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MOTIVATION

* Charge conjugation (C), parity (P), and time reversal (T)
are three fundamental discrete transformations in nature.

* CP violation (CPV) is a key requirement for generating the
matter-antimatter asymmetry in the universe.

* In SM, CPV is attributed to an irreducible phase in the CKM
quark-mixing matrix.

* CPVs in K-, B-, D-meson have been confirmed by
experiments.

* First evidence (3.30 ) for CPV in A,~ pr*n~n~ decays.



T-odd triple productstake the form (7. 7ps)- P which arises
from €umpoparirer] contraction. It is also CP-odd.

Triple-product asymmetries (TPAs) may reveal potential
signals of CPV.

- T(TP>0)-T(1TP <0

(TP >0)+T (TP <0)

;"13“

Compare this asymmetry with a corresponding quantity in
the CP conjugate process to obtain the “true” CPV signal.

The construction of a scalar triple product requires a final
state with at least four particles, e.g. four-body decays.

D, B mesons and b-baryons.



Four-body B meson decays are rich in CPV phenomena in
the quark sector.
* Rich resonance structures.
* Interference between different resonances might induce
lager CPV.
* Angular analysis could provide a lot of meaningful CP
asymmetries.
Several Collaborations have observed B meson decays into
various four-body charmless hadronic final states in certain
two body invariant mass regions.
v' By - (Km)(Km),
v B — (Km)(Km),
v B® - () (Km),
v’ Bg — (KK)(Km),
v' B, - (KK)(KK),




Opportunities for CPV searches but also modelling challenges

* Receive both resonant and nonresonant contributions.

* Suffer substantial final-state interactions.

*  More complicated strong dynamics than two-body ones.

* A factorization formalism in full phase space is not yet available.

PQCD successfully predicted CPV in the two-body B meson decays
B —-»>nn, K

In the multi-body sector
* The leading-power regions of a Dalitz plot.

*  Quasi-two-body mechanism.
* Two-meson distribution amplitudes (TMDA:s).

* The scenario has been successful applied to three-body decay,
encourages us to extended it to the four-body ones.




FRAMEWORK

Based on the quasi-two-body mechanism, four-body
processes are assumed to proceed dominantly with two
Intermediate resonances.

Figure 1. Helicity angles #;. 85 and ¢ for the B — M, Ms decay, with each intermediate resonance
decaying into two pseudoscalars, M, — Py P| and My — PoP).




A decay amplitude is written as TMDAs

7N

A ox @B@H@@Pl_p{ ®(I)P2P.-:,5

@, pr absorbs the nonperturbative dynamics involved in the meson pairs.

* S-wave: og(z.w) = \/zlﬁ[jégbg(m,w)+wq5%(m,W)+w(W—1)¢t3(93’=w)}=

QF(—\"/ﬂz)_Aséi)aPp/x(l—x)(l—Zx). PP'=KE,

”‘—\"/'“;_}f,ﬂx(l -, [t+3,3(1 — 2x) + B33 (1 — 2x)(7(1 — 2x)% - 3)], PP = K,

" Fipp)s(@)
o, (5:0) == 7= us = w/(mg —my)

Fipp) (o)
i — _(PP)s\T)
¢(PP’)S ()C, 0)) - 2\/ZTL

¢(()PP')S (x.w) =

(1 —2x),

The parametrization of S-wave time-like form factors Fpp::
f0(980): Flatté parametrization [Phys. Lett. B63, 228 (1976)]
K;(1430):  LASS line shape [Nucl. Phys. B296, 493 (1988)]

The Gegenbauer moments are chosen to be the same as those of the

corresponding scaler mesons.




* P-wave
B ) = o= [etpntin) + il + LT "’j'm‘ o -,
Bh(a,C.0) — o Lefuboblan) + st splo) + o™ ETLE= gy
X/ L= ¢) ta, (2.20)
bp(.w) = %w)m(l—x){l-l-aq}p?)(l o) +al .2 (5(1—2;3)2—1)},
3FE (w?)

¢'8 (m,w) = L(l—?:{:),

i 2V2N. F&/Fh~ fLIfv

t SFIJ{_W(WQ) 2

Pp(r,w) = W(I_%) :

The parametrization of P-wave time-like form factors F' pp’
K*(892),9(1020): Relativistic Breit-Wigner model.

The Gegenbauer moments have been fitted from a global analysis of three-
body charmless hadronic decays in PQCD.
[Ya Li et al, PHYSICAL REVIEW D 104, 096014 (2021)]



FEYNMAN DIAGRAMS

]

Py

iy

N
oo e

kp

v@ vé oﬁ

Figure 2. Leading-order dingrams for the B — M M> — Py P[P P, decays, where the symbol e
denotes a weak vertex, and the cyan oval represents either a scalar or vector resonance.

(a)

The hard amplitude involves six external on shell quarks, four of which
correspond to the four-fermion operators and two of which are the
spectator quarks in the initial and final states.

The hard kernels start at a5 in the PQCD approach.




Kinematics including the final state masses
B(pp) — Mi(p)Mz(q) — Pi(p1)Pi(ph) P2(p2) P ().

In the rest frame of the B meson in the light-cone
coordinates pg = (M/+/2)(1,1,07)
M, _ M 2 _ .2 2,2
P = \/Q(g g :OT): q = \/i(f :f :OT): pr _wlj q _wﬂf

1 B 1 _
IO = g IS0 g = w5 /M

€p =

The meson momentum fractions up to corrections from the
meson masses

- ry — rh 5 ro — 1l / 12
Py 1 1, 102_ . 2 2, T'E):mg() /MZ
2m q 272




The momenta of four final-state mesons:

prl* = wilGi(l — &) + o).

lar* = w3[G(1 — (o) + o]

(-'r?; _ ..r£)2 r; ?":,
‘Y; — - — .
¢ 4?},52 21);

Three valence quarks momenta are parametrized as
P,

kp = (0,2Bpg. kpT)

k1 = (z1p",0,ky7)

P,

ko = (0,290, kor)




The differential rate for the decay

d°T B k(wl)k(wg)k(wl‘_wﬂ
dQ 16(27)6 M2

A2 with Q = {61,605, 0, w1, w2}

\/U[z — (wl + wg)g} UIQ — (wl — wg)z}
20M |

VIw? = (mg +mg )| [w? = (mg = my)?] |

k(w) - 2w

k(wl,wg) =

The relations between zeta and theta:

2(; — 1 = /1 4+ 4acosb;. G € 5 =3 5 -

The differential rate read as

d5F o k(wl)k(wg)k(wl, wg) A 2
| = TP e T i
dCidodwydwade  4(27)° M?\/1 + da/1 + dag




Six helicity amplitudes:

Ayy : B - K*(— K 77 )K*(— Ktn7), Ao, 4y, CP-odd
Ays : BY - K* (= K7 (K 7).

