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FROM QUARK TO BARYON
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CHARMED BARYON: RECENT PROGRESSES (I)

« Opportunities brought by BESIII: AT

R Value

«w [JO >

BESII98

BESII(Preliminary)

CrystalBall
Gamma2
Markl
pluto

/N

J/9(3.10)

/N

/' (3.69)

¥(4.0}
[]

Ecm (GeV)

“Physics at BES-III”, Int. J. Mod. Phys. A24 (2009)S1-794

PRL 116, 052001 (2016)

4.6 GeV, 567/pb l

PHYSICAL REVIEW LETTERS 5 poek ending |
(BESIII Collaboration)

Mode This work (%) PDG (%)
1.52 4+ 0.08 + 0.03 1.15 +0.30
pKin' 187i013i005 165i050
pKontn 1.534+0.11 + 0.09 1.30 + 0.35
pK nt " 4.53 +£0.23 £ 0.30 34+ 1.0
Axt 1.24 + 0.07 + 0.03 1.07 +0.28
Artn° 7.01 037 +£0.19 36+13
Ar " 3.81+024+0.18 2.6+0.7
Y07+ 1.27 + 0.08 + 0.03 1.05 + 0.28
>t a0 1.18 +0.10 + 0.03 1.00 +0.34
Statn 4.254+0.24 + 0.20 36+1.0
>tw 1.56 + 0.20 + 0.07 27+1.0
PDG 2016: (6.35 £ 0.33) %

e
@’@

247087 MV 2467.87 + 0.30 Me V(S 1.1)
(1.12* (4.42 +0.26) x 107" s(S=1.3)

PDG 2021: (6.28 £0.32) %

@ Beam energy

@ FEbeam = 2.322.35 GeV in 2019
@ Ebeam = 2.35>2.45 GeV in 2020-21




CHARMED BARYON: RECENT PROGRESSES (Il)

* Progresses made by Belle/Belle-l
« competitive role in A. measurement (benchmarking channel, DCS decays)

« one important provider for 2. & 2.

week ending

PRL 113, 042002 (2014) PHYSICAL REVIEW LETTERS 25 JULY 2014

Measurement of the Branching Fraction B(A[ —» pK z")

' week ending

PRL 117, 011801 (2016) PHYSICAL REVIEW LETTERS 1 JULY 2016

First Observation of the Doubly Cabibbo-Suppressed Decay of a Charmed Baryon:

A - pK n
PHYSICAL REVIEW LETTERS 122, 082001 (2019)
First Measurements of Absolute Branching Fractions of the E! Baryon at Belle
PHYSICAL REVIEW D 100, 031101(R) (2019) PHYSICAL REVIEW D 97, 032001 (2018)

First measurements of absolute branching fractions of the E;
baryon at Belle

Measurement of branching fractions of hadronic decays of the QY baryon




CHARMED BARYON: RECENT PROGRESSES (IlI)
* Progresses made by LHCb

s

* one important provider for Z. & €. : decays vs. lifetimes

 discovery and measurement of doubly charmed baryons

* Mmeasureme I’Tt Of b Ott om b d ryO ns |& Selected for a Viewpoint in Physics week ending
PRL 119, 112001 (2017) PHYSICAL REVIEW LETTERS 15 SEPTEMBER 2017
Observation of the Doubly Charmed Baryon Z*
" =0 A7 =7 .
PDG | Ay a , , R. Aaij et al.
2018 (LHCb Collaboration)
b = 0 A + Q 0 = +
LHC - C C -
Semileptonic | i b - PHYSICAL REVIEW LETTERS 123, 031801 (2019)
- 0 (0
LHCb | Se o ¢
Prompt LHCb Comb. First Observation of the Radiative Decay Ag — Ay
St S e e RS R e e g e e G e i el e e R. Aay et al.”
0 100 200 300 400 500 S )
Lifetime (fs)

