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We study four-leptonic decays B~ — £~ ¢ '~y and B~ — £~ {74 .
@ Rare decays allow a precise test of Standard Model. Deviations from
theoretical predictions may indicate physics Beyond the SM.
@ The only experimental upper limit [1] on the partial width of the
decay B~ — p~ ppu~ 1, is lower than all the previous theoretical
predictions [2-9]:

Br(B~ — u utu ,) <0.16 x 107",

@ The previous theoretical predictions have certain limitations:
- Massless lepton approximation (simplifies bremsstrahlung contribution

and kinematics).
- Only light mesons resonances contribution.
- Gauge non-invariant form of the amplitude.
- Interference calculation in the decay B~ — £~ ¢*{~ 1, is approximate.

Our aim is to address these limitations to provide more accurate

theoretical prediction.
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Feynman diagrams

€ (k2)

0+ (ky)

B~(p)

u-quark radiation b-quark radiation

£+ (ky)

(k)

0 (k)

s (ks)

bremsstrahlung




Amplitude of B~ — (¢ by

The amplitude for the decay B~ — ¢~ £T¢'~ Dy (NI — Non-ldentical):
MWD (ki ko, ks, ka) = MW 4 M) 4 pq(brem),

Leptonic currents are defined as:
J(kas k) = U(ko )y u(—k),  P*(ka, ks) = T(ka)7" (1 = ") u(—ks)-
The bremsstrahlung amplitude:

A Y y
M(brem) = ?(_1) fs, BuvJ (k27 kl) J“(k4, k3)’

~ m(//

i — JH _
J (k4,k3) J (k4;k3) + (p_ k3)2 o m2£,

The b-quark radiation amplitude:
M(b) _ lé MB* fB* 2Vb(q2)
3q2 k2 — I\/%* Mg + Mpg-

€uvkg) (K2, ki) (Ka, k3).

Hereinafter, A = —i%47raem Vi, g = ki + ko, k= ks + ke, p= k+ q.
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Vector meson resonances

All resonances in the u-quark radiation amplitude are described using the
Breit-Wigner (VMD):

A Iy My fy
(u) — o v vViy Iy V)
M q2j Y (ko, ki) J*(ka, ks) x [Z Y +1rv/\/lv (kZ)]

A, a'(x12, x34)
= ?J (k27k1)JM(k4,k3) X |:/VIB€,uukq

2I.C/’(Xlz, x34)k, — ¢ (x12,X34)q, K
Mg vl

—iMgb'(x12, X34) & —

(kitk)?
ML

Dimensionless variables x;; = are used. At g° = 0 gauge invariance

constraints functions a(x12, x34),...,d(x12, x34). All form factors are modified via a
subtraction procedure [10]:

32, k) = 3(0, ) + 1254 (2, k)
50, k) =0, b(0,k)=0
A0, K2) = 9efo L 0, k) = —Qefa L4 HOK)

M; 1—xsq M; 1—x3q 1—x34
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Heavy meson contribution
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Differential distributions 4218 _;l:uH e ve)

a) p(770) and w (787) only,
b) p(1450), w(1420), p(1700) and w (1650) added,
c) form factors are taken in gauge invariant form.
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Amplitude of B~ — (~ ({1,

Amplitude needs to be anti-symmetrized (/ — ldentical):

MO (ki ko, k3, ka) = (M(NI) (ki ko, k3, ka) — MWD (ky, ks, K3, kz)) .

1
V2
Massless lepton approximation is then applied. Amplitude of the decay
B~ — ¢~ {0~y is as follows:
A, a(x10, x
MG (ko s k) = 5 (s ko) (b k) [(fﬂ;“)ewkq—

— iMgb(x12, X34) 8w + 21'%
B

Thus, amplitude of the decay B~ — £~ {74~ is:

qﬂky] = FO)(q, K7 (ko k1) P (ks k).

M (kb ks k) = == (U, K (ko ko) P (ki ) —

1
V2

~ FO(@ R (ke ko) (o, ) )
where § = ki + ka, k = ko + ks.
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Method of orthogonal amplitudes |

We consider amplitudes of the type:
M =1(q) Ou(p).

One can view such amplitudes as vectors in a four-dimensional linear space
[11-16]. If a scalar product operation is introduced, an orthogonal basis exists:
A =1(q)1u(p), A =1(q) Uu(p).
As =1(q) Vu(p), As=1(q) UVu(p),
where U and V are auxiliary four-vectors, orthogonal to p, g and each other.

