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1. Why double-charm baryons?

» Double-charm baryons are predicted in SU(4)

quark model

De Rujula, Georgi and Glashow, 19735;
Jatte, J. E. Kiskis, 1976; Ponce, 1979

* Not established in exp until 2017 by LHCDb

m(EXT) = (3621.40 £ 0.78) MeV ~ See Ji-bo’s talk

cC

» Jo complete the hadron spectrum

See review by Chen, Chen, Liu, Liu, Zhu, 2017



1. Why double-charm baryons?

* A heavy ‘double-star’ system with an

attached light ‘planet’, much different from
light baryons

» Open a new window for QCD properties



1. Why double-charm baryons?

* A heavy ‘double-star’ system with an

attached light ‘planet’, much different from
light baryons

» Open a new window for QCD properties

» | attice predictions are consistent with
LHCb measurement

PDG review on Quark Model
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2. Role of Decay in the observation

» Two problems in the exp searches: Production and Decay
N «x o6 - BR

» Production problem was solved at the beginning of LHC running

C.H.Chang, C.F.Q1ao, J. X.Wang, X.G.Wu, 2005, 2006
X.G.Wu, Sci1.China.PMA, 2020

o(pp - E.) ~ o(pp = B,)

- B. meson has been well studied at LHCDb

- Large amount of = .. are expected in early days of LHCDb

» So the last problem is the Decay of doubly charmed baryons



2. Role of Decay in the observation

» Decay properties are the key problem in the LHCb searches

of doubly charmed baryons. FSY, Sci.China.PMA, 2020 P
- — 4,

E++‘ ;C

o PR b

- The 1/2+ ground states can only decay weakly, AC = 1

» More than 100 processes of charmed hadrons decays, due ﬁ

to the high energy scale of charm. See D and A decays. —

— | C C .
=8 > /ZEHL

W

* EXp measurements have to choose one or some of them.

» Statistics requires: largest branching ratios and easily detected



2. Role of Decay in the observation

* Evidence

=t — ATK ™ w SELEX, 2002

—cCcC

« But not confirmed

=t — ATK 7t FOCUS, 2002

—cCcC

=f — ATK n™ Babar, Belle, 2006.2013

—cCcC

=t — ATK ™ w LHCb, 2013

—cCcC

Largest production
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2. Role of Decay in the observation

* Evidence

=+ + 5 — ot

=T — ATK ™7 SELEX, 2002

= - 2016, LHCb Run I,

- But not gpnfirmed What discovery channel?

'—QLC — A+K— T FOCUS, 2002 Ji-bo He

> Aﬂ@ Babar, Belle, 2006,2013
=f — ATK 7t LHCb, 2013
* Largest production

Misleading process



2. Role of Decay in the observation

* Evidence
=+ +p— .+
=T — ATK ™7 SELEX, 2002
- - 2016, LHCb Run I,
- But not gpnfirmed What discovery channel?
=t — ATK nt FOCUS, 2002 * Ji-bo He
—> A+@ Babar, Belle, 2006,2013 Require:
— Theoretical predictions
=f = ATK 7w LHCb, 2013 P
i Largest production

Misleading process



2. Role of Decay in the observation

» Two difficulties in theoretical studies on double-charm baryon decays:

dynamics Is challenging

1. charm —> non-perturbation

2. baryon —> three body

ifetimes
» Two essential aspects of weak decays: {

branching ratios



Lifetime Is important

1. Longer lifetime = Larger branching ratios

BR=T, 1 \ H ><A )
2. Longer lifetime = Higher efficiency to reject P n,\ {
5 i

P

backgrounds in hadron colliders



Lifetime Is important

1. Longer lifetime = Larger branching ratios

2. Longer lifetime = Higher efficiency to reject

backgrounds in hadron colliders

» Large ambiguity in predictions

Literatures

Karliner, Rosnher, 2014

Kiseley, Likhoded, 2002 460+50

160+50

Chang, Li, Li, Wang, 2007 670 250




Lifetime Is important

1. Longer lifetime = Larger branching ratios

2. Longer lifetime = Higher efficiency to reject

backgrounds in hadron colliders

» Large ambiguity in predictions

Literatures

 But less ambiguity in the ratio Karliner, Rosner, 2014

Kiseley, Likhoded, 2002 460+50 160+50

(L) > 7(EL) Chang, Li, Li, Wang, 2007 670 250

=TT
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- Recommend rather than =" . (B3 ~ 3 1B,
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Branching Fractions

» Topological diagrammatic approach

IS suitable for hadronic charm A

decays . ol . ._%Z. . 42.
. ' (T) (C) (C)

InCIUde nOn-perturbatlve color-favored tree emitted color-suppressed emitted  color-commensurate

. . C d,s
contributions . ; C; . ; C; . W
W /4
d,s c !
(E1)

* [t works well in D decays (E») (B)

