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Motivation

= orthopositronium (o-Ps) decay spectrum for w ~ Ey ~ ma”

dl'  wa® o 1, 9
o = o Llanl” + glecl’]
[ Manohar, RF '03 ]

v NRQED, includes binding effects

v’ satisfies Low’s theorem for w — 0

= valid for the whole region w < m ?

—— Voloshin : The dipole approximation for the small-energy
photon radiation can be applied for all w < m

w ~ ma (soft-energy region) : = + ~Va
Vmw)

—— main contribution arises from 7 ~

+ — : 0 o, " new NR mode? is the NREFT
€ ¢ ' p-~Pp/m~ w~ma :> calculation missing something?
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NRQED computation of the oPs spectrum

/T [ =thereis along-distance part in the decay when one of
ops  ~~~ the photons in the final state is not hard (v < m)
oPs (*51) |
o-Ps n short-distance part
C—odd > > —
\__/ hard photons (E, ~m)
' C'—even

long-distance part

Coulomb Hamiltonian

H = Hy + Hin
2

- P _@
m r

€ €
Hiy = ——P1 - A(xq) + P2 A(xg) —poy-B(x1) — pos - B(xs)
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Dipole approximation

A(x)~A(0) = e ™™ =s1-ik-x+...

dipole approx.

Atomic transitions in Ps Multipole expansion

Vo(T) e~ "/® constrains r ~ a = 2/ma — valid for w < ma

0-Ps — 3y decay with one small-energy photon

— it is the scale 1/m and not 1/ma which constrains wy,ax
for multipole expanding the e.m. interaction [ Voloshin’04]

M~ [drG(0,7;6)Yo(r) , K= +mw—mE

—RT

oW~ MK T~ e 'r'fvﬁ:_1<<a

k-x~w/k~ /a1 — multipole expansion still valid
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= 0Ps calculation without multipole expanding the e.m. field

Me = —eto(0) (x! W1 - €9)e, (14 D(w))
) == [ i | isin(5) - G (5)
e w~ma? : k=+vmw-—mEyj~ma~1/a

e WM I K=+{mw~mya

— we can always expand in wr ~ w/k for w K m

D(w) = w (1 + {9 (Qﬂ/ﬁ;z))

> 4

dipole approx. O(a?) for w ~ ma?
O

a) for w ~ ma




EFT oPs spectrum: results

. _ _ —Ww
wLm : Ge=1l+de , m= AFEwts—w+i(Fo+I'p)/2
E (keV)
dl’ m()ge’ 5 7 5 ) 0.001 0.01 0.1 1
— = T|la + —la } A
dx 97 [' m| 3| e §
dPEFT
Ratio = dF%“’ED é
dx
1Ryd = ma?/2 e ]
%.(;1 | IIHHDI.ll | "'””1 | IHIHIIlD | IHHiIOO
E (Ryd)
sw~ma: a=1-3%+0(@) , an=1+0(c)
dl  2maS’ 14
r=w/m o Yo [:f 3 oz\x/gﬁL ()
tree-level
QED one-loop QED?
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EFT oPs spectrum: wi ~ ma«a

dPEFT
S dx I
Ratio = —g55 _ .
dz . Ratio — NLO
1.4}
1.2]
N
0.8
0.5 Ratio — LO

0.0001 0.00050.001 Q.005 0,01 0.05

r=wi/m
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QED computation

= from the NRQED computation in the w ~ ma region
G=Gy+GyV.Gy+ ...
since r ~ k=1 ~ 1/vVmw — /dBchGg s g a\/% <1

K

—— Coulomb int. can be treated as a perturbation
in the eTe™ system after soft-photon radiation

= exact phase-space distribution at one-loop is known [ Adkins 057

dl'q ma’ /1 1

dr, 3672

[F(:r:h Ta) + perm.}
ﬁ—J
can be expanded in x; — 0 before integration

dl'y 2ma’ 32 35 3/2
m=l s e T o {+ (7~ 3 )am +0zl’?)
\

agrees with NLO term in EFT calculation!

dﬁCQ
-1 L1X2XT3
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Threshold expansion of QED 1-loop diagrams

Beneke, Smirnov ‘98

= asymptotic expansion of loop integrals involving heavy massive

particles close to threshold

relevant regions in hard
loops involving soft
non-relativistic potential
fermion pairs ultrasoft

q
q
q

¢ ~ g~ mu

quum

~ q ~ mu

~ q°/m ~ muv?

