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Motivation

Why should one study EM transitions?

@ EM transitions provide information about the quarkonium
spectrum and the wave-functions

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

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

What has been done?

Theoretical research on radiative decays

@ phenomenological approach: QCD motivated potential models
Grotch, Owen, Sebastian, Phys.Rev.D 30 (1984)
Ei chten et al., Rev.Md. Phys. 80 (2008)
BUT: strict model-independent derivation missing, systematic
procedure for relativistic corrections desirable
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Theoretical research on radiative decays

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

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

@ lattice QCD (quenched):
Dudek, Edwards, Richards, Phys.Rev.D 73 (2006)
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Basic formalism Effective Field

Quarkonium st

Basic formalism

EFT for heavy quarkonium
Description of decay processes
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Basic formalism Effective Field Theory approach to heavy quarkonium
Quarkonium states and transitions

Scales in quarkonium

@ separation of scales in heavy quarkonium
m>p~mv>E~my2

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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Basic formalism Effective Field Theory approach to heavy quarkonium
Quarkonium states and transitions

Scales in quarkonium

@ separation of scales in heavy quarkonium
m>p~mv>E~my2

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 (p > E = Agcp)
— perturbative treatment with Coulomb potential at leading order
(valid for the ground states J /v, T(1S), nc, 7b)

as(mv) ~ v
as(mv?) ~ 1

@ additional scale: photon energy k., ~ mv? (different principal
quantum number) or k., ~ mv3, mv# (same principal quantum
number)
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Basic formalism Effective Field Theory approach to heavy quarkonium
Quarkonium states and transitions

Effective field theories for quarkonium

QCD/QED
M perturbative matching perturbative matchin
.......................................... u
™ NRQCD/NRQED
.......................................... u‘
mv2_l. nmoeﬂgﬁ%gurbative perturbative matching
PNRQCD/pNRQED

Figure: A. Vai ro, arXi v 0902.3346 (2009)
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Basic formalism Effective Field Theory approach to heavy quarkonium

Quarkonium states and transitions

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

D> D*
L = ¢T<|D0+2—+ +. )w

8m3
c . C
+ng(2an 8r;2cr-[D><,E]+...)w
i Clgm em .Cgm em
+eeQ’lb %UB +|8m20"[D><,E ]+ w

+c.C. + Liight + Lym

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

2 2
LpNrRQCD —/deTr{ST <i80+ A + Vi Vs> S

4m m

D2 V2
of [iD — +—L_-Vg|O
* < O+4m+ m O)

4+ gVa(OTr-ES + STr- EO)

of.r-E
IPWCEE

+ Lpnraep + Liignt + Lyw
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Basic formalism Effective Field Theory approach to heavy quarkonium
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?)?
2
Eeijem ~ k’y

V = 9/dR

2

mv?, k.,
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Basic formalism Effective Field Tk
Quarkonium stat

Radiative decays

@ kinematics of single photon transitions H — H’~:

(ky, k)

H
Py = (My,0)
Pur = (/K2 + Mg, —k)
HI
@ transition amplitude:
AHHry ~ _<HI(P/7)\I)A/(kvO—)|/d3R Lpnroep [H(0, A))

@ decay rate:

1 k . 1 .
aotrn = gz (1 _ M_L) /dk k /dQ(k)(S(k )i D |

AN o
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Basic formalism Effective Field Th
Quarkonium state:

Quarkonium states

@ quarkonium state (leading Fock space component):

H(P, \)) :/d3R/d3reiP'RTr{¢H(,\)(r)ST(r,R)|0>}
@ at leading order:
Wl = (-5 i) el
@ at higher orders: wave-function corrections due to higher order

potentials and singlet-octet transitions
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M1 transitions

M1 Transitions

Branbilla, Jia, Vairo, Phys.Rev.D 73 (2006)
P.P., master thesis (2011)
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Definition & nonrelativistic limit
g of the
M1 transitions -function

General properties

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

@ allowed transitions: n = n’, k, ~ mv*
hindered transitions: n # n’, k, ~ mv?
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inition & nonrel
>hing of the La
M1 transitions

General properties

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

@ allowed transitions: n = n’, k, ~ mv*
hindered transitions: n # n’, k, ~ mv?

