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A BIT OF HISTORY

First FLAVOUR ANOMALIES were connected with lifetimes:

80’ - 1(D*)/1(Dy) ~ 2.1

85" - 1(D,)/1(Dy) ~ 1.5 (when D, was called F ©) )

\/ in 1980°s

\/ +/- in 1980°s

[- 90’ - T(A,)/T(B) ~ 0.7-0.8 BREAKING OF HQE??

J NICE EXAMPLE OF AN ,ANOMALY*
-> 2011 EXPERIMENTAL SOLUTION

2000 — WA large — influence on V inclusive

2018/2020-22 — 1(Q).) ~ 3-4 times bigger then previously measured

§/ / nonperturbative?

\/ in 2023



LIFETIMES OF HEAVY HADRONS

testing the heavy-quark expansion

on 24 different weakly decaying particles

D (cq;) and B (bg,) mesons

c-baryons (cq,q,) & b-baryons (bq,q,)
doubly heavy baryons (ccq,,bbq; ,bcq;)
B. (bc) meson

U 0O 0O O



WEAKLY DECAYING CHARMED HADRONS

c-MESONS c-BARYONS cc-BARYONS
D™ (ed) Al (cud) =1t (ces)
D" (cu) = (cus) =1 (ced)
DY(gs) =%(cds) QF (ces)

Q9 (css)
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EXPERIMENTAL SITUATION — CHARMED MESONS

practically unchanged lifetime pattern since 1980°s

B Mesons 2018
B Mesons 2021
11 L
075} broad spread of lifetimes of
' singly CHARMED MESONS:
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EXPERIMENTAL SITUATION — CHARMED BARYONS

lifetime pattern changed 2018/2020

7[ps]
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"] Baryons 2018
B Baryons 2021

m(Ee) <7 (A7) <7 () <7 (E))

I new LHCb measurement 2018/2020
m - 4 times larger 1(Q.) lifetime !
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confirmed by Belle-ll,
arXiv: 2208.08573




EXPERIMENTAL SITUATION — DOUBLY CHARMED BARYONS

T|ps]

0.5

0.4 -

0.3 1

0.2 -~

0.1 -~

Experiment

recently observed
LHCb [2603.28456]
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But it is somewhat larger, since the
lifetimes of singly-charmed
baryons spans as

TP (H,) = 0.15 — 0.45 ps



THEORY : TOTAL DECAY WIDTH B LIFETIMES

1 1

Ss—(H|T|H)

2’m/H Shifman, Voloshin 85

T — Im 2 / d4;8 T [Heff (J?)Heff(())] forward-scattering amplitude

’He ff = weak effective hamiltonian for a heavy Q decay Buchalla, Buras, Lauternbacher 96
(qq") (qq") 6
qq
Y VeV (CLm) @™ + Co()@5™”) — Vao Vi Y~ C(11) Qs
q.q9'=d,s k=3
; neglected for charm decays
+z%w1
=d,s

{=e.u

non-leptonic(NL) and semileptonic (SL) decays included



WEAK HAMILTONIAN DIM-6 and DIM-7 OPERATORS

Q1 — (C"}/u(l T 75)qj)(g,j’)/u(1 o 75){“') ’ + color-octet operators
Dim 6 operators: éqql) — (Ei’)/u(l — *)/5)qi)(_,j")/”(1 — 75)uj) ., +penguin operators
ng) _ (_7u(1 . 75)@)(_’}/”(1 . 75)y€) ’ + Y-running and mixing
Pl = mg(ci(1 = 75)a)(q(1 = 75)¢;) -
Pf = o (@D(1 = 1) D7) @7 (1 = 33)cy).
oim 7 aperators: 74 = g @041 = )P0} (1 +75)). + colr-octet operators

+ non-local operators - reabsorbed

ST = mg (& (L — 75)t845) (G(1 — 75)tha) . into dim6 matrix elements (proven

1 —

Sy = m_Q(EiDp'Yu(l — 75)t D ) (@™ (1 — vs)tgc) for mesons)
q 1 N a np ~ a
S5 = _(CéDp(l - ’YFJ%’D Q’j)(%(l + 75)%01) -

maq



HEAVY QUARK EXPANSION (HQE) —

systematic expansion in Aqcp/Mg and ag
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TWO-QUARK LEADING
NON-SPECTATOR
CONTRIBUTION

