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3-body reduced to 2-body
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Abstract

We develop perturbative QCD formalism for three-body nonleptonic B meson decays. Leading contributions are identified by
defining power counting rules for various topologies of amplitudes. The analysis 1s simplified into the one for two-body decays
by introducing two-meson distribution amplitudes. This formalism predicts both nonresonant and resonant contributions, and
can be generalized to baryonic decays.




Motivation

 Recent LHCb data of direct CP asymmetries in
localized regions of phase space
AN KYK~K ™) = —0.226 £ 0.020 % 0.004 = 0.007,
for mies g pion < 15 GeVZand 1.2 <m0y o < 2.0 GeV?
AZE(K 777 ) = 0.678 4 0.078 £ 0.032 + 0.007
for -;'r;r.i_ﬁhigh < 15 GeV? and 0.08 < mi_rlﬁw < 0.66 GeV?
ASENK+YK ~7n7) = —0.648 + 0.070 £ 0.013 iT 0.007

for m

?K,JFK_ < 1.5 GeV? rho resonance

AL (2t T T ) = 0.584 £ 0.082 £ 0.027 £ 0.007

for -r;';.ﬁ_ﬂ_high > 15 GeVZ2and m2, __, < 0.4 GeV?




Dalitz plot

e LHCb has measured CP asymmetries in whole
Dalitz plot
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Goals

Develop a theoretical approach to 3-body
nadronic B decays

Understand data of direct CP asymmetries in
ocalized regions, focusing on 3pi, Kpipi

Predict direct CP asymmetries in other 3-body
decay modes

Predict direct CP asymmetries in whole phase
space (resonant + nonresonant) . Very
challenging



PQCD for 2-body B decays

e PQCD approach to 2-body B decays based on

kT factorization: b quark decay kernel
convoluted with TMD hadron wave functions

e Parton kT smears end point singularity

naive \/ K
b factorization > >
B, g (P)
B T(P) \@% /@g
, T(P)
: e r.' 2




Typical diagram for 3-body decay

partial counting
8 X2 X8X2=256

attachment of |
location of pion pair
LO diagrams
4-fermion operators
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wW? ~ mé power suppressed compared to
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Approaches in literature
Based on parameterizations of v

L< ——
S
. | L? q@

But, annihilation process? @

Nonfactorizable contribution? .

current-induced process

()

00

transition process

Resonant via Breit-Wigner
then double counting of
nonresonant? )

q

Rescattering strong phases?



Two-hadron distribution
amplitudes



Our proposal in 2002

* Inspired by generalized parton
distribution (GPD) based on
dominance of hand-bag
diagram in forward scattering

e Non-forward, same order of magnitude "'
ql qg2 ql
k1 | k2 1| k2
| T i + other
soft activity > : i diagrams
k1// k2 k1+q1 = k2? k2 off-shell

no need of hard gluon need hard gluon



Two-hadron DA

Introduce two-hadron
distribution amplitude °
(TDA, crossing of GPD)
for dominant region in
3-body B decays

TDA
B
—yp) >
one hard, one soft dominant two hard-gluon

as two hadrons collimate power suppressed



Definitions of TDAs

e TDAs for vector, scalar, tensor currents (from
Fierz transformation for factorizing quark flow)

.
& (~ / 2y 1 “FH izp-l_ Tl o \
Bu:, ) = e [ G (P (P)I(y") A-TH0)[0)
1 Pt 1
NG /‘i e~ (P)a (o)l (y 1)/_2( )lo)
Byl Cw?) = — i /”]’” e~ =PI (2 (P (Py) [y io e nt PYT4h(0)[0)
22N, w? | 2m A = T :
| =1 with vector, tensor (C-parity odd)
Ny | = 0 with scalar (C-parity even)




Kinematics

e Meson momenta in light-cone coordinates

mpg Ly

p = (1.7.07). p3=—7(0,1—mn,07)
V2 V2

m g

PB = - \/E

(1,1.07).

e Two-hadron invariant mass

2=p2 P=pitp op=—
. . f?fjg
pi+ Pl1-
e pi+ momentum fraction
.mpg . g g mp
Py =¢ p3 =(1—0)—=,

. P = (l—mﬁ

N




Parameterization of TDAs

* Normalization

oc (p,— P,) F,

1
/D d=®1=1 (2, ¢, w?) = (2¢ — 1) Fr(w?)

