Current status of pure annihilation
b Meson decays
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« W annihilation

* W exchange

* Time-like penguin
« Space-like penguin

Can not be universal for all decays, since
not only one type

----sensitive to many parameters



@ Pure annihilation B/Bs/Bc decays
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All final state quarks different from IS quarks




€ Pure annihilation b meson decays
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Such kind of decays are important in
understanding the QCD and testing the SM
These decays are power suppressed and
therefore rare decays,
It is difficult to obtain reliable theoretical
predictions.
In pQCD approach, one can calculate this

kind of decays analytically:
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@ pure annihilation Bc decays:
B ¢ — PP,PV, VYV, SP, SV, AV, VA

€ Xin Liu, Z.J. Xiao and C.D. Ly,
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The pQCD predictions: C.D.Lu and K. Ukai,
EPJ ¢28(2003) 305,

Br(B° — D;K*) = (4.67)x10°
Br(B° — D K*)=(2.7+0.6)x10°°

These pQCD predictions were confirmed later
by BaBar and Belle experiments:

Br(B” — D;K")=(4.6"% £1.3)x10™, Belle
Br(B” - D;K")=(3.2+1.0+1.0)x10™, BaBar



Wik, LHCb %} B™+ \to D_s"+ @ T N& :
1210.1089[hep-€ex]:

B(Bt = Df¢) = (1871} (stat)+0.19 (syst) + 0.32 (norm)) x 1075,
Acp(BT = Df¢) = —0.01+0.41 (stat) + 0.03 (syst).

Current theoretical predictions are:
(1-7) x 107
much smaller than the measured value.

TH: C.D.Lu, EPJ C24(2002) 121;
H. Zou et al., JPG 37 (2010)015002;
R.Mohanta et al., PL B540(2002) 241;
PR D76(2007)057701.



2. B — \pi™+ \pit-

€® ForBs — \pi*+ \pi*-, pQCD predictions for its
btranching ratios are:

~ 4.2 x 107, Li, Lu, Xiao, Yu, PR D70, 034009 (2004),
~ 5.7x107,Ali, Lu,etal., PR D76,074018 (2007),

¢ QCDF or other TH. Predictions are much

smaller, ~ (0.2- 1.2)x107;
---BBNS, Nucl.Phys. B675 (2003)333, efc;



Our pQCD prediction given at 2004
Br(Bs”0 \to \pi™*+ \pit-) =4.2 x 10M{-7}

PHYSICAL REVIEW D 70, 034009 (2004)

+

Branching ratio and CP asymmetry of B,— =™ 7~ decays in the perturbative QCD approach

Ying Li."** Cai-Dian Lii.'”” ZhenJun Xiao." and Xian-Qiao Yu’
lecAsT (World Laboratory), P.O. Box 8730, Beijing 100080, China
*Institute of High Energy Physics, PO. Box 918(4), Beijing 100039, China
3P}1v'5ics Department, NanJing Normal University, JiangSu 210097, China
(Received 5 April 2004; published 18 August 2004)

In this paper, we calculate the decay rate and CP asymmetry of the B,— w7~ decay in the perturbative
QCD approach with Sudakov resummation. Since none of the quarks in final states is the same as those of the
initial B, meson. this decay can occur only via annihilation diagrams in the standard model. Besides the
current-current operators, the contributions from the QCD and electroweak penguin operators are also taken
into account. We find that (a) the branching ratio is about 4 1077; (b) the penguin diagrams dominate the
total contribution; and (c) the direct CP asymmetry is small in size: no more than 3%:; but the mixing-induced
CP asymmetry can be as large as 10% testable in the near future LHC-b experiments.

DOI: 10.1103/PhysRevD.70.034009 PACS number(s): 13.25.Hw, 12.38.Bx



The pQCD prediction given at 2007
Br(Bs”0 \to \pi™*+ \pi®-) =5.7 x 10M{-7}

PHYSICAL REVIEW D 76, 074018 (2007)

Charmless nonleptonic B decays to PP, PV, and VV final states in the
perturbative QCD approach

.1 2
Ahmed Ali' and Gustav Kramer

'Deutsches Elektronen-Synchrotron DESY, 22607 Hamburg, Germany
*I1. Institut fitr Theoretische Physik, Universitdat Hamburg, 22761 Hamburg, Germany