2

o O O ©

= separation of regions achieved by expanding loop momenta
according to the v-scaling above (each region contributes to a single

power of v)

— apply to the 1-loop oPs— 3~ for w ~ ma
(where QED calculation is valid)




Ladder graph

5 +a
“P/V\’k — gives the leading term in the w;/m expansion
\ ) +q— K1
VAV AV
I-2+atk 5 point scalar integral
BV VAN
“2g
I = /‘ [4Pq]
q% [(g + P/2)2 —m?][(¢ — P/2)? —m?][(¢ + P/2 — k1)? — m?] [(¢ — P/2 + k3)? — m?]
" (small) 1 [dDQ]
et L C 2mws / (g6 — a?) (2mgo — a?) (—=2mqo — ?) (2mgo — 2mw; — q?)
— pick residue from the pole of the massive propagator at ¢y = —q?/m + ic
(S-T) _ 1 n 1 _ 1 _%
I = 16m2ws /[d al (@?)? (q® + mwy)  64mmiws (mer)
dominated by loop-momentum q ~ /mw; = qO ~ q2 / m ~ wq

'soft-radiation’ region
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1-loop QED result for w; ~ ma

% mkl / W /
~L gtk w1 m 2 w1
f,:f\"/f _ _iem(gl.(XT ¢)9_ Mo
P gk m 2\ wp
_ 20 |m v" agrees with NLO term
1—loop T . B Fh e 9
M e{x' W1-€9) 3\ wy T of NRQED calculation
e the rest of 1-loop diagrams in oPs— 3~y & ] ] s
" o~

give subleading contributions in wi/m
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Relevance for Heavy Quarkonium

S q

T X VAV WV Ve —>—4£.<‘” ¥
— by A § q
’.}/ T i 90000, g 20000,
! ¥ Y
: lago00. g — 90000,

= photon spectrum can be written dir frag
as a sum of a direct contrib. and dl = dl + dr
a fragmentation contrib. dx dx dx

® dgdir can be calculated within the NRQCD factorization

X

C)(z) : short-distance Wilson coefficients
O,, : NRQCD operators

—— leading order: (Y|O1(3851)|Y) = 2N, | (0)[?

T &l = gaanﬁ 2—sc+ (1-2z)x _2(1—:;!:)2 log(1 —z) +2 (1 —2z) log(1 —xz)
rososo 1\ = 27 mg z (2 —3})2 (2—&,")3 1:2

——T 0o

International Workshop on Heavy Quarkonium, DESY, Hamburg, Oct 17th P. Ruiz-Femenia - 13



T — X~ : 1-loop QCD correction for = ~ as

—— analyze the 1-loop diagrams for the direct T spectrum

for wy ~ my as with the threshold expansion

e leading term comes
from ladder diagram

T~ Qg

L

1 dryLo

Ly

1 drky, 2

1 dU

e non-abelian diagrams
are sub-leading in wy /my

AN A
% E
oo

1§ 1 40 %"

2—a:+
Cops dz  7w2-9 T

1 driie

—14

Lops dx  9(n2

—9)

asvVr + Oas x)

. FoPs dx
5 2
[63: + O(x )}
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Results for the direct Upsilon decay spectrum

(as = 0.2)
threshold expansion num. O(ay) calculation
Kramer ‘99
. . . . 225 rrrrprTTT T T T I T T T T T T T TT T T
LO F
: 1 dy 2 5 e, s, it
Wi~ MpQ®s 'y dx 175 | .
F e LO .
1.5 15 0 NLou=2m)
1.25 i—
1 b :_
| alYEO 075
0.5 ]1}" (/.f’ %) i_
0.252— :
e o e o g 0 o 0705 0 o 06 07 08 o5 1
X
i

—_— r=wi/m

\

Recall: frag. contrib. to the v spectrum

become important in the low-x region

Catani, Hautmann '95
Maltoni, Petrelli ‘99
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Summary

2 NRQED calculation of the oPs — 3+ photon spectrum
valid for all w < m

—— dipole approximation ok
— w ~ ma : NLO EFT term and 1-loop QED calculation agree

Q Threshold expansion of 1-loop diagrams

— LO O(«) contribution arises from loop-momentum region

pONpQ/mwwwma

a Application to the soft-energy direct photon spectrum in
Upsilon decays Is straightforward

1 arf© 224 1

I~ g - _ _
F’r dx 243 (7‘(‘2—9)

asvVr + Oa, 1)