® (Received 23 April 2019; published 15 July 2019)

week endin

PRL 115, 241801 (2015) PHYSICAL REVIEW LETTERS 11 DECEMBER 2015

PHYSICAL REVIEW LETTERS 121, 092003 (2018)

[J [ F:_ 0 —
Measurement of the 0 Baryon Lifetime Evidence for the Strangeness-Changing Weak Decay =, — An

R. Aaij et al.”
(LHCb Collaboration)

R. Aaij et al.”

(LHCb Collaboration)

® (Received 5 July 2018; revised manuscript received 31 July 2018; published 31 August 2018) (Received 13 October 2015; published 11 December 2015)




CHARMED BARYON WEAK DECAYS

* The Pioneering work has been done in 1990s.

(Hai-Yang Cheng, B Tseng, ‘92 & ‘93 PRD)

* More modes have been studied and completed in recent years.

Z0U, XU, MENG, and CHENG PHYS. REV. D 101, 014011 (2020)

TABLE V. The singly Cabibbo-suppressed decays £, — BP in units of 102G GeV?. Branching fractions (in unit of 10~3) and the
asymmetry parameter a are shown in the last two columns.

Channel Afac Acom Atot Bfac B2 Bt Bis Atheo
Ef - Ant 0.46 -1.50 -1.04 -1.69 2.16 0.47 0.85 -0.33
Er = X0zt -0.90 -1.00 -1.90 3.29 0.74 4.03 4.30 -0.95
Ef - >+ 0.32 1.00 1.32 -1.16 1.61 0.44 1.36 0.23
Ef - Xtp -0.74 1.42 0.68 2.58 -2.19 0.39 0.32 0.36
EF - pko 0 -2.10 -2.10 0 2.64 2.64 3.96 -0.83
Ef - 20K+ -2.30 1.16 -1.14 8.43 -3.46 4.97 2.20 —0.98
E(C) — An° -0.12 1.06 0.95 0.42 -0.96 -0.53 0.24 -0.41
=0 5 A 0.27 1.51 1.78 ~0.94 ~0.71 ~1.65 0.81 ~0.59
50 — 30,0 -0.23 -0.70 -0.93 0.82 1.36 2.18 0.38 —0.98
E(C) - Zon 0.53 -1.01 —-0.48 —-1.83 1.55 -0.28 0.05 0.36
E(C) N A -1.28 -1.41 -2.69 4.67 0.22 4.89 2.62 -0.90
B0 - Xta- 0 1.41 1.41 0 2.49 2.49 0.71 0.89
20 - pK- 0 -0.94 -0.94 0 —1.86 —-1.86 0.35 0.99
E".(C) — nK?° 0 -2.10 -2.10 0 2.96 2.96 1.40 -0.89
E(C) — BOK0 0 2.10 2.10 0 -4.17 -4.17 1.32 -0.85
20 - E-Kt -2.31 -0.94 -3.24 8.49 0.71 9.20 3.90 -0.97

H.-Y. Cheng, F. Xu et. al.
series of works, 2018-2020




HEAVY BARYON WEAK DECAYS
* Weak decay via heavy quark

* Weak decay via light quark: Heavy-Flavor-Conserving weak decays
the heavy quark behaves as a spectator [heavy quark symmetry, chiral symmetry]

emitted light mesons are soft [effective Hamiltonian, current algebral




EXPERIMENTS OF HFC WEAK DECAYS

e 0= o :‘O +
. L—Jb —>Abﬂ' L_JC_>A67T

week ending

PRL 115, 241801 (2015) PHYSICAL REVIEW LETTERS 11 DECEMBER 2015

PHYSICAL REVIEW D 102, 071101(R) (2020)

Evidence for the Strangeness-Changing Weak Decay E; — A)z~

R. Aaij et al.”

(LHCb Collaboration)
(Received 13 October 2015; published 11 December 2015)

