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Quark level diagrams for radiative decay processes
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Motivation

1. Coupling constants gg+g , gp+p, are the most important
parameters in the heavy meson electromagnetic decay processes.

2. Values of gp«p, from experiments are more precise than theor-
etical calculations, inclusion of sub-leading power corrections is
necessory .

3. Calculation of Sub-leading power corrections 1s an important
way to understand QCD.



Numerical values for coupling constants(GeV-1)

Coupling constants Experiment Lattice
gD*+ Dt~ —(0.47 £ 0.06) —0.24+0.3
GD*0 Do~ < 11 2.0+0.6
gB*+ Bt~ N 3
JB*0 B0~ N\ N\

Radiative B*B ¥ and D*D vy decays 1n light-cone QCD
sum rules. (PhysRevD.54.857)

Calculation of them up to tree level high twist, by using an old
photon DA which 1s outmoded. (PhysRevD.51.6177)



Framework

For the process D* —D v, what we can directly get from matrix element
1s coupling constant: gp«p-

(D(p+4) | jhn | D*(p)) = —""*’Pugachgn- Dy

To proceed LCSR calculations, we need to construct the vacuum to
photon correlation function with an interpolating current for D* and D
meson:

I (p,q) = / d*ze’® (y(q) | T{d(z)iysc(x), €(0)7*d(0)} | 0)

\r Tow

Leading power perturbative

. C
diagrams: 2 : 7
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Framework

Sub-leading power tree diagram:
v(q)

For the 4-point QCD amplitude:

Ji

T'(p,q) = [ dzc?* (a(zq)a(za) | T{d(w)inse(z),cO)"d(0)} | 0

The amplitude reads: 1(0) 2 n-p 1 Fd~dd(z
p Trv(p,q) 22(p+q)2+2p2_m2d(zqw #y’d(Zq)



Factorization formula

%
Leading twist Photon distribution amplitudes : ) :
- - v(q)
(v(p)|g(z) We(z,0) oas ¢(0)|0)
1 2 d
=1 gem Qg (79) (1) (Pa €4 —Pa€3) fo dze! 2% x(u)dulz,p)
Sy
Tree level formula: 14(0) _ n-p 7 T
TH¥pq) 2 b a2+ i = d(zq)v*y’d(zq)

!

1 " 1, -
11*(p.q) = 56@)((#)(@@)45”"“3%%% fo du%(u,#)u(p i?;)ngr(zpf) —5 1+ 0(es)




Lightcone sum rules

/ Operator product expa—\
nsion (OPE) on CF we get
perturbative quantities and
nonperturbative quantities

(quark condensate or DA)

N

Matching

- Dispersion relation oh
CF we get the physical
quantities which can be
measured like masses of
rensonance states, decay

@nstans. /




Dispersion formula for correlation function

1. In complex plain, we use Cauchy formula:

1 I1(s) 1/00 s ImH()

I(¢%) = d ==
(") = 2mi Jo 88—q2 T 5 — g2

2. Interpolating hadron states in the correlation function:
(%) = z/ d‘lwe“f'x(ﬂ | TJp(z)J5(0) | Q)
= / doet TR S e RN O
—IZ qz (ﬂlJr( ) o) [*

3 m
=f d&‘z A I(QlJF( )[’\O)ﬂ (0| dy*c | D*) = mp-« fp+€"

ds (0 | di®c | D) = —D-fD
§— q2 spectral density
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gp* D~ fox foMEmp- P(S s')
1" (p, q) = — L By il ds./ dS
) = B o ((p v e TAcE . B P o)

{ Quark-hadron duality, Borel transformation, continuum subtraction }

1 s : (n-q)(np)
(p, q) = Seax(w) (@) e nvacs fﬂ dupy (i) e T+ gt — e

. mey M”ﬁ So—mé
foH*QH*Hq-——me M= € (Q'Q')( ) ( )}_tw 2\ " Az

with
.Fiuo_g(:r)=2bk / ds/ ds'e™ 5 pl .8

M2 e
= 332 e_ﬁ’?{S ao(p) [1 — e (1 + 2z — 227)]

—das(p) [3— e (3 + 6z + 54z” — 60z° + 10z*)| + as(p)
x [15 — e **(15 + 30z — 4502 + 21002° — 1750z* + 420z° — 28z°)] }
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Subleading power corrections result from the use
of photon DA, we work on two aspects 1n the next:

1> LO calculations at higher twist(up to twist 4) photon DA

2> NLO QCD corrections at leading twist photon DA.

fnnan =2 -
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Tree level higer twist 2-particle corrections

Ja
(v(p)|@(x) We(z,0) aas q(0)|0) =
1 2 .
—iem Qu ) 1) (P35 =pa5) [ A€ ()01 o)+ Tg A \
= Ly 1 )
G %Qem Qq % (mlﬁ E:; —Ta EB) ,/(; dee P h’”{(zﬂ #) .
{(v(p)|@(z) We(z,0) va 75 (0)[0)
1
_ gzm Qq f37(ﬂ)€aﬁpfrpp T 6*5 /0 dz P w(a) (Z,/J) 5

v(q)

1 - ol
H,u (p- Q) » dede(p ’ Q)f dzepvcx_ﬁe n U'j
0

{pV,Z((p+QJ2:q2!z) 101;,3(('p+‘?)23q2':z)}
[(zp+¢)? —mZ]* ~ [(zp+q)* —m]?

