Charmless multi-body beauty-baryon decays
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Introduction

e (P violation, one of Sakharov’s three essential conditions
for explaining the matter—antimatter asymmetry of the Universe.

e Visible matter consists predominantly of baryons (protons and neutrons).
Its manifestation in the baryon sector is therefore of particular significance.

e To this end, B, — BM have been extensively studied,
with Acp extensively investigated:

1. C.D. Lu, Y.M. Wang, H. Zou, A. Ali and G. Kramer [PRD80, 034011 (2009)], 6- S Roy, R. Sinha and N.G. Deshpande [PRD102, 053007 (2020)],

“Anatomy of the pQCD Approach to the Baryonic Decays Ay — prr, pK.” “Beauty baryon nonleptonic decays into decuplet baryons

2. Y.K. Hsiao, C.Q. Geng [PRD91, 116007 (2015)], and C'P -asymmetries based on an SU(3) -flavor analysis.”

“Direct CP violation in A, decays.” 7. A. Dery, M. Ghosh, Y. Grossman, S. Schacht [JHEPO03, 165 (2020)],
3. X.G. He and G.N. Li [PLB750, 82 (2015)], “SU(3)r analysis for beauty baryon decays.”

“Predictive C' P violating relations for charmless two-body decays of 8. C.Q. Geng, C.W. Liu and T.H. Tsai [PLB815, 136125 (2021)],
beauty baryons =, * and AY with flavor SU(3) symmetry.” “Non-leptonic two-body decays of A} in light-front quark model.”

4. J. Zhu, HW. Ke and Z.T. Wei [EPJC76, 284 (2016)], 9. R. Sinha, S. Roy and N. G. Deshpande [PRL128, 081803 (2022)],
“The decay of A, = p K~ in QCD factorization approach.” “Measuring CP Violating Phase in Beauty Baryon Decays.”

5. Y.K. Hsiao, Y. Yao, C.Q. Geng [PRD95, 093001 (2017)], 10. J.J. Han, J.X. Yu, Y. Li, H.n. Li, J.P. Wang, Z.J. Xiao, F.S. Yu

“Charmless two-body anti-triplet b-baryon decays.” [PRL134, 221801 (2025)], “Establishing CP Violation in b-Baryon Decays.”



e Measurements had not provided conclusive evidence: Related theoretical investigations:

(AZZ;I;_ I()jwp—) . (_1.4 +0.74+04. 044+ 0.9+ 0.4)% 1. J.P. Wang and F.S. Yu [CPC48, 101002 (2024)],

LHCb [PRD111, 092004 (2025)]

“CP violation of baryon decays with N7 rescatterings.”

2. Z.H. Zhang, J.Y. Yang and X.H. Guo [2504.19228],
KE
Z()?P = (_0'6 Al 1'9)% “Full analysis of CP violation induced by the decay angular correlations

LHCb [JHEP10, 169 (2025)] in four-body cascade decays of heavy hadrons.”
3. B.n. Zhang and D. Wang [PLBS68, 139674 (2025)],

e Situation changed with the observation:

Acp(A) = pK~ntn~) = (2.45 £ 0.46 & 0.10)%

LHCb, [Nature 643, 1223 (2025)] “Large CP violation in A — pK~7nt7~ and its U-spin partner decays.”
establishing the 1st discovery of baryonic C'P violation. 5. Q. Chen, X. Wu, Z.P. Xing and R. Zhu [PRD112, 3 (2025)],

“U-spin conjugate CP violation relations in bottom baryon decays.”

4. X.G. He, C.W. Liu, J. Tandean [PRD112, L111302 (2025)],

“Implications of recent LHCb data on CP violation in b-baryon four-body decays.”
6. W. Wang, Z.P. Xing and Z.X. Zhao [PRD111, 053006 (2025)],
“Implications on the CP violation of charmless three body decays

of bottom baryons from a U-spin analysis.”



e The 1st baryonic C' P asymmetry is in fact extracted from
resonant subprocesses of A} — pK ~wt7~, including

A) = R(pntn™)K~,

Ay = R(pr™)R(K~ ™),

AL S ROK SR 1 )

interpreted in terms of the underlying two-body transitions
A — N**K—, A) - N K9, A) — A*M?,

followed by the strong decays:

N

N*0 — pn~ together with K% — K=,

A* — pK~ together with M9 — ntn~.

e NV* and A*: the excited nucleon and hyperon states.

e Experimental kinematic selections suggest:

MY = p°, w, and fo/ fo(980)

K% = K*/K*0(892), KV /K;°(1430).

