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Motivation

Why should one study EM transitions?

@ information about the quarkonium spectrum and the
wave-functions

@ significant contributions to the decay rate (at least for E1)

@ new experimental data provided in the last and next few years
(CLEO, BES, B factories)
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Figure: K. Nakanmura et al. (PDG, J. Phys. G 37 (2010)
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Motivation

What has been done?

@ phenomenological approach: QCD motivated potential models
Gotch et al., Phys. Rev. D 30 (1984)
Ei chten et al., Rev.Md. Phys. 80 (2008)
— Cornell potential, Buchmuller-Tye potential, ...
BUT: strict model-independent derivation missing, systematic
procedure for relativistic corrections desirable
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Motivation

What has been done?

@ phenomenological approach: QCD motivated potential models
Gotch et al., Phys. Rev. D 30 (1984)
Ei chten et al., Rev.Md. Phys. 80 (2008)
— Cornell potential, Buchmuller-Tye potential, ...
BUT: strict model-independent derivation missing, systematic
procedure for relativistic corrections desirable

@ lattice QCD (quenched):
Dudek et al., Phys. Rev. D 73, 074507 (2006)

@ EFT treatment of radiative decays: pNRQCD
— M1 transitions
Branbilla et al., Phys. Rev. D 73 (2006)
— still missing: treatment of E1 transitions
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arkonium

Basic formalism

Basic formalism

EFT for heavy quarkonium
Description of decay processes
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Effective Field Theory approach to heavy quarkonium

Basic formalism
Quarkonium states and transitions

Scales in quarkonium

@ separation of scales in heavy quarkonium
m>p~mv:>E ~my?

where v2 < 1 (v2 ~ 0.1 for bb, v2 ~ 0.3 for cc)
— systematic treatment of relativistic corrections in powers of v
— language of effective field theories appropriate
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Effective Field Theory approach to heavy quarkonium

Basic formalism
Quarkonium states and transitions

Scales in quarkonium

@ separation of scales in heavy quarkonium
m>p~mv:>E ~my?

where v2 < 1 (v2 ~ 0.1 for bb, v2 ~ 0.3 for cc)
— systematic treatment of relativistic corrections in powers of v
— language of effective field theories appropriate
@ weakly coupled quarkonia (E 2 Agcp)
— perturbative treatment with Coulomb potential at leading order
(valid for the ground states J /v, T(1S), n¢, 7b)

as(m) ~ v?
as(mv) ~ v
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Effective Field Theory approach to heavy quarkonium

Basic formalism
Quarkonium states and transitions

Effective field theories for quarkonium

QCD/QED
M perturbative matching perturbative matchin
.......................................... u
™ NRQCD/NRQED
__________________________________________ o
mv2l rr1noar;g i?gurbative perturbative matching
pPNRQCD/pNRQED

Figure: A. Vairo, arXiv 0902.3346 (2009)
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Effective Field Theory approach to heavy quarkonium
Quarkonium states and transitions

Basic formalism

@ integrate out energy & momentum modes of order m from QCD
@ Lagrangian

D> D4
L = iD
( 0t om TEme T )‘p
T Ce
+g¢ (%a B+|8 S0 -[D><,E]—|—...)<p
+eeqp! gU-Bem—i—icsem o [Dx,E*M +... |y
2m 8m?2 ’

+c.C. + Liight + Lym

coefficients by matching with QCD
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Effective Field Theory approach to heavy quarkonium

Basic formalism
Quarkonium states and transitions

PNRQCD (for weak coupling)

@ integrate out
— quarks with energy & momentum ~ mv
— gluons & photons of energy or momentum ~ mv

@ new degrees of freedom: QQ color singlet and octet fields
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Effective Field Theory approach to heavy quarkonium

Basic formalism
Quarkonium states and transitions

PNRQCD (for weak coupling)

@ integrate out
— quarks with energy & momentum ~ mv
— gluons & photons of energy or momentum ~ mv

@ new degrees of freedom: QQ color singlet and octet fields
@ Lagrangian

N
LoNrRQCD :/dngr {ST <|80 + am + WV —Vs> S

D2 V2
Tl _ - _
+0 <|Do+4m+ - vo>o
+gVa(O'r - ES + STr- EO)

{Of,r - E}
e, )

+ Lpnraed + Liight + Lyw
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Effective Field Theory approach to heavy quarkonium

Basic formalism
Quarkonium states and transitions

PNRQCD (for weak coupling)

@ now: Only relevant degrees of freedom present

@ high energy dynamics encoded in Wilson coefficients
(obtained by matching with NRQCD at energy mv)

@ definite power counting of operators

r ~ 1/mv
E,.B ~ (mv?)?
em em 2
E®™,Be" ~ k2

V=0/0R ~ mv? Kk,
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Effective Field Th