T\ 1k A Asy — A Ays + A
Agy : B = (K=7+),K*(— K*717), R [AS+VS\/§ S‘”]
Ass : BY = (K—7%) (K7 )o,

The full decay amplitude:

20 -1 26—1 o /s (G —=C1) +ar [G(l —(C2) +as
- VT4 \/1+40'2A0+2\6\/ 1 + 4oy \/ 1+ 4an os(@)A)

=[G —=C) +F o [N — >z .
124/ 2 sin(p)A A
+1 \f\/ T dor, : + 40 sin(¢p)A; + Ags

L1 (:242—1 2@1—1>A +1(2¢2—1 N :2(1—1)A
V2 \VI+tdas Vitda) 9T L \VT+das  VItda/) 7T

Ap, :Xh]ded*Bldl?sz dbpbydb;bydby Tr(C(t)Pp (25.bR) P icr (1) P kr (o) H (4.b;.1) S (2;)e 1]

V14 4oy 1+ dag h=0,],L

Xp=1 /14401 h=VS5 SV

1 h =88,




Triple product asymmetries

I'((2¢ — 1)(2¢ — 1)sing > 0) —T'((2¢; — 1)(2¢2 — 1)sin ¢ < 0)

1 _
Ar = T((2¢1 — 1)(2¢2 — 1)sing > 0) + T((2¢1 — 1)(2¢2 — 1) sing < 0)
= ——fdwldwgk(wl)k‘(wz)k‘(wl w2)Im[A ] Af],
A2 _ T'(sin(2¢) > 0) — I'(sin(2¢) < 0)
T 7 T (sin(2¢) > 0) + I'(sin(2¢) < 0)
4
— f—Dfdwldwgk(wl)k(wz)k(wl,wg)I’m[AiATl].
T
26 —1  26a—1 Y\ i - 260 —1 26—1 \ i
A%—’ _ r ((\/ljréLO.q \/114052) sin @ > 0) I ((\/114@1 \/1140{2 SIn @ < 0)
2¢1—1 2¢o—1 s 2¢;—1 2¢a—1 i o
r ((¢1i4a1 — \/11402) sin ¢ > O) + I ((\/11401 — \/114012) sin ¢ << (l)
= fdwldwzk(wl)k(wz)k(wl wa)Im[A] A ],
o?l’D
4 T'(sing > 0) — T'(sin ¢ < 0)
AT -

F(Hln ¢ > 0)+ I'(sin ¢ < 0)

= 4\fD /dwldwzk(wl)k(wz)k(wl wo)Im[A] A%g],

Im(A) AY) =|AL||A}|sin(A¢ + Ad).  Strong phases can produce a nonzero value

To identify a true CP violation signal, one has to compare the TPAs in B and
Bbar meson decays.

: ) ) ) )
A (true) = NTP>0)— I‘(TP<()+_(TP>() (TP<()‘O<SIH(A®)COS(A5)

D(TP>0)+T(TP<0)+T'(TP>0)+T'(TP<0)

. I(TP>0)-T(TP<0)-T(TP>0)+I'(TP<0
A (fake) = (TP>0)-T(I'P<0)-T(I'P>0)+T(I'P< )occoa(Aqb)sin(Aé)

D(TP>0)+T(TP<0)+T(TP>0)+T(TP<0)




S-wave-induced direct CP asymmetries

s r(@a-1ee-1)(Zt+2ast)>0)-1(@a-1)26-1)(Zt+ 23l ) <o)
r((qu 1)(2@71)(%%+\5ﬂ% >o)+r((2c171)(2g271)(m+f% <o)
3\/_

dwrdwak(wr )k(wa)k(wrwa)[BRe(As+ Aj)+5Re(As+ ASg)].

(cos(tp) (J__,__?Q—_l) >0) F(Cog(@)(J__,_;) <0)

A2 Vitda, ' J/T+das Vitda; T JI+das
D 3 26— 1 20—
F(COS(Q)(—G—I_HQ +—§—,71+4a )>0)+F(CO‘S(Q)( WeE= TRl ey )<0)
— LﬂrD /(ﬁwldwgk(wl)k(wz)k(wl wQ)RS[As-%—AH]
(261 26-1 2¢,—1 26-1 _q
43 A= TR, = v Ve BT TR e e
D 20,1 2¢o—1
P(M+W>O)+F(ﬁ+m<o)
6\/_ .
dwlday k(wl)k(wg)k(wl wz)[RE’(A3+A )+5R6(AS+ASS)}‘
2 2 2
20—1 2021 2¢—1 200—1
A4 P(( 1C+4a1) 7( 1C+=lc\-2) >0)7P(( 1C+4a]) 7( lcj»zla:) <D)
-

- 2 2 2 2
2¢1—1 _f 2¢—1 26 —1 _( 26-1
F(( 1;—49:1) ( 1—7—4:\2) >0)+F(( 1-;—4121) ( 1_2'_4‘22) <O)

- —%jdwldek(wl)k(wQ)k(ul,wg)Re[ASJ,Ag,]. (4.4)

Combining the quantities for the corresponding CP-conjugate process,
we define the S-wave-induced direct CP asymmetries

AL = AL + AL « Sin(Ad)Sin(48)

It can be measured using untagged samples, in which CP-conjugate
processes need not be distinguished.




