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Lifetimes

 Singly charmed baryons
J Doubly charmed baryons
J Charm-bottom baryons



Evolution of lifetimes

1015 How to understand
— the dramatic change of lifetimes?
A |2.00+0.06
=20 [1.12*013
0L [0.69+0.12 ]
107135 R
preliminary
O 4.56 + 0.05
PDG 2020 - >0 (preliminary)

At | 2.024 +0.031

LHCb, 2021
20 | 1.534006 | Lich, 2019
QY 2.68 +0.26 LHCb, 2018




Theory: Heavy Quark Expansion

Gymy Ay, As
I'(H = 1 A
(Hg = f) 19273 [Voxul ot m2Q " m?é !
_ GEmg 2 (HolQQ|Hg) | cs0 (Hg|Qo - GQIHg) | o0 (Ho|Ts|Hg)
> | Vexm|™ [ esq o + —=
192 ZmHQ mg ZmHQ mg QmHQ

A, term: decay of heavy quark
In the limit of my — oo, all heavy hadrons have identical lifetimes.

1 Luke’s theorem = lack of 1/m, corrections.

U A, term: interaction of heavy quark spin and gluon

U A5 term: dim-6 four-quark operators inducing spectator effects responsible
for lifetime differences.

O HQE in 1/m expansion up to 1/mé works very well for B mesons and bottom baryons. 4



Spectator effects: dim-6 operators
T — l-wdec _I_Fann _l_Fint _I_Fsemi
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Dec |Ann |Int(-) | Int(+) Semi T (1013s) Expt (10-13s)
= 1 S? 1 Cc? small P.1. 3.06 4.42+0.26
At 1 Cc? 1 S? no P.I. 2.91 2.00+0.06
= 1 1 Cc? small P.1. 1.62 1.12*0-13 5 4
QR 1 6s? 10/3 c? | large P.I. 1.06 0.69+0.12

s=5inB., c=cos0.

e Lifetime hierarchy (PDG 2018):
* It is difficult to explain

T(Q) < 7(Z) < 7(AT) < 7(E])

T(Hc ) _ T(Ej_)
AR = 2.21 +=0.15 (209

= 3.95 £ 0.47

* (). has the shortest lifetime as it receives a large contribution from
constructive Pauli interference.

* 1/m, expansion not well convergent and sensible



Incorporating dim-7 operators

Gmy Ay, As (A
[(Ho— f) = —. §2|VCKM|2 Ao+—2—|-—3—|—+ .
1927 mQ mQ mQ
* Consider subleading 1/m, corrections to spectator effects
Pl = Q1 = 15)eq(1 = 1)@ Pf = QUL+ 75)aq(1 +75)Q
Py = m%)@ Dy vu(l = 75)DPqq*(1 - 75)Q, Pf = W%Q Dy (1 —75)DPqq(1 4 5)Q
P = QL= 0)ar (L= 1)(PQ, B = —-Q = 15)ad(1+ %) (D)

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



Charmed baryon lifetimes

dto1/m?>
I\dec [ann ]_"iilt Fi_+r_1t ]_—wsemi [tot 7.( 10_138) Tt ( 10~ 133)
A} 088 1479 —0.400 0.042 0.215 2.221  2.96 2.00 + 0.06
=5 0.88 0.085 —0.431 0.882 0.726 2.148  3.06 4.42 £ 0.26
=0 0.886 1.591 0.882 0.726 4.084  1.61 1.121513
Q2 1.019 0.515 2.974 1.901 6.409  1.03 0.69 £ 0.12
Qdto1l/mg
Fdec [ann I‘iilt I‘ij_lt Fsemi T tot 7'(10_138) P ( 10—135)
A} 088 2179 -0.211 0022 0.215 [3.091 2.12 2.00 & 0.06
=5 0.886 0.133 —0.186 0.407 0.437 [1.677  3.92 4.42 4 0.26
=0 0.886 2.501 0.405 0.435 4.228 1.56 1125815
Q0 1.019 0.876 —0.559 —0.256 1.079 (6.10)  0.69+0.12

Right trend: T'(AY) enhanced, I'(E}) suppressed

() . 103 — 1.84
) -t '

