Charmed baryon semileptonic decays
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® Numbers of articles related to charmed baryons from Inspirehep Measurements of

AT — A form factors

First measurement of
BN - pK~ ™)
IZ/Z8¥5 Collaboration
PRL 113, 042002 (2014)

B'ES]]I Collaboration

PRL 129, 231803 (2022)

100

50

Measurements of
=0 e

=¥ Collaboration
PRL 127, 121803 (2021)

Observation of =

Improved precision on
B(NT - pK~n™)

B'ES]]I Collaboration

PRL 116, 052001 (2016)

First observation of
strong phase in NL

B'GS]]I Collaboration

PRL 132, 031801 (2024)

PRL 119, 112001 (2017)


https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=Charmed%20baryon&earliest_date=2013--2024&ui-citation-summary=true&ui-exclude-self-citations=true

® Numbers of articles related to charmed baryons from Inspirehep Measurements of

AT — A form factors

B'GS]]I Collaboration

PRL 129, 231803 (2022)

® Before 2020, studies focus on
charmed baryons themselves. 100

® Since 2020, they have been used as 50
tools to examine the standard model !

In semileptonic decays:
Form factors, Time-reversal asymmetries.

Measurements of
BE) - Z 1))

=¥ Collaboration
PRL 127, 121803 (2021)

First observation of
strong phase in NL

B'ESI[[ Collaboration

PRL 132, 031801 (2024)

In nonleptonic decays:
CP violation



https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=Charmed%20baryon&earliest_date=2013--2024&ui-citation-summary=true&ui-exclude-self-citations=true

First principle / reliable

Lattice QCD: Eg — ECU,... g
s 3
* Inclusive decays (clue 1) * g— D
D
.
Heavy quark expansion: A. = XZ™, ©(A,)... % ©.
-
. =3
* Interactions at hadron level O o
() I 6 3
Small released energy, yPT: =. — Alxn ... > O
@
— n

» SU(3) analysis (clue 2) *

2-body, 3-body, semileptonic...
Most general but requires (too) many parameters

Data driven / fruitful



* Semileptonic decays (exclusive) B (N — Aetv,) (%)

HBM - Data
[2210.15583] [1510.02610]

CQM - .
[1512.02168]

RQM- .
o |attice predictions are consistent 11610007

with data for A" decays. LQCD- —

[1611.09696]

LEQM{ e
AT [1803.02292]

LFQM - ’ °
[2012.04147,

s/d LEQM: : .

[2104.04962

SU(S)F‘ : o
[1901.05610]

SU(3)F : "
[2110.04179] 15 210 2:5 310 3:5 4:() 4:5 5.0

o Theoretical predictions range widely.
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o Semileptonic decays (exclusive) B (NS - netv,) (%)

-03  -02 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
L L R L

NRQM Phys. Rev. D 40 (1989) 2955 o

o Theoretical predictions range widely. | rRoM  phys Rev. D56 (1997) 348 o
HQET Phys. Rev. C 72 (2005) 035201 o
CQM Phys. Rev. D 90 (2014) 114033 )
RQM Eur. Phys. J. C 76 (2016) 628 °

o Lattice predictions are consistent Phys. Rev. D 93 (2016) 056008 o}

QCDSR  J.Phys. G 44 (2017) 075006 HOH

with data for A" decays.

LFQM Chin. Phys. C 42 (2018) 093101 o

o Hand"ng of phase space and the Phys. Lett. B 792 (2019) 214 —e

JHEP 11 (2017) 147 —e—

MBM Phys. Rev. D. 101 (2020) 094017 °
running of form factors generate LECOM  Phys. Rev. D 103 (2021)054018 . ,
main differences in SU(3) - analysis.  |GSUG)D  rvs Lew a3 ooy e .
ﬁphys. Rev. D 107 (2023) 033008 ——i
QCDSRy’ 7 Phys. Rev. D 108 (2023) 074017 —
* ¢c > SsandcC — dcan have sizable LQCD  Phys. Rev. D 97 (2018) 034511 —e—
differences in PS and FFs. BESIII exp. Nature Commun. 16, 681 (2025), (figure source) N
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-03 -02 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6

see Dong’s talk in this morning
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® Semileptonic decays (exclusive)