Decay topology Mass region (GeV/c?) Acp
Mpr- < 2.2
A? = R(pK~)R(m+7") i (5.3+£1.3+02)%
(R ]
Mpr— < 1.7

A9 — R(pr~)R(K~+)

0.8 <m +r- <1.0 (2.7£0.84+0.1)%

or l.1<m +g- <1.6

AY) = R(pntn )K~

Mprtna— < 2.0 (5.4 + 0.9 & 0.1)%

A} - R(K~ntn™)p

me 1+ 2.0 (2.0 m s [ 0.3)%




o A} = N*M and A} — A*M play a key role; 1. H.H. Zhong, M.S. Liu, R.H. Ni, M.Y. Chen, X.H. Zhong, Q. Zhao,

however’ remaining ]arge]y unexplored. “Unified study of nucleon and A baryon spectra

and their strong decays with chiral dynamics,”

[PRD110, 116034 (2024)].
e The constituent quark model (CQM), 2. K.L. Wang, Q.F. Lii, J.J. Xie, X.H. Zhong,

e Limited understanding of the N* and A* resonances

through its description of baryon spectroscopy, provides “Toward discovering the excited {2 baryons

through nonleptonic weak decays of €2.,”

[PRD107, 034015 (2023)].
e In partiCU-lara the CQM 18 applied to studies of 3. K.L. Wang, J. Wang, Y.K. Hsiao, X.H. Zhong,

a much improved understanding of many excited baryon states.

()¢ spectroscopy in (), decays, A, spectroscopy in A, decays, “Excited { hyperon in charmful ), weak decays,”
[PRD111, 114028 (2025)].

4. J. Wang, K.L. Wang, Y.K. Hsiao,
e The CQM framework is well suited “Investigating (2. spectroscopy in two-body {2, decays,”

for studying A} — N*M and A) — A*M. arXiv:2603.13721 [hep-ph].

() spectroscopy in 20 decays.



Formalism

oo M}
J 0 e
g( U q M J s (K y Kg, Mg)
= . , (u,d,5)
W W . W
b > — U b > > b N S b d y & (u,d, s)

g
S
’ 9,7
Ag U > U N*+ Ag U - U A* Agu W‘ u A* Ag o . u (N*+’N*O’A*)
d > d d d d . d d - d
(a) (b) (c) (d)

Feynman diagrams for (a,d) A} - N*K~, (d) A} = N*°K9Y, and (b,c,d) A) — A*M).

M(AY = N*TK™) = (af + o) (K |(5u)y_a|0) (N**|(b)y_a| AD)

+ag (K| (5u)s4+p|0)(N*T|(ab)s_p|Ap) ,

M(A = N*°KG) = a5(KJ|(5d)v_4|0)(N*°|(db)y—alAp)

+ag (K| (5d)s4 p0)(N"°|(db)s_p|Ay)

M(A) = A*MY) = [o5(MY|(u)y—4|0) + a5 (M| (@u + dd + 55)y_40)
(85)v-4|0) + o5 (M;|(au + dd + 55)y1.40)

|(2au — dd — 55)y_4|0)]{A*|(3b)v_a|A})

Mj|(55)s+p[0) (A](8D)s—p|Ap) -



e R(pr™n~), R(pm~), and R(pK ™)

exhibit clear resonant structures in the region of (1.5-1.8) GeV

of the invariant mass spectra for the four-body decay AY — pK 77,
e Within the CQM framework, the N* and A* resonances

are identified as members of the 1 P-wave baryon octet, including
N(1535)/A(1670), N(1520)/A(1690), N(1650), N(1700), and N(1675),
with J* = (1/271,3/27%,1/271,3/271,5/271), respectively,

together with the 1 P-wave hyperon singlets

A(1405) and A(1520), carrying J* = (1/27%,3/271), respectively.

