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PDG current values of bottom baryon lifetimes
become stable since 2018

() > t(E)) = ©(A})

Uncertainty in 7(Q,) is too large to draw a conclusion



( in units of fs)

PDG ('04 ~ 442 + 26 2006 69 + 12
'18)
LHCb (’18) 268 * 26
LHCb ('19) 457 £ 6 203.5+2.2 154.5+ 2.6
PDG ('20) 456 £ 5 202.4 £ 3.1 153+ 6 268 * 26 LHCb (’21) &
, Belle (’22) data
LHCb (°21) 148.0 £ 3.2 276.5 £ 14.1 were not taken
PDG ('22,'23) 453 £ 5 201.5£2.7 151.9+24 268 + 26 into account by
PDG (’23)
Belle Il ('22) 203.20 £1.18 243 + 49
World Ave ('23) 4535 2029+ 1.1 150.5+1.9 272.6+12.0

B 7(Q)) obtained by LHCb (’18) from semileptonic Q, decays is nearly four
times larger. It has been confirmed by LHCb (’21) using promptly
produced Q? baryons

t(EH) > t(Af) > ©(8?) > 7(Q?)

t(EH) > 7(Q?) > t(A}) > ©(E?)

B 7(E2) becomes 3.3c larger due to new measurements from LHCb (’19, ’21) 3



Lifetimes of heavy baryons

Heavy quark expansion:

Il GFmQ A, A3 Ay
[(Bg) = 2Mp (BalT|Bo) = 19273 Ao + m% g m?é i m‘éz e
Q

Gy 1 T 1 -
7—: 1F2§2 (03+205+306'°°> +<306+4O7“'
G2.m5 2 2
= I(By) = — 3Q Ci[1—Ex 2“6’ +2C5“G+C pD T 1%
1927 QmQ mQ mQ

m A, term from the decay of heavy quark Q

= Lifetimes of all heavy hadrons H, are the same in m, -« limit

m No linear 1/mQ correction from A, term , known as Luke’s theorem

m A, term arises from kinetic & chromomagnetic operators

m A, term consists of dim-6 2-quark Darwin operator & 4-quark operators
which will induce the spectator effects responsible for lifetime differences

m A, term includes dim-7 4-quark operators which will induce 1/m
corrections to spectator effects



Spectator effects described by dim-6 four-quark operators: dim-7 4-quark

N e
% ‘ X W-exchange

m destructive P.l. constructive
(Pauli interference)
constructive P.l. destructive
(only for charmed baryons)

m Although spectator effects are 1/mQ3 suppressed, they are

numerically important due to a p.s. enhancement factor of 161r?
relative to heavy quark decay




Subleading 1/m corrections to spectator effects are obtained by expanding

forward scattering amplitude in light quark momentum and matching the
result onto operators containing derivative insertions

Gabbiani, Onishchenko, Petrov (’03,’04)
= dim-7 four-quark operators:
Pl =myQ(1 —v5)qq(1 — v5)Q, P = myQ(1 + v5)qq(1 + v5)Q,
1 - « B 1 & -
Pg? = m_QQ Dy Yu(1 —v5)DPqqy" (1 — 5)Q, Pf = m—QQ D, (1 —5)DPqq(1 + v5)Q,

and P} obtained from P by interchanging colors of Q and g

— dim-7 4-quark operator is either dim-6 4-quark operator times m, or 4-quark
operator with two derivatives suppressed by 1/m,
Beneke, Buchalla, Dunietz ('96): width difference in B -B_ system
Gabbiani, Onishchenko, Petrov (’03,’04): lifetime difference of heavy hadrons

Lenz, Rauh (’13): D meson lifetimes



Effects of dim-7 4-quark operators on charmed baryon lifetimes were explored
in 2017-2018. Preliminary results with the conjecture that Q¢ is no longer
shortest-lived and that r(ﬂ‘c’) > 7(A}) were first reported at 2018 HIEPA
Workshop (March 19-21, 2018, Beijing).

poe pem P8 DR Do I 2(l07%8)  fen(l07)
A} 1.012 1.883 —0.209 0.021 0.308 3.015 2.18 2.00+ 0.06
Ef 1.012 0115 —0.189 0.353 0.524 1.854 3.55 4.42 £ 0.26
=0 1.012 2.160 0.351 0.524 4.083 1.61 L12# s
Q0 1.155 0.126 0.346 0.520 2.855 2.31 0.69 + 0.12

I'(E.*) is suppressed, while I'(A.*) is enhanced, so that t(E.*)/t(A.*)
becomes 1.63 . However, T'"(Q2) becomes negative and I'S:(Q?)
too small. Introduce a parameter « to T\%,_(Q2) & 55 _.(Q2).