NUMERICAL RESULTS AND DISCUSSIONS

Theoretical uncertainties:
B meson LCDAs

b — d transitions ~10~7

w € [m

TMDASs
Hard scale

b — s transitions ~107°

g+ — 0.15, mg+ + 0.15]GeV

1. CP averaged four-body branching ratios

Components BY—(K*n ) (K~ =) Bl=(K'x+)(K%)
T04703+13 s 04703410 6
By (2.7505 04 0R)x 10 (21755 55 pg)x 107
By (175053t <1077 (7. {H“ﬁ%) 1077
2.1 1
+0.3+1.34325 7 +0.141.243.2
By (77505 11 090) <1077 (735557157 19)
+0.6+3541.6 7 05433412
Bss (5.1506 50211)x 10 (475534755 0R)X
Be  GsEERa0T o +1g+;gﬂ+z;)
+0.640.541.1 6 ZH0.510.440.9
Bg- (27504703 06) < 10 (2.7559 53 05) %
Bt, cal (8 1+% 3+1. 1+§ {3) 10—6 ( +[1] é+[l] g+412 é)
otal —1.1—
Components BY— (K- n+)(K+x~) B'—=(K%") (K" _) B (K% ) (K= ™)
104503405 7 132130404 8 +12+03410 N
By (L0550 02) <1077 (93753 575 06)x107%  (2.9% 55 55 ) x 1077
+0.240.440.8 _8 F0241540.1 _ 1 1—10 +0.340.440.9 _
By (2155750350 55) < 10 (14551 59" 02) x10 (2.0 et s < 107F
+0.240.440.9 R +0.0+0.440.1 —11 +0.240.340.9 8
By (2.0257703705) <10 (2175575 0.0) 10 (21553 54 05) < 107
- +0.341.6+0.8 8 +0.34+1.140.0 8 4+0.5+1.640.7 8
Bss (2 2—(}1 5 0.4)>10 (1.27537 53 0,p) x 107 (2475370 05)x 10~
+0. S+{} 4+{}8 8 F0.44+1.140.2 _8 +09+11+10 _
Bg+ (2. (}_6—{}_2—{}_4) x 10 (15793 00 01)x 10 (2.510%5 02 o) x 1077
$254+1.242.0 _8 +1.342.240.1 -8 +3.3+1.4+3.8 _
Bg- (6.1775 705 16) <10 (4.57 58 10 00)%10 (9.0F54F1775.0)x 107"
£ 08403411 - +0.540.440.0 _7 +1.6+0.7+15 7
Biotal (25506 0ator) <1077 (L.7H3 05 0 0)x 10 (4.753 0 05 10)x 107




wq € [mg+ — 0.15, mg+ + 0.15] GeV
w, € [mg —0.015,my + 0.015] GeV

Components B~ (K*K)(K'x") B~ (KK)(K7") B (K*K)(K%")
G LB 10 S 0 LR 0
2 SR <10 S 10 ST 0
5, S 107 S 0 3638 107
f TR0 LS ¢ 107 S0
B 4 <107 S0 0 i x0T
By 2 0 L <107 25 107
o Syat SO 0 SR 0

w € [mg — 0.03,my + 0.03]GeV

Components B - (K"K )(KTK™) B - (K"K )(KTK™)
Bo (L7343 015 0.65) X 107° 3.98005 0,06 0.07) X 107°
B (14025 56 520 0:39) x 107° 448155 00 0s) X 1071
B. (L4015 104055) x 107 LOLFR GG E407) x 10712
Bys (3661 x 10 Ol x 1070
Bs (13815 ) « 107 b3h%0L) x 207!
Bua (ST x 107 e Ghaboe) X 10°°




Bss

[ ]
2. S-wave fractions  fs-5 > fe-4
total total
Modes f_gs (% ) f g+ (%) f 5- (%) f S-wave (%)
0 N fT— +0.142.5+0.2 +0241.2404 oo o+1.6+2.640.1 +1.0+47.3+0.7
Bs—}(fﬁﬂ }(R ?T+) 6.3 09 301 8401 0o 00 333719724 09 48-0—1.5—5..?—0.6
LHCD [27] 6.6+£2.24+0.7 11.44+£3.7+£2.3 485451419
LHCD [31] 8.7x1.1x1.1 48%x14=x1.1 55.8+2.1x1.4 69.4x1.6x1.0
0 — ST 115455402 0 o940441.0402 o4 4415417405 40 14+34482400
BY=(K~nt)(K*n™) 88711 0 01 3200 g7 0y AT T 42479
LHCb [31] 2.3+1.44+04  08+£1.3+£0.7 37.7+£52424 40.8+£5.0+1.7
0 -0 0_— +0.34+4.1+0.1 +0.14+0.3+0.0 +0.7+1.7+0.0 +1.146.1+0.1
By— (K n)(Kr™) 647507703 99003 0o 05 351007 30 06 51417 79 1y
0 -0 00—y = q+0.045.1+0.0 102453404 ap p+0.0+68400 40 44024172404
B (K n)(K®r~) 71704 10 01 88701 00 0 265710 93 g 424715755700
- . +0.342.0+0.0 +0.24+1.9+05 +0.041.3409 qn r4+0.5+6241.4
B+4{h W+)(h ?T+) 5.1 5 26 02 23 03 003 191509 30 00 2950 0 g1 0s
Modes fss fys fsv swave
PR WSTRGTEE IR oowiie  onsgRim
LHCb [5§] 0.143£0013+£0012  0.122+£0.013 £ 0.008
B~ (K'KT)(K')  0007igmsiontioo O10200tite e 00330 aneany 0162100 o
Bo(KKK) 006U ousimamen oo oo
Modes fVS(%) J“H(%) fS'—mnve(%J
By =+ (K*K™)(K*K™) 08013350020 001 0,096 5550 026 008 0.897 40380 0ka- 0030

B+ (K"K )(K'K") 0,030-0.338—0.263

qpt0.048+0,22240.028
l’]'28(}—0.045—0.141—0044

1 6?1+0'169+0'595_0'314

=0,075-0.479-0.307

LHCb, JHEP 07 (2015) 166; 07 (2019) 032; 05 (2014) 069

A global fitting to
the Gegenbauer
moments of the S-
wave DAs in PQCD
has not been
carried out yet.

