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Four-body baryonic B — B;B/B,B,, decays
e LHCb newly observed B° — pppp with

B(B° — pppp) = (2.24+0.44+0.1£0.1) x 1078
'PRL131, 091901 (2023)].

e In comparison with

B(B° — pp) = (1.25 +0.27 £ 0.18) x 10~8 (LHCb),

(B~ — ppn~) = (1.62 £ 0.20) x 10~° (PDQG),

(BY — pprY) = (5.0+1.9) x 1077 (PDQG),

B(B° = pprtn™) =(3.0£0.2+0.2+0.1) x 107° (PDG),
(

B® — pppp) is unexpectedly small.



e mp > mp + mg for BB/

1. B— BB'M

B(B° — npD**) ~ 1073 observed in 2001 (CLEO)
B(B~ — ppK~) ~ 107° observed in 2002 (BELLE)

2. B — BB’, LHCb

B(B~ — A(1520)p) = (3.15+0.48 +£0.27) x 10~7 (2014)
B(B~ — Ap) = (2.4%53 +£0.3) x 107 (2017)

B(B° — pp) = (1.25 4+ 0.27 £ 0.18) x 1078 (2017)




3. 1st observation of a baryonic BY decay (LHCb, 2017)
B(B? — ApK* 4+ ApK ™)
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4. B, - BB'MM’

B(B~ — Aprtn™) = (5.927
B(B® — pprtr~) = (3.0 =
B(B° — ppKF7*) = (6.6 =

- (0.00 =

5. radiative and semileptonic

B(B~— — Apy) = (2.16
B(B~ — ppl~1vy) = (5

058 + 0.20) x 10- (BELLE, 2005)
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Threshold effect
e From (non-)observation of B® — npD** (B° — pp),

conjecturing a preference of BB’ formation [Hou, Soni, PRL (2001)]

e Threshold effect, an enhancing factor

A peak near the threshold area of mgg ~ mp + mg:

Observed in B — BB'M, BB'MM', BB/, BB/LL/
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e The hard off-shell gluon suppresses
M (B — BB’) by the power of o, /q? [Suzuki, JPG 34, 283 (2007)]

q o
(antibaryon) _ __ — q (baryon)

~ _ (meson)

(baryon)

(antibaryon) (b)

collinear gg, not energetic



Factorization
M, (B — BB'M) o« (BB'|(g¢')|0)(M|(gd)| B)
M;(B — BB'M) o« (M|(qq")|0)(BB’|(qb)| B)
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pQCD counting rules

(BB’
(BB’

(g¢')|0), Fgg: o< 1/t* (Brodsky, Farrar, 1973)
(gb|B), F5, < 1/t° (Chua, Hou, Tsai, 2002)



B — B;B,B,B,

e M o (B1B|(qq")|0)(B2B5|(gb)| B)

e T'wo dibaryon formations, threshold effect exists.

e anticipated to be of order 107°. In fact,

B(B° — pppp) < 2.0 x 10~7 (Babar, 2018)

B(B° — pppp) = (2.24+0.44+0.1 £0.1) x 10~8 (LHCb, 2022)

as small as B(B° — pp)
e An interpretation is needed.
e Providing more B — BB/, B2B/, decay channels

for future measurements.



Amplitudes
(B~, B)) — (nppp, AppA)

(af + af) (np(dw)v—|0) (ppl (@b)v—a| B~)

+ag(np| (du)s+p|0)(pp|(ub)s—p|B~)

(b)



Amplitudes
(B, B, BY) — pp(Ap, pp, AD)
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M(B°® — pppp) =

[(pplad (auw)v — ol (@u) a|0)+ (pp| B3 (dd)v — B2(dd) 4|0}
+(af — afy/2)(pp|(dd)v_4|0)] (pp|(db)y_a|B°)
+ag(pp|(dd) s, p|0) (pP|(db)s—p|B°)



Timelike baryonic form factors

<B1]§,1‘(C_7q,)v‘0> = U | F17y mBlisz, 10 q" |V
(B1B11(77)410) = % | g, + 7 i | 15v
(B1B}(dq")s]0) = fsuv
(B1B}(dq")p|0) = gpuysv

CFl oy c S Cyp

F]._ 82 7gA: 52 7fS: 8f2 79P: 2
= (p1 + p’1)2
(CFlach’Cfsvcgp) o \/7(C||7 C||7 C||’ ||)

(fOf (Ap|(5u)v,a,5,p|0))
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Cr =301+ 307, Cga = 30— 50y, (for (pplay,(75)ul0))

37
12 1 . 2 -
Cr = 30+ 307, Cou = 50 = 30, (for (ppldyu(y5)d|0))
1 1 -
Crs = §C||, Cgp = §C|| , (for (pp|d(vs5)d|0))

3 3 s )
Cp = §C||, Cgy = \/;C’”, (for {(Ap|57y,(v5)ul0))