In general, Q.° is no longer shortest-lived. For example, o = 0.75
leads to 7(22) = 2.3 x 10735 and hence 7(Q?) > (A}).
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An ad hoc parameter o was
introduced to ensure the validity
of HQE for Q9

Q%) =231fs for a=0.25



Less than three months later, LHCb’s new measurement of 1(Q_ 0) =
(268+24+10+2) fs was first reported by Mariana Fontana on June 8th of 2018,
which is nearly four-times larger than the world average of (69+12) fs
obtained from fixed target experiments!

Q lifetime measurements

events
FOCUS T72+11+11fs EZE K atnt, Q nt 64
E687 86 T21+ 28 fs StK-K-nt 86

WA89 55 TBH8 s m-g—gtrt Q atrtr— 25

—e— LHCb, 2,-Q%u"vX
QP pK K n*
~ 1000 events

DG Average

FOCUS [2003]
WAB89 [1995]
E687 [1995]
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M. Fontana (INFN Cagliari and CERN) LHCP - Bologna 08-06-2018 15713




In this talk, I'll focus on the baryon matrix elements which constitute the
major uncertainties in the predictions of heavy baryon lifetimes

G2.m g D 2 3
P(BQ) — il Cg 1 — adi ;LG + 205/1“_(2;’ + Cpp—l; T FG + F7
QmQ m mp

Nonperturbative baryonic matrix elements:
2-quark operator m.e. puZ, uZ, py; 4-quark operator m.e. (0,,)

:ugr = <Qv (il—j)ZQv>BQ

i = Q0w Qu)g (0)sq = 5315 (Bal O1B0)

:0%) = 195 <@v(iD#)G0“QU>BQ

Matrix elements u2, u%, p3D should be independent of heavy quark
mass mg , SO are (O4,) in heavy quark limit

(044) are conventionally evaluated using NRQM



(in units of 107 3GeV?)

Model (BQ7Q) (Ab7qI) (E Q) (‘—‘b7 ) (Qb7 ) (AC,QI) (quf) (5078) (QC7S)
L%, | —13(5) —14(5) —18(6) —126(60) |—5.1(15) —5.4(16) —7.4(22) —46(14) 54 1,
Q 2
NRQM S 7(2)  7(2)  9(3) —21(10) | 2.5(8)  27(8) 3.7(11) —7.7(23)  ¢q =1Lg
Qo 6 N
PgQ 0 0 0 0 0 0 0 0
Gratrex, Melic, Nisandzic (’22) for c-baryons;
Gratrex, Lenz, Melic, Nisandzic, Piscopo, Rusov (’23) for b-baryons
B Inmyp—- olimit,L, ,S: , P, areindependentof m
Lisg = ((Qulta) (@51, Q5)) ¢ Aoz “her T he P \
s = ((@. 0 m  Within NRQM, the magnitudes of 4-quark operator
Eq = {(Qata) (@5Q5)) g, - matrix elements in the bottom sector are much
P, = ((Qasta) (@57%5Q8)) 5, larger than that in the charm sector
q Ap 2 1
1, = |wpo)| < -|vh©)| =- 2 fhms [WE, ()] > [w2,(0)]
2 1 q
1 = [uls )| « B = -2 hm, =[] >[I

Ly, | ~2.5|L, |~|Ly| = farfrom expectation of heavy quark limit |



H In MIT bag model ( sulr)y )
LAQ= — [ d3r {[uzQ(r)ué(r) + vé (r)vé(r)] + [u%2 (r)vfl(r) + V%g (r)u,zl(r)]} v

with u(r), v(r) being the large and small components of the quark wave function

(r)o - £x

L, |=3.23x1073, |L, | =2.39 x 10~3 = weak dependence on heavy flavor
Ap A,

2

B In NRIimit, vy - 0,0, >0, Ly = - J @rug(uz(r) = - ‘tpgg(O)‘ . It is customary
to consider hyperfine splittings in heavy baryons and mesons and then apply the
relation |1/)’(‘{a(0)|2 = %f,zme which is derived and valid under heavy quark limit

B In NRQM, it is important to evaluate 4-quark matrix elements directly in terms of
baryon wave functions in momentum space. The momentum integrals are
expressed in terms of harmonic oscillator parameters «,, a; for p- and A-mode

excitation, respectively. = check dependence of 4-quark m.e. on m,

m Alternatively, we consider the improved bag model
HYC, Liu, JHEP 07 (2023) 114 1



Improved bag model

m MIT bag model yields too small baryonic matrix elements compared to NRQM

m Static bag model has an issue with center-of-mass motion (CMM) of the bag

Chao-Qiang Geng, Chia-Wei Liu, Ten-Hsueh Tsai ('20);
Liu, Geng ('22)