First branching fraction measurement of the suppressed decay E? —» 7~ A}

R. Aaij et al.”
(LHCb Collaboration)

B(E; - Az~) = (0.57+£0.21) ~ (0.19£0.07) %

Order: 107

10




THEORETICAL STUDIES OF HFC WEAK DECAYS

PHYSICAL REVIEW D VOLUME 46, NUMBER 11 1 DECEMBER 1992 l

= T h e e a r I y C O n S i d e r a t i O n S Heavy-flavor-conserving nonleptonic weak decays of heavy baryons

Hai-Yang Cheng, Chi-Yee Cheung, and Guey-Lin Lin
Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of Ch  pyHySICAL REVIEW D

VOLUME 46, NUMBER 3 1 AUGUST 1992
Y. C. Lin . .
2 Physics Department, National Central University, Chung-li, Taiwan 32054, Republi Heavy-quark symmetry and chiral dynamics
( : I > e : [ ( ( : I Y) ) ] 1 ‘ ’ ‘ ’ : ! Tung-Mow Yan Tung-Mow Yan
Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of Ch Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China
and Floyd R. Newman Laboratory of Nuclear Studies, Cornell University, Ithaca, New and Floyd R. Newman Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 14853*
Hoi-Lai Yu Hai-Yang Cheng, Chi-Yee Cheung, and Guey-Lin Lin

Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of Ch, Institute of Physics, Academio Sinica, Taipel, Tahoan 11529, Repubiic of China

heavy quark plays the role of spectator quark

Physics Department, National Central University, Chung-li, Taiwan 32054, Republic of China

Hoi-Lai Yu
Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China
(Received 2 March 1992)

B(E) A7 )=3.8X107*,
B(Ef 5>A7%)=5.0x10"*,
B(Q)—E."7r7)=0.9X1077 .

» Some properties

* PV S-wave: 1/27 poles

- PC P-wave: 1/27 poles; the amplitudes vanish for antitriplet in heavy quark limit

diquark of antitriplet is scalar: J© = 07 '

5 P S+ = [(ude + duc (13) + (23)],
angular momentum conservation forbids 0™ — 07 + 0~ V6
(13) + (23)],

[(usc — su

11




THEORETICAL STUDIES OF HFC WEAK DECAYS

O The early ConSiderationS PHYSICAL REVIEW D 93, 034020 (2016)

S-wave nonleptonic hyperon decays and E; — 77 A,

Michael Gronau

G ro n a u e R O S n e r 2 O 1 6 Physics Department, Technion, Haifa 32000, Israel

Jonathan L. Rosner
Enrico Fermi Institute and Department of Physics, University of Chicago Chicago, Illinois 60637, USA

constructive interference: W-exchange & S-wave amp. (Rceived 4 Jamay 2016 publshd 10 Febrary 201

B(E; —> JI_Ab) = (6.32 +4.24 + 0.16) x 1072
= 4.2) X 10_3,

(1.76226) x 10~
(1.34 £ 0.53) x 1073

Cheng [(CLY)?)] 2016

destructive interference: W-exchange & S-wave amp.

Mode | Al B Mode |A| B

0> Afnm 1.7x1077 087x107* | E) - A)r~ 23x1077 2.0x107°
43 x1077 6.9 x1073
EF o A7 09x1077 093x107* | E 5 A’ 1.3x1077 5.9 x 1071

branching ratio order: 10~

12




THEORETICAL STUDIES OF HFC WEAK DECAYS

» After 2021: spectator W-exchange enhance P-wave amplitude

Niu-Wang-Zhao, 2022

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Study of heavy quark conserving weak decays in the quark model )

calculate in NR constitute quark model

Peng-Yu Niu %9 Qijan Wang "¢, Qiang Zhao *%*

2 Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China

b Guangdong Provincial Key Laboratory of Nuclear Science, Institute of Quantum Matter, South China Normal University, Guangzhou 510006, China