_ 3 = o
Crs = —\@Cn , Cgp = —\@C” , (for (Ap|5(7s)u|0))



B — B,B), transition form factors

(B2B3|(5b)v|B) = it|g1Vu + 9210,D" + 93Py + 9adu + 95(PB;, — DB, )y,
(B2B5|(30) 4| B) = il fiy, + faiouwp” + fspu + fagu + f5(PB, — DB
(B2By|(3b)s|B) = it[g1p + g2(Esy + Es,)

(B2By|(5b)p|B) = iulfip + fo(Eg, + Es,) + f3(Em, — Es,)Jv

D, = Dy, = /3Dy, D,,,, =
(for (Ap|(5b)v,|B7))

93(Eg, — EB,)|vsv

YsU



Extractions

B

(C)1, 60, Cp, 6Cyp) =

Ik

(150.8 + 5.7,31.9 +7.1,27.4 -

(a)

ﬁp

& .

-27.3,—-317.8 £ 169.1) GeV*

X. Huang, Hsiao, J. Wang and L. Sun,
“Angular asymmetries in B — ApM decays,” PRD105, 076016 (2022)

= (11.2 +

2 3 4 5
Dy, Djj, D}, Djj) =

= 2 3
Dy, Dy D, Djj) =

10.1,442.2

- 43.5,332.3 -

- 17.2) GeV?®

- 103.4, —38.7 £ 9.6, 80.7 & 27.2) GeV*

12.9,23.8 +6.8,90.9+11.1,131.7 + 330.7) GeV*

Hsiao, “Semileptonic baryonic B decays,” EPJCS83, 300 (2023).
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Phase space

dr' = 1 Jgﬁl;% Xag,ap, ds dt d cosfg,d cos g, d¢
X = [(m% — s — t)2/4 — st]'/?

GF - ) ool a0 e
Aa,b,c) = a® + b* 4+ ¢* — 2ab — 2bc — 2ca
Allowed ranges

(m1+m))? < s < (mp—Vt)? (me+mp)? <t < (mp—my —m))?
0<0p,B, <, 0< ¢ < 2rm



Identical particles, indistinguishable amplitudes

e In our case

(B™, B)) — (nppp, AppA)

(B~, B%, BY) — pp(Ap, pp, AA)

e By following the studies of (7, K, BY) — efeete™:

1. T. Miyazaki and E. Takasugi, PRDS, 2051 (1973),

“Internal conversion of pseudoscalar mesons into lepton pairs.”
2. L. Zhang and J. L. Goity, PRD57, 7031 (1998),

“The Decays K1 — £T0~ 070~ revisited.”

3. Dincer, Sehgal, PLB556, 169 (2003),

“Flectroweak effects in the double Dalitz decay By — ¢4 014~
4. Ivanov and Melikhov, PRD105, 094038 (2022),

“Theoretical analysis of the leptonic decays B — Llhy,:

Identical leptons in the final state.”



e BY — pppp for illustration

M = Mgir + Mex

M ie[B® = p(p1)p(p))p(p2)B(D5)]

Mex[B® — p(p2)p(p1)p(p1)p(p'2)]

B = Bgir + Bex + Bair + Bairxex;

where Bgirxex X Maix M7, + MG Mex.

No doubt: Bg;; = B.x, but how to evaluate Bgirxex !
Mair: Fag o 1/s%, Fgg o< 1/83.

R e S T D R

s = (py +p))? and t' = (p1 + ph).



Approximation around the threshold
Bairsex ~ 0.14 x 1078, negligible.
B(B° — pppp) = (Bair + Bex) /4,
1/4 for the 4 indistinguishable amplitudes.

P1(Pa) P2(pa) P1(pa) P1(pa)
P1(ps) p2(p.) P2(pb) P2(Pc)
(a) (b)
P2(Pa) P2(pa) pa(pa) P1(pa)
P1(p) P1(Pc) Paps) P1(pc)

(¢) (d)



Numerical results

decay mode our work data

:_OSB(BO £ pﬁpﬁ) 224+04+0.1+£04(2.2+04
108B(B~ — nppp) | 84%2L+0.4134 | —
10°"B(B~ — Appp)| 3.7133+0.02418 | —

10’B(B? — AApp)| 19133 +0.017 s | —
Errors come from non-factorizable QCD corrections,
CKM matrix elements, and the form factors, in order.

e Except for B(B° — pppp), B(B — B1BB2B}) ~ 1077
not as large as B(B — BB'M) ~ 107

e “Double” threshold effect:
a strong preference of the phase space,

an unexpected restriction.



dB/dm, ;(107%/GeV)

Double threshold effect
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Summary

e We explained B(B° — pppp) as small as 1078.

e We predicted B(B~ — nppp), B(B~ — Appp), and
B(B? — AApp) of order 1077,

accessible to the LHCb and Belle II experiments.

e Double threshold effect,

used to test the theoretical model.
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