Amplitude M and its square are then expressed in terms of this basis and the
decomposition coeffitients:

4 4
M:ZWW;A:} wi:ZMA,Tv Z\MF:Z HAl.Hz il
i—1 ! Sp,Sq i=1 !

Sp,Sq
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Method of orthogonal amplitudes Il

The method of orthogonal amplitudes can be applied to amplitudes with multiple
spinor pairs. For the amplitude of the decay B~ — £=¢*{~,, the square takes
the form:
2
Z ‘Mé” (ky, ko, k3, k4)‘ - Ci(jO) _ flgjO)

51,52,53,54 i=

— = 2llAIPIA ’

=1
where

= Y F(q K (k, ki) /" (ka, k3) AT AT

51,52,53,54

= > FO@ K (ke k1) J (ko ks) AT AT

51,52,53,54

Basis A; is constructed with kq, k». Basis 74] is constructed with ks, ky.

The decay B~ — ¢~ 4T¢'~ 1y was processed similarly. Decomposition coefficients
of amplitudes were calculated analytically using the Wolfram Mathematica
environment and the FeynCalc [17-20] package. Monte-Carlo integration was
performed using the Vegas [21] routine.

May 18, 2026 9/20



Numerical results |

Comparison of theoretical predictions obtained by different authors

Br(B~ — p pte ve)

Br(B~ — e et u i)

[3] 0.6 x 10~/ 0.8 x 1077
[4] 1.78 x 1078 2.48 x 1078
5] 5.19 x 10~8 7.59 x 10~8
[6] 1.23 x 107°
[7] 3.19 x 1078 3.78 x 1078
[8] 3.01 x 1078 6.38 x 1078
3.6 x 1078 3.7x10°8
Br(B- = pu ptu ) | Br(B™ — e ete )
3] 0.7 x 1077
[4] 1.77 x 1078 2.57 x 1078
5] 6.02 x 1078 6.02 x 108
[9] 3.02 x 1078
3.6 x 1078 3.8x10°8
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Numerical results Il
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Numerical results Il
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Numerical results IV
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1. Contributions from heavy vector meson resonances p (1450), w (1420),
p (1700), w (1650) are included.

2. A subtraction procedure is applied to the amplitudes to maintain gauge
invariance.

3. A precise bremsstrahlung amplitude is used.
4. For the decays B~ — £~ €10~ Dy, lepton masses are fully taken into account.

5. For the decays B~ — £~ £ ¢~ ,, the interference contribution is calculated
with no additional approximations.

New branching ratios are:

Br(B- = pu ute ) = 36x1078
Br(B~ —»eeu ) = 37x1078
Br(B~ —»pu ) = 36x1078
Br(B- —ee'e ) = 38x10°8

This work was funded by the Russian Science Foundation (RSF), grant No.
25-22-00614, https://rscf.en/project/25-22-00614/

May 18, 2026 14/20



References |

[3
[3
[
[3
[3
[3
[3
[

Aaij R. [et al.]. — Search for the rare decay Bt — ;L+;L7}L+l_/lb. — // The European Physical Journal C. —
2019. — Vol. 79, no. 8. — P. 675

Danilina A., Nikitin N. — Four-leptonic decays of charged and neutral B mesons within the standard model. — //
Physics of Atomic Nuclei. — 2018. — Vol. 81, no. 3. — P. 347-359

Danilina A., Nikitin N., Toms K. — Decays of charged B mesons into three charged leptons and a neutrino. — //
Phys. Rev. D. — 2020. — Vol. 101, issue 9. — P. 096007.

Beneke M. [et al.]. — QCD factorization of the four-lepton decay B~ — 47U24/72,+. — // The European Physical
Journal C. — 2021. — Vol. 81, no. 7. — P. 638.

Bharucha A., Kindra B., Mahajan N. — Probing the structure of the B meson with B — ££0'v. — 2021. — arXiv:
2102.03193 [hep-ph]

Wang C., Wang Y.-M., Wei Y.-B. — QCD factorization for the four-body leptonic B-meson decays. — // Journal of
High Energy Physics. — 2022. — Vol. 2022, no. 2. — P. 1-54.