13S; — 1'Soy  (I/¥ — mey, T(1S) — mp7)
13P; — 1'Pyy (xc = hev, xo — hpv)
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Definition & nonrelativistic limit
g of the
M1 transitions -function

Nonrelativistic limit

@ leading order operator for M1 transitions

Ly1 = eeq /d%Tr{%{ST,a : Bem}S}

Nonrelativistic decay rate

3 3
(0) _A ek kK
ndS;—niSey — 3 em Qm2 m?2

15/44



inition & nonrel
ching of the La

M1 transitions

Nonrelativistic limit

@ leading order operator for M1 transitions

Ly1 = eeq /d%Tr{%{ST,a : Bem}S}

Nonrelativistic decay rate

3 3
© _ S
ndS;—niSey — 3 em Qm2 m?2

@ comparison with experiment:

Example (J /vy-decay)

©) _
[y = 2-83keV
M yny = (1.58+0.37)keV

— relativistic effects important, now: O(v?)-corrections
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M1 transitions

Relevant pPNRQCD Lagrangian for decays of order

L pNRQCD = €€9 /d3rTr {V"ESTr -E®*™S

1
+5- (VoB{Si o .B*"}S + V§B{OT, o -B°"}0O)
+ %V(’V)ZU'B{ST, o-(rv)?Bem}s

g VRS g [ x (F < BO}S

4m2r

1
4 mvdﬁ/r{s'f’o_ . Bem}s

1
+igemzV VST o} [V, ETS

16m2V0(Vr><rVE){ST 0_} [Vr (rV)Eem]S

1 ..
mvvr B{ST,a-B}VES}
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Definition & nonrel
Matchi f the La
M1 transitions

Tree level matching

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

@ decompose V,3(X1,X2,t) into singlet and octet field components

@ multipole expand inr < 1/E

Tree level results

VI"E — VV?O”B — 1
VB — Vg-B _ V(rV)Zo-B _ C,?m
Vo-(VxE) _ Va~(V,><rVE) Cgm
Va-(rerB) _ Vo’»B/r - 0
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Definition & nonrelativistic limit
Matching of the Lagr:
M1 transitions -function corrections

Beyond tree level

@ matching of amplitudes order by order in 1/m

@ required for the perturbative matching at O(v?):
— O(a?) corrections to VB
— O(as) corrections to VoB/" and v (rxrxB)

@ But: exact relations for all coefficients at O(1/m?) can be
obtained
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M1 transitions

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

corc

— furthermore: decoupling at typical momentum scale
Branbilla, Sum no, Vairo, Phys.Rev.D 65 (2002)
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Definition & nonrelativistic limit

Matching of the Lagr:
-function corrections

M1 transitions

General factorization argument

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

of single operators (valid to all orders in a5 and to first order in aem)

°
)]
=
3
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Definition & nonrelativistic limit
Matching of the Lagr:
M1 transitions -function corrections

Fir

Magnetic moment of the singlet quarkonium

Example: Exact matching of VB possible
Trivial factorization: [Ag, A*™] =0

— Tree level result = exact result, no contribution from soft modes
2 .
VB = v V) oB — ceM 1o 4l ordersin as

Similarly for other coefficients (except for V Vo8 at O(1/m?))
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M1 transitions

Effects due to higher-order potentials

Corrections at O(v?) due to higher order potentials in 1/m
@ zero-recoil effects (contribution only to hindered transitions)

Vs(r) = VR (L-S+VE (NS2+vE () [3(F - o1)(F - 02) — 01 - 2]
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M1 transitions
Final results

Effects due to higher-order potentials

Corrections at O(v?) due to higher order potentials in 1/m
@ zero-recoil effects (contribution only to hindered transitions)

Vs(r) = VR (L-S+VE (NS2+vE () [3(F - o1)(F - 02) — 01 - 2]

@ recoil effect: E1 operator induces effective M1 transition via

VLCMs(r)(—iVR X r) -S

SV, p.Eem
n®S, m3 Py 'S, n®S, 57/13[’,; n''Sy

@ calculation in QM perturbation theory
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ition & nol
g of
M1 transitions Wave-function corrections
Final results

Color-octet effects

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

@ non-perturbative (chromoelectric field correlators)
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ition & nol
g of the
M1 transitions Wave-function corrections
Final results

