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Recent Progress on PQCD for hadronic B decays
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m Motivation




CP violation (CPV) 1s a key requirement for generating the
matter-antimatter asymmetry in the universe.

CPVs 1in K-, B-, D-meson have been confirmed by experiments.
CPYV has been observed 1n baryons for the first time by LHCb .
The SM provides the CKM mechanism for generating CPVs,

which 1s, however, too weak to account for the excess of matter.
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Localized CPV and angular-distribution asymmetries in multi-

body decays can also reveal potential signals of CPV.
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Three-body charmless B decay

Localized Acpin B —» 3w, 3K, KKnt,Ktmt
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BY > ot Acp
Region1 +0.303 + 0.009 + 0.004 + 0.003 * Significant Acp: B — 3m, 3K
Region2 —0.284 + 0.017 + 0.007 + 0.003 for the first time

Region3 +0.745 + 0.027 + 0.018 + 0.003 * Llarge Localized ACP




Several Collaborations have observed B meson decays into various four-body
charmless hadronic final states in certain two body invariant mass regions.

B - (K*K™)(K n*) |JHEP11(2013)092
B? > (K*n™) (K n*) |JHEP03(2018)140
B > (™) (K*tm) JHEP05(2019)026

B, — (K*m™)(K~m*) |JHEP07(2019)032
B - (K*K™)(K*K~) |JHEP12(2019)155
B* - (mtm ) (K%r*) | arXiv:2508.13563

Multi-body B meson decays are rich in CPV phenomena in the quark sector.
* Large numbers of different multi-body final states.

* A non-trivial kinematic multiplicity as opposed to two-body decays where the
kinematics is fixed by the masses.

* Rich resonance structures and interference between different resonances might induce
lager CPV.

* Angular analysis could provide a lot of meaningful CP asymmetries.




Opportunities for CPV searches but also modelling challenges

More complicated strong dynamics than two-body ones.
Receive both resonant and nonresonant contributions.

Suffer substantial final-state interactions.

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

In the multi-body sector

The leading-power regions of a Dalitz plot.

[C.-H. Chen and H.-N. Li, PLB 561 (2003) 258]

Quasi-two-body mechanism. The validity of factorization.
[NPB 899 (2015) 247,NPB 555 (1999) 231]

Two-meson distribution amplitudes (TMDAS).
[Sov. J. Nucl. Phys. 38 (1983) 289, PRD 91 (2015) 094024,PLB 763 (2016) 29...]

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



@ Framework




In the standard model, low-energy effective Hamiltonian is given:

Fermi ioupling constant Local four-quark operators
G'F o o . . o 10,7~,8¢ . I
\ﬁ{z VanVip[C1OT] + C05] =V Vip [ )~ GO}

= g=u.c i=3
q

Hepr =

For two-body nonleptonic B meson decays, the key step is to calculate
the hadronic matrix elements

G -
A(B — M M) = (MM | Heps | BY = TF)Z VCi(p) (M My | Oi(p) | B)



- Theoretical approach

Factorization Approach H.Y. Cheng, C.K. Chua, Y. Li,...

® A. Furman, B.El Bennich, R. Kaminski, T. Mannel,
X.H. Guo, Y.D. Yang, X.Q. L1, Z.H. Zhang,...

QCD Factorization

PQCD H.n. Li, C.D. Lu, Z.J. Xiao, W. Wang, W.F. Wang,
R. Zhou, ...

Symmetry X.G. He, G.N. Li, D. Xu, J.L. Rosner, M. Gronau,...

Ulf-G. MeiBner, Y.M. Wang, Y.L. Sheng, S. Cheng
® A. Khodjamirian (QCD)

Sum rules



PQCD approach: Kk, factorization
The full amplitudes of two-body decay B —» MM, can be factorized as

References:
PPNP51-85(2003);
arXiv:0707.1294;

B_lo 0907.4940;
"/ 1406.7689
kp ~ A kp ~ \/m
A=90pRQCQHQ S R5Q dm, @ Oy
Hard Wave Sudakov Jet
Kernel Function Factor Function

| |

k; resummation Threshold resummation



» PQCD approach
* Transition form factor is dominated from the perturbative region.
* Nonfactorizable and annihilation diagrams can be calculated in PQCD.

* Large strong phase from annihilation diagrams which plays an important role in the
CP asymmetry.

