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Qutline

® Quarkonium electromagnetic current

® A new method to compute
| -loop NRQCD corrections to all orders in v
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Quarkonium Electromagnetic Current
® Full QCD definition:
(—ieeq)iAly = (0[Jgy|H), Jhy = (—ieeq)iy™d)

)

® NRQCD factorization formula
iAL = 2mpyg ch(O|O§L|H>
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® Short-distance coefficients can be computed by
perturbative matching:

iAégc‘gl — Z%(O\OMQQJ
(0|0 |QQ1): perturb%tive NRQCD matrix element
® We only consider QQ operators.

® Matching coefficients at order a5 are determined as




® General structure of full-QCD amplitude for a
color-singlet QQ pair:

z’A’é?@l = 0(p2)(Gy" + Hq")u(p1)
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(S & D wave)

® |R divergence emerges from order o
3 | , | | 2 IR divergence
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o 9 js known to all orders in v2"

Bodwin, Chung, Kang, Lee, and Yu (PRD77,094017)
® Determination of ¢!
. i(¥) gl i(l) it (1) i ~ \(0)
ZAQQl [ZAQQl] NRQCD B3 Z Cn <O‘OR|QQ1>
n

AGM) ARG

RN A
t"' = r'

] NS > P
" ,fh' KPR (‘ ’-lf >
1" o o A ® vigw £

) Setgiad) RS

alE
s Tol e L S




References for ¢{*)

\ 270

,UZ

’U4

all

[1]

[1]

[2]

[X]

87
87

[3], [4]

[>]

[Y]

[Y]

87

n N =N O

[6], [7]

[I] Bodwin, Braaten, Lepage, PRD 51, 1125

(] [ ]
= p i d Sl £ !‘ Q d A n N [ = | I T I\ ' AV AV AV B I ety o el e = 'y ALY
T et L g i A Bt ety # ' ... ‘.-0 - A'.'.‘-d".lb.l-. ;-.- -' ’Y' ¢ -. - . ad r > ) “ *.'. ‘.,- ’J 0 " Fod . (ol c . mey ‘.; 3 - &
v b e e * % P, B g - . g P g Ty ’ ” - 1 T




, i(1)
Computation of AQQl NROCD

. i(1) .
® Calculation of [ZAQQJNRQC to higher
orders in v requires knowledge of a huge
number of

NRQCD operators,
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BBL Method to compute 2«42521

ii) Integrate out k.
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NRQCD

i) Use NRQCD perturbation
theory to construct amplitude.

iii) Expand the integrand in
powers of 3-momenta divided



A new method of calculation

® |nteractions in NRQCD through infinite

order in v is equivalent to QCD, but with
the interactions re-arranged in an
expansion in powers of v.

° Instead of using NRQCD perturbatlon

b N .’«:'.-t‘t. _—— - / 2r B
P 0,.:..} 9 n_q ( 4:“"'; 5.‘_'_‘ % s n F -.. & ,




Comparison with Method of Regions

® At lowest order in v, the method of regions

[Beneke and Smirnov (NPB 1998)] has been used to

compute order-a> correction to quarkonium EM
current

Beneke, Signer, Smirnov (PRL 1998)
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Comparison with Method of Regions

® With MoR, it is difficult to obtain a closed-form
formula for the hard part valid to all orders in .

® |n our method, the NRQCD contribution becomes a
simple series that can be resummed easily, yielding
very compact expressions for the hard part.

® |n dimensional regularization,
our method is equivalent to calculating
“soft + ultrasoft + potential” part by MoR.

® Our method also works for hard cut-off like lattice,
but MoR does not.

12 |-loop NRQCD contribution



Our final results

i) [ (D)
® |R pole cancels in tAna, [ZAQQl]NRQCD

® UV pole is absorbed by redefining NRQCD
operators in MS scheme:




Exact cancellation of IR and
non-analytic contributions
to all orders in v

* QCD I-loop corrections IR dwergence

g CF

= {2[(1+52)L(5)—1 a+ (1+ 62) [% ’;EH }

G(1)

— Coulomb divergence
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Resummation to all orders in U

® Generalized Gremm-Kapustin relation for
spin-independent potential models

n

[<q2n>H(BSl)]M_S 2 [<q2>H(3S1)]M_S' Bodwin, Kang, and Lee (PRD 2006)
. (0|0, |H(°S1))

: (0]O%o|H (351))
® This allows us to resum the relatlwstlc
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Order- oo, coefficient of EM current,
resummed to v

2n




Summary

Order-o; corrections to the quarkonium EM
current at all orders in v have been computed.

Only QQ contribution is considered. Neglect of
gauge-field contribution results in errors of order v*

A new method is introduced to compute NRQCD
| -loop corrections directly from QCD amplitude.

This allows us to obtain very compact expressions
for the ()C) contributions valid to all orders in v.

We can use this method to resum a class of
relativistic corrections.

The method may be applied to compute short-
distance coefficients for IS)ther effective theories.






A glance at a traditional

fixed order calculation...
Luke and Savage (PRD 1998), order a,v?
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Corrections to (0|x'o'¢|QQ)
(a) AO tempOI’al
(b)V - A spatial
(c) o - B spatial
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A glance at a traditional

fixed order calculation...
Luke and Savage (PRD 1998), order a,v?

(a)=c g—uTojv —| i 2 ' (4.22)
112/”_2 h h |p| ’ . . ,

This reproduces the O(1/v) term in the full amplitude.
As discussed above, there are no graphs at O(g?v?") in NRQCD from radiation gluon loops. At O(g?v) there are
contributions from the leading relativistic corrections to Coulomb scattering. In addition, since Coulomb exchange scales as
v~ !, the dressing of O, with a single A(I)D exchange also contributes at O(g>v). A} exchange contributes both via the p- A

coupling [Fig. 5(b)]
(b)_clli 2Lt,,0"vh|p| i —1+i+lnp

and the Fermi coupling

( ) c g2 . ¥ .U |p| m M'Zp' Uplvh
c)=ci75 2 e o i
ta P m?

Coulomb exchange is corrected by the Darwin vertex,

8 el
(d)—cllzﬂ_gu,,a"vh m( i), (4.25)

while the spin-orbit coupling does not contribute. The relativistic corrections to the quark and antiquark propagators give O u r r e S u Its a g r e e

g’ Ip| 12 p’
(e)= c112 qltZO'Ith mi i +2+—+ln , (4.26)
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and finally, the one-loop correction to O, in Fig. 5(f) gives
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