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TINEE: PHAETHERSIHENCERES

BESRKRE: M =1.5GeV, M, = 4.18 GeV > Aqcp

QCD4F1EEElR
1. B RBEREANEREES =GR
REREA N L EMeV, I/ N FEETGE
2. &R ,\)\EE%"E”;UI 3 — 1c y = '
ESREBRREER: M) yes,) — My os,) = 113 MeV N —

ESRBERESER: My(351) — Mm,(15o) = 62 MeV;
PR X o1, ZIEIREBEERY: 96,46 MeV , xpo1, ZIBREBEEEL: 33, 20MeV

LG R RNERIRAIS - RSB E BB EERK.
EittESAIbinding force2BHEFLX(spin-independent)fy!

CRItTFRRTFHESHIRBIETXAICoulombis)




Rule of thumb: (R ESREBREAI=MSIEEEIR

B ERHNERMBESHRESR: Myes) — My Myes) — My = 600 MeV
E—MERRMBESHRESR: M, cp,)— My My, 3p, — My = 400 MeV

FIMEIEAMGTT, mv? = 500 MeV

_ 500 1 i
Eit v? =3 for charmonium

, = 500 1 .
00 = 3 for bottomonium
AT cC bb tt
M 1.5 GeV 4.7 GeV 180 GeV m> mv > mv
Mo 0.9 GeV 1.5 GeV 16 GeV Thus v can acts expansion parameter
Muv? | 0.5 GeV 0.5 GeV 1.5 GeV
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(7) divide the integration domain into regions of small and large momenta
and use leading approximations for the integrand (i.e. take the zero-order
terms in Taylor series in the small parameters) (see (1.8));

(7i) extend the integration to all loop momenta in the expanded contribution
of every region.

In this book, the strategy of expansion by regions will be formulated for

e arbitrary order of expansion,
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0) (k2 + m2)(k? + M?)
k2 k*

A
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BREXtE [4,0]: m<K k~M
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m? m4
— 1 — — 4+ — 4 ...
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2 m2 /12 /12
0~ ppa MR T
N SR Ol
2 M)~ g (M6’M4 n( )
e X RIS —IuHI TR D
1 M? 1 M A2
Igp = 2 n(l+— 2 ln(—) +— Ve + 0(M6, ln(—))
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1
(k? +ie)[(k + D? + ie][(k + p)? + i€]

| = ind/2u4_d f dd k

(a) IFREFEANEPHEBETAIEE
BINATHENES: L? = —I? —ie,P? = —p? — i€, Q? = — (1 — p)?—ie,
£ L~ P2 <« Q% itH XD, BTH@EITE, SIANBIMENKE:

n® = (1,0,0,1), n* = (1,00,-1)

MBI —{U
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EE—MRETLNEEE 0, n_BH, UREEAE:

nt nﬁ u_ U

pH = (n+-p)7+ (n_-p)7+pl =p, +pt +p]

BHIEFE, BIA:

pt =(nyp,  n_-p, pt)
TR TS B S RS S BN AR R RREE:

p? = (ny p)(n_-p)+pi
p-q=(psq-)+ (p-rqy) +01q,

BINERERSH: p2 |2
2 2 2 2N2
P~ o p2~12~)2Q
AILASIZRNERAT, (58 pi~ Qnl/2, '~ Qnt/2 iRHENE p, | TUSER
p~(2%,1,1Q, #~(1,2%,1)Q

hard: k* ~(1,1,1)Q

soft : k* ~ (1%,2%,1%)Q
collinear (p): k* ~ (1%4,1,1)Q
collinear (1): k# ~ (1,2%,1)Q
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XIF soft region , FRERIZIENEEE 17

K2=00Y, (k+D?=2k_-1,+2+0(13),
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BEHF I RENSEEEEE

ZE R RS EEFRITRN: 02—k
d%k
F(g?,y: d) =
@y = (G + 107 = m?][(F ~ k)2 — m?] :

NRQCDHEZRT:
7E {E2TF et

hard: (k°,k)~(m,m)
soft: (kV, k) ~(mv,mv)

Vladimir A. Smirnov: Applied Asymptotic Expansions in Momenta and Masses,

pOtentiaI : (kO ) k) -~ (mv2 'mv) STMP 177, 1-15 (2002)
altrasoft : (k°,k) ~ (mv?,mv?)

(© Springer-Verlag Berlin Heidelberg 2002




BEHF I RENSEEEEE

GE RN R EEEFRARRS: 2k
F(qzy: d)E] d’k
| (G + k)2 = m?][( - k)2 —m?] q

d%k

j 2 2
(k2 +q-k+L-—m?) (k2 —q -k +T- —m?)