~ —40(Lii,Ukai, Yang,2000) ~ —18(Keum,Li,Sanda,2000)
—30 4 25 + 4 [BaBar,2002] —19 4+ 10 + 3 [BaBar,2001]
—12.87328 (Chai,Cheng,Ju, Yan, Lii,Xia0,2022) —5.43%2-22 (Chai,Cheng,Ju, Yan, Lii,Xia0,2022)
—31.4 + 3(PDG) —8.31 + 0.31(PDG)

Semileptonic B meson decays
Two-body B meson decays (pure annihilation decays)

PQCD

b-baryon decays see talks from Rui Zhou, Jia-Jie Han and Zhi-Tian Zou

multi-body decays (three-body and four-body decays)



B—->VV - P,P,P;P, decays

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

Figure 1. Helicity angles 6y, 65 and ¢ for the B — Mj; Ms decay, with each intermediate resonance
decaying into two pseudoscalars, M; — Py P{ and My — Py Pj.

A decay amplitude is written as AxPp@H @Ppp; @ Pppy.

~



B - VV - P,P,P;P, decays

* Analyze angular distribution in four-body decays

P,
0}\
f\
P

Figure 1. Helicity angles 6y, 0 and ¢ for the B — M; M5 decay, with each intermediate resonance
decaying into two pseudoscalars, My — Py P and My — PyPj.
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Improved Framework: corrections from the final-state meson masses

The meson momenta in light-cone coordinates
mp

ps = ﬂ(q— ,9+,071)

mpg
0 lsfl+— ku)

mg
kp = 0 ze—;K; k ~f+—e0ﬁkT
3 v 31 7

fx = %(1+n—rsi\/(1—77)2—27°3(1+n)+7’§>
)

1
gy = 5(1—77—{—7“3i\/(1—77)2—27’3(14—7])%—7’%

with the ratio 75 = m%g/mQB( , and 1 = wz/sz( N w? 2



P = Pp1+ P2 —Pl/P

rL—Ty,, MB rL—To,, Mp
R (R N 7 -2 )
p2 = ((1—C—“_72)f+73§ (€= =52 pT),
(mp, —m$p)*  mp +mp,
Pt = C(l—()w2+ P4w2 = — 9 -

p; = m3, , i = 1,2, with the mass ratios r1 o = m%l’Pz/mQB
For a P-wave meson pair, we introduce the longitudinal
polarization vector

e = —(f+,—f-,0
\/—f+ —f-,07)



Improved Framework: global determination of TMDAs
Standard nonlinear least-y? (Isq) method

experimental data: v; £ 0v;
5 v; — Uth 2 ’
X = Z ( 5 ) * theoretical values: v

1=1 v
Measured branching ratios and polarization fractions of both three-body and four-body B
decays (Measurements with significance larger than 3c)

Fitted Gegenbauer moments
mm o twist-2 @2(ad) and twist-3 ¢nr(as’)
Kr : twist2 @Rr(aik., abg.) and @iq(ai., azk.)
KK : twist-2 ¢KK(a2¢) and ¢KK(a2q>)

The Gegenbauer moments in the twist-3 KK, Km DAs and the transverse mmr DAs need
to be further constrained from the global analysis of the multi-body B meson decays,
when more precise measurements are available in the future.



B-VV - Pl PZ P3 P4_ decays

The differential rate for the decays

T k(w)k(wa)k(wr, w2)
dQ 16(27)6 02

[A]?. with Q = {61,609, 0,01, w2}

) = VIw? = (mg + myr?i)[w? — (mg - m.yr)Z}. (w1, 09) = VIM? = (w; + wzgj\][[Mz ~ o - w2)2].

The transtormation connecting the B meson rest frame and the
meson pair rest frame leads to the relations between { and 6

L—v1l+da; 1+ V1+40 ri—1i)? i+
2; — 1= /T dageosty, G e | ATV T a; = ¢ 47’2) -t
&85 k@@L )

dridtrdwidandg 4(2n)6m%(s)¢1 + da1/1 + 4oy



The CP-averaged branching ratios of each component can be
defined as follows

avg 1 5
Bh = E(Bh T Bh)-

The polarization fractions f; withA = 0,]|, Linthe B - V'V
decays are described as

- BO+B||+B_]_

fa

The direct CP asymmetry in each component can be defined as

dir= Bh_Bh
§ By, + By,

X SinA¢g SinAd
AP (A8)weak(strong)phase difference



In addition to direct CPV, one can predict triple product asymmetries (TPASs)

(TP > 0) — (TP < 0)
I'TP>0)+I'(TP<0)

Ar =

TP= P1 X P2 * D3

Ty = (ny, X fiy,) - Py, =sing  and

T2 = Q(ﬁvl . ﬁv:_,)(ﬁvl X fl\/:__,) -ﬁvl = sin 2(,’),

where 7y (i = 1, 2) is a unit vector perpendicular to the V;
decay plane and py, is a unit vector in the direction of V,

in the B ;) rest frame.