W-exchange 1 W-exchange 2 Bow tie

* [t needs experimental data

10



Branching Fractions

» Hierarchy of topological diagrams in heavy quark expansion

SCET IC/TIN'C,/TIfVI E/TINO(AQCD/IIIQ) Leibovich, Ligeti, Stewart, Wise, 2004
charm decay: |C/TI~IC’/TI~IE/TI~O(Aqcp/mc)~1

. BESIIl measurements on AT decays are important

Modes Representation Bexp
At p Dl K" Xsa(C + E) (3.04 £ 0.17)%
Ag— At A\a(T — C' + B — E)/ /2 (1.24 £ 0.08)%
A+ - My E (1.18 £ 0.27)%

Br(Af » pd)/|Vys|>=2% =» Br(E}+ - ZFtK*?) =0(%)

}

E++ A+ +K— + i .
cc AT So far dynamics is almost ready

11



Branching Fractions

* Theoretical framework: C P S
=+ \ N t C/ =+
» Short-distance contributions: factorization 6 “ “Q
- Long-distance contributions: rescattering p+ K
effects of final-state interaction o Ny § .
- Theoretical uncertainty is under control
in the ratio of branching fractions of

different processes

12



Chinese Physics C Vol. 42, No. 5 (2018) 051001

Discovery potentials of doubly charmed baryons”

Fu-Sheng Yu(T#&F)"%Y Hua-Yu Jiang(#%#%)"? Run-Hui Li(Z#E#%)® Cai-Dian Lii( & 4 #)%52)
Wei Wang(E4i)¢% Zhen-Xing Zhao(#X#z>%)6

re the most favorable decay modes
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2. Role of Decay in the observation
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3. Theoretical Progresses (l) : processes

. Decaying processes for 2. and Q" B.. — B.P, B.V,BgD®

H.Y.Cheng, F.R.Xu, 2019

» Suggestion for measurements

=t > AYK nt, Efnta

e
\_ J

BR(EN — Z1p°) € [0.4%, 2.5%)

QO+ — =tk g+ BR(QF, - XK ) € [0.5%, 3.3%)
cc —c

Run-Hui1 L1, 2017, 2018
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3. Theoretical Progresses (ll) : topological diagrams

. . C E E
Theoretical expectation: ‘Iﬁl ~ ‘I Cl\‘ ~ || CQ“ ~ O(Agep/me) ~ O(1)
AEL - SHK)|  Cup [AEE 2 EK) _ B _ a0 039
AEL s Errn)|  Tgp AEL — SR [C '
=t Efpt ' + O
ACL = Ecm)iol _ 1Oy 99 197 A, = )l B2l _ 99 .40

\A(”++—>E++K°)\ e AEL = SETKY)| |

J.J.Han, H.Y.Jiang, FSY, in preparation
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3. Theoretical Progresses (lll) : topological-FSI

Topological quark diagram FSI rescattering
Basic Tool
¢, . d | \
. g | :> (’
E — — Yy X 2
d :, — |
7 /

Q"

Ablikim, D.S.Du, M.Z.Yang, 2002

One quark diagram —> one hadronic diagram H.Y.Cheng, C K Chua, Soni, 2003

17



3. Theoretical Progresses (lll) : topological-FSI

Topological quark diagram FSI rescattering

Basic Tool

Ablikim, D.S.Du, M.Z.Yang, 2002

One quark diagram —> one hadronic diagram H.Y.Cheng. C.K.Chua, Soni, 2003

* o test the isospin triangle relation

ADY - 7tn™) = V2A4(D° - 7%7Y) = —v2A(DT — 7t xY) ??

18



AD° -7t

=(1+1)

)
+1

L =2A+ 2

X 2
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ADY — 7tn™) —

- =V2(3

1 A;)

QA+ Ay,

\/—A(DO—>7T7T

o @\f (-A3)

—V2A(DT = 7t 7Y)

DY = xtx”




3. Theoretical Progresses (lll) : topological-FSI

Topological quark diagram FSI rescattering

Basic Tool —> Basic

Both approaches are independent

The SU(3)-symmetry relation should be satisfied

(2ni+4s

N
R

F-V2(-A)
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3. Recent theoretical progresses

° Lifetimes H.Y.Cheng, Shi, 2019

 Form factors Z7.X Zhao, Y.J.Shi, X.H.Hu, W.Wang, 2018, 2019

» Heavy diquark effective theory  v..shi, z.x Zhao, W.Wang, 2020

21



Summary and Outlook

» Doubly charmed baryon is observed by LHCb
» Decay properties play an important role in the observation

* Theory-Experiment collaboration Is essential

 Further studies: 1.Discovery potentials of Xi_cc+, Omega_cc+
2.Discovery potentials of Xi_bc, Omega_bc

3.Semileptonic decays

4 .Effective theory of doubly heavy baryons
5.Lifetimes?

6.New physics and CPV?

7.0mega_ccc?
Thank you very much!

22