¢ Guangdong-Hong Kong Joint Laboratory of Quantum Matter, Southern Nuclear Science Computing Center, South China Normal University, Guangzhou 510006,
China

d University of Chinese Academy of Sciences, Beijing 100049, China

Y. . pole terms enhance 2. —» A'x

Eur. Phys.J.C  (2022) 82:297 THE EUROPEAN M)
https://doi.org/10.1140/epjc/s10052-022-10224-0 PHYSICAL JOURNAL C S
Review

Topological tensor invariants and the current algebra approach:
analysis of 196 nonleptonic two-body decays of single and double
charm baryons — a review

2

Stefan Groote'?, Jiirgen G. Kérner

! Fiiiisika Instituut, Tartu Ulikool, W. Ostwaldi 1, 50411 Tartu, Estonia
2 PRISMA Cluster of Excellence, Institut fiir Physik, Johannes-Gutenberg-Universitit, Staudinger Weg 7, 55099 Mainz, Germany

Groote-Korner, 2021

How about make use of Current Algebra?

Don’t forget the origin!
13




GENERAL DESCRIPTION




DEPICT THE TWO-BODY WEAK DECAY

 at quark level

light quark

"spectator” quark




TOPOLOGICAL APPROACH

M(BZ — pr) = iﬂf(A — ny5)uz-

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

16




TOPOLOGICAL APPROACH




S-WAVE AMPLITUDES




FACTORIZABLE S-WAVE AMP.

= .decays: s decay
GF

<7T_A2- |Heff|Eg>faC = EVJqus EKTF_ ‘ (CZ’U/) ‘O)

(AL [Her|ES)™ = —=

|

N

3
2
IS
)
o
Q)
=
2

19




NONFACTORIZABLE S-WAVE AMP.

o
B, B A B

intermediate state: 1/2~
complicated!




NONFACTORIZABLE S-WAVE AMP.

current algebra technique
V2 V2

Goldberger-Treiman relation: 9,/ .50 = pa (mp + mB)9H s, 9p+ppa = Fpa (mB+ — mB)gg.5;

soft-pion limit: Apele - Acem| b.x= —-bi*j

-gB B *Mbn*q, bf’n*gB *B.M-
APOle _ Z fon n* 71 4+

/2
fpe

V2
fpe

(Bs @8, HeglBi) =

(Bf|[Q%, Heg1Bi)

tedious calculation related to 1/2 can be avoided

2]




NONFACTORIZABLE S-WAVE AMP.

An example

ACOIII — \/§

o N=
I
p
=4
|

|
i
>
QI
~
T

R
®

h

+
oy
=30
11
o N=
~

(B/|[Q%, H ) |B:) A= = Al

fpa

1

AFHDIED, [11d) =

fr

total s-wave amp.




NONFACTORIZABLE S-WAVE AMP.

A Eg Ai ) = Afac + A?’lf;—)u + A2£—>
Othel‘ reSU|tS = = A7) Gr i : A+=0 1
- ViaVus |:_a'1f';(msc —ma,)fyc T (m7) + 5 (e — c2)

V2fr : 2

heavy quark W-exchange

A0 = Efn) = —ZEVAViay fr(ma, —mz,) fooe (m2) — = (Z0|Heg + 1 |Q0),
A2 = Z0%) = ~ LV Visas fr(ma,




P-WAVE AMPLITUDES




FACTORIZABLE P-WAVE AMP.

= .decays: s decay

— O\ fac G _

< A+|H O>f — \/g Vuspll(ﬂ' ‘(du)‘())
—-+\fac GF * ==

(RN HalE)™ = LV Vil

(B5(v',s")|g" 42|B5(v,5)) = (0|7 (v',s" ), h,(q" A% )R, u (v,5)]0)

vanishes in heavy quark limit
=(0l@(v’,s" ), h,u(v,5)0){0[¢,(g* 4%)¢}0)




NONFACTORIZABLE S-WAVE AMP.

95,8, mbori Ofn*Gp  par
APole _ Z f=n | n* 71 + .
m; — My M — Mp»
Bi/2) - Fom
98,8, M O fnGp 5o
Bpole=_§: f | g + ..




NONFACTORIZABLE P-WAVE AMP.