Ying Li, Cai-Dian Li, Yue-Long Shen, Wei Wang, and Yu-Ming Wang

Institute of High Energy Physics, CAS, P.O. Box 918(4), 100049, People’s Republic of China
(Received 19 March 2007; published 17 October 2007)

We calculate the CP-averaged branching ratios and CP-violating asymmetries of a number of two-body
charmless hadronic decays BY — PP, PV, VV in the perturbative QCD (pQCD) approach to leading order
in a, (here P and V denote light pseudoscalar and vector mesons, respectively). The mixing-induced CP
violation parameters are also calculated for these decays. We also predict the polarization fractions of
B, — VV decays and find that the transverse polarizations are enhanced in some penguin-dominated
decays such as BY — K*K*, K*p. Some of the predictions worked out here can already be confronted with
the recently available data from the CDF Collaboration on the branching ratios for the decays B? —
K*7~, B — K*K~ and the CP asymmelry in the decay 82 — K+ 7~ and are found to be in agreement
within the current errors. A large number of predictions for the branching ratios, CP asymmelries, and
vector-meson polarizations in 8? decays. presented in this paper and compared with the already existing
results in other theoretical frameworks. will be put to stringent experimental tests in forthcoming
experiments at Fermilab, CERN LHC, and Super B factories.

DOT: 10.1103/PhysRevD.76.074018 PACS numbers: 13.20He, 13.25.Hw, 13.30.Eg




® For Bs — \pi+ \pi*-, CDF and LHCb
reported their first measurements for the
branching ratios, and confirmed our previous
PQCD predictions;

€ Dbut the measured values are much larger
than QCDF or other TH. Predictions:



3. BY— KA KA-

--- The first pQCD prediction given by Chen and
Li at 2001 is very small: phys.Rev.D63,014003 (2001)

Br(BA0 \to KM+ K”-) =5 x 10" {-8}
Only 1/3 of the measured value from CDF and
LHCb: Br(B”0\to KM+ K”-)=1.4 x 107{-7}

--- we recalculated both decays recently, and
found that:

Br(BA0 \to KM+ KM-) =1.5 x 107 {-7}
Well consistent with the data!




CDE Results F.Ruffini, 1107.5760ex

First evidence: B’ > m*a” &
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Relative Likelihood BY— w*n

fi BB wta)
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B(BY — 7t 7)) = (0.57 £ 0.15 (stat.) £ 0.10 (syst.)) x 1076,

Agreement with pQCD: 0.57+%18 , | . PRD 76, 074018(2008), and 0.42+ 0.06 from Y Li et al.,
PRD 70, 034009 (2004)

= 0.008 +0.002 (stat.) £ 0.001 (syst.).




CDE Results F.Ruffini, 1107.5760ex
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0 + W
New result: B> KK o,
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00 02 04 06 08 10
Relative Likelihood B’— K'K

BB — KTK™)
BBY > Kt )

= 0.012 £ 0.005 (stat.) £0.005 (syst.).

BB - K"K ) = (0.23 £0.10 (stat.) £0.10 (syst.)) x 10 °
World’s best. Two sided limit 0.05 < Br¥*10°< 0.46 @ 90% CL.



LHCb Results:

A. Powell PANIC 2011, MIT

BR(BY - KTK~) = (0.14£0.06 +0.07) x 10°°
BR(B? — 7777 )=(0.984+0.21 +0.11) x 107 °

* B, — mw observed for the first time (significance of 5.2 o)

New resluts: 1206.2794ex

BB" = KYK™)
BB =777

(0,117 00 +0.06) % 107",
095708 +0.13) % 1077




week ending

PRL 108, 211803 (2012) PHYSICAL REVIEW LETTERS 25 MAY 2012

Evidence for the Charmless Annihilation Decay Mode B! — 7 a7~

T. Aaltonen,”’ B. Alvarez Gonzilez.” S. Amerio,*™ D. Amidei,”> A. Anastassov,””™ A. Annovi,'” J. Antos,'?
G. Apollinari,™ J. A. Appel,”® T. Arisawa,™ A. Artikov,'? J. Asaadi,* W. Ashmanskas,'® B. Auerbach,”” A. Aurisano,*”