~4- Ac—>Ae'v, —- Averaged
) A Ay, MR
-« LQCD
as o
- 4 ¢ et |
At -
TR RS
-0.51 |
0 0.3 ! 0 03 !
q* (GeV?) ¢ (GeV?)
d*T G%2|V.|*? Pg*(1 —m%/qg*)* (3
. / — F| “4‘ Pa( n;f/q ) — (1 —cos&,)*|Hy1;|*(1 + apcos,)
dq°dcos@,dcos0,dy  2(2n) 24My 8 :

3
+ 3 (1 + cos HQ)Z\H_%A #(1 —ap cos b))

+ Zsinzﬁg[\H%Olz(l + ap cos8,) + \H_%O\z(l — apcos6,)] - ap cos ysin@, sin 6,

|2\/§

X [(1 —cosOy)H_gHy + (1 +cosby)HH__;| + ng},



Semileptonic decays (exclusive)

Use * 7zo = 0.15 psinstead of 0.118 ps.

So far, there is No literature that can explaln
satisfactorily the smallness of it. . |

What'’s worse, the SU(3) - symmetry for
¢ — S indicates:

12

0§./0 §.

It is around 0.3 instead! Botharec — s

transitions, and large SU(3) - breaking is
unexpected.

LQCD-

[2103.07064]

7 HBM-

[2210.07211]

QCDSR-

[2103.09436]

SU(3)-

[2110.04179]

¥ 5LFQM -

[2012.04147]

ROQM *
[1905.08652]

SU(3)*
[1901.05610]

LEQM*
[1803.02292]

SU3)*
[1801.03276]

SU(3) "
[1709.00808]

QCDSR*
[1102.4245]

Y
™
o O
l

V) (%)

o— = Rescaled

PDG
-——] [2103.06496]

LQCD
[2504.07302]




Semileptonic decays (exclusive)

Use * 7zo = 0.15 psinstead of 0.118 ps.

So far, there is No literature that can explain
satisfactorily the smallness of it. &=

What’s worse, the SU(3) - symmetry for
¢ — S indicates:
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PDG
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LQCD
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® Semileptonic decays (exclusive)

o Difficult to explain the data with NP with the meson
sector unaffected.

 Apossible explanation: 2110.04179]

=.=cosf E>+sinf =°

e The form factors of = and H6 destructively interfere.
With @ ~ 25°, the data can be explained: 1221007211

BE? - Z(1520)¢*v,) ~ 5% 107>

B(E > E(1520)¢10,) ~ 1.3 %

C

Qe
-/

o Unfortunately, it was soon realized from lattice QCD,

sum rules and LFQM that the mixing angle is tiny.

[2103.09436, 2303.17865, 2305.08050, 2309.05432, 2309.16336]
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First principle / reliable
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Data driven / fruitful



® Inclusive decays - theory

Hai-Yang Cheng, March 19, 2018, see the first talk in this morning

[dec amn  pint Pt Pgr T 1 (10788)  Texpt (10713s)
A} 1.012 1.883 —0.209 0.021 0.308 3.015 2.18 2.00 %+ 0.06
E} 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 1.12+0-13
Q0 1.155 0.126 0.346 0.520 2.855 2.31 0.69 + 0.12

By the end of the work, | was very disappointed because although the lifetime of E;r

as well as its ratio to Aj lifetime were largely improved by including dim-7 effects,

the predicted €2, lifetime becomes the longest one, opposite to the experiment.