M—=— + M—=0
B(E, — Agw_)p"le

Sy = A(mT)
="y g':IO':'—
mA(g — mE,g ~— b“"p

2m Ag

B(E) — AYr0)Pole —

I
3+
N\
Vo'
-
SO
™M
SO
3
o
|
™M
o
W O )
o .
%\ 4
<o N
4
V) .
-

M 0 =
b mM—=0 — on b—b

| . M=0 + M=,0
=p (70) / = =y A(n)
A A0=0 g—o a, =/0 9—10=0 )
bTb M A0 — TM=0 ~b™% Vi bmA(g — M=/0 = b=

b —b = b

no extra W-exchange diagram

—> no P-wave contributions!

(heavy quark limit)

J¥(diquarkin3) = 0%, 0t — 0" + 0 for %5 — PB5 + P is forbidden for p-wave, angular momentum conservation
27




NONFACTORIZABLE P-WAVE AMP.

= . decays: only non-spectator W-exchange diagrams contribute

e factorizable amplitudes vanish

B 1 Alr—) A+ + Myo0 M=o + M=+ Alm—
B(‘:‘g — A:ﬂ- )pOle — A-E-ﬂ- 0) - - aAx0=0 + a'A+:'/+ = - ng(f:(z .
fﬂ- CEc mE(g —ng cc c=c mA;}- _mE/;l- = c “c
ot atovpole _ V2 ([ g0 maz +mss Met T Mat A
B(‘:‘c — Ac n ) - Ty At Oytzt T Optz+ 9o+ =+
f7r ¢ cmsj—mzi € =c ¢ cmAj—m5,+ — ¢ —C

(mpr +mgr)/(mzy —myy) = 315

enhanced P-wave contributions!

28




NONFACTORIZABLE P-WAVE AMP.

(. and , decays

* receive factorizable amplitudes

1+ 0 + 0|

* non-factorizable amplitudes

m - T a':
( 7r) fﬂgag‘alg ng — Meo =000

r GF . . =+00
B(Qg%:‘:” ) = V2 udVus a1 fr(me, + m=,)g1°

— Gr =000 V2 A(z0) M=o + Mz/0
B(Q0 — E00) = ZEVVis asfr(ma, +mz,)gre e (m2) il a=000;
2 fr 7202 Mgy — may = o0
— —0 — Gr * Egﬂb_ 2
B(Qb — ST ) — udVUS alf’lf(mﬂb T mEb)gl (m'rr)’

29




MODEL ESTIMATIONS




THE REMAINING TASK:
FORM FACTORS AND MATRIX ELEMENTS

MIT bag model y = (v(l:‘)g)i»

7 (Ghae) = (BBl b Bit) [ dPr(ug (rJug, (r) + v, ()0 (7).

" (@) = BB 1) [ r(1 (1) = 2, (1)),

1
s = (BHIB}sb o lB1) [ df*r(uqluqz —qulqu)

31




THE RESULTS:
FORM FACTORS AND MATRIX ELEMENTS

AVZ,  LAFED =0 3 R
fl b fl — <A2—‘bLbs :‘C> /d r(uuus + 'Uu'US) — 47TZ3) Zl _ / ’l‘zd’l' (ui . %Ug)
0
Ay pATES -
f1°070 = fie — (A2'|b:ribs .:;")/d?’r(udus VaUs) = —4mZ3 R !
Lo = / redr (uuus — g%%)
0

=Dy =4 QP —
glb =g ° = <‘:‘2_|bLbSUZ|Qg>/ uuus_ 'Uu'vs = \/7(47TZ2)

R
Zg — / ’I"zd’l" (UU’LLS + ’Uu’US)
0

= Q =0()0

_ 1 2
g:® = grole = (:g|b2b30z|ﬂg) /d3r(udu3 — gfvdvs) — —\/;(47rZ2)