PV?((p - Q)2:q2: z) = Q'mc.ft'i'}’w(a) (2) + <gg>A(Z),
pva((p+9)% 4% 2) = —2mZ(qg) A(2).
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Tree level higer twist 3-particle corrections

d°k i 1 W), f+m
—ik-x pv . Qv
(0| T{e(x),c(0)} | 0) / (2?_{_)46 /0 du[k2 — m?G (ux)yy 27— m2)2G’ (uz)o )
) d*k i 1 ULy, . K+m o
+Ze“/ (Qﬁ)c;e /0 du[kz — 2 5 P (ux) v — 2(k2 — m2)2 F* (u) o).
']"\\ HS&P = 0em@c(@q)(p * q / dv / [dalevape™ n*vP -
&3
> d { P35 ((p+ )% ¢ ai v P ((p+ 9% ¢, a4 v) }
[(g + (aq +vay)p)? — m§]2 (¢ + (aq +vag)p)? — mgJ°
AVAVAVAVAVAVAVE
! F)%PE = _S‘,r’(ai)
; Py =2(p+9)? — ¢*1(2v — 1) [ - T] ()]
rta 1
AN HEF?;P = gede(QQ>(p'Q)/ dv /[da]ewa_ge*”n“vﬁ-
“w ( 0
\ ; 1 { PP+ 9)?, 4%, i, v) . PP+ 9)?, 4%, i, v) }
[(q+ (g +vag)p)> —mZ]2 * [(¢+ (ag + vag)p)? — mZ]?
OO00000000" 7
- d :OV2 =—85(a;)+(1 - 2’”)5'(0%) o [Tl(ai) — TQ(%‘)]

P =2[(p+q)* — ¢°](2v — 1) [Ts(vi) — Tu(a)] 15
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W, ug
,: . .
From kinematics, we only need to
] ¥ consider hard region and collinear
) region, and from power conunting, hard
p g region 1s the only one left to work on.

p# _ (?’L .pn;u,’ nQPﬁ#:’O) ~ Q(l-,, 1’0)’ qﬂ« — (0? %ﬂ“j@)

2
Hard Collinear
s 2(1 —r 11— 1 2
a4ip { { ?{2 = ;f) In = :; - 1] {E + 111;—% —In[(1 —r1)(1 —r2)]| — In[(1 — r1)(1 — r2)]
1, Y w2
2 L [2 (1 — '?"2) (Liz(?‘l) — Li2(:’"2)) 4 ( Tl)( o i 1"2) 1]:1(1 = rl)

= 'rz):j —3r2) In(1 — rz)] - 4} F,

r1 = (p+29)2/m?,ry = p?/m?, 13 = (p+q)*/m?
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Collecting everything together, we get the final result of NLO corrections:

Cr (/2(1 — = —r3), 1-— d
Iwﬂ):aS-F{((l )l =t Bt Lo 6 )(l+in£—)

am 2 —11 1~ ra—11 l1—-r3 1—-11/"€ m?
1 - 1— 1— 1 —
+ 2[ —— 2 T B Lin(r) — —— 2 Lig(rg) — —— Lig(rs) + (Lig(rs) + In?(1 — n))]
L —Ts 1—rs T — i — 13
| ey, Loy s 9 o 11—
T G ek L L U S Gt L ORS| [1
4 T — T2 N — 13 1—r i
(1 —T‘g)(l —3?‘2) 2(1 —Tg) 1—9?‘1 0
= In(1—rmry) + In(l—r: +—_3}T,u()
ra(r1 — ra) (1=r2) ra(ry —r3) (1=73) fi(d —i7)
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Coupling constant from leading power

With the aid of quark-hadron duality approximation, Borel transformation,
continuum subtraction:

AT 2

N. mo

812 m2, M«
H H

+ M [eg + 2(eg —£g) Tl {Ei(—Z ik (_%)] }

fu fH- JH=H~ = —

where

2
m 2 2 2 2 L] J—
Ty = ——ﬂ_;g, the exponential integral Ei(z) is defined as Ei(z) = — f_c’:: dt et_’:
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Tree level higher-twist corrections for
coupling constant

2-particle higher twist:

2 2 2 2
. m mHTTY Sop — M 5 [ Spr— 11
JH [H- 9H-HY = -, 8 o @ i {}"Q‘D ( Q) —|—.7:§p ( T Q)}

H 'm,Hse( :\[2
with &

L

9 3
F3¥(x) = —1—02???@ oy (1) €737 > (1 + 1% V() — T (;,:)) [3 — e (3 + 54z — 9027 + 202°)]

21(@9‘)(;1) = 15(3k(p) — k(1) + 1) [3 — e722(3 + 62 — 1822 + 427)]
+ (G5 (1) — 3G2(p)) [—33 — e7*°(63 + 30z — 2342”4 522°)| },