The double S-wave
contributions are
smaller than the
single S-wave ones.




3. Triple product asymmetries (1072)

] (Ko )(Kn) (K)o ) (K rH)(Krn) (KorH)(E ) Kor) k) | eSS A 18Y
At 18T Y 10.6%;7 0 85703 1 0.003 + 0.041 + 0.009
AL ~11.879% ~9.9%03 ~10.6712 ~0 —9.233 AT(’rrue) - -
At (true) 0 01703 0 ~0 02757 2 0.009 + 0.041 + 0.009
A (fake) [ 11.870% 0.870:2 106713 ~0 s.fts-ﬂ A T (frue) B a
A% 0.2701 0.2751 0.3701 ~0 0.2757 3 0.019 + 0.041 + 0.008
i o2t ot —ox ~0 033 Ar(true) T
A (true) 0 0 0 ~0 0.2510-10 4 0,040 + 0.041
A2 (fake) 0.2%91 0.2791 0.3%01 ~0 —0.0570:%0 AT(’rrue) +0008
A% 2175 3.3507 2011 ~0 36757
A% —2.145 ~L04pY ~2.0179 ~0 —0.870;
A (true) 0 12793 0 ~0 16706
A3 (fake) 21558 2.2597 20100 ~0 2.3401 The LHCb measurements
Ap —4.6113 —5.15%% -5.1%%5 ~0 —2.7503 . N
o 1628 s 5142 iy L0402 show no manifest deviation
At (true) 0 —0.5433 0 ~0 ~0.9743 from zero.
A (fake) —4.6737 46415 —5.17%3 ~0 ~1.9703

* In the modes with the neutral intermediate states, the true TPAs vanish without
the weak phase difference.

* The tiny transverse polarization component in the pure annihilation mode leads
to the vanishing TPAs.

* The smallness of A% is attributed to the suppression from the strong phase
difference between the perpendicular and parallel polarization amplitudes.

* The predicted nonvanishing fake TPAs can be tested if flavor tagged
measurements are available in the future.




* The true TPAs of the BOmode Zymmetic B~ (K*K)(K*r) B > (K*K)K™x) BY > (KK (Kx)
A} -13.813% -24.0188 -14.1559
is measured to be consistent 4 13.8444 240158 1138558
Al (true) 0.0 0.0 -0.15104%
with zero, showing no A} (fake) 2404 ~140'3)
. A U3 01438 03401
evidence for CPV. A; 0301 0.3 028
. e A 00 00 ~0,05+0%
* A significant fake asymmetry 4G 03! a0 Py
1 H H A} -5.4110 -64131 -5.6110
A7 (fake) is observed in all i 9 o !
three measurements. Ay (true) 00 00 ~00550)
A (fake) —5.4+10 -6.417) -5.6%10
* The only avdilable Ap 16530 -8.1533 16537
A4 -1.6137 8.3 -1.843
measurements for the S- A (true) 00 00 ~0.105%
A% (fake) 16438 -8.112 17432
wave induced TPAs are from 4 —a3t 67414 —42t
A 4.311 6.71)18 43112
LHCDb. A (true) 0.0 0.0 0.051)%
A3 (fake) —4.34H —6.7118 —4.3112
Asymmetries BABAR Belle LHCb Asymme[ries BABAR
Al (rue) ~0046% 0.031 £0.017 0029 +0.025 + 0005 ~0.007 +0.012:+ 0,002
A2 true) [ ~0003 % 0,056 + 0,036 0.021 +0.040 0,006 10,004 = 0014 +0.002 ] Al (true) —0.025 +0.056 + 0.019
o 0004 = 0.006 £ 0,007
A;Egg 10002 %0006 £ 0.001 A3 (true) 0.028 £ 0.084 £0.026
Al (fake) (0203 £ 0031 £0.019 0211 £0.025 +0010 ~0.105 £0.012 £ 0.006 ) Al (fake) —0.114 +0.056 + 0.011
A2 (fake) 0.016 £ 0058 £ 0.038 0041 £0.020 £ 0013 0,017 0014 £ 0,003 r
A} (fake) 0,063 % 0.006 = 0,005 Az (fake) -0.061 £0.084 +0.023
AL (fake) ~0.019 +0.006 + 0,007

* The only available amplitude analysis of BT was performed by the BABAR, but the

S-wave component have not been determined.
The full angular analysis of the B; mode has not been done because of the limited signal

events.




4. S-wave-induced direct CP asymmetries (10_2)

N - B'> B’ B’ B'= Bt =
Asyminetries _ _

“ (K7 )(K~n) (K'%)(K'%) (K~7)(K*n7) (K'7")(K'7") (K'7")(K*r)
Ap 610 -L0%ig 0.6%5% 54738 6.572¢
Ab 61153 151015 06553 1% —1255]
Al 0 16,1530 0 ~16427 93441
A -1.9%2 -2.571] -0.774% ~0 ~1.3%53
A% 19712 38704 0.7t13 ~0 —0.8"12
AS 0 13503 0 ~0 _9,1#03
Ab 34550 0.8%53 L6757 66733 487
Ab ~3.4%3% ~8.8133 -16553 ~46%53 ~6.553
Ag 0 Sy 0 20772, 17480
Ab 59710 5808 13155 -3.147 32755
AD -5.9%10 —9.4717 -4.373% ~12.01%3 15758
A 0 365538 0 F51731) 17423

magnitude, which could be searched in the future.

aeyomeiy | pota

A1 -0.061 + 0.041 + 0.012

S

Az 0.081 + 0.041 + 0.008
S

A3 —0.079 £ 0.041 £ 0.023
D]

A4 —0.081 £ 0.041 £ 0.010
S

The LHCb measurements
show no manifest deviation
from zero.

The fractions f¢+ are less than 10%, most values of Ap are only a few percent.
The observed two largest S-wave-induced direct CP asymmetries are over 15% in

The S-wave-induced direct CPVs in the considered decays still acquire less theoretical

and experimental attention, we will wait for the confrontation with future data.