Jdown I

m@

\/

TWO-QUARK NON-LEADING
NON-SPECTATOR
CONTRIBUTION - from 90-ies; HQE

055(96 etc

C Ce
505—|——06—|— >—|—167T2(

Co ~ c
ma Mg

&

FOUR-QUARK SPECTATOR (w light quarks)
CONTRIBUTIONS — ONE -LOOP ENHANCED

light-quarks come into game

[ ]

PN

Og: O7  etc




CALCULATION

C C
T {(Cg@g + —52)05 + _206 + ...

e e
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% 0 +

it

e

O + .. )J [(H) = 5 (HIT|H)
m

0
WILSON COEFFICIENTS — perturbative part: C; = C@-( )(u, o) +C
MATRIX ELEMENTS OF VARIOUS (D OPERATORS ARE NEEDED - nonperturbative part:

i 2 2 3
F(H) =I'y|c3 + Cm “GHa + CD

(125 pro)ees(p) +C

()

(14, pro) s () + - .-

Mo~ o)
—1 _ . -
pi(H) = %(H ¢o(iD)?c,|H), kinetic parameter (H|OY|H)
1 1 q
/ié(H) — —2m (H 0150' (QSG)CU|H> ] chromomagnetic parameter <H‘Pz‘ |H>
H
5 1 four-quark matrix elements
pD(H) = —(H EU(iDM)(iU . D)(Z‘Du’)cvu—_” Darwin term



FOUR-QUARK SPECTATOR (u,d,s) CONTRIBUTIONS ARE LEADING!

one-loop i.e 16 T2 enhanced, although 1/m3 (dim6), 1/m*(dim7) suppressed

c Gl 011 c

Uory d. s

WA

weak exchenge Pauli interference weak annihilation

BARYONS
c Gdown | ¢ |
& Jdown : c
() (D
@, ()
d,s Co d, s
4. u,d, s u,d, s
int- exc int+
negative interference exchange positive interference

decay| CE NL CE SL

H. c— sdu |lc— sly
D°(ug) Twe -
D~ (de) Tpr -
Dy(se) | (Twa ) || T%a
z S

~

Ai_ (ude) |[Texe + Fmt— -
(

:c+ USC) Pint— + Lint Tt

Sk
fexc + fint+ Fmt+
F

(dsc)
(SSC) N fiIl’G"" J int*t f

CE = leading; Cabibbo enhanced

* effects are different in different mesons
* effects are different in different baryons
* no helicity suppression for baryons

— different lifetimes

* effects in SL decays — different SL BRs



PECULARITIES OF DOUBLY-CHARMED BARYONS

Difference to singly-charmed baryons:
- two ¢ quarks decaying

- diquark system — cc-pair Bcc ~ (Cc)q
(instead the light diquark q,q,-pair in singly-charmed baryons)

Additional contributions to some of the matrix elements, e.g :
18 (Bee) — MQG (Bee) + ué(Bcc)  similarily for /1> (Bee )

Additional contributions accessed by NRQCD expansion (up to O(v’), W, = 2-component NR spinor):

= (R 3 & im S = s =
CC = \IJC\DC _ ng \IJC(ZD) \ch + ] él\IjC(ZD) \ch o _g\:[jcgso- ) B\ch o 4m§ \DCQS(D ) E)WC +...

matrix elements, e.g.:
(Bcclqjlgsﬁ : éqjc|8cc> . é gg |qlcc(0)|2 where ‘IDCC(O)F = (|‘IIEC(O)|2 = |IIJJ/¢(O)|2)

2Mp. . T 9me



CHARM QUARK MASS

m. — major input parameter; the decay rate starts as m°

me(me) = 1.28 GeV || 1-loop | 2-loop | 3-loop | 4-loop
mbo' 149 | 1.68 | 1.95 | 2.43 | nowever poemass s nomphysioal-renormalcs
E 1.36 1.39 1.40 -
SR 133 | 135 | 136 | 1.36

we provide results for different mass schemes... at the end no large differences in the final results
— rearrangements among 1/m. and ag-expansion !



