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Hard exclusive processes

@ Decays: T — pm,np — J/0J /1, xpo — I/ ...
@ Annihilations: eTe™ — J/Ymc, J/vd /1, XcoYs -
o Different formfactors: F(Q?)

General property: Ep > Ngcp, M

o 2
Expansion parameter ~ 2 ~ %
Eh

o o= 2nlB=oc) | mma(By=oe) |
h

n+1
Eh

Light cone expansion formalism (LCF) |
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Introduction
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Different contributions

@ Short distance contribution: C,, (perturbative QCD)

o Large distance contribution: (M|O,|0) (nonperturbative effects)

V.V. Braguta



Introduction

Operators that contribute to pseudoscalar meson production
° QV}L’YSQ; (_‘?7#75D;L1 Qy ©7y75Du1 Dyz Qy
° Qaa,@75Q; QO—O[B’YSD}L:[ Q, anﬁ'YSDulezQy
° Q'Y,LL'YS Goc,BQy Q’Y,u'YSGaﬁD,ul Q, Q’7u75Ga,8D,u1 D,uz Q ...

i 0'0
=R+ I+ D+

At a given accuracy some operators can be omitted
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Introduction

The leading twist distribution amplitudes

Operators that contribute at the leading twist approximation:

(M(p)|@7+75(D1)"Q[0),, = P [ deena (e, )

Vi =vo vz, £ =x1 — X2,

The distribution amplitude (DA) ¢(&) can be considered as a meson’s wave function

Exclusive processes at the leading twist

T= fd’fH(f,M) X ¢(§7,u)7 m~ Eh

@ Resume infinite series of operators

@ No double logarithmic corrections (~ as(Ep,) - log? Ep)

@ Resume leading logarithmic corrections (~ as(Ej,) - log Ey,) in all loops

A.V. Efremov, A.V. Radyushkin, Phys.Lett. B94 (1980) 245,
G.P. Lepage, S. J. Brodsky, Phys.Rev. D22 (1980) 2157
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Introduction

Evolution of the leading twist distribution amplitudes (ERBL equation)

[z.-z]= Pexp{ ig [dx”A” ‘

\ -z J (0] k) e

Renormalization group evolution equation:

YA m—jduvnf 7. 1) P& 1)

The solution of RG equation:

P& 1) = %{l—f] [):a,,w)G,f 3(5)]

Ecs
_(aw
a,,w)—[aﬁw] xa, ()
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Introduction

Distribution amplitudes of nonrelativistic mesons

-0.75-0.5-0.25 0 0.250.50.75 1 &

Properties

o The width of DA is < &2 >~ v?2
@ The motion in the region | (£2 < v?) is nonrelativistic

@ The motion in the region Il (£2 ~ 1) is relativistic
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Models for distribution amplitudes
Properties of distribution amplitudes

Study of charmonia distribution amplitudes
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Study of charmonia distribution amplitudes Models for distribution amplitudes

Properties of distribution amplitudes

Leading twist distribution amplitudes of S-wave mesons

(0|@(2)va 5[z, —Z1Q(=2)Ine),, = ifg.Pa [2, € PDEGp (¢, 1)

(01Q(2)valz, —2]Q(=2)1d/%(ex=0, P)), = fLPa [1; dE ™ PDEp (€, 1)
01Q@)oaplz, —21Q(=2)|d/Y(ex=+1,P)),, = fr(1)(caps — egpa) [1, dE /PG 1 (¢, 1)

[z, —2] = Pexplig [=, dx" A, (x)]

At leading order approximation in relative velocity

op(§) = ¢L(&) = ¢7(§) = 9(¢)
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Models for distribution amplitudes
Properties of distribution amplitudes

Study of charmonia distribution amplitudes

Leading twist distribution amplitudes of P-wave mesons

(xeo(P)|R(2)7ulz, —21Q(=2)[0) = fgpp [1q dE e PDEG (€, 1)

(Xe1(p: €x=0)|Q(2)Vu5[z, —21Q(=2)[0) = £ py [1; dg P! (€, 1)
(Xe1(p, ex=+1)|R(2)o v [z, —2]Q(—2)[0) = fiy eppapep? [1, deePDEq . (€, 1)

(he(p, ex=0)|R(2) 7751z, —21Q(=2)[0) = fi,pyu 1, de € PDE gy (g, 1)
(he(p, ex—t1)|Q(2)o v [z, —2]Q(~2)|0) = ey ape®p? [1, dE el (PDE g (¢, 1)