LHCb, June 8, 2018

T(EJ) T(AJ) 7(Ec) T ()
PDG (2004-2018) [10] 442 + 26 200 =6 112f}8 69 £+ 12
LHCb (2018) [12] 268 £ 26
LHCb (2019) [14] 457 + 6 203.5 = 2.2 154.5 £ 2.6
PDG (2020) [11] 456 + 5 2024 + 3.1 153 + 6 268 + 26
LHCb (2021) [15] 148.0 4 3.2 276.5 =+ 14.1
World average (2021) 456 £ 5 202.4 3.1 152.0 == 2.0 274.5 £ 12.4

(The Belle II Collaboration)

We report on a measurement of the {20 hfetlme using 20 — 2«1 decays reconstructed in

_|_

e e~ — cc data collected by the : ‘Norimen ave

7(29) = 243 + 48 (stat) + 11 (syst) fs,Jagrees with recent measurements

luminosity. The result
indicating that the (29 is IOt tHE SN0

osponding to 207 fb~!

5> charmed baryon.

of integrated

The 2nd International Workshop

on High Intensity Electron-Positron Accelerator
@2-7GeV in China

HIEPA

March 19-21, 2018

University of Chinese Academy of Sciences,
Yangihu Campus, Huairou, Beijing, China,
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the Collaborative Innovation Center for Elementary Partldes and
USTC and UCAS.
http://cicpi.ustc.edu.cn/hiepa2018/

12



® Inclusive decays - theory

Lim(a,,) == [ <T (%eff(x)%eff(())) > dx

B 2m,

Separating energy scales My;, > mg > AQCD
! Nt e’

s C, (O0,)

Pole mass, non-perturbative input
[2502.05901]

k
m
= 2y (GO
A pey O

singlet

7 0 93 0 o 93 0 9>
le QQ | + + Q» S 2,
nm, 9 51% 9 75 U@ 4, D 7 >< >
X 1> A7) 22

octet
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® Inclusive decays - theory
(mb, mc, AQCD) — (48,1.5,03) GGV

3 3
A A 11
P22 q6x2] & ( | ,160)

o The dim-6 operators are of order O(10~2) and O(1) relative to the dim- 3 ones.

q1 %
—Im X 0= A + + —
nm, q 9> q h) 9, P LY ><
N
S
X mQ X (471' 2mé

= l'{otal
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® Inclusive decays - theory

o Symbolically, the transition operators read:

G%mé = (5,0 ~ C6,0 C7.0
&\ 3000 +—-00- GO +——Ts +—"T; + -

o In Cabibbo-favored decays, = receive dim-6 operators
contributions but A" does not!

o Since dim-3 and dim-6 SL operators are in the same sign:
2 = ri2X(dim-3) + 2%(dim-6) = Y% + I2H(dim-6) > I:

o RBESTI reveals the 90% saturation of: 221203753
BN = Xe)=@4.06x13)%~ | .| BAS = Ae™v,)
BE? - XCtv,) >2.6%
 From %(E? - Z ¢*v,) = (1.05 £ 0.20) % we have
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® Inclusive decays - numerical results

Q

(Quda) (@Q5) )5, - Sho = ((Quds) (@5Qa) ) g,

Ly, = <(QLL“%) (‘1};%@[3» 5 L}, = <(QLL“ qs) (quuQa)>B
( <
((Qu50a) (T575Q8) )5, 5o = ((Qu1548) (@575Qa) )5,

LI =-32+16&—-238%0.11%£034+022 From QCD and HQET sum rules
b
[2305.00665] [PLB 387, 371(1996)]

Model (Bg,q) | (Av,q1) (Zb,q1) (Eb,s)  (,8) | (Aeyar) (Be,q1)  (Eey ) (e, 8)

L%Q —5.44 —5.15 —5.88 —34.12 —-4.83 —487 —-5.34 -31.63
BM ¢ S%Q 244 232 2.74 —5.41 1.96 1.98 2.32 —4.65
Pg@ —0.27 —-0.25 —-0.20 —0.62 —-0.44 -04 -034 —1.12

Bag is localized and it cannot be
3-momentum eigenstate.
Underestimate the 4-quark operator
by 2.