5. Direct CP asymmetries (1072)

dir __
ARt =

* There are no direct CPVs in neutral resonance modes.
* However, the charged modes receive an additional tree contribution and the

direct CPVs arises from the interference between the tree and penguin

By, — By,
gh_ + Bh}

amplitudes.
Agkix BY - (K'7T)(K"z=) BY — (K7")(K'%%~) B* = (K'7")(K*zn")
h =0 29.9%33 —20.4+11-8 —10.77143
h=| —18.1+19% —3.3+23 —10.0+}17
4.5 8.3 1.9
h=SS 1.6+3%6 24 41134 —61.879:2,
h =SV —30.1+2% —55.4+281 —4.61159
h=VS 0.379% 11.0724 —44.3F78,
CP CP CP CP (P CP CP
6.1 2l 38 20 12 ) 32
mar 83y 494 4955 384 30 0353

The direct CP asymmetries for various helicity states turn out to be small.

* The tree contribution only appears in the annihilation diagrams, which are power
suppressed with respect to the emission ones.

* The CKM element of tree diagram is smaller than that of penguin.




SUMMARY AND OUTLOOK

» The PQCD factorization formalism based on the quasi-two-body
decay mechanism for four-body B meson decays has been well
established and have many potential applications.

» The S-wave contributions were found to be substantial especially in
the KT modes, which should be considered in the angular analysis.

» Various CP asymmetries are presented. In particular, by including the
S-wave components, we have estimated the S-wave induced TPAs
and direct CPV for the first time.

» The true TPAs in most of the considered channels are tiny, of order

1072 or even lower. The fake ones could be larger, but they do not
reflect CPV.

» The angular analysis may be improved by expanding the mass
region, which provide more meaningful asymmetries in the future.




Thanks for your attention!
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By — (rm)(Km)

Eur. Phys. J. C (2021) 81:806

Modes PQCD Experiment®
BY — (fo(500) =)m 1~ (K§(1430)* —)KOn+ BW 175753750055
B = (fo(500) —)mtx(KF(1430)* —)K O+ Buee 19.2+89+121470
B — (fo(500) —)w+r—(K;(1430)° —)K+x— BW 185308
B — (fo(500) =) w(K§(1430)° —)K 7~ Buze 20375376505
BY — (fo(500) =)t (KE(1430)° —)K 7+ BW 045D 1H06+0
BY = (fp(500) —)w+m—(KF(1430)0 —)K —m+ Bueg 045 )00
B — (fp(980) =)t r~ (KF(1430)" —) K 7+ 16703 0508
BY — (fp(980) —)mtw (K3 (1430)" ) K+~ 1.5+04+064+08 12404
B — (f0(980) —)m+m—(KF(1430)" —=)K -7+ 0,07 e
B¥ — (fy(500) —)m+ 1~ (K**+ —)K -+ BW LItg3*02703
BY = (fo(500) —)xtw(K*+ —)KOx+ Buee 1179375503
BY s (fp(500) =)t~ (K* —)K+x— BW Lo 3t et
BY s (f5(500) —)mta—(K* —)K+x— Buse Lo 3t ats
BY = (fp(500) —)mta(K*® =)kt BW 0170
B 5 (fp(500) —)mHr—(K* —) K+ Bues 0.17+)0H+0.2+0.04
B* — (fo(980) =) tx—(K* —)K'x+ 30503 e 2.8+05
B" — (fo(980) )+~ (K*® —)K*m™ 2940708 0% 26113
BY — (fo(980) —)m = (K* —)K -7+ 0022551501 bor
B* = (p* =) aV (K3 (1430)° =K+~ 141755753433
Bt — (p =)mta— (K3 (1430)* —)K %+ SIS
BY — (p" —)wtr (KF(1430)° =) K+ 797335315 1844
BY  (p~ =) w wN(KF(1430)T K n+ 118431553430 198
BY — (p* —)m*a%(K;(1430)" =) Ko7~ 141453555010

BY = (p" st (kF1430)° )kt

01402401
047 1 T02 0




Components B - (KYK™)(Ktrn™) BY — (K*K™) (K~ n") BY - (K*K™)(K°z")
5 S < 10 AT < 10 SR 10
5 I 10 5340 10 AR 107
5, gL 10 S 10 4 10
B TV 10 RS x 107 52300 x 10
s L <107 SO 107 SR 107
By 228 0 LGRS 10 2SI 5 107
Fr 24l <10 O 10 L34 < 10

BY) — ¢p— (KK~ )(KtK™)

TABLE III: PQCD predictions for the branching ratios of various components and their sum in the Bf’_ﬂ} — (KTK )(K* K™ ) decays. The
theoretical uncertainties are attributed to the variations of the shape parameter wg , in the B(,;) meson DA, of the Gegenbauer moments in
various twist DAs of K K pair, and of the hard scale ¢ and the QCD scale Agep.

Components BY - (K"K )K"K™) B - (KYK ) (KTK™)

Bo (17375 55701370.65) x 107° (3.9870 06007006 ) 5 10~°
By (14075 601015 76.35) x 107° (4.480:08+0.0540.08) . 1411
By (14015 110 101052) x 107° (LO1FG08F0L8H0.37) o 1012
Bvs (3.6611 521055 bos) x 1077 (55070501 704130) o 1911
Bss (4.3847 5311 00 200) % 107° (117+022409640.14y 1= 11
Botal (4577533 05115 < 10°° (4.0970 00040+ 0m) x 10°°

—0.64—0.34—1.87




Modes B(10-%) Sfol%) S (%) FL(%)

15422448 25 2.4 124+47+1.1 11447422
BY — ptg 16413453435 735133100133 13403000 13t es
PQCD (former) 9.9%%7 TO £S5 13757
QCDF 92438 48+32
SCET 293+ 3.18 45 £ 18 249+11.1
FAT 10,4 + 2.6 460+ 12.9 27.2+7.0
Expt.® 92115 48 £ 8

1.341.342.7 23466425 10439423 L14+334+132

BY — pOK*+ 7.5555512723 784515050 133557500 837055 0%
PQCD (former) 6.1%38 7543 119432
QCDF 55411 67431
SCET 4.64 + 1.37 42 4+ 14 26.6 9.9
FAT 5831+ 1.20 40.7 £ 10.6 0B850
Expt. ? 46 1.1 TE 12