Kiirten S. [et al.]. — Dispersion relations for B~ — £~ 7,0’ ~ £’ form factors. — // Phys. Rev. D. — 2023, —
Vol. 107, no. 5. — P. 053006

Ivanov M., Melikhov D. — Theoretical analysis of the leptonic decays B — Mé'?z/. — // Phys. Rev. D. — 2022. —
Jan. — Vol. 105, issue 1. — P. 014028.



https://arxiv.org/abs/2102.03193

References |l

&) & & W W R

Ivanov M., Melikhov D. — Theoretical analysis of the leptonic decays B — £££vy: Identical leptons in the final
state. — // Phys. Rev. D. — 2022. — Vol. 105, issue 9. — P. 094038

Danilina A., Nikitin N. — Rare Decays of Mesons to Three Charged Leptons and a Neutrino within the Standard
Model. — // Physics of Atomic Nuclei. — 2024. — Vol. 87, no. 5. — P. 625-638

Baranov S. — Production of doubly flavored baryons in pp, ep, and v ~ collisions. — // Phys. Rev. D. — 1996. —
Vol. 54, no. 5. — P. 3228

Baranov S. — Semiperturbative and nonperturbative production of hadrons with two heavy flavors. — // Phys. Rev.
D. — 1997. — Vol. 56, no. 5. — P. 3046.

Baranov S., Slad V. — Production of Q. baryons in e~ &' collisions. — // Physics of Atomic Nuclei. — 2003. —
Vol. 66. — P. 1730.

Baranov S., Slad V. — Production of thrice charmed Qccc baryons in e™ e annihilation. — // Physics of Atomic
Nuclei. — 2004. — Vol. 67. — P. 808
Baranov S., Slad V. — Production of 4, baryons in photon-photon collisions. — // Physics of Atomic Nuclei. —

2006. — Vol. 69. — P. 59.

Baranov S., Slad V. — Generalization of the method of orthogonal amplitudes and its application to studying the

production of Qg baryons in e™ e" annihilation. — // Physics of Atomic Nuclei. — 2007. — Vol. 70, no. 12. —
P. 2113-2119




References ||

[
[3
[
3
[3

Mertig R., Bshm M., Denner A. — FeynCalc - Computer-algebraic calculation of Feynman amplitudes. — //
Computer Physics Communications. — 1991. — Vol. 64, no. 3. — P. 345-359.

Shtabovenko V., Mertig R., Orellana F. — New developments in FeynCalc 9.0. — // Computer Physics
Communications. — 2016. — Vol. 207. — P. 432-444.

Shtabovenko V., Mertig R., Orellana F. — FeynCalc 9.3: New features and improvements. — // Computer Physics
Communications. — 2020. — Vol. 256. — P. 107478

Shtabovenko V., Mertig R., Orellana F. — FeynCalc 10: Do multiloop integrals dream of computer codes? — //
Computer Physics Communications. — 2025. — Vol. 306. — P. 109357.

Lepage G. — Adaptive multidimensional integration: VEGAS enhanced. — // Journal of Computational Physics. —
2021. — Vol. 439. — P. 110386




Backup

May 18, 2026 18 /20



Subtraction procedure

Tuu(q7 k) Euuqkea(q k2) (gup - qu”) eMl (q27 k2)
. 2 .
— e (k,, _ (tzzk) ql,) (kﬂzd(z/ll,l?) _ qﬂzc(;//,;kz)) — iQg, efs, q;’;u’

singularity at g> — 0.

QB,fB, — 2(qk)d( 2 k) es0=0 = d0,kK)= Qi\%f&ﬁ
d(q?, k) = d(0, k%) + A(¢?, k)

)
A(0, kK*) = —f(k?)/§ # 0 = subtraction procedure :

A, R) = A, K) — A0, ) ~ T, A, k)
A(g?, k) =0

Q ufu
d(q2 k2) 7‘418 1 1><34 + M\/

VMD: A(R,KR) = 20 5= m? — TyMy~ M/

A(e?, k)
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Four-particle kinematics

B

Z
M 4rfig? g2
dby = 21436 AV2(1, 310, x34)1 /1 — —— [ 1 — —— | dx1 dxsq dyaa dysa dip,
m X12 X34
M 1—
dog = =B 24 dx124 dXi2 dxia dys dis.

21376 xq04
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