5.1(15)
NRQM 2.5(8)

0

[2305.00665]
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® Inclusive decays - numerical results

o The prediction of AT — Xe™ is well consistent
with the data of (4.06 = 0.13) %.

e For AT, = the HQE of I'; > I'c > I'; holds but
not true for 2.

o The prediction of B(ZY — Xe™) is consistent
with the lattice result of Z(Z° — = ¢ ) ~

(3.58 £ 0.12) % together with the ansatz of
lowest bound-state saturation.

o We are working on both dim-7 NLO and doubly
charmed baryons predictions.

B. rst el et B>(%)
. LO [0.40(13),, 0.01 0 | 8.25(78),,(44),(37)4(37)s
C NLO|0.35(11),, 0.01 - | 4.57(42),,(24),(21)4(13),
B LO 0.40(14),, 0.36 —0.15] 8.99(58),,,(29),.(25)4(43)
- NLO 0.35(12),, 0.18 - (4.40(45),,(22),,(19)4(30)4
. LO 0.40(14),, 0.35 —0.15] 18.59(26),,(22) .(19)4(39)s
- NLO|0.35(12),, 0.18 - 8.57(20)1,(5)u(5)4(44)

0.37(12),, 0.61 -

0.42(14),, 1.22 —0.83] 13.51(42),,,(10),,(8)4(23)s

1.88(1.33),m (47),,(40)4(85),

[2305.00665]
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First principle / reliable
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» SU(3) analysis (clue 2) *

2-body, 3-body, semileptonic...
Most general but requires (too) many parameters

Data driven / fruitful



e SU(3) flavor perspective of charmed baryon decays

By far, the only reliable (?) way is the SU(3), symmetry.

PRD 54, 2132 (1996), PRD 93, 056008 (2016), NPB 956, 115048 (2020)

JHEP @9, 035 (2022), JHEP 03, 143 (2022), PRD 109, 114027 (2024) ..

@ Weak interactions Dy

O—& w-w

Murray Gell-Mann 1929-2019

K° K+
71'0
: ot
7
q
K- K’
q=—1 q=70

19



e SU(3) flavor perspective of charmed baryon decays

* Predicted direct relations: PLB 794, 19(2019)
C(AF — ZHK)) = T(A} — 20k*) = 2 T(EY — 207"

— B

(7.1+£04), x 107
6.9+1.4), x107°

exp
JHEP 10, 045 (2024)

(4.7+1.0)x 1074

~(4.8+1.4)x10™

PRD 106, 052003 (2022)

* Tests on predictions of global fits since last year: PRD
PDG (2023) Theory (2023)
a(A} - pKY) 0.18 £0.45 —0.40 £ 0.49
* 10*B(AF — pr ) <0.8 1.6 +0.2
* 10°B(AT — AKGn™) None 1.97 £0.38
é 10°BE? —» E%) None 2.94 +0.97
"n 10°8BE? - 2% None 5.66 +0.93

S

There are some shortcomings in SU(3), symmetry approach.

20

109, 093001; PRD 109, L0O/1302
Data (2025)

—0.744 + 0.015 e
1.79 + 0.41 B¢SIL
1.73 +£0.28 B¢SIL

1.6 £ 0.5
1.2 +0.4

see Li’s talk in this morning
20
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e SU(3) flavor perspective of charmed baryon decays

% The SU(3) . is an approximate symmetry with errors in 1071, g; qj ] .
We propose a new scenario that incorporates the SU(3) - breaking < \)
of strange quark pair production from the vacuum. B R\
C
200% x ¢ qk] B
X
. q q
§ 150% - X
é : ! qg— {4 ] b
i S
@ 100% - <
s B,
=
D c dr | B
% 50% -
: >< q = 4,
330 2.35 2.40 2.4 2. m?xl:
. . . A5 2.50 m;°im,“~ 12

2
x"/d.o.1. [2506.19009] (constituent quark masses)

21
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e SU(3) flavor perspective of charmed baryon decays

é The SU(3) - is an approximate symmetry with errors in 1071,

We propose a new scenario that incorporates the SU(3) - breaking

of strange quark pair production from the vacuum.