Lifetime of ().: shortest == |ongest




Qg I'\dec [ann I“iilt I'\i_ir_lt I'\semi Ttot ‘T(].O_ 13 8)
l/mg 1.019 0.515 2.974 1901 |6.409 1.03
1/m: 1.019 0.876 —0.559 —0.256 | 1.079 6.10
» Destructive contributions from it & ['$€™M gre too large to justify the validity of HQE
Fift _ Fiff(s + Fif} prescription F:{lt - Fif,tﬁ +(1— a)Fif}

semi __ psemi semi
[semi _ [semi | s

7(Q)x10"

Fsemi — ermi 4+ (1 . (X)F?emi

The guideline for introducing a:

= positive [Nt & [semi

= results close to that of Z



o Fdec [ann I‘lilt Psemi Ptot 7_( 10_138)

0 1.019 0.876 —0.559 —0.256 1.079 6.10

0.12 1.019 0.876 —0.135 0.003 1.762 3.73

0.16 1.019 0.876 0.006 0.089 1.990 3.31

0.22 1.019 0.876 0.218 0219 2331 2.82

V:32 1.019 0.876 0.571 0.435 2.900 220

1 1.019 0.876 2.974 1.901 6.770 0.97
Conjecture (.16 < o < 0.32 [ P =
mesr TV F

23x 10785 < 7(0) < 3.3 x 107 8s| Lowen| =

(2021) L iy | ~ LHCb Comb.

T(EN) > 7(Q0) > 7(AS) > 7(E

4

Mon 07/06 | Tue 08/06

Lifetime [fs]

Wed 09/06 | Thu 10/06 | Fri 11/06 @ All days

11:15 New charm results from LHCb

Presenter(s): Chen CHEN (Tsinghua University)
Room: REGAREERT
Location: Shanghai
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4.42+0.26 4.568+0.055 2.91 3.92
A: 2.00:+0.06 2.03510.022 3.06 2.12
B 1.127J13 1.545+0.025 1.62 1.56
Q7 0.69:+0.12 2.68+0.26 1.06 23~3.3

O(1/mg) = 7(E) > 7(AL) > 7(Ee) > ()
O(1/mg) = (%) > 7(E) > 7(AT) > 7(2.)

O(l/mﬁ) with o = 7(E]) > T(QQ) > 7(AT) > T(Eg)

11



Lifetimes of doubly charmed baryons

Dec [Ann |Int(-)| Int(+) Semi (10 35s)
= | 1 1 1 1.9~15.5
= | 1 1 s2 | 1+s2Pl. 0.5~ 2.5
O | 1 | 82 1 1+c2Pl. 2.1~2.8
c s,d ¢ d

Sco d % u % d d d d d
C s,d ¢ d

Qcc+ % C C C C

12



Lifetimes of doubly charmed baryons
Qdto1l/m?

[dec [ann l-'i_nt Fi_}}t [semi [tot 7(10—13 S) Baspt (10—13 S)
g 2.198 —1.383 0.450 1.265 5.20 2.5610%%
=h 2.198 8.628 0.123 0.525 11.475 0.57
Q. 2.148 0.611 3217 2.445 8.421 0.78

[ann s Flnt — 7_( —I—-l-) > T(Q-I-) s T(EZ’C)

Fseml(ﬂ-l-) > Fseml('—'-i-) % Fseml('—;l-c-l-)

4
dto1/mg

Fdec [ann l"i_nt Fij_lt l"semi [tot T(10—13 S) Texpt(lo_m S)
B 2.198 —0.437 0.451 2,212 2.98 256705
5 2.198 12.260 0.030 0.469 14.958 0.44
QF 2.148 0.979 <=0246  0318>  3.200 2.06

« T(EXF) becomes shorter, while 7(Q/,.) becomes longer

* The use of HQE for constructive P.I. & semileptonic contribution is not valid 13



prescription

int _ pint int
=1+ 1

MY =T + (1 — o)y

[semi _ ermi 4 Fgemi e — Pzeml + (1 — a)FSfml
a Fdec [ann 1-11_+r_1t Fsemi Ttot T ( 10—13 S)
O+ 0 2.148 0979 -0.246 0.318 3.200 2.06
cc: 10.08 2.148 0979 0.031 0489 3.647 1.80
0.30 2.148 0979 0.792 0956 4.876 1.35
1 2.148 0.979 3217 2445 8.789 0.75

0.75 x 1071 s < 7(Q},) < 1.80 x 10713 s

+ .

