780)) so far.

as |- A, K T T * Mean 3780 Mev/é A KT T
4 Mean 3460 MeV/2: 10 Sigma 26 MeV/e Data
s Sigma 6.0 MeViE Srelf(hack).
3 - signalf(back) - '

- 9N(1.6)=5.8

3.3 3.35 3.4 3.45 3.5 3.55 3.6 3.4 35 3.6 3.7 3.8 3.9 4

SELEX 02 04



Hyperfine Splittings: NLO matching

cancel in the matching

o external energies o« p? /m = contribute to h.o. operators

1,0
Vigpr =1+ 0(a?)



Hyperfine Splittings: the interaction

(1) 4 o2
cr (1) (1+0@2) Tt T2

2m

gBeTE T



Hyperfine Splittings Formula

Consider heavy-light mesons. We call ° and Pé the Qu or Qd spin 0 or spin 1 states.

Consider the S-wave ground state of a doubly heavy baryon. Since an (anti)triplet state is antisymmetric in
colour, due to the Fermi statistics, the two heavy quarks are allowed only in a spin 1 (symmetric) state. The
lowest energy states for QQQu or QQd are called =g (EZQQ) for spin 1/2 (3/2).

B 3 mey C%Q)

=QQ Mzqq = Amg Q) (MP5/ N MPQ’)
F

L4+ 0 <a2 Aqcp AQCD)]

mQ mQ/

Savage and Wise 90; Brambilla, Roesch, Vairo 05: Fleming and Mehen 05



Hyperfine Splittings Formula

Mzs — Mz, = 120440 MeV
Mzx — Mz,, =34+4 MeV
bb



Hyperfine Splittings Formula

Mz — Mg, =120 £40 MeV

cc Cc

Mg+ — Mz,, =34+4 MeV

—bb -

To be compared with the lattice results:

Mgx — Mz, =89+15 MeV
Flynn Mescia Tariq 03 - quenched QCD
Mgzc — MEcc = 80 £+ 101_? MeV

Lewis Mathur Woloshyn 01 - quenched QCD

Mg+ — Mg,, =20+61; MeV
bb
Ali Khan et al. 99 - quenched NRQCD
Mg+ — Msg,, =20+612 MeV
bb
Mathur Lewis Woloshyn 02 - quenched NRQCD



The Static Spectrum

Gluonic excitations between static quarks are of 3 types:

’“@UG@U@”@G&UG\
(QQ); (QQ)1+ Glueball S
6000060000000
3
Hybrid 2

(Q0):G fm?mm@gm

(001




Hybrids

At LO in the multipole expansion

o1

[En(r) - Ezg(ro)]ro
D

w

H H
@ ®

—e

. _—
By =V, + % 1n<Ha(§)¢3‘§JHb

From

T

rir

Juge Kuti Morningstar 00,

2

EH(T) = VO(T) + AH

—iTEy

T

(—5))

(H (5 )62 B (=)™ R T



[En(r) - Es+(ro)lro

()

Hybrids

a1

D

w

rirg

Juge Kuti Morningstar 00,

L= L=2

5" | r-(DxB)

oh (r-D)(r - B)

I1, r X (D x B)

115, rx ((r-D)B+ D(r-B))

Ay (r x D)(r x B)/+
+(r x D)/ (r x B)!

Ny (r-D)(r-E)

Yiu r-B

11, r x B

IT, r X ((r-D)E+ D(r-E))

Ay (rx D)'(r x E)/+

+(r x D)/ (r x E)?

Brambilla Pineda Soto Vairo




Hybrids

Jre H ABSro | ABRS/Gev
1t- B; 2.25(39) | 0.87(15)
1= E; 3.18(41) | 1.25(16)
2~ D¢;Bjy 3.69(42) | 1.45(17)
2+ - D, Ejy 4.72(48) | 1.86(19)
3t- D;D; By, 4.72(45) | 1.86(18)
(s B2 5.02(46) | 1.98(18)
4=~ || D D;DEByy | 5.41(46) | 2.13(18)
1—+ (BAE); 5.45(51) | 2.15(20)

Foster Michael, Brambilla Pineda Soto Vairo, Bali Pineda




Hybrids

Renormalon subtraction (RS) is crucial in comparing the
perturbative static octet potential with lattice data.

| TO((‘/;),RS _ Vs,RS)(T) _|_A%S) | NNLL + 3 loop est.
4 ~ ; NNLO
3 NLO
2 ., LO
1 e
)  av=ay(1/r)
f Vf:Vu3:2.57“0_1
-1

Lattice data of £y, — B+
O 025 05 0.75 1 125 1.5 Zg

r/ro Bali Pineda 03



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

(F2(0))  Y(1S), ...