200%

150% -

100% -

50% -

SU(3) r breaking size

To possible solutions can be
distinguished by the Lee-Yang

=0 0
parameters of =, — 2"K

2.35 2.40 2.45

x*/d.o.f.

2.50
[2506.19005]

q; q;
b

" <
¢ dr | B

q q
q q ] b

q;

-2 . =2 ~ 1 -
mS .md N1.2

(constituent quark masses)

22
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e SU(3) flavor perspective of charmed baryon decays

% The large )(2 Is mainly contributed by two channels:

[2506.19005]

PDG SU(3) conserved SU(3) broken
10°BE) - Ex%)  1.43+£0.32 2.72 +0.09 2.9+0.1
10°BEY - E2tn™) 29£13 6.82 +0.36 6.0+ 0.4

Both of them are the normalized channels in E?’J“, indicating an possible underestimation

of factor two in the experimental side.

Same underestimations occurs in Z) — Z7 7y,

PDG SUQ3) % Lattice Lattice
10°B(EY - Z7etr,)  1.05+0.20% 4.10 £ 0.46 2.38 + 0.44 3.58+0.12
10°BE! = Euty)  1.02+0.21% 3.98 = 0.57 2.29 +0.42 3.47£0.12

*Using %(E(c) — E_ﬂ'_l_) — (142 -+ 032) % [2110.04179] [2103.07064] [2504.07302]

23
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e SU(3) flavor perspective of charmed baryon decays

1% The large )(2 Is mainly contributed by two channels:

[2506.19005]

PDG SU(3) conserved SU(3) broken
10°BE) - Ex%)  1.43+£0.32 2.72 +0.09 2.9+0.1
10°BEY - E2tn™) 29£13 6.82 +0.36 6.0+ 0.4

Both of them are the normalized channels in E?’J“, indicating an possible underestimation

of factor two in the experimental side.

Same underestimations occurs in Z) — Z7 7y,

PDG SUQ3) % Lattice Lattice
10°B(E) - E7etv,)  2.12+0.13% 4.10 £ 0.46 2.38 + 0.44 3.58 +0.12
10°BE) = Eu%y,)  205+0.19%  3.98+0.57 2.29 +0.42 3.47 +0.12

*Using %(E(c) — E_ﬂ'_i_) — (29 -+ 01) % [2110.04179] [2103.07064] [2504.07302]

24



® Semileptonic decays (exclusive): Future aspect

Probing other charmed baryons

IIIIIIIIIIIIIIIIIIIIIIIIII

CLEO

— Light-front approach
EPJC 80 (2020) 11, 1066
Light-cone sum rules
PRD 106 (2022) 7, 074022

= SU(3)f
PRD 109 (2024) 3, 033004

= CLEO
PRL 89 (2020), 171803

-=-Belle

PRD 105 (2022) 9, L091101

Belle

ALICE

ALICE -

Triple product asymmetries

P
A/p

.

05 1 15 2 25 3 35 4
BR(Q) - Qe* v.)/BR(Q) — Qx*)
[2404.17272]

NP unlikely shares the same complex phase
with the SM. .

Tp (AEI-_ —> A€+I/e) —_ _0.021 O°O4lstat 1 O’OO]‘SYSt
T,(AF = Autv,) = 0.068 + 0.0554, + 0.002

PRD 108, L031105 (2023)
25

Vanish in the SM.




—() —_— 4 . LQCD Rescaled
2. — = e U, remains one of the most urgent S

PDG
- [2103.06496]
problems to solve in charm decays. HBM LOCD

fggg gﬂ [2504.07302]

[2103.09436]1
SU(3)

The study of charmed baryon decays — as rz1£oggﬂ
faSCinating as it is flavorful! 12012.04147]

RQM*
[1905.08652]

SU3)"
[1901.05610]

AT LFQM
IATPETER 11803.02292]

SU3)"
[1801.03276]

SU((3)"
[1709.00808]

QCDSR*
[1102.4245]




