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Revolution: charm discovery

More and heavy flavors in particle zoo

Standard Model of particle physics



Why Charm Now?

1. New physics , up-type quark FCNC

GIM mechanism —> small in SM, sensitive to NP

2. QCD @ u=m. Aqco <1

me

Margin of perturbative and non-perturbative QCD

3. Large data, higher precision
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Outline

1. Charmed meson decays

* DDbar mixing Hua-Yu Jiang
+CP Violation Xian-Wei Kang
- —@v CPV e@
2. Charmed baryon decays Hai-Yang Cheng
* Single-charm baryon Chao-Qiang Geng
+Double-charm baryon Zhen-Xing Zhao

Li-dJuan Jiang
— —@overy channel
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CPV in charm

e CPV is required by baryogenesis, the

matter-

antimatter asymmetry in the Universe

© CPV has been well established in K and B

systems, but never in charm

Aall = (—0.61 £0.76) X 107 A = (—0.29 -

LH
NO CPYV, but precision is below 103

= 0.28) x 1073
Cb, 16 & ’17

e CPV in charm decays plays an unigue role in

searching for new physics (NP) — up
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Direct CPV in charm

Scenario 1 :

SCS

-

V..V..V.V

k A

tree V.S.

~

penguin

Vcb Vub

22+ il /

AAcp =Acp(K™K") = Acp(n™n™)
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See Xianwei Kang’s talk



CPV in SCS decays: tree v.s. penguin

+ Ambiguity in penguins
- heavy quark expansion 1/m.,

m:.=1.3GeV, does not work in
exclusive processes

* AAc(K*K, ntn) predicted from 10-4 to 10-2

Grossman, Kagan, Nir, ’07; Bigi, Paul, ’11; Isidori, Kamenik, Ligeti, Perez, 11; Brod,
Grossmann, Kagan, Zupan, '11, '12; Feldmann, Nandi, Soni, '12; Bhattarcharya,
Gronau, Rosner, '12; Cheng, Chiang, '12; Li, Lu, FSY, '12; Franco, Mishima,
Silvestrini, '12; Hiller, Jung, Schacht, '12; Khodjamirian, Petrov, ’17.

Aallt = (-0.61 £0.76) X 107> — O(10-3)
* Even if CPV observed at 10-3 in individual mode,

not distinguishable for NP or SM !!




Tree amplitudes

+ Better understood, from data of BRs

- Topological diagrams in flavor SU(3) symmetry
Cheng, Chiang, 10, '16; Bhattarcharya, Rosner, '09
- Topological diagrams in SU(3) breaking
Muller, Nierste, Schacht, '15
- Topological diagrams in factorization
Li, Lu, Qin, FSY, 12, 14

CPV in tree, would be better understood
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Direct CPV in charm
Scenario 2 : CF with Ks°

-

/

CF V.S. DCS
Ves Vud ~ 1 > T Vcd Vus d K°(Ks)
s vua 7 ~12~0.05 3
C v S C W u
D+. 7 .EO(KS) D+. " " . .m
Tree ! Vcsvud VchuS Tree !
\ 1 A%+ iA°
AR RS (L0.363+0.094+0.067)% Belle, ‘12

CP
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Postulated in literature: ﬁ g

deducting kaon mixing, p+ K{n™*
data reveal direct CPV DCS
In charm

Lipkin, Xing, '95; D’Ambrosio, Gao, '01; Bianco, Fabbri,
Benson, Bigi, '03; Grossman, Nir, '12; Belle, 12

Due to the smallness of direct CPV,
it can be used to search for new physics
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However...

Full decay chain
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Acp(t) =(AK (1) + Adiz(r)

Indirect CPV
in kaon mixing
Re(€)=10-3

t
[_(O T 0
/ " \K \
DT T

Z.z. Xing, '95
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Direct CPV
in charm decays

Im(Vchus/ VcsVud)=;b6=1 0_5

Bigi, Yamamoto, '95



Acp(t) = AE (1) + AZ(r) ’

CPV induced by

mother decay and daughter mixing
Im(G) Re(VCd*Vus/ VCS*Vud)=1 0-4 ~ =3

D.Wang, FSY, H.n.Li, P

T
\\ 7T+ /
KO

nys.Rev.Lett 119, 181802(2017)
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Non-negligible
ACP(t) Measurable