T(E&") > 7(Q%) > 7(EL)

T(EF) ~ 0.45 x 107 %5

7

= cc. insensitive to a (Cabibbo suppressed)

T7(EFF) ~ 3.0 x 107

=) = (2.561025 £ 0.14) x 107135

LHCb ’18

14



Summary (I)

BMHQE in 1/m_ fails to provide a satisfactory description of the lifetimes of charmed

baryons to O(1/m.). Need to consider sub-leading 1/m_ corrections to spectator effects.

B Lifetime pattern of singly charmed baryon is dramatically changed in the presence of

dim-7 effects: 7(E}) > 7(QY) > 7(A}) > ©(ED).

B For doubly charmed baryons, we found t(=_.**) > t(Q_ ") > t(=..") with

(2. ) ~ 0.30 ps, T(=..*) ~ 0.05 ps.

B The lifetime pattern of charm-bottom baryons are predicted as (=, %) > 1(Q2,.°) > 1(E, ).

15



Non-leptonic decays

J Antitriplet singly charmed baryons
[ One sextet charmed baryon
(1 Doubly charmed baryons

16



Experimental progress

* BESIII
> absolute branching ratio of AL - pK~nt, 2016
> observation of A - nKdnt, 2017
»Af - prn® and Af - pn®, 2017
> absolute branching fraction for A —» E°K*, 2018
> decay asymmetries in A, & PK;, Ant, 2t 1%, 2%, 2019
> absolute branching fraction of inclusive decay Af — K3X, 2020

> absolute branching fraction for A} - pK2n, 2021
> ...

e Bell

»Measurement of 2F —» E-nrtrt, 2019
»measurement of Z2 - E~rr*, 2019

»asymmetry of 22 - -, 2021

»Branchng fractions of A¥ — pn and At - pr®, 2021

> ...

* LHCb

»Branching fraction of AL > pn~K™, 2018
» Observation of £1.F, 2017

» Observation of 2} — Ef7*,2018

» Observation of f — p¢, 2019

» Precision measurement of £} mass, 2020
»Search for £F., 2020, 2021

»Search for Q7,, 2021

> ...

17



Current situation

The situation we confront with:
1 more and more modes of charmed baryon decays are being measured,
J explore the dynamics at charm scale,

1 be a good helper to the experimentalist.

The requirement of a universal tool :

v’ can identify all types of contributions,

v’ can give instructions to further estimations.



The application of topological-diagram in charmed baryons

L.-L. Chau, H.-Y. Cheng and B. Tseng, Phys. Rev. D 54(1996)2132

M(BZ — BfP) = ’L’l_l,f(A = B’)/5)’UJZ

A = AfaC—I—Anf
B = Bfac + an

e fac. and nonfac. contribution
can be identified

* the estimation of two types
of contribution resort to
different methods

19



Factorizable part: naive factorization

¢ (G .
gmdv;3a1<P|< 5)|0)(B](dc)|Bc), P = K*,
= (PB|Heg|Be) = o
F e o 0
| T VeaViisoz (P|(5d)|0)(B] (uc)|Bo)| P = K°,
(K(q)[57.(1 —5)d|0) = ifkq, l
‘<B<p2>|m<1 —)ulBelpr)) = @ [~ Fo i by + Fa@®) B — (0GP~ gaPhio B+ an() 5 ) 25 ‘

Lattice results of FFs
O Stefen Meinel, A, = A, PRL2017; A, = N, PRD 2018

Tue 08/06 | Wed 09/06 | Thu 10/06  All days

11:00 | Xi_c Semileptonic decays from lattice QCD Prof. Wei WANG
| B RAHEIESL/T, Shanghai 11:00 - 11:15 | 20