The branching fraction measured for the BY — 7% 7~ mode
15 consistent with and supersedes the previous upper limit

nt data [10]. It 15 1n agreement with predictions
wed with the pQCD approach [3,4], but 1t 15 higher t
most hﬂﬁrﬂlicalpmdicliﬂnﬁ[I,E,Zﬁ] Thec value
for B(BY— K+ 1s¢ determination of
this quantity to date, ami 15 1n agreement with previous
expenmental results [11,27] and theoreucal predictions

11/8/2012
22



3. BY— KA+ K*- decays

PHYSICAL REVIEW D, VOLUME 63, 014003

Final-state interaction and B— KK decays in perturbative QCD

Chuan-Hung Chen and Hsiang-nan L1
Department of Physics, National Cheng-Kung University, Tainan, Taiwan 701, Republic of China
(Recetved 10 July 2000: published 28 November 2000)

We predict the branching ratios and C P asymmetries of the B— KK decays using the perturbative QCD
factorization theorem, in which tree, penguin, and annihilation contributions, including both factorizable and
nonfactorizable ones, are expressed as convolutions of hard six-quark amplitudes with universal meson wave
functions. The unitarity angle ¢3;=90° and the B and K meson wave functions extracted from experimental
data of the B—Km and w decays are employed. Since the B— KK decays are sensitive to final-state
mteraction effects, the comparision of our predictions with future data can test the neglect of these effects in
the above formalism. The CP asymmetry in the B=—K=K°® modes and the Bg—rK K™ branching ratios
depend on annihilation and nonfactorizable amplitudes. The B— KK data can also verify the evaluation of

these contributions. 0
B(B,—K K )=327X10"%,

B(BY—K K')=5.90x10"*,



€ Our new work: Phys. Rev.D85, 094003 (2012)

PHYSICAL REVIEW D 85, (94003 (2012)

Revisiting the pure annihilation decays B, — 7 7 and B — K"K~
The data and the perturbative QCD predictions

Zhen-Jun Xiao,” Wen-Fei Wang, and Ying-Ying Fan
Department of Phyvsics and Institure of Theoretical Physics, Nanjing Nornnal University, Nanjing,

Jiangsu 210046, People's Republic of China
(Received 3 December 201 1; published 4 May 2012)

In this work, we recalculate the charmless pure annihilation decays B, — % &~ and B — KTK~ by
using the perturbative QCD (pQCD) factorization approach, and compare the pQCD predictions with
currently available experimental measurements. By numerical calculations and phenomenological analy-
sis, we found the following resulis: (a) one can provide a consistent pQCD interpretation for both the
measured branching ratio Br(BY — 7% 7~ ) and Br(BY — K* K~ ) simultaneously; (b) the pQCD pre-
dictions for Br(B? — #*# ) obtained by different authors are well consistent with each other; (c) our
new pQCD prediction for Br(BY — K+ K~) agrees well with the measured values from CDF and LHCb
Collaborations; and (d) the CP-violating asymmetry A -p(BY — K+ K~) = 19%, which is large and may
be detected at the LHCb and future Super-B factory experiments.

DO 101 103/PhysRevD B5.094003 PACS numbers: 1325Hw, 1238 Bx, 14.40.Nd

11/8/2012 24



¢ pQCD predictions

B

() (b
A(B) = 74 77) = ViV CoM™

[

TRT T ¥ ¥ ]' ¥ ¥ ¥ v ¥ ]- " - —
—ViV, { [(_4 +Co— 5Cs+ cm] MEE 4 [(.4 + Co+ Cs — EC'“’] M’-’P} . (27)

A(BY = K*EK™) = ViV CoM™

_L"tbptd { [(_4 + C’Ei — 5(8 + C’l{}] iqirLL + |:C-1 + C’ﬁ, + Cfg — j(_m] ﬂfsp} : (25‘3)



@ pQCD predictions

| G2m?
Br(B — PP)= "B - |A(B = PP)|".
| 12872
al =0, a =006, af =035£0.15, ay =025£0.10, af =—0.015,
af =0, pr=ms/md. px =mg/my. n3=0.015, w3=—3.0 (31)
Br(B) = 777 ) = (5.10 g osa 0 30) X 1077 3

|
+0.040.140.1
25503509 {:}1)/

(

(-
Br (Bd o KTK™) = (L56T041024018) o T
(

AGP(Bd —~ K"K~

—0.42—-0.19-0.09

+0.240.140.8
1897797147 11)/
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€ Why 2 pQCD predictions so different ?