1
/ dz®'= (2, C,w?) = (2¢ = 1) Fy(w?)
J ()
e Up to leading partial wave expansion

) 3F (_“,E) |
Dye(2, (s ?) = W—!t (1 — 2 W2¢ —
ot G ') = — a2 (1= ) (0= 1)
3F. correspondtol=1
D (2, C. u12) (“ ) 2(1 — 2) P wave...
y"?ﬁ;c

form factors Fs, Ft, twist-3,
suppressed by a power in PQCD

correspondto | =0
S wave...



Direct CP asymmetries



Rescattering phases

e LHCb data of CP asymmetries in localized
regions (nonresonant only) offered a chance
to confront our theory

e Data for rescattering phases in localized region

( m? <0.4GeV*) are available
do [deg] 5y [deg]
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5 . JT o 0 L B L L
. Experimental d
 Pand S waves ; 2 o
JH T —— twist-3 LO + twist-2 LO
Tl m— pwist-3 LO + twist-2 up o NLO

m? exp|idt (w)]

12 — m2 \

m=1 GeV T from data

r-;-;ri@\Fﬂ(nﬁ[w”? ~ 0.9 GeV?

F, (w?) =

Q" |Fea (GeV?)

M2 e [ 50
: ma 1< explion (w
Fq(wz) _ 0 | [ [J( )] Ft('“'g} _

w3 + mJm?

mg m? e:«:p[s'.{i% (w)]

w3+ mgm}\
Watson

M? theorem

Foi(w?)/Fr(w?) ~ mf/w
D =1.4 GeV

My, + Mg



Feynman diagrams
* All inputs are ready, go ahead to calculate 16

diagrams (load 10 times lower) . . . ..
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Open the box...

e Factorization formula for decay amplitude
M=>bpaH=Dd hihy & oD s
e B meson and hadron DAs have been widely
adopted in analysis of 2-body decay
e Calculate B+ and B- decays
(BT > 77 w7) = 0.52755 (@) 5,06 (85) “gos(Mg)
+-0.05 +-0.15 +-0.1

 Data AXE" (7T n~77) = 0.584 + 0.082 £ 0.027 £ 0.007

e Short-distance phase is important
P wave phase doubled, Acp increases up to 0.7



Resonant contributions



Pire’s communication

o After posting our preprint, B. Pire wrote to me
about his works

e 0202231[hep-ph] contains an expression
OI=0(2, ¢ mog) = 102(1 — 2)(22 — 1) Ry,

3 — 3

. pid0(mar) BW;, (‘_m:ir)‘ 4 :32 p102(mar) BW, ('m%-nﬂ Ps(cos )

2 T:-‘i!.i] 2

A7 _ !

BW foy2 (ma,) = 2 — 2 — im T
foyz 27 a2t Foye

 Nonresonant ~ 1/w”2 asymptotically

e Resonant ~ 1/w”4, faster than nonresonant



LHCb measurement

LH Cle CERN-PH-EP-2013-024

m LHCHh-PAPER-2013-060

February 26. 2014

1402.6248

Measurement of resonant and CP components in
B — J/¢mtw~ decays

: H IR

{b
E_"_ w S

TN g} n'n-  1=0, S wave

By




Fit fractions (%) of contributing components for both solutions

Fit fractions

Component

Solution 1

Solution I1

£o(980)
fo(1500)
fo(1790)
f2(1270)g
f2(1270)
f2(1270)
f3(1525)g
f3(1525);
f3(1525)
NR

70.3 4+ 151
10.1 £ 0.8 %
2.4+ 04559

0.36 £ 0.07 £ 0.03

0.52 + 0.157095
0.63 & 0.3470:16
0.51 £ 0.09+0.05
0.0650 03 & 0.01
0.26 + 0.1879.06

02.4 £ 2.07,98
0.1+0.9+0.3
0.9 4 0.3725

0.42 £ 0.07 £0.04

0.42 + 0.1315°¢3
0.60 £ 0.3675-43

0.52 £ 0.09+0:03

+0.16+4-0.03
0.11 —0.07-0.04

0.26 £ 0.22F50¢
59414707



Flatte ad BW models

MY, 980) — W — 1M, (980) (Irr Prm + KK PKK)
s r.ﬁ'jﬂ.!?r {E_Dm{}*m? |
MY (1500) ~ W2 T 1My (1 00)L o (1500) (w?)
Flatte PLB, 1971 {:.3”%3{1?90}{_,1'83

M 1790y — @ = im g (1790) L g (1700 (w?)