4 1.9 134103413 1.1 T 1455424
BY — g0 447030083 6335 5 5508 139 228403435456
PQCD (former) 3351 65%2 16,937
QCDF 46732 3955
SCET 587+ 1.87 6l £13 17.6x7.9
FAT 5.00 & 1.23 487 £ 12.3 258167
Expt? 39x1.3 40 &+ 14

_ 12422 22487421 1.1 11 10443419

BY — p K=+ lnjto.otl.stﬁ ?thllﬁsts_n 13‘5t11ﬁﬁm 1350155

8.4+3E

8.915%
10.6+£32
105423
103426
32t
2404340
216148
28142

3B6L83
1.3+04+0.140.3
~—04-0.3-04

022
0407597

2.6
1355
1.04 £ 0.30
1.18 £ 0.46
= T6T

68 5
53443
55+ 14
38.9 = 11.3
38213
912184112443
95 +1
oztl
901 £0.3
044+ 1.2
T 5.4

S3.43gitestss
57 —13

5
9073,
8T +5
TR+ 8.0

1410403
ﬁ‘sﬁ.ﬂtﬂj—&l

33:23
252155433753

15625

203+ 8.6
INEL63

14045001
Z‘Dﬂ lﬁd—ﬂ.l

».r)
231734

040018

274 £ 064

+04+334+29
21 ‘4—ﬂ§—3j—2!

+7.3
22553

581 £2.84
10241




Modes

T A

Bt — (p7 =)ntal (K —)Kta —0.070% 252930
BY — (" =) ta (K —)K 7 F 18.95°
BY — (p° ) n~(K* =) Ktao ~29.96734 26.75 355
BY — (o~ —)m a2kt =Kt —28.19733 23.343%
BY — (pt —)mtal(k* )K" 3720708 —3.754
B? — (p" =)xta (¥ =)k~ mt —0.7073 5% 3045757
Modes

Ar At e At At ke
Bt — (pt = )mtn0 (K30 =) K+ 0.050:13 0.04+0 4 —1.49+l 08

Bt — (" = )n T (K* =) K%t

—5.00"

108
3601108

B" = (p" = )mt (K =)k a ! # 7.25t39 —8.981321
BY — (p~ =) (K =K x* —093718 031793 0.16707] —120%53
BY — (p+ =) taO(K+ —)K - —0.585028 0.04+0-10 —061+18 0.08+0-12 —0.61+017
B wta RO Kt 348 sl omif3 2eB s amidk
TPAs-1
channel T — T :
AT *-AT AT—true *-AT-fake
[ - - - - ; ‘ 1.16 P ‘ 2.39 ‘ ag+1.16
BY 5 ¢ — (KTK™)(KTK 30.38F —30.38T 0 30.387 5.
2.39 1.16 2.39
B — ¢p— (KTK™)KTK™) p.67t92L  —0.6770-4 0 0.677034
TPAs-2
channel 5 — 5 5
AT *-AT AT—true *-AT-fake
B! = ¢p— (KTK)(KTK™) 0.1575%  —0.1575:19 0 0.1575 93
L At ope— —tp— 0.02 L 40.04 4 14+0.02
BO — OQ —» (_{X +}-\ )(I\ +_1r\ ) —011_‘__004 U‘]_J_io'og 0 _O‘J_J_to_ozl




Modes PQCD

BY — (fp(500) — ) *r (K§(1430)1 —) KO BW 41705008
BY — (fo(500) —)m+m— (KH(1430)* —) KO+ Buze 41703

BY — (fp(500) —)m (K (14300)0 —)K+x— BW 34704

BY — (fo(500) —)m*a— (KF(1430)7 —) K+~ Buse

BY — (fy(500) =) a— (KF(1430)" —)K—x+ BW

BY — (fo(500) —)w+m—(KF(1430)0 —) K~ + Buze —76.9+83+108L 137
BY — (fo(980) —)m*r (K§(1430) —)K —0.3* 53]
BY — (fo(980) —)m o (KF(143000 =) K *x —0.3+p 3433
BY — (fo(980) —)mm(K§(1430)° —)K 7+ 28708

BY — (fo(500) —)m*m—(K** —) KO+ BW —31.413 3103

Bt — (fo(500) = )mtm— (K*+ —)KOg+ Buze

05406424

B" — (fo(500) = )m (K =)k~ BY 17.9°0350,
BY — (fo(500) —)m+m— (K* —) K+~ Buse 1835000
BY — (fu(500) —)m+x—(K¥ —)K-x+ BW 0204

BY — (fu(500) =)w+mw—(K* —)K g+ Buze
Bt — (fo(980) —)mtm(K* =) Kx*

BY — (fp(980) =) mrr—(K¥ ) K+

BY — (fo(980) =) r(K* =K n*

B* = (p* =) n (K5 (1430)° =) K *x

BF — (p¥ —)mtr (KF(1430)* —)K x*

BY — (p° —)wtr (K5(1430)° =) K *n 6.87]3 3000

BY — (o~ —)m n (KF(1430)" =) K1 2470
BY — (p* —)m*n0(K3(1430)~ —)K'7 78504
BY — (p" —)w+w~ (K3(1430)° —)K 7+ 56.37 3% !

The QCDF evaluation gives a low longitudinal polarization fraction

by including weak annihilation corrections with the best-fit endpoint
parameters. But an obvious tension between the data and the prediction for
the branching ratio B(Bs | K_x0003_) is invoked accordingly.



I X 4 N\
TABLE IV.  Same as Table 1I but for the B — P(¢ —)KK
decays with P = 7, K.