2 _sz
e

_ 2 (QQ)(H)ETQ_ { 3k(p) — h+(#) +1) [1 - 6—293( = Tl Dt ﬂ

— (¢ (1) — 3¢a(p)) [43 + e72*(5 — T8z + 2627)] },
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Tree level higher-twist corrections for
coupling constant

3-particle with gluon: "%

\ d
. ; mg m_zjgi’;‘if_* Sp — mQQ 3P Sp — mé
JH [H* g Hy = mir mH*B % eq (qq) (1) -7: A2 + Fie 2

OOC000000000" 9

B —2m2

with 7 ) = 4_388% {gg(#) [3+ 7% (=3 — 54z + 902% — 202°)] )

—(k(p) + £ (W) [15 + e (15 + 18z + 18z? — 42°)] },

—Qm

1 2
Filn) = 5 a2 {(3(2(;1) M) [3 — 322+ e (=27 — 62 + 902* — 203:3)}

=

—%(Cz(,u,) +r(p) + k(1)) [3 — e (3 + 54z — 90x° + 203:3)] }

3-particle with photon: i
i ol 2 2 k
fu fo 9u-my = i e AT eq (qq) (1) [.772,,}. ( e ) +Fs (T)} a
with NANANN
& —QmQ

FiP(z) = I"ge—ru [—15 4 e72%(15 — 18z — 182 + 42%)]

5 —2m2
fég‘f(x) = —ée T [=3 4+ e (3 — 5z — 90z” + 202%)] . L -



NLO corrections for coupling constant

* g *
A / 4q A :\%
P h ; e ' S\J )

uq

250

2
T

¥ m JT\'.E_I— * _
fo far guvmy = — 5 2 e €q (‘?'-'IMH)X(H)/ .
' Em'@

- T § __=a
e 2 ( - 2) e~ a2
mg

with

FNLO () = /ﬂ dr —=— MOy, 1)

= Bl (-%) 4 Blist—g— 1) 4-Blis(—g)—Fln g In (1 4 g) +3n(z + 1) In(z +2)

2 -3 1 =2 . 2
u 3(72° + 502 + 100z +64) = 3, z+2 6(x+1)
—31n m, + 1z 1 0 In 5 - = In > T 27 In(z + 1)
,3(9z% +20z +16) «°
| 8(x + 2)2 4
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Numerical analysis

Inputs:
(@q)(1o) (MeV?) | x (o) (GeV™?) az(fto) as(ito) | fay(10) (GeV?) | w) (po)
—(266 £ 21)3 [24] | 3.15+ 0.3 [25] | 0.07 = 0.07 [25] 0 —(4+2)x 1073 | 38+ 1.8
Wi (o) K (ko) K™ (o) G (o) (1 (110) Ca (#o)
—2 1410 L2 D2 0 4 R = 0 0
so=7.0+0.5 GeV?2, | so =35+ 2 GeV?, |
o i s TorLF Iy, 0 ; 3 © .y TOEET R
M? =45+1.0 GeV2, M? =18+ 3 GeV?
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Numerical analysis

T 9D*+D+y gpwopo, | I(D*" = D) | T(D* — D%)
(GeV™1) (GeV ™) (keV) (keV)
Exp. [27] 2% | —(0.47+£0.06) | <11 1.340.3 <741
Lattice [32] 2011 —0.21+0.3 2.0x£0.6 02 0.7 25 £ 15
[ this work —0.391012 | 9(g+03s 0.90+0:36 ol |
LCSR [17] 1o | —0.48+0.12 | 1.47 +0.24 1.50 14.40
HQET+VMD [7]1993 —0.29 +0.05 | 1.60 +0.37 0.1 4+0.18 16.0 =75
RQM [12]* 2001 —0.38 £ 0.01 | 2.04 +0.04 0.90 + 0.02 26 £ 1
LEQM [13]° 2007 | —0.384 1.738 0.90 =+ 0.02 20.0 £ 0.3
covariant model [14]2014 —0.3870 0 1.9:£0.1 0.9155 2R
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Numerical analysis

Wit 9B*+B+~ 9B~0B0y rigr—3Bvy) | DB —3 8%)
(GeV ™) (GeV™) (keV) (keV)
[ this work NRE ~1.237 5 0.9810:39 &3??:8:}?]
LCSR [17] 1.69 +0.17 | —0.85+0.17 0.63 0.16
HQET+VMD [7] |0.9940.20 | —0.58+0.10 | 0.22+0.09 | 0.07540.027
RQM [12]° 1.60 £0.10 | —0.90 £0.05 | 0.57 £ 0.07 0.18 £ 0.02
LFQM [13]® 1.311 —0.749 0.40 +0.03 0.13 £0.01
covariant model [14] | 1.457075 | —0.81 £0.05 |  0.46875 0% 0.148 +0.020
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Summary

1. We calculate the subleading power corrections to B* —B v
and D* —D v based on LCSR for the first time, and with the

most accurate subtraction schemes.

2. Our calculation 1s consistent with previous results in a model
independent way.

3. We expect more precise results from experiments, lattice, and
theoretical calculations 1n the future.
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