Aoy 2 —5 -
i\/l J:rre;i —i—l\/l— 4mZ, Grom = 0167 CeV

W 3 2

_ 1\/1 Amjes +l\/1 _ Amieo IKK = 3.47Grx



PQCD results

cp = 117, 9 =0.12. ¢3 = 0.06.

'
0 = ——, fOy=—,  O3=0.
1 2 2 1 3

Br(BY — J/v fo(980)[fo(980) — 777 ])
Br(BY — J /1 f5(1500)[ fo(1500) — 77 7))
Br(B? — J/v fo(1790)[fo(1790) — 777 7))

(1332036 (wn.) To16(a2" ) T0i0a (me)) x 1074, 75 194
(1775030 (wr.) To25(a2™") £0.02(me)) x 107° 10.0%
(2.1510 55 (wp, ) 033 (a5=") £ 0.03(m,)) x 107% 1 294

:e‘

closer to Solution | of LHCb data



Comparison with data
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Summary

Systematic approach to 3-body B decays with
TDA has been established

Short-distance and rescattering P-wave phases
are equally important for predicting Acp

Can include both resonant and nonresonant
contributions at the same time

Can explain and predict direct CP asymmetries
of 3-body B decays in various localized regions
of phase space

This approach is getting mature



Back-up slides



Direct CP asymmetry
 Require tree (T) and penguin (P)
contributions, weak and strong phases

 Penguin annihilation provides (short-
distance) strong phase in 2-body decays

T exp(id,) P T exp(id,)

T exp(-id) T exp(-id3)

If strong phase 6=0

BF = Br. no direct;Z]S BrZBr direct (}F{



Short-distance phase in PQCD

internal | end-point singularity
line goes_ IS regularized by
on-shell parton kT

!

strong phase,
required for
direct CP asymmetry

Sudakov gluons
guarantee finite kT

1 F

= —:':_lli'..!'.’.'?_l — |E-_-I- l.
P S B — S Wit = R
rmy —kp + i rmy — Ry

=> KT also leads to complex annihilation in PQCD



C-parity

e C-parity (charge parity) for mesonic state is
equivalent to parity

Clnmm ™) = [—I)L 7T
e C- parlty for quark fields (spinors)
— O =iy
(‘rT ,u(*r ( ~y I-)'t'
e C-parity is odd for vector and tensor currents,
and even for scalar current



Abp(Bi RN Ki7Z_+7Z_—)
e PQCD (Mishima, Li ): A (B* > K*p°)=0.71"%

ASEON K7t r™) = 0.678 £ 0.078 £ 0.032 + 0.007

for mf i pign < 15 GeVZ and 0.08 < m2, = < 0.66 GeV?

L 40p T e T 0.8

* Inthesame < S- (@) LHCh  Gaol | [

low pipi = 30f 2o .

invariant o5t ol oo
200 K

mass 7 ; F 1o,

rtléjg(Bi — Kijz'+72'_) 10;_ h :gé

=—-0.02 SE o !83

0:6 S 10 15 20 35505



A (B* > 7in'n")

* In higher pipi invariant mass

L O45F ' '.’*_;;,,D
> 4F , % 100
% 49F (a) LHCD s
= 35F < 60
% F £ 40
= 30F = 20
B — =
ak 25 S ON
— \E I
N
reg + + - IS
s (m ) E
10 - -0.4
- 0.63 sE
{] :I | 1 | 1 1 1 1 ] 1 -I:I'(j
) g 5 10 15
) 2T - 1 \/ 7 - 72y 4
Mt r—high = 20.5 Ge\ mz, o [GeV/c?]
m? < 0.4 GeV?

‘mtm— low



S-wave 2-pion DAs

?{LF/F R {I);Ty D_|-
OF, (w?) ,_
(“v )“é Uz(1 = 2)(1 = 22)

o PR (2. )+ B0z ()

(z, ¢ w?)]
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