Basic formalism
Quarkonium state:

Quarkonium states and transitions

@ quarkonium state (leading Fock space component):

H(P,\)) = /d3R/d3re‘P'RTr{¢H(A)(r)ST(r,R)|O)} ,

@ at leading order:

©.0 _ [ YV o) .0 ©) (0
Hs ¢H<A)—< - Vs >¢H<A) STEVETEY

@ at higher orders: wave-function corrections due to higher order
potentials and singlet-octet transitions

— calculation of decay rates for H — H’~ in CM frame
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E1 transitions

-function correctiol

E1 Transitions

Work in progress
Formalism as for M1 transitions in N. Brambilla et al. (2006)

Piotr Pietrulewicz Electric dipole transitions of heavy quarkonium



Definition & non-relativistic limit
g of the an

-function
E1 transitions

General properties

@ definition: AS =0, |AL| =1
@ change in parity, no change in C parity

18Py — 138y (xc — J/¥v, xo — T(1S)y)
1P, — 11 (he = 1y, oy — mp)

@ for the considered transitions: k, ~ mv?
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Definition & non-relativistic limit
g of the an
-function

E1 transitions

Nonrelativistic limit

@ leading order operator for E1 transitions

Lgy = eeQ/d3r Tr {STr . EemS}

Nonrelativistic decay rate

3
0

4 21,312 /
rnSPJ:D,l,Z"nBSl'Y = § O[emer,yls (nl — N 0) ~ m2v2

l3(n1 — n'0) = / dr r3Ryo(r)Rn1(r)
0

@ differences to M1 transitions:
— leading order amplitude depends on the wave-function
— enhancement of E1 transitions by factor 1/v?

@ now: relativistic corrections of O(v?)
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E1 transitions

Relevant pPNRQCD Lagrangian for decays of order k:f’/m2

L5 inroc = €€0 /d3r Tr{V"ESir.E*"S + VSEOTr-E®MO

+ %VWWESH (rv)%E®"s

1
‘_VV>(T><B)ST o BeMg
i {V-,rx }

o1 Vi (rx(rv)B)at em
+|12mv SV, rx (rv)B*"}sS

1
4m
1
_|_ -

mr

+ —VVrB[st 5]. (rv)Be™S

VIE/STr . EOMS
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Definition & non-relativistic limit
Matching of the Lagr:
Nave-function corrections

E1 transitions

Tree level matching

@ project NRQCD Hamiltonian onto the subspace spanned by
(X1, X2, 1) ~ a (X1, )x (X2, 1)

@ decompose ¥,5(X1, X2, 1) into singlet and octet field components

@ multipole expand inr < 1/E

NCEAEYERERS

Va=V'E=ViE=VIVTE - 1
VV-(pr) _ V(rV)Vr»(pr) - 1
V(rV)o»B _ Cgm
Vo-(ExV,) _ Cgm
V'ET = 0.
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Definition & non-relati
Matching of the Lagr:

-function corrections
E1 transitions

Beyond tree level

@ matching of amplitudes order by order in 1/m

@ required for the perturbative matching:
— O(a?) corrections to V'E
— O(as) corrections to V" E/T

@ But: exact relations for all relevant coefficients can be obtained

@ crucial argument: factorization of amplitudes into
electromagnetic and gluonic terms
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Definition & non-relati
Matching of the Lagr:

-function corrections
E1 transitions

General factorization argument

[OM O] =0O0R [O*™, 0,] =0
= the amplitude factorizes and gives no contribution to the matching
of single operators

T
|

o PNRQCD OR
7 N —_—
7 ~N
PRGN ; §
0, ; 0,
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Definition & non-relati
Matching of the Lagr:

-function corrections
E1 transitions

Matching of the electric dipole operator

Example: Exact matching of V"E possible (at order 1/m°)
Trivial factorization: [Ag, A§"] =0

I

I

I

p I
ceq g o,

qorg 25 Ftai) .

0 h

— V'E = 1toall orders in as

Similar arguments for all relevant operators
= tree level results = exact results (for E1)
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ave-| functlon corr

E1 transitions Results

Wave-function corrections

@ corrections due to higher order potentials to O(v?)