Factorizable part: form factor

modes (cq)  f1(gmax) F1(mB)/ f1(ghax) 91 (@max) 91(MmP)/91(dmax)
=t 5> =tK’ (8) -8y 0.44907 ~¥8y, 0.60286
] ] =t 520t (e3) -y 0.49628 — Y8y 0.63416
* MIT bag model estimation oA @ In om0 in  omesw
Static limit 20 5 20K’ (8) Ly 0.44929 By, 0.60304
20 5=t (cB) —yy 0.49911 —¥8ye 0.63636
leBi(qrznax) = (Bs 1 |bc§1qu | B T)/dBT(UmUQz + Vg, Vg, ) E& - 20t (cd) R 0.36045 Y, 0.52523
5 =5 Ant (cd) -iv; 0.30260 —1Y; 0.47622
07" ) = By 1 Bl bpelBi ) [ (g, = Gugvn)  E ¥ @ v ommo n o oman
Ef o stps (cd) ¥V 0.41371 — By, 0.57735
Run =5 5 20Kt (es) —LByy 0.55058 Sy 0.68080
20— Ang (), (ed)  L1vi  0.39685,0.34715 LY,  0.56286,0.52343
fi(qd?) = fiz(o) RYE g:(¢°) = 97;2(0) R 20— X0ns  (c8), (cd) YBY: 0.46073,041395 2,  0.61338,0.57754
(1-q¢%/m3) (1 —¢q%/m3) 20 5 A0 (cd) ly, 0.30019 ly, 0.47410
20 55070 (d) LBy 0.35795 Ly, 0.52311
2ot (ad) Ly 0.36183 Yoy, 0.52638

205 =Kt (e8) —YByy 0.55371 —By; 0.68316




Non-factorizable part: pole model

d 1
g d A'\ -0/ - - ‘/\‘ /1, . > = \ m0/1q d (\r‘ =/
d \J ul ) u_|
: = M : H)’ 4 A & - )
E E, Ey %)
M M
/- /
/ /
o & /
7 /
&5 ‘e ®
B; 3, By B 13 By

ES-wave: B~ APole — _ Z

|:ng3;;an*’4' n bfn*gB:;BiP]

B (1/27)

98B, PGni| |a |
P-wave: 14 7: BPele — Z 2By + f"gB"Bm] .

(Bi|Hegt|B;) = 15 (ai; — bsjys)uj, (Bf(1/27)|Heg' |B;) = ’ibz‘*j’awj-zz



Current algebra

 Advantage: avoid 72~

com \/§ a
A" = By [Q5. HEY ) B)
Bpole \/§

A M <1
= Y2 ot

i —
Bn 7 n

S-wave: commutator 1
A™(B; — By K*) =

V2
gB/BPa b E(MB/ + mB)g?S,B’

_ V2
 fpe

(Bsl[Q", Heg” ]| Bi)

T +mn A
e mf—mn@

(B |1V HEE | B)

P-wave: generalized Goldberg-Treiman relation

23



Baryon matrix elements & axial form factors

* MIT bag model estimation

ap' g = (B'|HES Z V.yVie c_(B'|0% | B)

d,
q i 01 = 09 + 0f = (gc)(ag) + (gg)(ac)

C_ —C1 —(C9

1
gﬁf(g) = (B/ 1 |b qQ0z|B T>/ (uqluqz - §Uq1UqQ>

24



Selected results

Modes This work Geng et al. [14, 46] Expt.

AF - Azt 130 (=0.93) 1.27+0.07 (=0.77£0.07) 1.30 £ 0.07 (—0.84 £ 0.09)
AF - 207t 224 (-0.76) 1.26+0.06 (—0.58 £0.10) 1.29 +0.07 (—0.73 £ 0.18)
AF - 2*t70 224 (-0.76) 1.26 +£0.06 (—0.58 £0.10) 1.25+0.10 (—0.55 £ 0.11)
Af - xtp 074 (-0.95) 0.29+0.12 (—0.7010:39) 0.53 + 0.15

Af -5 pK> 211 (=0.75) 3.14+0.15 (—0.99199%) 318 £0.16 ( 0.18 % 0.45)
Ay - 20K+ 073 (0.90) 0.574+0.09 (1.00T009)  0.55+0.07

A} — pr® 0.13 (=0.97) 0.11701%  (0.24 +£0.68) <0.27 IW‘
A — pn 1.28 (—0.55) 1.12+0.28 (—=1.00t90))  11.24£0.29| |1.42+£0.12
Af - nrt 0.09 (—-0.73) 0.76 £0.11 ( 0.27 +£0.11) BESIII’17 Belle’21
AF — AKt  1.07 (-0.96) 0.66 £ 0.09 ( 0.09 & 0.26) 0.61 +0.12

Af - 'K+ 0.72(-0.73) 0.524+0.07 (—0.9870:05) 0.52 + 0.08

Af - StK9 144 (-0.73) 1.05+0.14 (—0.987005)

* Some modes are consistent well with experimental results.
* Most predictions for branching fraction and decay asymmetry are consistent with fitting
results based on SU(3) symmetry.