Aqgcp ~ t (F(t)F(0)) annihilations, short range c¢, bb, gluelumps, ...

Aqcp ~ loop (e'9 $ 4= A(2)y  |ong range cz, bb, hybrids, glueballs, ...

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



Conclusions

* NREFTs enable a systematic and under control study
of heavy systems inside QCD, in particolar give a field
theoretical definition of the potentials.

Heavy quarkonium becomes

e a competitive source for some of the SM parameters:

Ty Ty MMey Agly v

e a privileged system to study the interplay of
perturbative and non-perturbative QCD.
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Future Perspectives

Spectra PNRQCD on the lattice

EFT for states close to threshold (hybrids, X, Y, Z ...)
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Future Perspectives

Spectra

Decays Theory of Radiative Transitions: E transitions, multipolarity

Hadronic decays: 15% rule and its violations|
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Future Perspectives

Spectra

Decays

'Production

in Media QCD and EFT at finite T: RG equations (T', g7, ¢>T, ...)

‘Charmonium suppression patterns
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Quarkonium Production

There is no formal proof of the NRQCD factorization yet.

The relevant 4-fermion operators are

ZDTK(MXCLLGH XTK/ (n)¢

Recently it has been proved that the cancellation of the IR divergences at NNLO
requires the modification of the 4 fermion operators into

W x ¢1(0, 00) al ap ¢1(0,00) xT K (M

¢1(0,00) = P exp (—ig/OOOdAl-A(Al)>, =1

Nayak Qiu Sterman 05

This may open the way to a pNRQCD factorization for production processes.



Charmonium Polarization at the
Tevatron

For large p7 quarkonium production, gluon fragmentation via the color-octet
mechanism dominates: (Ogj/w(331)>.

At large pr the gluon is nearly on mass shell and so is transversely polarized.

In color octet gluon fragmentation, most of the gluon’s polarization is transferred to
the J /4.

Radiative corretions, color singlet production dilute this.

In the case of the J/+ feeddown is important:
feeddown from . states is about 30% of the J/¢ sample and dilutes the
polarization.

feeddown from ¢ (2.S) is about 10% of the J/v sample and is largely transversely
polarized.

Spin-flippling terms are assumed suppressed. But this stricly depends on the power counting.

If they are not, polarization may dilute at high pr.



0.8
0.6
C.4
0.2

-0.2
—0.4
—-0.6

—-0.8

Charmonium Polarization at the
Tevatron

........................ 1_5—""""""+"""'_
! = - polar angle asymmetiy in (2S)—>u W at the Tevatron 1

, ) § - data: CDF |
from direct J/y 1 i

_ : 0.5%/
R

— @ CDF data -
- prompt J /¥ ] A e
ST I BT B T > 10 15 20 (Gev)

5 10 15 20 25 pT(Ge\/)

do
2
X 14+ acos” 6
d cos 6
a = 1is completely transverse = o = —1 is completely longitudinal.

Kramer 01, Braaten et al 01, CDF 97



Charmonium Polarization at the
Tevatron

Prompt J/g Polarization

0.8 CDF 2 Preliminary, 188+ 11 pb'1
0.6
0.4

0.2

-0.2—

-0.4
-0.6

-0.8

I15 — I20 | 25 30
p; (3/) [GeVic]

Ul
[EE
o

CDF (preliminary) 05



Double Charmonium Production

olete” — J/+mn.) > 25.6+28+34fh sele 04
olete” — J/p +mn.) > 17.6 £2.87.3 fb Basar 05
olete” = J/+n.) =378+1.26fb NRQCD

e Includes QED interference corrections (-21%)
e Includes uncertainties from h.o. in ag, v and matrix elements
o InBelle 04 o(ete™ — J/Yp+ J/) <9.11b

e InBrodsky et al 03 o(eTe™ — J/Y+Gy)~1.4fb
where G isa JTT glueball, J = 0,2

Braaten Lee 03, Liu et al 03, Bodwin et al 03, Brodski et al 04



Double Charmonium Production

olete” — J/Y + cc)

=0.821+0.151+0.14
oletem — J/¢+ X)

Belle 03

olete” — J/Y + cc)
oletem — J/¢+ X)