(x2(P, €x=0)| R(2) [z, =21 Q(=2)|0) = fiy py [2; dg PDE 0, (¢, 1)

(x2(p, ex=£1)| Q27w [z, —21Q(=2)[0) = Fiy Myz PPy — pupyu) [ dé € PIEG L (), py =

o
€pcz
Pz

At leading order approximation in relative velocity

D(E) = bxg(€) = by (€) = DR(E) = Dz (€) = x5 (€)
W)y (6) = D} () = — [, dt o(t)
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Models for distribution amplitudes
Properties of distribution amplitudes

Study of charmonia distribution amplitudes

Parametrization through the expansion coefficients C,

o(E.m) = 3(1— &) (1 IR SNAR 63/2(9)

o G,::/z(.f) is Gegenbauer polynomials

@ Cp(p) is multiplicatively renormalized

Not applicable for nonrelativistic mesons

Parametrization through the moments (£")

(€M, = [1] de€ng(€, 1) ~ (M|@r175(D1)"Q|0),,

Applicable for nonrelativistic mesons
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Models for distribution amplitudes
Properties of distribution amplitudes

Study of charmonia distribution amplitudes

Functional approach

Based on Schrodinger or Bethe-Salpeter equations

Operator approach

e NRQCD

@ QCD sum rules
@ Lattice QCD
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Study of charmonia distribution amplitudes Models for distribution amplitudes

Properties of distribution amplitudes

Functional approach

Brodsky-Huang-Lepage procedure:

o Solve Schodinger (Bethe-Salpeter) equation and obtain (k)
@ Make the substitution

ki — ki, ky=¢M My=4

2. 42
me+k9
—¢2

1-¢
@ Integrate out transverse momentum

o€, 1) ~ M 2k (e, ky)
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Models for distribution amplitudes
Properties of distribution amplitudes

Study of charmonia distribution amplitudes

Moments within NRQCD
At leading order approximation in relative velocity v

ity P2KTL(EM) = (0] Q@v475(iD+ )2k QIne(p)) — (01xT(IB)?)K v |ne(p))

m o {(v” n _ {0]x(iD)®)k¢|ne
(&) = EH-}. +O(v2),  (v2k) = ( |X(0(|x+)w|)nc(|:)>(p)>

The meaning of the second moment

() =5

@ (£2) is one-dimensional velocity

@ The width of distribution amplitude is determined by relative velocity (vz)
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Models for distribution amplitudes

Study of charmonia distribution amplitudes Properties of distribution amplitudes

2

Distribution amplitudes at leading order approximation in v

@ (v") = 4" for n = 2k (G. T. Bodwin, D. Kang, J. Lee, Phys.Rev. D74 (2006) 014014 )
o '72 = (vz) = 0.25 + 0.08 for 1S states and '72 = (vz) = 0.65 + 0.42 for 2S states
(* Je) ts th ti L s

ne gets the equations (£") = g

@ The solution is ¢(&) = %9("/ -2

I
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Models for distribution amplitudes
Properties of distribution amplitudes

Study of charmonia distribution amplitudes

Moments within QCD sum rules

Advantage: Free from relativistic corrections
Disadvantage: Sensitivity to QCD sum rules parameters

QCD sum rules are the most accurate approach to study
charmonia distribution amplitudes

The model of distribution amplitudes from QCD sum rules

15 statess 912(6) ~ (1 - ) exp (-~ 127 )

2S states: ¢2s(€) ~ (1 — £%)( + %) exp (—&)

1P states: ¢1p(€) ~ (1 — £2)Eexp G%‘z)
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Study of charmonia distribution amplitudes

Models for distribution amplitudes
Properties of distribution amplitudes
Moments of 1S charmonia
(€M Buchmuller-Tye Cornell NRQCD
potential potential
n=2 0.086 0.071
n=4 0.020 0.014
n==6 0.0067

QCD
sum rules
0.075 £ 0.011 0.070 + 0.007
0.010 £ 0.003 0.012 + 0.002
0.0044 0.0017 + 0.0007 | 0.0032 + 0.0009
Moments of 2S charmonia
[GH) Buchmuller-Tye Cornell NRQCD
potential potential
n=2 0.16 0.16
n=4 0.042
n==6 0.015