e A careful identification of the possible contributions

requires the evaluation of a total of 27 decay channels

in A — N*TK~, N*°K9 and A*MO.
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Using A) - N%..K:? as a example:

e The relevant effective Hamiltonian of the b — sdd transitions: 5(pa) R_3<143O)°
d(ps)
] ‘ W
H(b — sdd) = ¥,¢;0; (1 =1,2,...,6), . W -
= Do L = 1)%a5 %3, 7 (1 = V5)b0r Os = Py Vul = 15)%0, 93,7 (1 — 15)¥.. i P A

Os = 205, (1 + 75)¥a,%2, (1 — ¥5)¥bar Os = 2105, (1 + ¥5)¥a,¥a, (1 — V5) Ve
e In the factorization, O3y =~ Oy6) /NS eff.

of = —VaViaa, 0§ = VaVi2as, aye) = Cig) + i)/ Ne!

e In the non-relativistic approximation:

Ou6) = Oy(y + Oy¢) [PC(PV), parity-conserving(violating)]:
O0F° = 8(ps — Ps — P4 — Ps5)/ (27)°0;0,

x{a4- [(2%5 | 2%4) - (ZI:T)n%s | 2%3) 1073 X (2%3 2%")]
103 - [(2%;, | 2%'3) - (2%5 | 21;44) 1074 X (2%4 2%55)]}’
O,V =6(ps — P3 —Ps— Ps)/(27T)3OfOAc(0'3 04— 1),
OF° = 6°(ps — Py — P4 — P5)/ (2m)°0;0.

{0'4' (2%4 2I'r)n55) w0 (2%3 zlr)ngg) }7

OF¥ = —0%(p; — Ps — Py — P5)/(2m)° 050,

O; = bl(s)bi(d)b}(d)bs(b): b — d transition+sd pair creation.

oF — 5646556;363: color-singlet.



o M(Ay = NisgsKo?) = ag(M5C + ML) + ag(Mg© + Mg"), where
Jf,Jz,Jz 2\ I % z ) <

(Mf(g),PV)Jl,Jzz,J:;B o <N?535(P27 J2, J2)K00(q7 J3, JS)‘Ozﬁg)PV|A8(P17 J1, ']1)>7

Ap(Py, J1, J?), N2ao(Py, Jo, JZ). and K%(q, J3, JZ) denote the wave functions.

e Meson wave function: M(P3,J, J,) = [ dpsdps6°(ps + P5 — P3)Va(Ps, Ps),
U, (P4, P5): the momentum-space mock-state wave function.
In the Jacobi-momentum framework: py = (P4 — Ps)/V2,
internal motion of the meson as a simple harmonic oscillation,
IS ;

\IIM(p4a p5) o ZmM C'rrjw\j\/[,SZS,J:;z CM@MX%ZTPanMmM (pM)7
Cayry P, and ng, the color, flavor, spin wave functions, respectively.
Unaslama, (PM), the simple harmonic oscillation function:

. z z
Yrim (B) = () (= 1)" || oz exp (—£2) L2 (B2) Vim(P)

L,ln*l/ 2 the associated Laguerre polynomial.

Vim(P) = |P|"Yim(P), the solid harmonic.
Yim (D), the spherical harmonic.



e Baryon wave function:
B(Pg, J, J.) = [ dp1dp2dps 53(P1 + P2+ p3s — Ps)VB(P1, P2, P3),
Ug(p1, P2, P3), momentum-space mock-state baryon wave function.

In the Jacobi-momentum framework:

Py Pz)/\/_

Py = \/ [m3 P1 ! Pz (ml b mz)Pg]/(ml + Mo + m3)-

p,: the relative motion between ¢; and g,.

p.: the motion between g3 and the g;q, subsystem.

the baryon is described by the p- and A-mode oscillators,
such that ¥g contains ¢y, ; .. (P,) and U 1om, (PA).



e In Ag — N{)535K'6‘0:
‘I’R*O(le, P5) = Ci{ ¥ K [ : 1¢011(P1‘< 0) e X(l)%lo(Pf( 0) +Xi¢o1 1(Pz‘< 0)]/\/§,
(1 X0, Xx11) = (M1, (1L + 4D /V2, 1), Cgeo = (RR+ GG + BB)/V/3, pgwo = sd.