Note that a strong phase difference yields a TPA even in the absence of weak
phases, so a nonzero TPA does not necessarily signal CP violation.

L D20 —1)(2¢ — 1)sing > 0) —T((2¢1 —1)(2{ — 1)sing <0) 42 _ I(sin(2¢) > 0) — I(sin(2) < 0)
T 7 1((2¢, —1)(26 — 1) sing > 0) + T'((2¢; — 1)(2¢; — 1) sin ¢ < 0) T T(sin(2¢) > 0) + I'(sin(2¢) < 0)

4
= - / duon ek (w ) o(ws)(wn, wa) Il A AT,

A

= _27:1/3/dwldwzk(w1)k(w2)k(w1,wz)[m[AlAs]’

Im(A; Ay) = |A, ||Af|sin(A¢ + A@ Strong phase difference A§ can produce a nonzero value

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

_ (T > 0) + Ty > 0)) ~ [[(Tip) < 0) + T(Tap) <0)]  gr@ave _ [C(Ty@) > 0) — T(Tiz) > 0)] — [[(Ti(2) < 0) — (Tyz) < 0)]

1(2),ave — ~\7 —\ ke = — =
At = [T ) > 0) 1 T(Tae > 0)] + [N(Ti) < 0) + F(Taz) < 0)] fok [C(Tyz) > 0) + I(Taez) > 0)] + [[(Taz) < 0) + I'(Taz) <0)]
= By /d/dldek(wl)k(wz)k(wl,wiz) Bi(g) /dmdwzk(wl)k(w)k(wl,u)z)

A A*  — A, A* ALAG) + ALY,

() ({0}
(CE R x Im[—— 575

o Ay Ab SR A

x Im|



@ Recent progress

JHEP 05 (2021) 082; Eur. Phys. J. C 81 (2021) 9, 806; Phys. Rev. D 105 (2022) 5, 053002;
Phys. Rev. D 105 (2022) 9, 093001; Eur. Phys. J. C 83 (2023) 10, 974; Eur. Phys. J.
C 84 (2024) 7, 754 ; Eur. Phys. J. C 85 (2025) 4, 444




PQCD predictions for Brs of the four-body B(s) — (Km)(Kw) decays

Modes B(107%) Ffo(%) fi(%)
BY - K*K*0 13.2152 28.218% 35.7H47 .
PQCD-I 54734 38.35305 30.07%3 B (B - R 1 R 2 (P 1 P 2) (P 3 P 4)) =B (B -

g(gCD];-NLO 6.772% 43.41127 235128 RlRZ) X B (Rl N P1P2) X B(Rz - P3P4)

6.6 +2.2 56122 e
SCET 8.6 +3.1 44.9 +£18.3 249+11.1

FAT 14.9 4 3.6 3434126 332469 e wE [mK* — 0.15, mg- + 0. 15]Gev
Data 111427 2444 38 +£12 k o )
Bl K K 1l 3237108 193 o Theoretical uncertainties are added in
PQCD-I 5.4753 4207142 277152
PQCD-NLO 6.51%% 48.1197 23.9+44 quadrature :
QCDF 7.6123 52729 e
SCET 11.0+3.3 55 + 14 203 +8.6 B meson LCDASs
FAT 159+ 3.5 30.9 +10.4 349458
B KK 060707 8L 96777 Improved two-meson DAs
PQCD-1 0.347518 58 + 8 19.7+4:2
QCDF 0.679:2 52 + 48 24 + 24 Hard scale
SCET 0.48 £ 0.16 50 + 16 22.9 £10.0
FAT 0.61+0.17 58.3+11.1 20.8 6.0 ° b — S transitions ~1O_6
Data 0.83 +0.24 7445 =
B - K"t K"~ 1.24%038 ~ 100 ~ 0.0 e b > d transitions ~1O_7
PQCD-I 0.21 £0.10 ~ 100 ~0.0
QCDF 01401 ~ 100 ~0.0
FAT 1.43 +0.96 . o
Data <20 e e
B* —» K™ K*° 0.71%53% 83.533% 8533 PQCD-I:PRD91,054033(2015)
s 0555 i o PQCD-NLO:NPB935-17(2018)
- - —38 —-27 .
SCET 0.52 £0.18 50 £ 16 22.9 £10.0 QCDF:PRD80,114026(2009)
FAT 0.66 + 0.18 58.3+11.1 20.8 + 6.0 SCET:PRD96,073004(2017)