Color-octet effects

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

@ non-perturbative (chromoelectric field correlators)
@ but: factorization

6ZH';5_ZH’ X ~AAAAAD %% %% + + =0

/ AVAVaVaVaii]

gr-E
— color-octet effects vanish at order v?
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Definition & nonrel
Matching of the La

M1 transitions Wave-function cor
Final results

Results

Decay rates for S-wave transitions

@ decay rate for allowed S-wave transitions

4 k;‘z {1+cpas(m) 5
3m

rn3slﬂn1$0'y 3 aemeQ + 2 (Iél + 2|1):|

00 n
1M (n0 — n'0) :/O el rNR”’O(r)d—ano(r)

dr
@ decay rate for hindered S-wave transitions (n # n’)

4 2 ’:Y% 5 S " /
rnssl_,nllso,.y = § Qem€ Q 2 —ﬂlgl + W (|2 + 2'1)

I 2Ck as(mV) Rn/o(O)Rno(O)

2 (0) (0)
il En,O - En’,O
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M1 transitions -function
Final results

Comparison with potential models

Agreement with potential models (Grotch)

Summary: New results
@ range of validity: weak-coupling regime
@ no scalar interaction term (V°8/" = 0)
@ magnetic moment not depending on soft scales
@ color-octet effects considered
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M1 transitions

Final results

@ as(me) ~ 0.35 — M = (15+0.7) keV

@ comparison with lattice calculations
— e = (1.61+ 0.07) keV (Dudek 2006)

@ comparison with experiment: [P, = (1.58 +0.37) keV
(PDG 2010)
)
3
3
=
3
3
§
C(‘) g
[0 S ki
0.04 0.14 0.24 0.34 0.44
E() [GeV]

Figure: CLEO Col I ., Phys. Rev. Lett. 102 (2009)
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M1 transitions
Final results

Predictions: T(1S) — npy

Example: T(1S) — npy
@ weakly coupled
@ 1), observed in 2008

— BABAR Col | ., Phys. Rev. Lett.103 (2009)
k, = (65.9 + 5.2) MeV

@ as(Mp) ~ 0.22 — Ty(is)—yyy = (125 +3.0¢ £ 0.4) eV

1

I (ev)

"k, (MeV)

Figure: I'vr(1s)—r,~ as a function of the photon energy
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E1 transitions

E1 Transitions
Branbilla, Pietrulewicz, Vairo, preprint: TUMEFT 25/11
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E1 transitions

General properties

@ definition: AS =0, |AL| =1
@ change in parity, no change in C parity
@ for the considered transitions: k, ~ mv?

1°P; — 1381y (xc — I/¥v, xb — T(1S)y)
1'P; — 1'Sgy (he = ney, hy = M)
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Definition & non-relativistic limit
g of the an
-function
E1 transitions

Nonrelativistic limit

@ leading order operator for E1 transitions

Lgq = eeQ/dgr Tr {STr -E*"S}

Nonrelativistic decay rate

4 21,312 / ks
rn3pJ:0’1’2_,n/351,y = § O[emer,YIS (nl — N 0) o~ m

I3(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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ve-function c
E1 transitions

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

L5 Nrocp = €€q /d3r Tr{V"Esfr.E*™S + V{EOTr - E°*MO

+ %V(rV)Z"ESTr - (rV)2E®™S

1
i——VvV(xBgtry. r x BEMS
* 4m {V:,rx ¥

1 g
iV (xVIBISH{V, 1 x (rV)B®™}S

1
+ HV(N)“'B[ST, o] - (rv)B®"s

+ Lyrensir geng
mr

1
iV E ST o] - (B % Vr)S}

21/44



Definition & non-r
Matching of the L:

E1 transitions

Matching

NCEAEYEIRERS

VA:Vr-E :Vé'E :V(rv)zr-E -1
VV-(pr) _ V(rV)Vr»(pr) - 1
V(rv)o-B _ CEm
Vo-(ExV,) _ Cgm
Vr»E/r - 0

292/44



Definition & non-relativistic limit
Matching of the Lagr:
-function corrections
E1 transitions

Matching

NCEAEYEIRERS

VA:Vr-E :Vé'E :V(rv)zr-E -1
VV-(pr) _ V(rV)Vr»(pr) - 1
V(rv)o-B _ CEm
Vo-(ExV,) _ Cgm
Vr»E/r - 0