Modes Results Data
BI=KH(¢=)KK  BU0) 8467350003 BRI
Acr(%) L4 24528
B'—-K(¢p—)KK  B(1076) 7.82131849494240 7.3 + (.7
Acp(%) 0 | + 14
BI=K'(p—)KK  B(107) 35205800 501230
Acp(%) 0
Bt =a"(¢p—)KK  B(107%) 1155036002403 324+ 1.5
Acp(%) 0 10 £ 50
B'—a(p—)KK  B(10) s325dilsl - <15
Acp (%) 0
BI—2(p—)KK  BO07)  1.06:04170151007
Acp(%)  27.31557755%

\ /)

N (



MOTIVATION

)

Candidates / (15 MeV/c

And also in bayonic sector

Decay mode Signal yield S/B +30 range (MeV/c?)

18 — prwtwT 1809+ 48 49 £0.3 [5573.9, 5674.6]

18 — pK—ntn~ 5193+ 76 7.7 =04 [5574.4, 5674.2]

18 — pK~ K rn~ 44+ 30 0.714+0.06 [5577.4, 5671.1]

18 — pK~KTK~ 1706+ 46 8.1 £0.7 [5579.0, 5674.6]

EE — pK—wtn~ 183+ 22 0.59+0.09 [5747.9, 5846.2]

EE — pK— 7t K~ 199+ 21 0.81£0.10 [5747.4, 5846.2]

EE —pK~KTK~ 27+ 14 0.144+0.08 [5752.7, 5840.8]

A9 — (A+ = pK—7F)7~ 16518+133 — [5573.7, 5674.8]

I A E L S B R AL | & T T 1 T
ﬂ» LHCh + Data ; LHCb
{ — F]t L vl ‘ '-
10> = -oeo :
----- A pran E N,
----- A pK <
--- Eg%pK_ifJ’JI_ 2 108 249 H
..... BsKran kE ‘ _ el I ]
e B T A T A ek a
—- B = 5-body 5 'E e TLATE
..... qu 5-body ";l'f" \ RRT
----- Combinatoric T P S A TP S SN T L1
Y LY S ORI . T S b eaans 5400 5600 3800 6000 6200
5400 5600 5800 6000 6200 m(pr w'w ) [MeV/e]
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A TABLE V. Direct CP asymmetries (%) in the B — VV decays

70U et al PHYSICAL REVIEW D 91, 034033 (2015) and comparison with the predictions from QCDF [4]. Exper-
TABLE VI. Updated percentage of the transverse polarizations f (%), relative phases ¢y(rad), ¢, (rad), Aghy(10°* rad), 1n[::ental .;j('a:;l ‘?ff from the Particle Data Group [40]. For =
A (1072 rad), and the CP asymmetry parameters A%(%) and AL, (%) in B - VV decays caleulated in the PQCD approach. B — K" the data is from Ref. [49]. J
B = gty SO 268 2g10E gen -6 -metEl 103 B — pfp" 707050050 st
B-phpm 24y 3G Gy 205Gy M0 025 9sHR BY = ptpm 083103000000 —4804)
B =gl 1674 334y 3y el -ofyi  -8shE -84 BO - pow 5041119463450 342451
B - a0 182/81 320ME 300E swts o profl) 1054132 10834 B = ww _73THEIAEI _3gisiis
BY - KO0 1697 467 asetly ety -y otk 0t BY = K, _8.9F0S2BHL 154416 64942
B =Kty 15623 a3y a0y st -50.9°4 1284 12744 o " 12120100 i

: : B = K'tp 24,5+ 2429404 322 211542
B - k% 8326 208 aud setd ol amtd -0l 1412401

. ' ' ' ' B = K0 5600300 234955 45 £25

B KOk 97ty 22680 2315 ~0.0 ~00 ~00 ~00 S -

' ' BY — K*OK+0 0.0 —14+146
B - KK L K N S 110+ o A ey S ' - S Pl -1-2
i N PR Y1 PPSST L. | Pape— L. T} nn nn AN nAn BD — K.+ K.- ﬂ,ﬂm 0

ZOU et al. PHYSICAL REVIEW D 91, 054033 (2015)

TABLEIV. Updated percentage of the longitudinal polarizations f; of B — VV decays calculated in the PQCD approach compared
with the updated theoretical predictions in the QCD factorization (QCDF) approach [4] and the previous predictions in the PQCD
approach [7]. Experimental data are from the Particle Data Group [40].

Decay modes This work QCDF PQCD(former) Expt.

B% = pp° 0.124 90440154000 0.92} 0005 0.60 0.75 +0.14*

BY = ptp- 0.95100140.0140.00 0.92: 8014001 0.94 0.977 £0.026

B = p'w 067 0ot st 0.527038 0% 0.87

0 H0.07--0.0440.06 FO.0140.04
B = wo 0662510 000004 094501 0.0 0.82

B° - K00 0.651 003005000 0.391 50010 0.74 0.57+0.10
B = K*pr 0.68:003 00800 0.5310530% 0.78
BY = K% 0.65 000 BAy 0.58 241048 0.82 0.69 +0.13

BY — KOK© 0581007 0.004 0.0 0524004048 0.78 0.80 +0.13

BY KK ~1.0 ~1.0 0.99




MOTIVATION

* And also in bayonic sector

Decay mode Signal yield S/B +30 range (MeV/c?)
Some charmless four .
bodv d A9 = pr—mtr— 1809+ 48 4.9 +£0.3  [5573.9, 5674.6]
o ecays are
X Y g Y A9 = pK =77~ 5103+ 76 7.7 £04  [5574.4, 5674.2]
observe A0 5 pK=K+r M4+ 30 0714006  [5577.4, 5671.1]
A0 pK—K+K~ 1706+ 46 8.1 +0.7  [5579.0, 5674.6]
=0 5 pK—ntr 183+ 22 0.59+0.00  [5747.9, 5846.2]
o =0 pK =t K- 100+ 21 0.81+0.10  [5747.4, 5846.2]
No significant CPV | o o pip- 27+ 14 0.14+0.08  [5752.7, 5340.8]
effect is observed A0 = (AF = pK—7F)7~ 16518+133 — [5573.7, 5674.8]

Search for C'P violation using triple product

Eur. Phys. J. C (2019) 79:745 THE EUROPEAN asymmetries in A? = pK_ﬂ‘"":T_, A pK_ K K-
hips:/doiorg/10.1 140iepics 10052-019-7218-1 PHYSICAL JOURNAL C 0 b | b
and 5 — pK~ K~ 7" decays

Regular Article - Experimental Physics

Measurements of CP asymmetries in charmless four-body Ag and

) decays ﬁl\a

LHCh Collaboration* The LHCb collaboration




TABLE VII. PQCD predictions for the TPAs (%) of the four-body B‘t’” — (K*K™)(K*"K~) decays. The sources of theoretical errors
are the same as in Table I1I but added in quadrature.