Discussion

=

Resolve the branching ratio of At — Z°K™
=t Ol

=r > 207t & EY 5 E7rt tension

Promising modes to discover 2}, & Q7.

26



I a “ " , K , K
f“ “‘ s ) /
{ /
A+ |
ype-l I I ) | / / =0 =0 } / )
. s A Sy S )

= Al
E 4

W'EXCha nge \ [ 4 g " O =

| \
; |
c
“ : =0
u

(b)

1
com A + =0 4\ — i . . ) "
ASS (N —FEFRT) = fl,(azﬂ\f az020);  identical under SU(3) vanishing S-wave zero alpha
A
1 A(KC+HY M=0 + M 77’1"‘() + M\ + un M=ro + My + -
Y =0 7.~ A(K =0 3+ N 4 < = Al A(KT
B®(A; - E°K™) = — .(1:(52+) Ay A+ T AZ0=0 9 A ) + @=oz'0 (1_,(0\\+)
f[( = 7IL\+ — M+ ik m=o — TIL——() ( - ¢ M=o — Hl—f(, =

\ cancellatmn /



Prediction for AF —» E°K*

} Y S
) A(, n 0

1
X
N
[

J.G. Korner, M. Kramer ‘92
P. Zenczykowski ‘94

(b)

1
comy A + =0 +\ —
A (Ac — =K ) — Fr Ao+ At different from Korner-Kramer: SU(4)

= 7 | 9=ox+ Ay A+ imi
fK =0y M+ — Mg+ AL similar
@ big and positive alpha

BR(AF - EOKY) = o | gAKMo T e

Channel Afac  gqecom  ptot pfac

Bca Btot | Beras chp [7] theo Qrexp
A 5 E0K+ 0 —4.48 —4.48

0 —12.10 —12.10|().73>< 10-2 (0.55 4 0.07)10~2 || 0.90

=) - LTK-

=0 - —
=, — pK—,XTr

28



aom(zt L 0nty = Lo, A (E0 S 271) = L azosy
o c f7r
1 Mzt + Mz g+ Mzt +Mzlo 4pt 1 +)yM=- + M=o
ca =+ =0+ = = (™) A(r™T) ca/—0 —_—_ 4 Alnt) g
b ( e ) fﬂ' <a~0:0 m=0 — M=o =9=s + azogle m=o0 — Mz E 0:+> B ('_'C — =T ) f_7r ( :_EO M=o — M—o a:O:(c)
Channel Afac Acom Atot Bfac Bca Dtot ' | Bth B Qi Q
constructive—= == — i

=) —)E_7T+A —7.42 —-5.36| —12.78 28.24  2.65 30.89 |6.47 1.80 £0.52 —0.95 —-0.6 =0.4

ot |-7.41 5.36 | —2.05 |28.07 —14.03| 14.04 |1.72 1.574+0.83 —0.78 —
) destructive 29

= =




—~++
~-CcC

1 Our prediction

J Experimental hint

=X the examining channel

B(ELF — Efnt) x BE} — pK~nt)

B(EdT = AFK—7ntnt) x B(AT = pK—7)

B(ELT - Erat) ~ 0.7%

= 0.035 £ 0.009(stat.) & 0.003(syst. ).