@ Required for perturbative matching:
— O(a?) corrections to V"E
— O(as) corrections to V" E/"

@ But: factorization for all relevant operators!
= tree level results = exact results
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E1 transitions Results

Wave-function corrections

@ corrections at O(v?) due to higher order potentials in 1/m

1 2 2
vil(r) | V() | Vep(r)

OVs(r) = — D,

2
vL(z)(r)L2
r

1
Ve () =V () + S{v2(0).p%) +
VRN VML - S+ VNS +VE(1) [3(F - 01)(F - 02) — 01 - 2]
@ relativistic kinetic energy correction

p4

(5HS(I') == —m

@ calculation with QM perturbation theory
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Definition & non-relati c limit

E1 transitions

Color-octet effects

Example: n®P; — n3Syy

52,5 62,35
ey Znas,

n*Py 2 S, n*P; 2 n"S,

ceqr - B ceqr - B

gr-E -
B np S ng

ceqr - B
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ition & non-relati
g of the
Wave-function corrections
E1 transitions Results

Color-octet effects

J— 1 o t "
A = Z'eef‘?k”as/ dt/ dt’ (0|E3(R, t)e(t, 0)PEP(R, 1)|0)
0 0

% (1381 [re 108" ~E)t-U)g (5 . r e =ihS —E) | 13p )

— no factorization of amplitudes
— no cancellation as for M1 transitions
— evaluation of Wilson loop correlators necessary

however: amplitude vanishes for large N for S waves,
strong-coupling description for P states more appropriate
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E1 transitions

Strong coupling case

@ strongly coupled quarkonia (p 2 Agcp > E or p > Agcp > E)
— non-perturbative treatment with confining potential at leading
order (valid for excited states xc, Xb,---)

matching for the relevant operators as before
non-perturbative potentials taken from lattice simulations/models
no octet fields

for Agcp ~ mv new operators become relevant (for a
conservative non-perturbative power counting)

Ex.. —%2€si(r.B)(r x B) - (r x B®™)S

e 6 ¢ ¢
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-function
E1 transitions Results

Results

Final formula fo

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

In(n1 — n'0) = / dr rNRyo(r)Rna(r)
0

R — wave function corrections
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E1 transitions Results

Results

Final formula for n®P; — n3S;y

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

In(n1 — n'0) = / dr rNRyo(r)Rna(r)
0

R — wave function corrections

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

@ analogous formulas for n'P; — n?Syy, n®S; — n®P;~ and
nlSo — n’ley
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E1 transitions Results

Applications

@ perturbative potentials for short and non-perturbative ones for
long distances
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ition & non-relat

-function

E1 transitions Results

Applications

@ perturbative potentials for short and non-perturbative ones for

long distances
@ static potential
; L L L L L Il
oo 05 10 15 20 25 EDGEV '
"
7

-05
10 /
-15 /

/

/

/

-20f

[
I

/

— renormalon subtracted potential at NNLL for short distances

Pi neda, J.Phys.G 29 (2003)
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Definition &
Matching of th
e-function

E1 transitions Results

Applications
@ perturbative potentials for short and non-perturbative ones for

long distances
@ static potential

GeV
- — 30

w7

_15 /

—20F |

-25

— renormalon subtracted potential at NNLL for short distances
Pi neda, J.Phys.G 29 (2003)
— linear, confining potential at large distances
@ subleading potentials: LL for short distances, expressions from

string model for large distances
Per ez- Nadal , Soto, Phys.Rev.D 79 (2009)
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E1 transitions Results

Numerical results

@ Fit to spectrum gives string tension ¢ and the masses m¢, my in
our scheme
o =(0.21 +0.01) GeV?, m. = (1.656 + 0.005) GeV,
myp = (4.747 + 0.001) GeV
@ Preliminary results for charmonium
process | PNROPkev | TENa/keV | MHaalkeV | Taho/keV
xco(1P) — J /¢y 138+40+7 162-183 232+41 | 122+ 11
xc1(1P) — J /4y | 256 4+ 85+ 13 | 340-363 | 487 + 122 | 296 + 22