INRRFEHENA y=m?-L, U2~ < 1 EREFEH a/2+k

hard ~ (k°, k)~(q,q)
soft : (k°, k) ~(yy,v¥)~(1q,1q)
potential : (k°, )“’(%— VY)~(A2q, Aq)

altrasoft : (k°,k) ~ (\/q_ \/—) ~(A%q,2%q)
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Keeping in mind the non-relativistic flavour of the problem. q= {q, , 0}

) f diod? 1k
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PHYSICAL REVIEW D 82, 014008 (2010)
Hard-scattering approach to strongly hindered magnetic-dipole transitions in quarkonium

Yu Jia,"** Jia Xu,"'" and Juan Zhang'~*
'Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
*Theoretical Physics Center for Science Facilities, Chinese Academy of Sciences, Beijing 100049, China

3Institute of Theoretical Physics, Shanxi University, Taiyuan, Shanxi 030006, China
(Received 9 February 2009; published 19 July 2010)

For a class of hindered magnetic-dipole (M1) transition processes, such as Y(3S) — 5, + vy (the
discovery channel of the 7, meson), the emitted photon is rather energetic so that the traditional
approaches based on multipole expansion may be invalidated. We propose that a ‘“‘hard-scattering”
picture, somewhat analogous to the pion electromagnetic form factor at large momentum transfer, may be
more plausible to describe such types of transition processes. We work out a simple factorization formula
at lowest order in the strong coupling constant, which involves convolution of the Schrodinger wave
functions of quarkonia with a perturbatively calculable part induced by exchange of one semihard gluon
between quark and antiquark. This formula, without any freely adjustable parameters, is found to agree
with the measured rate of Y(3S5) — 7, + 7 rather well, and can also reasonably account for other recently

measured hindered M1 transition rates. The branching fractions of Y(4S) — ng) + <y are also predicted.

DOI: 10.1103/PhysRevD.82.014008 PACS numbers: 12.38.Bx, 12.39.Pn, 13.40.Gp
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* BAXEN =011
* PFIREE

BIF: xc1(CP) = J/Y(CS)y
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fe R BB EERIT R B 2 20 e k~mo?, kr~v « 1,

Y(3S) »np +vy YTFHIZIE: k= 920MeV

||~

I 245y r~$~(833MeV)‘1  kr~1

EY(3S) » np + YA FEF, kr~1, ZHRHEEITAEIX BB Bt 2 20,

ZA AR k FIshEA N YT altrasoft region
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TABLE 1. Measured and predicted branching fractions of various hindered M1 transition processes n’S, — n/!S, + y for
bottomonium and charmonium. The photon momentum k is determined by physical kinematics. The total widths of Y(nS) and
i (25) states, as well as all the quarkonium masses, are taken from PDGOS8 compilation [13], except 17, mass is taken to be 9389 MeV
[2], and 717, (2S) mass is taken as 9997 MeV [3]. For Y(2S) — yn,, we use the preliminary BABAR result [14]; for (2S) — yn., we
quote the latest CLEO measurement [15] instead of the world average value given in [13]. We have taken a(x) = 0.43 and 0.59 for
= 1.2 and 0.9 GeV, respectively.

Decay modes k (MeV) B (Exp.) a E,(X1072) B (Our predictions)
Cornell BT Cornell BT
Y(25) — vy, 614 42+ 14) X 10* 043 3720 32027 14X 1074 11x104
Y(3S) — ym, 921 (4.8 +1.3)x 10 0.43 2.7¢126° 2.3¢3>° 3.7 X 1074 2.8 X 1074
Y(45) — ym, 1123 . 043 220728 1.9¢37° 43%107  32%1077
Y(4S) — ym,(25) 566 - 043  1.7¢2% 1627  32%10°8  27x10°8
¥ (28) — ¥, 638 43+06)X 1073 059  64¢°7 576129 27x1073 21X 107
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order correction to the hard-scattering kernel. To achieve
this, it might prove easier to reformulate our derivation in
the context of NRQCD. It would also be interesting to
implement relativistic corrections to (6).

Obviously, our strategy need not be confined to hindered
M1 transitions only. It should be applicable whenever the
radiated photon cannot be viewed as ultrasoft and multi-

tions such as y;,;(2P) — Y. It would also be interesting
to generalize this hard-scattering formalism to explore the
hadronic transition processes such as Y(3S,4S)—
Y + 7T

pole expansion breaks down. It will be interesting to work
out the corresponding factorization formula for E1 transi-

We thank Antonio Vairo, Wei Wang, and Yu-Ming Wang
for useful discussions. This research was supported in part
by the National Natural Science Foundation of China under
Grants No. 10875130, No. 10605031, and No. 10935012.
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(multipole expansion)

Localized electric charge
distribution with density p(7).

6
p (T) Fig. 2.1 The electric field and potential lines for two point charges of the same sign. The
a right figure is given by zooming out the left figure.

q

r
—
R test charge

.
scale hierarchy:
< d —>

d < R
R RT Ad
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(multipole expansion)

rd3_>p(7’)=jd3r p(7)

V =
J VR? + 2RrcosO + R?

BFA|T| ~d K R, ffTaylor expansion m —

z jd3r r*o(7)P,(cosh)
n=0

_4a ., » , Q

=14+ B4 24

mono pole/charge  dipole  quadrupole

RET R IR WilsonZ#]

Long-distance physics only sensitive to bulk properties : gé P, Q, ..
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