QCD
0.22 4+ 0.14
0.046

sum rules
F0.05
PR
0.085 + 0.110 0.051 133’1361
0.016 0.039 £ 0.077 | 0.017 130
Moments of 1P charmonia
(€™ Buchmuller-Tye Cornell NRQCD QCD
potential potential sum rules
n=3 0.18 0.16 == 0.18 £ 0.03
n=5 0.047 0.040 —— 0.005 + 0.001




Study of charmonia distribution amplitudes Models for distribution amplitudes

Properties of distribution amplitudes

NRQCD matrix elements

(v?) parameterizes relativistic corrections

o (v3)15 =0.2140.07
o (v?)1p =0.30£0.10
o (v?)ps =0.54+0.35
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Models for distribution amplitudes
Properties of distribution amplitudes

Study of charmonia distribution amplitudes

Distribution amplitude before/after RG evolution

@G(E. 1~ me) @, = 10GeV)

o o o o

-1 -0.75-0.5-0.25 0.25 0.5 0.75 1 £ -1 -0.75-0.5-0.25 - 0.25 0.5 0.75 1 S

Before evolution the DA in the end point region £ ~ +1 is suppressed (narrow function)

After evolution relativistic tail appeared ¢(§ ~ £1, 1 ~ Q) ~ as(Q) log ( Q )1 — £2)

me

Relativistic tail is due to the radiative corrections (in agreement with NRQCD)

RG evolution of distribution amplitudes of nonrelativistic meson is very rapid




Models for distribution amplitudes
Properties of distribution amplitudes

Distribution amplitudes of 2S states

¢(’£7M ~ mc) ~ (1 - gz)cb(éuu ~ mc)

(%)

Study of charmonia distribution amplitudes

Distribution amplitude of 2S state has 3 extremums

NRQCD expansion near to the v2 ~ 0 (£ ~ 0)
is badly convergent
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Leading twist processes

Application

€ 1Py C

Vi(p) "

Va(py) — v,
€

€ vip2
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Leading twist processes

Application

G. T. Bodwin, J. Lee and E. Braaten, Phys. Rev. D 67, 054023 (2003);

G. T. Bodwin, J. Lee and E. Braaten, Phys. Rev. Lett. 90, 162001 (2003);
A. V. Luchinsky, arXiv:hep-ph/0301190;

B. Gong and J. X. Wang, Phys. Rev. Lett. 100, 181803 (2008)

G. T. Bodwin, E. Braaten, J. Lee and C. Yu, Phys. Rev. D 74, 074014 (2006)

o(ete™ — J/9pJ/vp) = 1.69 + 0.35fb
ag(ete™ — J/yp’) = 0.96 £ 0.36fb
o(ete™ — ¢’4’) = 0.11 + 0.097b

Light cone expansion formalism

o(ete™ — J/4ypJ/yp) = 2.02 + 0.25fb
og(ete™ — J/yp’) = 1.32 £ 0.16/b
o(ete™ — ¢’+’) = 0.20 + 0.06fb

Experiment (Belle collaboration, Phys. Rev. D 70, 071102 (2004))

o(ete™ — J/pd/vp) x Brsa(J/v¥) < 9.1 fb 90 % CL,
o(ete™ — J/yp’) x Brsa(¥') < 13.3 fb 90 % CL,
o(ete™ — J/py’) X Brso(d/7) < 16.9 fb 90 % CL,
o(ete™ — ¢'¢’) x Brso(y') < 5.2 fb 90 % CL,
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Leading twist processes

Application

Bottomonia decays to double charmonia

(a) (b)

All leading twist C-even bottomonia decays were considered in paper
V.V. Braguta, A.K. Likhoded, A.V. Luchinsky, Phys.Rev. D80 (2009) 094008,
Erratum-ibid. D85 (2012) 119901
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Application

Leading twist processes

Leading twist decays of the 7, meson

reaction I'vrgen, €V Tie, eV Brre, 107°
m = heth 16777 £84 £81 32 £26+61+82 0.33
1 = het(29) 16, £14 431442 0.17
T =+ NeXed 914073 £46423 0.092
e = 1 25)xc0 43£03643. £1.1 0.043
T = TeXe2 11 18, £14 487445 0.18
M = Ne(28)x e LTH2 £ 4.1 £0.86 82407456421 0.083
T = Yeo Xet 2402412 444038 +23+1.1 0.045
Th — Xel Xe2 L+ 204046 8607343422 0.087
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Leading twist processes