Bag quarks are unentangled; they obey free Dirac equation
<pB> — <pQ1 T Pg T+ pqs) =0, (recall that <pq> =0)

(p3) = ((Pgy + Pgz + Pgs)”) = (p2)+ (p2) + (P2,) >0  because (p2)=E2—M?2>0

The variance of 012,3 = (p3) — (ps)*® is referred to CMM of the bag. A physical bag with

a definite momentum should not have CMM as o, =0

MIT bag model: Poincare invariance is not kept

/ _604,3’)’dJr it )uzﬁ(fQ)Cj:fy (3—3)3)\11?4b:(duc) (:Cl? L2, :E3) [d3f] |O>
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In the homogeneous bag model (HBM) of Geng, Liu, Tsai (’20)

QWWﬁ@m@:/fmwm@rﬁ&@—@ﬁyﬁg

\IJ(HB)(Q_Z"l = d_: fg =5 d_: f‘} o d—)) — \IJ(HB)<fla f?v fi"g)

= Wave function is invariant under space translation
= Quarks are no longer constrained in specific regions

Quarks are bounded and entangled in the following way:

OB (3, #,,73) =0, for | — ;| >2R

P|AY) = P2|AF) =0 CMM is thus taken away from the static bag

13



Model (BQ,Q) (Ab,QI) (Eb,QI) (Eb73) (Qbas) (AC7qI) (EC,QI) (5078) (Qws)
L, —5.44 —515 —588 —3412| —483 —487 —534 —3163
BM B2 244 232 274 —541 1.96 198 232 —4.65 in units of
-3 3
Pl —0.27 —0.25 —0.20 —0.62| —0.44 —0.44 —0.34 —1.12 107"GeV
L. | —13(5) —14(5) —18(6) —126(60) |~5.1(15) —5.4(16) —7.4(22) —46(14) evaluated at
NRQM  S%, 7(2)  7(2)  9(3) —21(10) | 2.5(8)  2.7(8) 3.7(11) —7.7(23) py scale
q
PZ, 0 0 0 0 0 0 0 0

B The matrix element PBQ is nonzero in the BM. Unlike the case in NRQM,
Lg,and Sp, — Py in the BM vary less than 10% w.r.t. heavy flavor,

B Both BM & NRQM are consistent for L but differ largely in Lg,

QCDSR evaluated at p = m;,: Ly, = ~ (13.1 £ 2.6) Z. X. Zhao et al. ('23)

[ —(7.6+1.5) puy =0.8GeV
-(9.6+£1.9) uy=1.2GeV

Evolution to uy: Ly,

14



Lifetimes of bottom baryons

NL SL
F6 FG

NL
P?

Bo I3V T3 T, 7 4 Texp 7 in units of 10712 s
. LO (228167 0 0.07 0 002 0 1.634+0.15
Ay 1.471 £ 0.009 Uncertainties arise
NLO|2.78 1.56 —0.02 0.11 0 0.02 0 1.48+0.22 q
from my, uy, IBb,
LO (228167 0 0.07 0 001 0 1.63%0.15 o
=0 1 480 + 0.030 and the deviation
NLO|2.78 1.56 —0.02 0.11 0 0.01 0 1.4940.22 of full QCD from
HQET
LO 228167 0 —0.09 0 0 0 1.7040.27
= 1.572 £ 0.040
NLO|[2.78 1.57 —0.02 —0.07 0 0 0 1.5540.23
LO 228167 0 —0.17 0 —0.04 0 1.76%0.28
o 1647015
NLO|[2.77 1.55 —0.03 —0.15 0 —0.04 0 1.6040.25

m All predicted lifetimes are improved to NLO. Contributions from dim-7
operators are very small, although NLO corrections to them are still absent

m '’ contributes constructively (destructively) to TV for A) & Z) (Q})

B I3 >»TI,>TI; for b-baryons

m 7(Q;) > 7(Ep) > T(E]) = 7(AD)

o s



Lifetimes of bottom baryons

BM NRQM Expt
1.48 £ 0.22 1.471 £ 0.009
1.49 £ 0.22 1.480 + 0.030
1.55+0.23 1.572 £ 0.040
1.60 £ 0.25

NRQM: Gratrex, Lenz, Melic, Nisandzic, Piscopo, Rusov (’23) in kinetic mass scheme to
dim-6 level

We use the pole mass m, = 4.70 + 0.10 GeV, 2-loop (1-loop) result for upper
(lower) bounds

Excellent agreement between theory and experiment for bottom baryon
lifetimes even at dim-6 level
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Bo |T3-r3% r, TI§t b rik TRt T Texp