L A _ AG®) _ _ AT) _ AT _ 29A<w0 Ax®) _ L

V2Inkse T Intsr T TImisg T T 9=ien =t = 29z0m0 = \/5(47TZ1)

A7/ = 0.65, Az = 0.71, A Z3 = 0.985




THE RESULTS:
FORM FACTORS AND MATRIX ELEMENTS

Matrix elements
< C / u U 1 '-‘C Y

'+ diquark model |

(5. t1.1)10_2GeV

R
X, = / 'rzdfr(uduu + VUL ) (UsUy + VsUy),
0
Gr * 2\/5 R
A=909 = 2\/§VCdVCS (Cl B CZ)T(YI - 9Y2)(47T) Yi = / redr (ud'Uc — 'Uduc) (us'vc — 'Usuc)a
0
R
Y, = / rdr (uqUe + Vaue) (Uste + VsVe),
0

X5 =1.66 x 1074 GeV?,

Y: = 8.37 x 1079 GeV?, Yo = 2.11 x 1074 GeV?3,

33




RESULTS & SUMMARY




PREDICTIONS

20— Afmo = — Afn0 = — A =) — Apr’
A(inunitsof10_7)' 2.03 +0.75 2.02 +0.53 3.43 = 0.76 2.80 0.93
B (in unts of 10-7)| 244 181 0 0
a 0.701915 0.747) 16 0 0
B (1.767018) x 1073 (3.0370%) x 1073 (4.6772H)x 1073  (2.87F %) x 1073
Bexpt (5.5 +1.8) x 107 - see Ea. (1.2) -

* matrix element result of X is taken in diguark model

N —_—

B GhE Agﬂ'_ is consistent with LHCb measurement,

=0

(0.57 £0.21) ~ (0.19 + 0.07)%

Q) - =tg- Q0 — =079 Q, — E)r Q, — =, 7
A —1.72 1.21 0 0
B 40.12 —32.19 —15.96 —3.48
B 51x1074 2.8 x 1074 6.5 x 107° 2.8 x 1076
o —0.98 —0.99 0 0

_|_ Eoa ol
2. — An is close to exp.



COMPARISON I: 0 — A*z™

Afac + Agl?i—md Agcf:—md AtOt B S—wave
This work 3.27 +0.75 © —0.74 2.53 +0.75 (2.537173) x 1074
Gronau, Rosner [10)] 3.97 £ 0.59 —1.86 = 0.91 2.11 £1.08 (1.767933) x 104
3.97 £ 0.59 1.86 4= 0.91 5.83+1.08  (1.34+0.53) x 10?

“Explicitly, A™¢ = —0.56 and A™ , , = 3.83+0.75 in unit of 1077,

 factorizable and W-exchange (light quark): this work destructive while GR
constructive

» spectator W-exchange diagram contribution is destructive

» only S-wave contribution is considered, and predicted branching fraction is smaller
than experimental measurement.

36




COMPARISON II: . DECAYS

Branching fractions (in units of 10™?) of charm-flavor-conserving decays =, — A .

Mode (CLY)2 (CLY); Faller Gronau Voloshin Niu This work  Experiment
1] 8] 7] 110] 1] 12| 15]
=0 s Afr— 039 017 <39 018797 >0.254+0.15 58+21 1.767075 5.5+02+1.8
1.34 + 0.53
=t 5> AF7% 069 011 <61 @ <0.2 = 11.1+4.0 3.0312:2 -
2.01 + 0.80

* the order is correct and approaches to experimental value

37




SUMMARY

» P-wave amplitudes of E, — A7 vanish, provided heavy quark does not participate
weak interaction.

In presence of nonspectator W-exchange, S-wave amplitude receive destructive
contribution.

Aoﬂ' will be smaller than experimental value when X is evaluated in bag
model hence diquark model is adopted.

2. — A mis dominated by PC pole terms, induced by nonspectator W-exchange.

Q, — E)x receive only factorizable P-wave contributions; Q. — E_r acquire

additional nonspectator W-exchange for both PV and PC amplltudes.

38