Application

Leading twist decays of the o meson

Kb — el
Yo =+ 1e(285) xer
Xoo — X0 Xe2
Xt = elfe
Xbo —* Tetje(25)
Yoo = 1e(25)1.(25)
X — g
xio — P (25)
Yo — U(25)1(28)
e = hehe
XB0 =+ Xl Xl
Xoo —* XelXel
Xb = XeaXea

LT +1.9+£003
09151 £1.14045

0.00005T ) 00T £ 0.038 £7.6 1077

LT £28£0.04

43T ERT 22

43T 63kl

LIS £ 1.9 +£0.52
0014750022 £ 0.021 £ 0.0071
00067 D0 £ 0.022 £ 0.003

w0037 i e
0087007 40,63 +0.043

0.00321) 00 +0.035 £ 0.0016

98 +025+48+25
pOELE4ELS
(.14 £ 0.034 £ 0.07 £ 0.034
10.£0454+49+£25
12.+ 21 +£83+34
30E£14£3.£001
15. & 0.68 £ 0.51 + 3.8
20, £3.5 £0.62 £ 5.
6.5+25 018 +1.6
0.3 £0.074 £ 0.079 £0.075
0.035 £ 0.0087 £ 0.018 £ 0.0088
244012+124£06
0.13 £ 0.033 £ 0.066 £ 0.033

1.2
0.73
0.017
L3
L5
0.45
19
25
.81
0.037
0.0044
0.3
0.017
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Leading twist processes

Application

Leading twist decays of the x,; meson

X1 —+ het) .18TH05s £0.13 £ 0.091 0.88 +£0.078 £ 0.17 £0.22 0.68
o1 — et (28) 0.08OTHO0ETS 4+ 0,086 £ 0.045 0.67 4+ 0.18 £ 0.13 + 0.17 0.52
Xb1 = TeXcd 0.038T 00058 4+ 0.038 £ 0.019 0.25 + 0.022 £ 0.12 4 0.061 0.19

Yo = 1e(285) X0 0019750052 £ 0.022 £+ 0.0093 .17 £ 0.046 £+ 0.12 £ 0.043 013
Xb1 — TeXea 01175 et £+ 0.075 £ 0.055 0.48 £ 0.042 £ 0.24 £0.12 0.37
Yer — 1e(28) xe 0.0545 808 + 0,051 + 0.027 033 + 0.080 4 0.23 + 0.083 0.26
b1 = X0 Xe1 0.0871 1072 £ 0.061 £ 0.04 0.12 £ 0.015 4 0.06 +£0.03 0.091
Xb1 —F Xe1 Xez 0.0187 hoa, £ 0.028 £ 0.0091 0.234£0.03£0.11 £0.057 0.18
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Leading twist decays of the x> meson

Application

Leading twist processes

bz = NeXel
bz — 11:(28) yer
Xba —F Xed Xe2
Xbz = 1)

Xb2 — (280,
Xz = Ne( 25)1:(25)
Xba —+ WY
bz — (250
xe2 — (25)9(25)
b = hehe
Xb2 = Xel Xel
Xb2 = Xel Xel
Xba — Xe2 Xe2
Xz = het)
xbz —+ hetp(25)

Xb2 —F XelXe2

0.26 SL018+£0.13

—0.0)

01370 000 4+ 0.12 4 0.064

0.0767007, £ 0.068 + 0.038
0.267 0080 £ 0.60 £0.13

s E6.9+49
503448
+35+£12
e £0.17 £0.031
0.002115 00 £ 0.0037 £0.0011
0.02675 0057 & 0.063 + 0.013
0.028T5 008 4+ 0.042 £ 0,014
LT £ 1 £0.57
0.5670 00 +0.62 £ 0.28

0.0447 100 + 0.036 + 0.022

0.63 £0.011 4+ 0.31 £0.16
0.35 £ 0.044 £+ 0.24 £ 0.086
0.049 + 0.0075 + 0.025 £ 0.012
0.64 £ 0,02 £ 0.31 £ 0.16
0.71 £ 0.002 £+ 0.48 £0.18
0.2+ 0.068 £0.17 £0.051
.64+ 042 £0.33 + 24
11.£1.904+035 £ 28
3441440004 £0.84
0.48 £0.034 £ 0.13 £0.12
0.013 £ 0.0019 £ 0.0065 £ 0.0032