Data 0.91 + 0.29 82+12 E FAT:EPJC77,333(2017)




Modes B(107°9) fo(%) (%)
BY —» K*K*° 13.2152 28.215% 35.71570
PQCD-I 5.4139 38.3H121 30.0133
PQCD-NLO 6.7729 4341127 23.5T2%5
QCDF 6.6 + 2.2 56127

SCET 8.6 +3.1 44.9 +18.3 24.9 +11.1
FAT 14.9 + 3.6 34.3 +12.6 33.2+6.9
Data 11.1+£2.7 24+ 4 38 + 12
B° — K*K*° 0.607533 81.1733 9.67%7
PQCD-I 0.341018 58 + 8 19.7+38
QCDF 06757 52 + 48 24 + 24
SCET 0.48 4+ 0.16 50 + 16 22.9 4+10.0
FAT 0.61+0.17 58.3 +11.1 20.8 =+ 6.0
Data 0.83 4+ 0.24 7445




A new observable Ly g+ defined as the ratio of the longitudinal branching ratios of
B, - K*°K*0 versus B; - K*°K*°

S
) ’ S b ) ’
'Y Y
Bd K*O

B(Bs — K*K*) | |A§* +| A3

B(Ba — K*K*) £ |A§|? + | AgJ?

“ A

A

LK*I_(* = p(mK*o,mK*o)

phase-space factor



o AP+ 14
BT A + | AP

QCDF PQCD
(2301.10542) | (2209.13389)

19.53+%14 12.7%5$ ey 4.43 + 0.92
Modes _B_(li]‘_s)_ fo(%) Modes 13(1_0‘_6)_ _ fo(%)
By » KUK _ 132537 1 282155 | o, geofge0 0607022 | [ g11tdl !
PQCD-I 5.4759 38.31121 Y016 rgaa

: 05 PQCD-I 0.34+0-16 58 + 8

PQCD-NLO 6.7755 43.41127 QCDF 0,602 e
QCDF 6.6 + 2.2 56122 o 4- —0.31 .
SCET 8.6+ 3.1 449+183 SC 0.48 £0.16 P0£16
FAT 149436 343+126 FAT 0.61£0.17 r5§-3_i_ 11.1
Data 111.1+27, [ 244 | Data 0.83+£024_, | 74E£5



PQCD predictions of the four-body B — (7m)(mm) decays

Modes B(10~°) fo(%) f(%)
BY = ptp" T TR oA L)
PQCD [26] 13.5%5] 98+ 1 0.4670 08
QCDF (23] 20.073% 96 + 2

SCET [28] 22.1+£3.7 100 e
FAT [29] 21.745.1 95.5+ 1.1 2.22 +0.64
Data [1] 24.0 4+ 1.9 95.0 £ 1.6

B® = ptp~ 27.053%7 92.213:8 45133
PQCD [26] 26.013%° 95+1 2.4215-21
QCDF (23] 255740 92+ e
SCET [28] 27.7+ 4.1 99.1+0.3 0.40 £ 0.18
FAT [29] 29.5 4 6.5 92.6+£1.6 3.65 £ 0.91
Data [1] 27.7+ 1.9 99.0*%-1 E

B® = p%° 0.35%0 67 37.9%33 33.9%35
PQCD |[26] 0277012 12419 45.9"%}
QCDF (23] 091249, 92+7, e
SCET [28] 1.00 £ 0.29 87+5 5.81 4 2.84
FAT [29] 0.94 % 0.59 81.74+10.8 9.21 £ 5.50
Data [1] 0.96 £ 0.15 71ty

BY = ptp~ A 1.351054 99.4+5:5 0.340:3
PQCD [26] 15407 ~ 1.0 ~ 0.0
QCDF [23] 0.681073 ~ 1.0

FAT [29] 0.10 = 0.06 e E

B =%\ 0.68%0:33 99.4%52 0.3433
PQCD (26 0.74+5:3% ~ 1.0 ~0.0
QCDF (23] 0.341+0-3¢ ~ 1.0

FAT [29] 0.05 + 0.03

Data [1] < 320

PQCD:PRD91,054033(2015)
QCDF:PRD80,114026(2009)
SCET:PRD96,073004(2017)
FAT:EPJC77,333(2017)



Direct CP asymmetries (1072)

* The direct CPVs arises from the interference between the tree and
penguin amplitudes.
* The total direct CP asymmetry can be well approximated by the

weighted sum of the three asymmetries.
A((hl], ~ [0 A [(;’j) T foU([’ + f—AFI’