S=1/2
Up0(P,r Pa) = Ca0Ba0X s rn/2.s,—0%600 (P o) W00 (P2),

¢ro = (RGB — RBG + GBR — GRB + BRG — BGR)/ V6,
dro = (udb — dub)/v/2,

S=1/2 S=1/2
X1 /2,000 = —1/ V211 = I11), X2 /55,20 = 1/V2(1H — ).

. L=1,S:1/2,J=1/2 1

(¢” X1/21 5 Cb/\st )¢01ML(P,))¢000(P,\) +(” Xl/ ¢>‘st )¢000(Pp)¢01ML (Py)];
OF = 1/\/_(udd dud), (bA — 1/f(dud—|— udd — 2ddu), CN%% — CAo

ity = —(H + 11 =2 114)/v6, and x°Tf2 | = (14 + 1L —2 L) /V6.
The relevant CGCs satistying M; + S, = J, are

1,1/2,1/2 1,1/2,1/2 1,1/2,1/2 1,1/2,1/2
Co /1/2/ 1> Co,1;2,1//2 = ) 1/37 C—1/1/2/ 12 C1,—/1/2,/1/2 o 2/3-



e M(A) = NP K3°) = a(MEC + MPY) + ai(MgC + MEY)
le,JQZ,J A _* yA ) 4
(Mf(g)’PV)JLJz,Js <N1535(P27 J2 JZ)K O(q7 J3, J3)‘Of(g)PV|Ag(P17 J1, Ji )>

g e A N T
4 /2,20 e -\ : , \3/2 2ma+m3 \my ms ) 4 /2,20 ’
w9/ (aA1+a>\2) (ap1+ap2)
5
Mt I (00 (-
6 /3,3.0 9/a( 2 &, 2 \3/2 2mztmz \my - mg ) 6 /3.3.0 ’
79/ (QMMAZ) (a2, +a2,)

(ap1,001), (ap2, x2), and ag are the oscillator parameters,
corresponding to the initial-state baryon, the final-state baryon,
and the final-state meson, respectively.

The corresponding branching fraction is evaluated through
B(AY - B*M) = 8r2[AInEaBs 57 | M35 (A — B*M)|?).
All B(A) — N*M, A*M) are evaluated in the same way.




Results

N1535 Ni520 Ni650 N1700
OB & N"TK) 15.0730FE] 25,0780t 57T LOrl Goriii
L0PB(AD » N'OR™0) 6.gtRETE0 1p FARILE | F0THOE | grOTi0s
6 0 %0 %0 +2.845.7 +6.04+12.1 40.741.4 +1.041.9
10°B(Ay, = N Kg~) 15.4 7750 g 3257 5°a 10 39 43 175 52155 1'%
A1670 A1690 A1405 A1520
BN+ A%;%) | 42PQETT 7gTOATLE | r0Ie0t 5 roares
1068(Ag S A*w) 0.9+0:5+0.2 | £+0.840.4  ,+40.240.1 § »+0.4+40.2
‘Y _0.3—0.2 ‘9 _0.5—0.3 rr 0101 o200
6 0 é +0.243.9 +0.447.9 £0 115 +0.243.4
10°B(A, — A7 fo) 1097 557373 22.1 ' g, 427577773 9475575

e The 1P-wave baryon resonances play a key role in A} — B*M,

the underlying two-body transitions of A} — pK 7 7.

e B(A}) — N1§35,1520K_) > B(Ay > pK~) = (5.5+-

providing a useful test of the CQM framework.

El 210~

e The spin structure of the A) baryon has no overlap with that of Nyg7s,

forbidding the transition and leading to B(A) — Nig7sM) = 0.

e In the light scalar channel, f, with JF¢ =0t

only receives contributions from the ss scalar current

associated with the af terms, leading to B(A} — A*fy) at the 107 level.



e Utilizing the approximate relations:

B(A) - K prtn~) ~

B(A} - N**K~)B(N** — prtn—),

B(A = N**KO)B(N*® — pr~)B(K% - K—nt), and
B(A} - A*MYOB(A* - pK~)B(MY — nrn~), with
the branching fractions of N*(A*) decays in the table,
B(K* K - K—nt) = (66.6,62.0 &+ 6.7)%,

B(p°, w, fo —» #t7n~) = (100,1.5 £ 0.1, 35 + 8)%,

we estimate the resonant branching fractions of A} — pK ntw™.