—Ananlytic expressions as given in Li’ s
paper are confirmed by our calculation.

€ two reasons:

(a) DA’ s of the kaon meson used by Li at
2001 are very different from those
popular ones used by us:

(b) some new Gegenbauer moments are used in
our new work.
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€ pQCD predictions to be tested at LHC

€ For the pure annihilation B_c decays, we
have calculated about 200 chanels:

B _c — PP, PV, VV, SP, SV, AV, VA

€ Xin Liu, Z.J. Xiao and C.D. Lv,
1] Phys.Rev. D81, 014022 (2010);
Phys.Rev. D81, 074017 (2010);
Phys.Rev. D82, 054029 (2010);
J. Phys. G38, 035009 (2011):
Phys.Rev. D84, 074033 (2011);
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1. Bc — PP, PV, VV; 30decays;
P=K, \pl, \eta, \eta’; V=K*p,w,p

PHYSICAL REVIEW D 81, 014022 (2010)
Pure annihilation type B, — M, M, decays in the perturbative QCD approach

. T - . 1.7 . . 1,23
Xin Liu, "™ Zhen-Jun Xiao,"' and Cai-Dian Lii "

' Department of Physics and Institute of Theoretical Physics, Nanjing Normal University,
Nanjing, Jiangsu 210046, People’s Republic of China®
*Institute of High Energy Physics and Theoretical Physics Center for Science Facilities, CAS, P.O.Box 918(4),
Beijing 100049, People’s Republic of China
(Received 7 December 2009; published 22 January 2010)

In the standard model the two-body charmless hadronic B, meson decays can occur via annihilation
diagrams only. In this work, we studied the B, — PP, PV/VP, VV decays by employing the perturbative
QCD (pQCD) factorization approach. From our calculations, we find that (a) the pQCD predictions for the
branching ratios of the considered B, decays are in the range of 107° to 107%; (b) for B, — PV/VP, VV
decays, the branching ratios of AS = 0 decays are much larger than those of AS = 1 because the different
Cabibbo-Kobayashi-Maskawa (CKM) factors are involved; (¢) analogous to B — K7 decays. we find
Br(B, — K™ n') ~ 10 X Br(B, — K™ %), which can be understood by the destructive and constructive
interference between the n, and 7, contribution to the B, — K™ n and B, — K™ 7' decay: (d) the
longitudinal polarization fractions of B, — VV decays are in the range of 869%—95% and play the
dominant role; and (e) there is no CP-violating asymmetries for the considered B, decays because only
one type tree operator is involved.



Decay modes

Decay modes

(AS = 0) BRs (10~ (AS = 1) BRs (107%)
+ 0 + -0 4 N+ 10 +2.37 ., y+0.5
B, — w7 a9, 0 » B, — 7K 4.0_%8(;;:6)_{1}?(arf-)_g.%(m@)
+ +7 43 + 0. +0.6(,, y+0.2
B, — 7 n 22.8 ~46 (m,)" 45 (a; ~42 (mg) B,.— K™n (}.t’)lglg(mf)_?lé(af-)_g.{l](m@)
+ +4 +2. + . +1.0( 5 \+0.
B, — 77 15.373%(m )58 (a;) 32 (myg) B,.— K™n' 5.7 54(m ) ¢ a;) 255 (myg)
+ +2.4 +7.3 +6 + -0 +0.5 +1.2(,, y+0.3
B. — KTK 24.07" ﬂﬂ(mc}_ﬁlﬂ(crf)_ig(u:ﬂ} B,— K 7 0Z53(m. ) g5la;) g1 mg)
TABLE II. Same as Table I but for B, — PV modes.
Decay modes Decay modes
(AS =0) BRs (1077) (AS = 1) BRs (1078)
B, — -?E'“Lpo l.?+80 m )+0,, a; )“L06 (myg) B, — K p° 3. lfgg mc)+ (a;)" gé ng)
B,— KOK** l.8+8-{'(u: +ﬂ(u +86(m0) B, — Kﬂp+ 6. l+ (m a} +02 5(mg)
B,— mtw 5.8734(m ) (@) 285 (mg) B,— K*w 2.3+ (m, )+ (a;) = 0 [(mg)

TABLE III.  Same as Table I but for B, — VP modes.