TPAs — 1
Channel A]T ;4'T A'lf—u'uc A‘]l'—l'ukc
B) = ¢p - (K"K~ )(K'K™) 30.38119 -30.381 777 0 30384048
B = ¢p — (KK )(KTK™) 0.67197 -0.6703} 0 0.67"071
TPAs — 2
Channel A A AL e AT ke
BY = ¢p — (K'K™)(K'K") 0.15551 —0.152553 0 0.5
B = ¢pp — (KTK™)(KTK™) —0.1150:07 011509 0 —0. 1150403

Comparing with the BR of the scalar-scalar and scalar-vector modes derived in

the two-body PQCD framework, our numbers are generally smaller.

* A global fitting to the Gegenbauer moments of the S-wave DAs in PQCD has
not been carried out yet.

* The narrow-width approximation should be corrected by including finite-

width effects for the broad scalar intermediate states. [H. Y. Cheng et al.
Phys. Rev. D 103, 036017 (2021), Phys. Lett. B 813, 136058 (2021).]



3. Two-body branching ratios and polarization fractions
In the narrow-width limit:

B(B — K*(— Krm)K*(— K7)) ~ B(B — K*K*) x B(K* = Kr) x B(K* - Kr)
Naive SM (V-A) helicity counting rules: fi~1 - 0(mj/m), fi~ fu~0@mj/mg)

Modes B(10~°) fo(%) f1(%) fL(%) |
B — KPR~ BOToeTostis 588133105 00 20.7T5T0 0 205518008
PQCD-I [32] 54153 42.07143 27.715:2
PQCD-II [33] 6.773 0 43.8%55 30.1724 26.1725
PQCD-NLO [34] 6.573% 48.1757 23.9734
QCDF-I [35] 7.6723 52137 -
QCDF-I1 [36] 917557 67136 =
SCET [37] 11.0£3.3 55414 20.3+8.6
FAT [38] 15.9+3.5 30.9+10.4 34.9+5.8
BY 5 K*TK*~ 0.2175 0870 0570 01 ~100 ~0.0 ~0.0
PQCD-I [32] 0.2140.10 ~100 ~0.0 ~0.0
PQCD-II [119] 0.0645070 99 0.5 0.4
QCDEF-I [120, 121] 0.1+0.1 ~100 ~0.0 ~0.0
FAT [38] 1.43+0.96

Data [5, 6] <2.0

BT — KK 0.74%5 7 008 016 87615317 5T0s  6.055555T05 647197567075
PQCD-I [32] 0.5670:25 747} 12,9717
PQCD-II [119] 0.4815 52 81.5 9.0 9.5
QCDEF-I [120, 121] 0.6+0.3 45153 27157
QCDF-II [36] 0.5703 62753

SCET [37] 0.5240.18 50416 22.04+10.0
FAT [38] 0.6640.18 58.3+11.1 20.8+6.0
Data [5, 6] 0.91+0.29 82713




Modes B(10~°) fo(%) N1 (%) f1(%)

BY = K*K* 9058 TTa8 636155 5 eThe 1821051 7T 18215506700
PQCD-I [32] 5.4%39 3837121 e 30.0753
PQCD-II [33] 7.8752 49.7157 26.8757 23,5128
PQCD-NLO [34] 6.7739 43.471127 23.513%
QCDF-I [35] 6.6+2.2 56132

QCDF-II [36] 9.174%3 63735

SCET [37] 8.6+3.1 44.9+18.3 24.9+11.1
FAT [38] 14.9+3.6 3434126 33.2+6.9
Data [5, 6] 11.1+£2.7 2444 30+5 38+12
BY— K*0K*0 0.327 001 001008 715T36 e R 14611570007 13.9T1 500 010%
PQCD-I [32] 0.34101% 58+8 19.7130
PQCD-II [119] 0.35 78 12 10
QCDEF-I [120, 121] 0.610:2 52448 24424
QCDF-II [36] 0.6755 69132 e

SCET [37] 0.48+0.16 50+16 22.9+10.0
FAT [38] 0.61+0.17 3 20.8+6.0
Data [5, 6] 0.83+0.24 I TA+5 |

The polarization puzzle associated with the two U-spin
related channels BY - K*K* and B® — K*K* still exists.




Modes B(107%) Sfo (%) S (%)

B — KO 7.4+25411426 T4 ZI S 13347845 870°
PQCD-I [52] 14.86 St 11.5
PQCD-TI [62] 9.8+42 56.53% 213133
Qcor o s
Ay = 031 £0.19 scr e L T,
Asymmetry Value

Al 0.003 £ 0.041 £ 0.009

A? 0.009 £ 0.041 £ 0.009

A3 0.019 £ 0.041 £ 0.008

A —0.040 £ 0.041 + 0.008

Al —0.061 £ 0.041 £ 0.012

A3 0.081 £ 0.041 £ 0.008

A% —0.079 £ 0.041 £ 0.023

Al —0.081 £ 0.041 + 0.010

Table 3. Triple product and direct CP asymmetries measured in this analysis. The first uncer-
tainties are statistical and the second systematic.

SCEL [30U] 19.0 = 6.5 51.U0 £ 16.4 222199 2.41 £0.62 2.54 = 0.62
FAT [31] 26.4+ 7.6 30.7 +16.0 31.2+8.9 2.53 4 0.28 2.56 +0.27
Data [18.7 +1.5 37.8 + 1‘:4 20.2 4+ 0.9 2.56 4+ 0.06 2.82 4+0.19
B — ¢o 0.016 15 504 98.97 2 0.0275565 2.3810-40 4301021

PQCD [28] 0.01275-068 97 +1 0.05 +0.02 3.2670 7 3.50 +£0.17
Data < 0.027 -
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