Cho Leibovich 96, Baek et al 96, Yuan et al 96

~ (0.1




Double Charmonium Production

olee” — J/Y+ J/Y) <9.11b

Belle 04

olee” — J/+ J/¢) =870 +2.94 fb

Bodwin et al 03 |



Heavy quarkonium in media

One may address in the framework of pNRQCD:
e the form of the screened potential;

e H + ® scattering in the strong-coupling regime.
At variance with present analyses still largely based on weak-coupling techniques
(Peskin 79, Bhanot Peskin 79 ):

t o0
& i _ i bind
3 § f&;& = qile=iT / dt gE (t)gES (t)
— o0
gk} gEY gk} gEY
The matching coefficient a%/ is:
2
ij Vi —1




Inclusive Decays in NRQCD

I'(H — LH) = —2Im (H| H |H)

(n)
—ZQImf (H|opT K™y T K (™) op| H)

mdn—4

2Im e(r?l) n n
['(H—EM) =) mdnf_4 (H|pT K™ y|vac) (vac|xT K’ (M| H)

v

Bodwin et al 95




Inclusive Decays in pNRQCD

(HpT K™ xx K ™y HY = |R(0 / dtt™ (G(£)G(0))

/Q Y

Brambilla Eiras Pineda Soto Vairo 02 03



P-wave decays &P (muv°)

e NRQCD

’R 0 ‘ 2 Im f
8
['(x; —LH) = 9Im f, 1 >— (x|0s(*So)|x)
T
2
R/(0)
ID'(xg —vy) = 91Im f, 1 J=0,2
wTm

*Bottomonium and charmonium P-wave decays depend on 6 non-perturbative parameters.



P-wave decays &P (muv°)

e NRQCD

)R 0 ‘ 2 Im f
8
['(x; —LH) = 9Im f, 1 >— (x|0s(*So)|x)
T
2
R/(0)
ID'(xg —vy) = 91Im f, 1 J=0,2
wTm

*Bottomonium and charmonium P-wave decays depend on 6 non-perturbative parameters.

e pPNRQCD

_|rof

(0s(S0)lx) = & £=[ @t (Te(gB(t) gB(0))

* The quarkonium state dependence factorizes.

*  Bottomonium and charmonium P-wave decays depend on 4 non-perturbative parameters.



BottomoniumP-wave decays

14

12

1—\XbO /FXbl 10

NLO
6 | LO
4,
4 5 6 7 8 9 10 W
I 1P LH r 2P LH
Oo(1P) — LH) _ T'(xpo(2P) - LH) _ o o

['(xp1(1P) — LH)  I'(xp1(2P) — LH)
(Cleolll 02) = 19.3 £ 9.8

. Brambilla Eiras Pineda Soto Vairo 01, Vairo 02, CLEO/QWG 04



S-wave octet matrix elements

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

o(2)
(VI0s(GS1)|V) = (P|Os(150)|P) = 3 O (—53—>

2T Om?2
P|Og(3S1)|P R(0)]? 2B
(V10s(s0)|v) = P12 EIR) _ g [RO) (_1§‘m;)
(V|0s(3Py)|V) _ (P|Og(* P1)|P) _3 [R(0)|? (_@)
2J + 1 B 9 N 27 54
/ 2
(x|0s(*So)Ix) = é |P;$;| &3

(VIPL(PS1)IV) = (PIP1(* So)|P) = (VIPeM(°S1)|V)

2
= (PIPem(*50)IP) = 3 () — 1)

Brambilla Eiras Pineda Soto Vairo 01



S-wave decays

pv_ D(V(nS) — LH) RP = I'(P(nS) — LH)
" T(V(nS) — eter) [(P(nS) — vv)

It is a prediction of pPNRQCD that, for the states for which AQCD > mu?, the wave-function
dependence drops out.

[ Residual m dependence in 1/m, E,,(l%) and Im f; residual n dependence in Eq(@%)- ]

Brambilla Eiras Pineda Soto Vairo 01



S-wave decays

Y

RX B (Imgl(351) B Imgee(331)) M, — M,,
m

—no—
R~ T \mAGS) T Tm foo(351)
Bn . (Imm(lso) B Imgmlso)) My, — My,
Rﬁb Imfl(lso) Imfwv(lso) .

m

For my = 5 GeV, R;f/RT ~ 1.3 [pdg ~ 1.4]

Im g1 (*So)/Im f1(*So) — Im 977(150)/Im fvv(lsO) ~ Qs
=up to O(v3), RE is equal for all radial excitations.

Brambilla Eiras Pineda Soto Vairo 01
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