Decay modes Decay modes
(AS = 0) BRs (1077) (AS = 1) BRs (107%)
B.— pta g%(; +03((!")i8%(!“0) B, — K0z 3.3f8€(1u “”( 1; )+ = (mg)
B.— ptn 4721 (m )10 (a;) = 0.0(mg) B, — K** 70 l_(if(’:?(mc)m?(a, H“ olmg)
B, — ,(Z“L 7y 3 6 ég(m )+88( 1;) = 0.0(mg) B, — K q 0. ‘Jfgé m )+0§_,’(a ) = + 0 O(mg)
B.— K*K™ 10.0292(m )45 (c r-)fgjg(m@) B.— K*tx/ 3.8+ 1.1(m )fég a;) + 0.0(my)

B, — ¢K™ 5.(}_00 mt)+ %(u, +03 o(mg)




TABLE IV. The pQCD predictions of branching ratios (BRs) and longitudinal polarization

fractions (LPFs) for B, — VV modes.

Decay modes BRs (1077) LPFs (%)

B.a_- — p+,00 0 _

B, — Q“L ) 10.6732(m,) 21 (a;) 92.978%(m ) * 13 (a;)

B, — K*OK** 10.0708(m,) % L(a;) 92. 0+gi(u: )38 (a;)

B, — K*0p™* 0.6590(m.) 03 (a;) 94. 9+82(M )% ay)
. — K*tp0 0.3500(m.) 01 (a;) 94.9%02(m ) 13 (a;)

BL — K* 0.370:0(m,)*09(a;) 94.803(m ) 11 (a;)
B, — ¢K** 0.550%m. ) 81 (a;) 86.479%(m ) 50 a;)

——some important relations:

Br(B, — K™ ') ~ 10 X Br(B, — K*n), which is
rather different from the pattern of Br(B, —

7tn)~Br(B.— 7"n') and Br(B,— p'n)~
Br(B. — p*m'). This large difference can be under-



2~ Bc — AP; 32decays;
P=K, \pi, \eta, \eta’; A=a,b,,K,f,

PHYSICAL REVIEW D 81, 074017 (2010)

Branching ratios of B, — AP decays in the perturbative QCD approach

- . ;;I; - TI
Xin Liu™ and Zhen-Jun Xiao

Department of Physics and Institute of Theoretical Physics, Nanjing Normal University,
Nanjing, Jiangsu 210046, People’s Republic of China
(Received 18 January 2010; published 16 April 2010)

his paper we calculate the branching ratios (BRs) of the 32 charmless hadronic B, — AP decays
<A=a [ (1260), b (1235), K,(1270), K,(1400), f,(1285), f1(1420), A (1170), ~h, TT3807—ky employing the

perturbative (JUD Tac orZatiom approaciT, T ese considered decay channels can only occur via annihi-
lation type diagrams in the standard model. From the numerical calculations and phenomenological

analysis, we found the following results: (a) the perturbative QCD predictions for the BRs of the
considered B, decays are in the range of 107® to 1073, while the CP-violating asymmetries are absent
because only one type tree operator is involved here; (b) the BRs of AS = 0 processes are generally much
larger than those of AS = 1 ones due to the large Cabibbo-Kobayashi-Maskawa factor of |V, / V. |* ~
19: (c¢) since the behavior for the lPl meson 1s much different from that of the 3P1 meson, the BRs of
B, — A('P,)P decays are generally larger than those of B, — A(*P )P decays: (d) the perturbative QCD
predictions for the BRs of B, — (K;(1270), K,(1400))n"" and (K,(1270), K,(1400))K decays are rather
sensitive to the value of the mixing angle .

DOIL: 10.1103/PhysRevD.81.074017 PACS numbers: 13.25.Hw, 12.35.Bx, 14.40.Nd



TABLE I. The pQCD predictions of branching ratios (BRs) for B. — (a;, b;)P decays. The source of the dominant errors is
explained in the text.