0.28 £0.03 £0.14 £0.069
0.54+ 011 £0.27 £ 0.13
d.6 4 0.09 £ 0.68 £ 0.9
2.1 £0.36 £ 0.39 £0.52
0.49 £ 0.1 £0.24 £0.12

0.31
017
0.025
0.32
.36
0.1
4.8
5.7
L.7
0.24
0.0063

0.14
0.27
L8
1.
0.25
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Leading twist processes

Application

Comparison of different results

Br-10~° Br-10"° Br-10°° [ Br-10~°

NRQCD [1] | NRQCD [2] LCF [3] Exp. [4]
Xbo — 2J/% 0.5 1.9 1.9+05 <7.1
Xpa = 24/ 3.4 17.5 48+1.2 < 4.5
Xbo —* J/¥ ¥(25) = = 25+0.7 <12
Xpa = /% $(25) — — 5.7+1.8 < 4.9
Xpo — 29(25) — = 08+L04 <31
Xpo = 20(25) — = 1.7+ 0.8 < 1.6

NRQCD calculation:
[1] Juan Zhang, Hairong Dong, Feng Feng, Phys.Rev. D84 (2011) 094031
[2] Wen-Long Sang, Reyima Rashidin, U-Rae Kim, Jungil Lee, Phys.Rev. D84 (2011) 074026

Light cone formalism calculation:
[3] V.V. Braguta, A.K. Likhoded, A.V. Luchinsky, Phys.Rev. D80 (2009) 094008
Erratum-ibid. D85 (2012) 119901

Belle experiment:
[4] Phys.Rev. D85 (2012) 071102

V.V. Braguta



Leading twist processes
Application

ete” — H+v,H=nc,Xc0, Xcls Xc2,
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Leading twist processes

Application

H o (H)(fb) o (H)(fb) o (H)(fb) o (H)(fb)
LCF [1] NRQCD [2] | NRQCD [3] | NRQCD [4]

+21.4 +22.2

ne | 41.6+14.1 | 82.0°35% | 425 -53.7 | 68.072%2
n. | 242+145 | 492799 | 27.7-351 [ 426727
Xco | 6.1+3.9 1.379% 1.53 —2.48 | 1.361 3%
Xe1 | 242+133 | 13.77%% [111-17.7 | 109737
Xe2 | 120+17.4 | 53755 1.65—3.53 | 1.957 75>

Light cone formalism calculation:
[1] V.V. Braguta, Phys.Rev. D82 (2010) 074009

NRQCD calculation:

[2] H. S. Chung, J. Lee and C. Yu, Phys. Rev. D 78, 074022 (2008)
[3] D. Li, Z. G. He and K. T. Chao, Phys. Rev. D 80, 114014 (2009)
[4] W. L. Sang and Y. Q. Chen, Phys. Rev. D 81, 034028 (2010)
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Leading twist processes
Application

From LCF to NRQCD

@ Take ¢(&, ) = 5(€) at scale u ~ me
@ Evolve ¢(¢, ) from g ~ me to u ~ /s (ERBL equation)
@ Substitute to the expression for LCF

16w Q2f,
(ne(P)Y(K) 1 u(0)10) = F e,pape’p®k?, F = 22rTemne 1, de dEn)

@ LCF prediction for NRQCD

o 2
F = lomaQc j°=1/7<g1>cs(1+c, ()Iog( C)(372|og2))

@ NRQCD result (W. L. Sang and Y. Q. Chen, Phys. Rev. D 81, 034028 (2010))

167aQ2 [(0)
F=——¢ 7’"::5( + Cr ()Iog< )(3—2log2)>

@ The same program can be repeated for any leading process with any desirable accuracy in asg, v
Yu Jia, Deshan Yang, Nucl.Phys. B814 (2009) 217-230
Yu Jia, Jian-Xiong Wang, Deshan Yang, JHEP 1110 (2011) 105

@ Equivalence principle for NRQCD and LCF?

For leading twist processes radiative corrections are under control )
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Application

Conclusion

@ The models of charmonia distribution amplitudes are built

@ These models resume relativistic and leading logarithmic
corrections to production amplitude

e For leading twist processes radiative corrections are under
control

@ The ¢/, 7. mesons are not nonrelativistic. One should resume
relativisitic corrections!

@ Equivalence principle for NRQCD and LCF?
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THANK YOU
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