' - -13
LO [0.850.40 0 0.75 0.01 049 0  2.63+51 T in units of 107" s

AS 2.029 + 0.011
NLO|1.27 0.35 0.07 1.26 0.01 049 0 1.9240.37

Uncertainties arise
LO [0.860.40 0  1.74 0.36 0.22 —0.15 1.92 +0.37 q
=0 1.505 % 0.019 from me, py, Ip,,
NLO|1.27 0.35 0.07 2.01 0.18 0.22 —0.15 1.66 &= 0.32 and the deviation
LO |0.860.40 0  0.26 0.35 —0.09 —0.15 4.04 & 0.94 of full QCD from
=t 4.53 +0.05 HQET

NLO|1.27 0.35 0.07 0.38 0.18 —0.09 —0.15 3.27 £ 0.76

LO 091042 0 234 1.22|-1.09 —0.83(2.22 + 0.46
00 2.73+0.12
NLO|1.34 0.37 0.11 2.37 0.61|—1.09 —0.83[2.30 + 0.58

B All predicted lifetimes are improved to NLO except for =/}
B [, > I3 for c-baryons, recalling that I'; > Iy for b-baryons

B Because of large destructive contributions from I'YX and I3, Q2 could
live longer than A

todim-6 = t(E}) > t(AY) > 7(E?) > (?)

todim-7 = t(E}) > t(Q?) > t(A}) > ©(E?) 17



(t in units of 10713 s)

BM NRQM Expt
1.92 + 0.37 2.029 £ 0.011
1.66 + 0.32 1.505 £ 0.019
3.27 +0.76 4.53 £ 0.05
2.30 +0.58 2.73+0.12

NRQM: Gratrex, Melic, Nisandzic ('22) in the pole mass scheme

We use the pole mass m, = 1.59 + 0.09 GeV, 2-loop (1-loop) result for upper
(lower) bounds

While the predicted lifetimes for A} and =2 are improved in the bag
model, 7(E}) becomes even worse.

18



Semileptonic inclusive BFs: BF>" = 7(Bo)(Bg — Xe'v,)

(in %)

BM NRQM Expt
4.57 £ 0.54 3.95+0.35
4.40 + 0.61 —
8.57 £ 0.49 —
1.88 £ 1.69 —
9.90 £ 0.03 —
9.94 £ 0.06 —

10.38 £ 0.09 —
10.76 £ 0.14 —

Predicted BFs of Z} — Xe*v,, Q2 — Xe*v, in bag model and NRQM both in
the pole mass scheme are in sharp contrast = allowed to discriminate
between different models



Conclusions

Baryonic matrix elements are evaluated in the improved bag model.
Heavy quark limit holds reasonably well in BM but is badly respected
in NRQM.

HQE in 1/m_works well for the lifetimes of bottom baryons.
HQE in 1/m_fails to provide a satisfactory description of the lifetimes

charmed baryons to 0(1Imc3). Need to consider subleading 1/m_

corrections to spectator effects.

The Qc° lifetime could live longer than Ac° due to the suppression from

1/m_ corrections arising from dim-7 4-quark operators




Backup Slides
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'—Oa_'_ 0
Ee )

Model AD S Q, A}

C

12 | 4.66(28) 4.45(27) 4.34(80) 4.42(81) 4.30(80) 4.20(80)

BM pZ, 0 0 2.09(12) 0 0 1.95(38)

P3| 2.29(23) 2.38(24) 2.66(27) 2.06(21) 2.22(22) 2.68(27)

p2 | 5.0(6) 5.4(6) 5.6(6) 5.0(15) 5.5(17) 5.5(17)
NRQM 2, 0 0 1.93(68) 0 0 2.6(8)
p | 3.1(9)  3.7(9) 5.0(21) 4(1) 5.5(20)  6(2)

Uz ¢ in units of 1071GeV?

P> in units of 1072GeV?

NRQM: Gratrex, Melic, Nisandzic (’22) for c-baryons; Gratrex, Lenz, Melic, Nisandzic, Piscopo,

Rusov (’23) for b-baryons

B In the bag model u2, uZ, p3 all depend weakly on the heavy quark flavor

B In both BM & NRQM, pj, respects the same hierarchy Q, > E, > A,
induced by the strange quark mass. It shares similar values for T, & Q,

in the bag model.

1 i ) i
oy = —4ma, Yy = (4L%, — L, — 6%, + 255, + 6P, — 2P, )

q

22



Texp

deviation of full QCD from HQET
are denoted by the subscripts

Uncertainties from mg, uy, (044),
m, u, 4, s, respectively.

2.029(11)

1.505(19)

)

9

4.53(

2.43(12)

1.471(9)

1.480(30)

1.572(40)
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Matrix elements of dim-7 4-quark operators:

(Pf)sg =mq Sk, + Phy) fori=1,2,

<P??>BQ — EQL%Q ) <Pf>BQ — EQ<S;]3Q o Pg’Q)
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