VO = _CF(avs(rr)—as(r))

Vo) = —CF;’;Cf(r)

e (.

vor = el

vor = Fe:

v@(r) = 74”2210‘;“)526(3)(0

o - e

van = T20 601 02) 0102l
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ition & non-relati
g of the
Wave-function corrections
Results

E1 transitions It

Wave-function corrections

@ relativistic kinetic energy correction

p4

@ consider also running of as (as perturbation for fixed scale
calculation)

@ calculation with QM perturbation theory

BP, 4§V, p.E™ 8

5 5
: : :
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ition & non-relati
g of the
Wave-function corrections
Results

E1 transitions It

Color-octet effects

@ higher Fock space components via singlet-octet transitions
L= /d3rTr{OTr -gES + S'r-gEO}

@ not present in potential model approach
@ no cancellation as for M1 transitions
@ non-perturbative input (chromoelectric field correlators)

(0[E3(R, 1)¢(t, 0)Z E(R, 0)|0)
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Definition & non-relati c limit

E1 transitions

Color-octet effects

Example: n®P; — n”®S,

Z,3p,
2

n*Py nS; nPy

ceqr - E cer - E

)

n*P;

ceqr - ET"

3a 3b

WP, Swis 9B 7 ns, WP, Suip 9B gr-B S,
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ition & non-relati
g of the
Wave-function corrections
Results

E1 transitions It

Strong coupling case

@ strongly coupled quarkonia (p 2 Aqcp)
— nonperturbative treatment with confining potential at leading
order (valid for excited states xc, Xb,---)

@ nonperturbative potentials taken from lattice simulations
@ no octet fields

@ matching for the relevant operators as before

@ for Agcp ~ mv new operators become relevant
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Definition & no
g of the

Wave-function

Results

E1 transitions

Results

Final formula for n3P; — n”3S;

k215 k, Kk (c&"—1)[J(J+1)
fe. =@ (1. p_225_ % T -2
EL=Ter |+ 601, 6m '  2m 2

In(n1 — n'0) = / dr r'NRyo(r)Rna(r)
0

R — wave function corrections
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E1 transitions

Results

Results

Final formula for n3P; — n”3S;

k2 em _
Mer=TrY) <1+R——’*'—5—k—”+k”(CF L F(JJ’” —2D

6013 6m 2m 2

In(n1 — n'0) = / dr r'NRyo(r)Rna(r)
0

R — wave function corrections

@ comparison with potential models (Grotch):
equivalence to the given order, but:
— range of validity (E 2 Agcp)
— systematic inclusion of relativistic corrections (including V,(l))
— color-octet effects included for weak coupling

@ similar for n*P; — n!S, (without spin-dependent terms)
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-function

E1 transitions Results

Conclusion and Outlook

@ Summary:
EFT treatment for E1 transitions up to O(v?)-corrections
— relevant Lagrangian: exact matching for all operators
— systematic calculation of relativistic corrections
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ition & non-relat

-function

E1 transitions Results

Conclusion and Outlook

@ Summary:
EFT treatment for E1 transitions up to O(v?)-corrections
— relevant Lagrangian: exact matching for all operators
— systematic calculation of relativistic corrections

@ Outlook:
— evaluation of octet effects
— numerical calculation with perturbative potentials for short and
nonperturbative ones for long distances
— full strong coupling analysis for higher excited states
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Definition & non-relati c limit
ling of the

ave-function corrections

E1 transitions Results

Thank you for your attention!
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Backup-slides

Wave-functions

@ S-wave states

0%, (1)

0
Hosn () =

@ P-wave states

3 .
¢£33:1 A)( ) = 8 Rn1(r) €mp, (A) - T
0 1 o

¢n3P0(r) = anl(r)U r

0 3 A
¢513L1(,\)(r) = 167 Rn1(r) o - (r x €nsp,(A))

0 3 "
Sopn(@ = gz Ra(D) o' (V7
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Backup-slides

General non-relativistic formula

4
rf1022+1L3—>n’25+1L3,'y - § OéemE(zg(ZJ/ + 1)SElk3|§(n| — n’l’)
2
I
SE! = max(l,l’){ iJ, i JI }

|3(n| — n/I/) - / dr rSan/(r)Rnl(r)
0
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Backup-slides

Light quark effects

@ Loop effects with electromagnetic coupling to u, d and s cancel

Qu+0dd +0s =0

@ charm quark effects for bottomonium
— leading order diagram highly suppressed

b .

— furthermore: decoupling at typical momentum scale
Branmbilla, N et al., Phys.Rev. D65 (2002),
034001
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Backup-slides

Lineshape of the hy

Decay hy, — n,y — X+, resonance in the photon spectrum

observable
Lineshape from pNRQCD calculation:
d rhb 40éem 2 3 77 /2
= 15(11 — 10)E b
dE, 81r 3(11—10) ’Y(Egeak E, )2+ |'2 /4

with EP** ~ E,,, — E,,,
— modified Breit-Wigner curve

d r'(k)

dk

0001 b \
5x 1074} \

1x10°4

5x10° %} \\

- ~—
1x10°5 | T
5x107°F -

1x10°6F k
_

. . . .
400 500 600 70 Mev
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