X SinA¢ SinAod



Modes Agp -Alclzp Acp Ay
Bt = ptp® = (7t a®)(#ntnT) 0.4102(97.7%) —0.172-4(1.0%) 0.5+9-2(1.3%) 0.4+9-2
Data cos _5:|:5
B° = ptp~ = (nt ) (n~70) —3.719:2(92.2%) 43.47117(3.3%) 38.4112:0(4.5%) —0.3729
Data v [ PP Oig
B% = p%0° = (rt7 ) (ntw7) 61.71133(37.9%) 64.915%1(28.2%) 76.9755(33.9%) 67.870 3
Data 20 + 90
BY = ptp™ = (ntn%) (n =) 5.115:3(99.4%) 4.3755(0.3%) 5.9759(0.3%) 5.1+1:2
BY = p%0° = (nta ) (ntwT) 5.1732(99.4%) 4.3735(0.3%) 5.9752(0.3%) 5.1+3:2
Bt = ptK*0 o (nt7°) (K *7n7) —0.2719(48.7%) 1.619-9(25.6%) 1.7+9-2(25.7%) 0.8%7%
Data e e —14+16
Bt = p°K*t — (a7 ) (K7 ™) 32.8721(57.8%) 0.8+44(25.3%) —56.2797(16.9%) 9.6+71
Data 31 +13
B = p°K*° — (nta)(K*77) 0.172:3(33.2%) —34.5192,(25.6%) 12.8195(41.2%) —3.5122
Data e —6+9
B = pm K*t = (a~7%)(K°x™) 57.2735(48.0%) —26.5753(25.8%) —30.774%(26.2%) 12.674%°
B = ptK*~ = (at7%) (K7 ) —14.2132(89.4%) 73.77123(5.3%) 75.2710%(5.3%) —4.7131%
BY = p°K*° = (ntn ) (K~ 7h) 21.2712%(59.4%) 73.21520(19.1%) 81.87515(21.5%) 44.211%3
BY = p%¢ — (ntn ) (KTK™) —2.478:9(82.9%) —18.3172(8.2%) —16.8750(8.9%) —5.0%2
BY » K™ — (K°n")(KTK™) —5.7731-2(54.6%) 2.879-3(22.3%) —2.371-3(23.1%) -3.37¢
BY — K*K* — (K°n*)(K*n™) —21.57%.7.(83.5%) —9.0715(8.0%) 7.9717(8.5%) -19.4%7¢
B® - K*tK*~ — (K°&+)(K°r™) 19.1+35(~ 100%) —29.51 100 (~ 0) 10.2+%7(~ 0) 19.1+28



PQCD predictions for TPAs (%) of the four-body B(s) — (Kn)(Km) decays

B = BY— B B’ Bt —

Asymmetries o _ 4 0 4,50 _— _ 4 b 0 4 70— 0_+ +

(K7 )(K™a" )} (K'n") (K7 ) J(K™ 7" ) (K7 )} (K'n")(Kon )| (KT ) (K7 n)
AL 11.8777 9.710% 106777 ~0 85105
A} —11.8704% —9.9702 -10.67}3 ~0 —0.2753
Aj(true) 0 01799 0 ~0 —0.2702
A7 (fake) 11.870-% 9.8%0:3 10.6712 ~0 8.7+4%
A2 0.2701 0.2701 0.3%01 ~0 0.2499
A2 —0.2191 —-0.2790 —0.3191 ~0 0.370:2
A2 (true) 0 0 0 ~0 0.251910
A2 (fake) 0.2701 0.2701 0.391 ~0 —0.0570:00
A 21548 3.3104 2,019 ~0 36703
A3 -2.1%5% -1.0109 -2.0199 ~0 —0.8703
A3 (true) 0 1.210:3 0 ~0 16509
A} (fake) 21758 2.207 2.0 ~0 2.370:1
At —4.6113 —5.1714 —5.171% ~0 —2.770%
Al 16131 1.1t18 51123 ~0 1.0108
A% (true) 0 -0.51073 0 ~0 -0.9703
A} (fake) —-4.6%7% —4.671% —5.17%3 ~0 -1.9%03

LHCb[JHEP07(2015)166]

roymmery | —owa

A%(true) 0.0130-.%8;9041
Altrue) Qoo
Ajltrue)  doD 0o
A‘}w(true) ;%%%%i 0.041

The LHCb measurements
show no manifest deviation
from zero.



1“3 Outlook




Develop a systematic theoretical approach to 3-body hadronic B
decays in the whole phase space
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Extraction of the SM parameters through multi-body B decays
NLO corrections to multi-body B decays
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