Xc2(1P) — J/¢y | 340 £ 115+ 17 | 413-464 - 384 £+ 27
he — nc(1S)y 292 +£184 £ 15 - 601 £+ 55 <600

20/44



E1 transitions Results

Numerical results

@ Fit to spectrum gives string tension ¢ and the masses m¢, my in

our scheme
o =(0.21+0.01) GeV?, m; = (1.656 + 0.005) GeV,

myp = (4.747 + 0.001) GeV
@ Preliminary results for charmonium
process | PNROPkev | TENa/keV | MHaalkeV | Taho/keV
xco(1P) — J /¢y 138+40+7 162-183 232+41 | 122+ 11
xc1(1P) — J /4y | 256 4+ 85+ 13 | 340-363 | 487 + 122 | 296 + 22

Xc2(1P) — J/¢~y | 340 £ 115 £ 17 413-464 - 384 + 27
he — nc(1S)y 292 + 184 + 15 - 601 + 55 <600
@ Preliminary results for bottomonium
process |  TPROPkeV | TEnalkeV | Batio X Morkose/keV
xoo(1P) — T(1S)y | 242+ 21+ 0.5 | 25.7-27.0 21.1+423
xbo1(1P) — T(1S)y | 27.0+ 2.7+ 0.5 | 29.8-31.2 320+25

Yb2(1P) = T(1S)y | 29.7 3.1+ 0.5 | 33.0-34.2 41.1+3.1
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E1 transitions Results

Conclusion and Outlook

@ Summary:
EFT treatment for M1 and E1 transitions up to O(v?2)-corrections
— relevant Lagrangian: exact matching for all operators (for E1)
— systematic calculation of relativistic corrections

40/44



-function
E1 transitions Results

Conclusion and Outlook

@ Summary:
EFT treatment for M1 and E1 transitions up to O(v?2)-corrections
— relevant Lagrangian: exact matching for all operators (for E1)
— systematic calculation of relativistic corrections

@ Outlook:
— improved numerical calculation
— full strong coupling analysis
— calculation of charm quark and color-octet effects
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E1 transitions Results

Conclusion and Outlook

@ Summary:
EFT treatment for M1 and E1 transitions up to O(v?2)-corrections
— relevant Lagrangian: exact matching for all operators (for E1)
— systematic calculation of relativistic corrections

@ Outlook:
— improved numerical calculation
— full strong coupling analysis
— calculation of charm quark and color-octet effects

Thank you for your attention!
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Backup-slides

Wave-functions

@ S-wave states
0
o0, (1) =

(0) —
¢n381 )\) ( ) -

@ P-wave states

0 3 N
¢f11331 )\)( ) = g Rnl( )enlpl(/\) r
0 1 .
O, (1) = g Ruu(r)o
0 3 N ~
¢£133:1 A)( ) = E Rnl(r) o (r x en3P1(/\))
3

¢£12332(A)(r) = ) Rni(r) o' hlrj13P (WP
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Backup-slides

General non-relativistic formula

4
r532+1|_J_,n/25+1|_3l,y = § aemeé(z\]l + 1)SElk§I§(nI — n’I’)
’ 2
SE! = max(l,l’){ i], i JI }

I3(nl — n’l") :/ dr r3Rpps (r)Rne(r)
0
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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:
r 4 M /2
‘:'jhb = 2211 - 10)ES ”b/z —.
E, 8l (EF¥—E)2+12,/4

with EF** ~ Ey, — E,,
— modified Breit-Wigner curve

d r(k)

dk

0001 b \
5x 1074} \

1x10°4

5x107 %} \\

- ~—
1x10°5 | T
5x107°F -

1x10°6F k
-~ L L
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Backup-slides

Numerical results

@ 0 =0.22GeV?, m, = 1.652GeV, mp = 4.747 GeV in our scheme

o MNE 15y, = (315 + 4.4 + 0.6)keV
@ Preliminary results for excited bottomonium transitions
process | TPNRPkeV | TERa/keV | Batko X Morkose/keV
x00(2P) — T(1S)y | 55+£1.7+12 | 5365 78+52
xb1(2P) — T(1S)y | 111+ 1.9+ 2.5 | 11.0-11.8 43+0.7
xb2(2P) — T(1S)y | 17.6 + 2.0+ 3.9 | 18.2-18.9 109+ 15
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