Ni1535 N1520 N1650 N1i700
102B(N*T > prtx~™) 86+52 24.5+3.0 19.0+ 7.0 56.7 + 6.0
10°B(N*° = pr ™) 28.0 + 6.7 40.0 + 3.3 40.0 + 6.7 8.0 &+ 3.3

A1670 Ai1690 A1405 A1520
10°B(A* = pK ™) 12.5 + 2.5 12.5 + 2.5 0 22.5 4+ 0.5

e The direct C' P asymmetry:

0 e o B(Ag—>K_p7r+7r_)—B(I_\g—>K+ﬁ7r_7r+)
Acp(Ay = K™prn™) = BAAVSK —prta—)+BAVISKFpr—nt) "




Results

(our work)

resonant decay channel

Acp X 102

(measurement [14])
Ag — K~ R(prntn)

A? » R(pr)R(K— =)
A} - R(pK™)R(n ™)
Ag — pK_7T+7T_

5.4+0.910.1

2. 08 £0.1

53 1.3 +F02
2.45 £+ 0.46 = 0.10

o Acp(Ag — K_(

N

)prtr~) = (7.40 =

- (0.15 -

in good agreement with Acp(Ay = K~ R(pntn™)).

® ACP(Ag — (N*O —

sum

) (

—)K~7t) = (1.03 -

consistent with Acp(AY — R(pn~)R(K~7T)).

Pure penguin-level processes,

without interference from the tree-level amplitudes

carrying the weak phase through V.
® .AC P (Ag e (A*

sum

—)pK~—(M? ——

Jrt) = (0.99 -

showing a 2.60 deviation from the current data.

A9 — K~ (N&gtn —)prnt o™ 1062 4 |0 7.40 + 0.21 + 0.22 =+ 0.20
AL (v s (B R 5 - T 1.22 + 0.13 & 0.01 =+ 0.07
A — (NX2, —)pr (BE® -)K ot o = = 0.95 4+ 0.14 4+ 0.19 + 0.14
A9 = (N0 S)pr (KD, )K=t e R S 1.03 & 0.16 =+ 0.14 4 0.19
M kO i U2E 001 L0005 Ldos . 1 oE 000 L0008
A — (Adym 2)PK ~ (w —)m T o™ (07 01100 10 6o L

A = (Al =)PK ™ (fo =)ntn~ 22100 F- 07 hol

A9 = (AXym 2)PK~ (MO, —)nT o™ g 00 04 0.99 +0.08797 +0.11
A - pK~ntm~ g0 @ - i8 3.18 £0.11 4+ 0.13 £ 0.11

w0100 1 0.20)%,

- 0.16 -

e Summing over all resonant contributions,

we obtain a significant branching fraction

-0.14 4+ 0.19%, B(A) —» pK—7tr) = (30.0773757 £ 1.8) x 1075,

097
1.24 -

- 0.08+

In particular, Acp = (3.18 £0.11 £ 0.13 £ 0.11)%

gives a natural interpretation of

the 1st observed baryonic C' P violation.

-0.11)%,



Summary

e A} - pK~mtn~ receives contributions from subprocesses,

inclnding A + N*'K , A} > N*'K" and A} > A'M).

e The participating N* and A* resonances are identified as

1 P-wave excited baryon states.

e The branching fractions B(A) — B™) are investigated. In particular,
B(A) — Ni535 K, NispoK ™) = (15.0575751,25.9735775) x 107,

e Incorporating all relevant resonant contributions, we obtain

B(A) = pK—mtn™) = (30.0175737 + 1.8) x 1076, while the resulting
Acp(AY = pK~7tn~) = (3.18 £0.11 £ 0.13 £ 0.11)%

is in good agreement with the current experimental measurement.
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