LIFETIMES OF SINGLE BEAUTY HADRONS

DIFFERENCES CHARM vs BEAUTY:

Lifetimes of hadrons containing a b quark provide stringent tests of the heavy quark expansion (HQE)
- convergence in 1/m is better known (HQE is working better)

- matrix elements are better known (HQET is applicable)

- penguin operators need to be included

- in the bottom sector, the achieved precision of lifetime observables is impressive, at percentage level,
in particular in theoretically cleaner quantities such as lifetime ratios



LIFETIMES OF DOUBLY HEAVY HADRONS

DIFFERENCES DOUBLY CHARMED cc-BARYONS vs DOUBLY BEAUTY bb- AND bc-HADRONS:

0 DOUBLY HEAVY HADRONS provide an additional important testing ground for the HQE, as their lifetimes
are gradually becoming experimentally accessible.

_ (=t =+ f _ (=0 = O-— L _
BCC T (“Cc ) —ce QCC) - Bbb — (_‘bbﬁ —bb? be) bb dlquark SQQ 1

—_—

Bbc — (52;7 Egm Qgc)

;I _ =+ —10 /0
Bbc — (“bc y —be» ch)

—

— bc- digark S, =0or S,. =1

(scalar or vector)
still undetermined

lifetime predictions may help
distinguish the nature of
the (bcq) ground states

o B.MESON is a peculiar meson, built of two heavy quarks which both decay



RESULTS



CHARMED MESON LIFETIMES

Lifetime ratios : T(D)

+

(s) (s)

- some uncertainties cancel in the ratios

— 14+ (Fth(DO) . Fth(D+ ))Texp(D+ )

A
S
=

Inclusive SL branching ratios (e only ) :

BR')(D) = T®)(D)r®(D)

e (Dh) 0y \ exP
(s)) _ () thy+ \ _ (e) th/ 0 7(D")
O (D0) L+ (I7(D) — (D)) (BR(e)( 5



B Our Results (MSR) Gratrex, Melic,Nisandzic, 2204.11935 ] ] )
King, Lenz, Piscopo, Rauh, Rusov, 2109.13219 results are largely compatible with the experiment

B Experiment

(D"} | . T

difficulties with t(D*) — Pauli intereference term

L(DY)F ¢ ® can drive T (D*) large and even to be negative!
(D) *—s
T(D*)/1(D°) : T ®
slight tension with t(D.)/t(D°) — theoretically closer to 1

___________________________________________________ WOurResults(MSRy T -~~~ ~—77°
BR(D® - Xev)t : —s : B Experiment
BR(D* - Xev)r 5
BR(D]} — Xev)r ™ -




CHARMED BARYON LIFETIMES

Gratrex, Melic, Nisandzic, 2204.11935 —0 A_I_ QO —t In agreement with
[T (Be) <7 (A7) <7(Q) <7 (E )] Belle-ll, aug.2022

B Our Results (MSR)
B Experiment

T(AD)r —3 .
@D -
—0 individual lifetimes
(=) ° : )
¢ compatible with the

experiment, even Qg !

slight tensions are seen in the ratios due to our

overestimate of A:F r(B.) _ 1
T(AT) 1+ (D' (B,) — (AT )70 (AT)

@A)
FE) A
HQO)H(AD)]

BR(A} — Xev)t SL A branching ratio is compatible with the
experiment

0.5 1 1.5 2 2.5



CHARMED BARYON SL BRs

BR(B. — Xev) =T'(B. — Xev) 7%P(B,)

MSR h :
Me MASS Scheme BR(A] — Xev)/% | 4.28F0-47+0.39

BR(ES — Xev)/% | 14.9572:66+1.59

BR(Z% — Xev)/% | 5.0619-21+0.54

= )
BR(Q) — Xev)/% | 11.1975-90+2-92

SL decays are important to assess the validity of HQE in charmed baryons
- experimental measurements of BRg ( =.7), BRg( ECO) and BRSL(QCO) are needed



BEAUTY MESON LIFETIMES

Egner, Fael, Lenz, Piscopo, Rusov, Schoenwald, Steinhauser :2412.14035 — NNLO improvements

impressive theoretical precision achieved:

T(B-'-) L - 1 T(Bs) | o }
7(Ba) 7(Bg)
LO ) ) LO
— NLO = I = 1 —— NLO*
— Bxp. = Exp.
1.0 1.02 1.04 1.06 1.08 1.10 1.12 0996 1.000 1.004 1.008 1.012 1.016 1.020
By (B™)
Ba(By) : - : —— Exp.
Theory

100 105 110 1150 120 125
(7]



BEAUTY BARYON LIFETIMES

Gratrex, Lenz, Meli¢, NiSandzi¢, Piscopo, Rusov, 2301.07698
Lenz, Piscopo, Rusov, 2607.06538 — NNLO improvements

impressive theoretical precision achieved:
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DOUBLY HEAVY HADRON LIFETIMES

1.0

Dulibic, Gratrex, Melic, Nisandzic 2305.02243

° Present work

g = LHCD (2018) [ )

0.6 1 E

Dulibic, Melic, Nisandzic 2605.04967

E
=~
0.4
@ t 3
observed i
LHCb [2603.28456]
w
0_0 T T T T T T T T T T T T
—++ =+ + —0 e - P —0 =0 0 /()
—cc —cc Qf’f' —bb —bb be —bc —be —be —bc ch ch
—_ —_ . —0 _ N
7(EF) < 71(QF) < 7(EFF T(Ep) < 7(5,,) ~ 7(92,,, T(

7(E}T) is the only measured doubly-heavy
baryon lifetime (LHCb 2018) - good
agreement

=0 0 — - —
Zpe) S T(Qe) < T(Ep) | T(ER) < T(e) < T(E,))

the predicted lifetime of =0, is significantly larger than that of =’ 0, ., with the
difference exceeding the quoted theoretical uncertainties.


https://arxiv.org/abs/2605.04967

B. MESON LIFETIME

EXP: 7(B:) = 0.510 4+ 0.009 ps

Our predictions:

Decay widths

MS

b — cu(5 + d)

+0.25
0.317602

b— ec(5+d)

+0.07
0.15Z6 01

B—>c(e—|—;¢—|—7‘)u

+0.10
0.-12%¢700

Sb—é

0.5810:05

— (s + d)u(d + 3)

0.55105% + (0.75 1 35)|

S (s 4 d)(e+ u)

018758 + <o.29t3;3§)|p% c

Ye—s

0. 724-8 65 + (1.05t8:?3)|p% .

WA: bc — (5 +d)

0.1275 53

WA: bc — v 0.03
4
PI —0.1179:97
. 1.35 + 0.027 9%

C

+(1.05 + 0.21tg-_~;’3)|p% C

rRn(B,) = 0.293 + 0.02270019 g

too small lifetime predicted

Interestingly, dropping the unusually large
Darwin contribution results with the value
comparable with the experiment:

Tkin - (B.) = 0.463 4 0.0097) 07

excl. pp ¢




HEAVY HADRON LIFETIMES - CONCLUSIONS

Up-to-date results for lifetimes of ALL weakly decaying hadrons with a single charm/bottom quark and with two
heavy quarks is provided

O

O

results compatible with experiment
- B-mesons and b-baryons with the inclusion of NNLO in the decay have achieved remarkable precision;
- still large uncertainties for those particles involving charm quark decay

recent LHCb (2018/20) and Belle-Il (8/2022) result for 1(Q0°,) lifetime (~ 4 x bigger than old measurements)
confirmed theoretically

reasonably controlled description of the lifetimes of all doubly heavy hadrons; measurements of remaining cc-

baryon lifetimes, 7(Z1.) and 7(Q.) at LHCb Run3 are feasible
predictions for unmeasured semileptonic BRg, (H) are important for complete assessment

B.-meson lifetime is not compatible with the experiment — need more theory investigation

conclusions above are largely independent of the charm/bottom-quark mass scheme



FINAL REMARKS:

HEAVY QUARK EXPANSION work for both, bottom and charm decays and lifetimes provide
valuable tests of the HQE, however,

- there is a need for inclusion of higher order corrections and even QED effects for b-decays
/ dim 7 operator (1/m_%) contributions were essential for showing compatibility of 1(Q°,) with experiment
/ Darwin term (1/m_3) appeared to be quite large, in the prediction of B, lifetime even unusually large

- improvement of the nonperturbative input/matrix elements is needed to reduce uncertainties even more

HQE is a powerful framework for inclusive heavy hadron decays!
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