AS =0 AS =10

Decay modes BRs(1077) Decay modes BRs(1079)

B.— -7T+a(1’ 3 0+03(m )“L'J (a; )ﬂ 5(1”0) B.— -?T+!'J? 4. ?H g(m )+ g(a )+00(m0)
B, — af’n’“ 03(1;: )+ (a )“L1 1(mg) B, — bfﬂ'ﬂ 4, 3+ O(m )+ O(a )+ 1(m(,)
B,—ain 6.83;(”:(‘)“:5:1(a!-)“_LO:O(mO) B.— bin 0.6f8:z(mc)foj(a!-)“_LO:O(mO)
B,— afn 4.6758(m )10 (a) T50(mg) B, — b{ 7’ 0.4103(m )0 Ha) F00(my)
AS =1 AS =1

Decay modes BRs(1078%) Decay modes BRs(1077)

B,— af K" 3.4% 1 (m, +31(a )E08(my) B, — b{ K" 5.4100(m )32 (a) T2 (my)
B, — K+a(1’ . ?“_ng(mt)f . ®(a; )“_LO?(H:O) B, — K“Lb? 2.?f8§(1u ) Is(a,-)fgzé(mo)

——— some
relations:

Br(B, — K'K,(1400)™)

—
—

Br(B, — Kt K,(1400)%)

Br(B, — K'K,{(1270)")

for 8 = 45°, while

Br(B, — K'K{(1400)™)

—r

Br(B, — K* K(1270)°)

(49)

Br(B, — K*K,(1400)°)

—

Br(B, — K°K,(1270)")

Br(B

— K*K,(1270)°)

c

, (50)



3. Bc — AV/VA; 30 decays;

[OP PUBLISHING JOURNAL OF PHYSICS G: NUCLEAR AND PARTICLE PHYSICS

J. Phys. G: Nucl. Part. Phys. 38 (2011) 035009 (13pp) doi: 10.1088/0954-3899/38/3/035009

Studies on charmless hadronic B, - AV (V A)
decays in the perturbative QCD approach

Xin Liu and Zhen-Jun Xiao

Department of Physics and Institute of Theoretical Physics, Nanjing Normal University, Nanjing,
Jiangsu 2 10046, People’s Republic of China




4. Bc — SP, SV; 39 decays;
S=a,(980,1450), 0, K, f,(980,1370,1500), k,*(1430)

PHYSICAL REVIEW D 82, 054029 (2010)

Light scalar mesons and charmless hadronic B, — SP, SV decays
in the perturbative QCD approach

Xin Liu™ and Zhen-Jun Xiao'
Department of Physics and Institute of Theoretical Physics, Nanjing Normal University,

Nanjing, Jiangsu 210046, People’s Republic of China
(Received 5 July 2010; published 27 September 2010)

The scalar productions in heavy meson decays can provide a good platform to study not only heavy
flavor physics but also their own physical properties in a dramatically different way. In this work. based on
the assumption of two-quark structure of the scalars, the charmless hadronic B, — SP, SV decays (here,



b. Bc — AA; 32 decays;

PHYSICAL REVIEW D 84, 074033 (2011)
Study of the pure annihilation B, — A, A; decays

R T : . 2%
Zhen-Jun Xiao and Xin Liu

' Department of Physics and Institute of Theoretical Physics, Nanjing Normal University,
Nanjing, Jiangsu 210046, People’s Republic of China
*Department of Physics and Institute of Theoretical Physics, Xuzhou Normal University,
Xuzhou, Jiangsu 221116, People’s Republic of China
*High Energy Section, ICTP, Strada Costiera 11, 34014 Trieste, Italy
(Received 4 August 2011; published 25 October 2011)

In this work, we calculate the CP-averaged branching ratios and the polarization fractions of the
charmless hadronic B, — A,A; decays within the framework of perturbative QCD (pQCD) approach,
where A 1s either a light 3P1 or 'P, axial-vector meson. These 32 decay modes can occur through the
annihilation topology only. Based on the perturbative calculations and phenomenological analysis, we find
the following results: (a) the branching ratios of the considered 32 B, — A, A5 decays are in the range of
1073 to 1078 (b) B, — a;b;, KYK; and some other decays have sizable branching ratios and can be
measured at the LHC experiments; (c) the branching ratios of B, — A;('P,)A; (' P,) decays are generally
much larger than those of B, —rA2{3P1}A3(3P1} decays with a factor around (10 ~ 100); (d) the
branching ratios of B, — E?Kl_ decays are sensitive to the value of @g, which will be tested by the
running LHC and forthcoming SuperB experiments; (e) the large longitudinal polarization contributions
govern most considered decays and play the dominant role.
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