(1 Comparison

LHCb, PRL 121 (2018) 162002 Mode Our Dhir Gutsche et al.| Wang  Gerasimov
B(A} — pK—nt) = (6.28 + 0.32)% PDG2018 € BESIII et al. [8, 10] [11, 13, 17] | et al. [7] et al. [14]
B(E+ — pK—nt) = (0.45+0.21 +0.07)% Belle, PRD100(2019) 031101 Eft 5 Errt [ 069 | 6.64 (N) 0.70 6.18 7.01
. 9.19 (H
_li(I‘T _i“:fr:) — =0.49 +£0.27 _ B (H)
BELT — ATK-mta) Eft 5 =4rt | 465 | 5.39 (N) 3.03 4.33 5.85
l BELT —» AfK-mtat) ~ 3B(E4 - $HK™) assumption 734 (H)
B(Ett - o+ K°)=561% T Gutsche, et. al. PRD100(2019) 114037 =+ v+ | 136 2.39 (N) 1.95
BELT = 51 )expt = (1.83 £ 1.01)% 4.69 (H)
J Promising channels
Channel Afa(' Acom Atot Bfa(' Bea Btot Btlxvo Qtheo
Ert 5 Efat 740 —1079 -3.38 <15.06  18.91 385 | 069 —0.41 B(EXr - E'¥nt) = 4.65%
=t 5 Eat 449  —0.04 445 —48.50 0.06 —48.44 465 —0.84
=+ — =07+ 852 1070 1931 C1646 008> —1654 | 384 031 30




=7 and Q. : present situation

o(55) X BEL, — ALK n")

o(25) x B(2f, - EfK—nt) x B(E} —» pK— =)

REL) = T+ T+ e — =
o.(‘:‘cc )XB(‘:'cc - ACK mhat) i O'(E,t+) X B(E,t+ —F A,*._K_Tl'+7l'+) X B(Aj_ —¥ DK_W+)
T T I R e 0.14 L S S B S S S

[ b) ] < )
1/_: E 7=40fs —7=80fs -~ 7=120fs - 7 =160 fs A 3012_ —-1=40fs —1t=80fs - t=120fs - t=160fs -t =200fs —
u T ] 2 T ’
= 2k LHCb _ < 01 ; " ‘ Lch_1 B
§ [ . \s=13TeV B Saib? g
R ™ 7] 0.08 [~ i f
§ ™ § 7 . - ~ T &
= lall /i 2 ol N :
B 117 s e
B =L 1
e N -
) X
AN W

0 e ' I ‘-...::‘"::.,-‘ l ,,:’w.;:,.- I —— l ‘~«; I ."::::“?.'t'.:: '::,,“‘m{i' '''''''' . ........
3400 3500 3600 3700 3800
m(AIK %) (MeV/c2) — m(E:K ") [MeV/c?]
EY > ATK nt ng — :C+K T

LHCb, Sci. China Phys. Mech. Astron. 63 221062 (2020) LHCb, 2105.06841

J Explanation

Al

Creis Lo ALK > AfKnt > pK rnt K nt

B(E!. —» AtK%*)=0.48%

> 3K~ > ANfK nt > pK nt* K nt
B(E}. - £r*K™)=0.13%

H.-Y. Cheng, G. Meng, FX, J. Zou,
Phys. Rev. D 101 (2020), 034034

L.J. Jiang, B. He, R.H. Li,

EPJC 78(2018)no0.11,961 31



=7 and Q. : the suggested discovering mode

A A suggested discovering channel for Z}. :

FroRnt o E ntntoAr Tt s pr Tt

=+ =0 +\— )
B(‘-‘CC - “CT[ )_ 3.84% (large Br) H.-Y. Cheng, G. Meng, FX, J. Zou,
Phys. Rev. D 101 (2020), 034034
B(EQ - E_7T+)= 6.47% (the largest channel)

J. Zou, FX, G. Meng and H.-Y. Cheng,
PRD101(2020), 014011

3 A similar suggested discovering channel for Q. :
O > 2Kt 5> ArKO nt - pr KO et
B(Qf. - 0%7)=3.96% (large Br)

H.-Y. Cheng, G. Meng, FX, J. Zou,
Phys. Rev. D 101 (2020), 034034

B(QY - 2YKY)=3.78% (CF, the largest channel)
S. Hu, G. Meng, FX,
PRD101 (2020), 094101 32



Summary (lIl)

* Weak decays of singly & doubly charmed baryons are predicted.
* Branching fraction of A - E°K™ is resolved.
* Atension exists in Ef —» Z0z7t and Y » E~xt.

* Promising modes to discovery the remaining 2 doubly charmed
baryons are proposed.