5 '
| direct CPV ¥
i N 1 --.2'~~-_~~3~ 4 "' 5 TS
/5\\ \\\ NN\‘\./'
| Yo/
| 7/ /™~ new CPV
=100 N K® mixing .
~15
: total
ASp —---- T - AdL ... ADew



AAcp = Acp(D" = " Kg) — Acp(D] — KT Kg)

Wang, FSY, Li, PRL17

New Observable
12+
revealing oL
new CPV effect o
= 8 |
Acp(t) = [AEO (1) + f% + A}%(t)] N 66‘
‘
Measurement @ LHCb ?
_ 00
See Liang Sun’s talk 00 05 10 15 20 25 30
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New Physics in D f Ks°

Ad’“" 2r f5in in 5f:
l

SM: ¢=0(10-4)
NP: ¢=0(1)

\ /

-

Search for new physics at tree-level
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CPV in charm -> neutral Kaon

+ New CPV effect is found in CF D— Ksf
- mother decay and daughter mixing
- Has to be subtracted to extract direct CPV
+ Accessible at Belle Il and LHCb
- An observable is proposed to measure it.
- Large branching fractions for measurements
+ CPV stems from TREE amplitudes
- Predictions better controlled by branching ratios

- Promising for NP, compared to penguins
D.Wang, FSY, H.n.Li, Phys.Rev.Lett 119, 181802(2017)
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2. Charmed Baryon Decays

-Single-charm baryons

‘Double-charm baryons
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Charm-Baryon Renaissance |
Cheng-Ping

1976 Belle’14, BESIII'16 Belle’18
Observation Yu Pan Al?rsolute _Blj AE%OMGH ?R
A+ Ac_>pK7T 2.2 7["'

: o'

No absolute BRs | LHCb'17
Ji-bo Observation
Theoretical studies 2> ATK "

on nonleptonic decays
- e - eee

Lu, Wang, FSY, ‘16
1990s FSY,Jiang,Li,Lu,Wang,Zhao, ‘17
models FSY Wang,Zhao, ‘17
Wang, Xing,Xu, ‘17
See Chao-Qiang’s talk Geng,Hsiao,Liu,Tsai, 17,18

Cheng,Kang,Xu, ’'18
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Charm-Baryon Lifetimes

— X . .

LHCDb, 2018

Hai-Yang Cheng, ’18:
dimension-7 operators play a key role, 1/m_. correction
See Hai-Yang’s talk
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Double-Charm Baryons Lifetimes

Lifetime is important in pp

f\ D
. #\K< collisions, to reject backgrounds
N

Large ambiguity in literature

Literatures

Karliner, Rosner, 2014

Kiselev, Likhoded, Onishchenko, 1998 430+100

110+10

Kiselev, Likhoded, 2002 460+50 16050
Chang, Li, Li, Wang, 2007 670 250
300 45
See Hai-Yang’s talk T(E5F) = (2567924 +0.14) x 107135

T(ELT) > 7(QL) > 7(EL) LHCb, ‘18
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Double-charm-baryon Searches
History  See Ji-bo’s talk

Doubly charmed baryons exists
in the quark model: SU(4)

 Evidence

=F — AFK~—7nT SELEX,02 =Y — pDTK~ SELEX, 04
- But not gpnfirmed

CEL - Af IE FOCUS, ‘02

=) 4 =07+ (1) and AFK~nt(xt) Babar,06: Belle, 06,13

Q A+K> LHCb, 13

Misleading !!

2016, LHCb Run I, Jibo:
What discovery channel?
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Topologies of two-body
non-leptonic charmed baryon decays

A

= LL Y 4
' 4
Y 4
v

(T) (C) (C)
color-favored tree emitted color- suppressed emitted color-commensurate

LS 125 2

(E1)
W-exchange 1 W- exchange 2 Bow tie
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Hierarchy in heavy quark expansion

SCET: IC/TI~IC[TI~IE/TI~O(Agcp/mg), IB/EI~O(Agcp/mo),
Leibovich, Ligeti, Stewart, Wise, '04
b decay: IC/TI~C'/TI~E/TI~P/TI~O(Agcn/mo)~0.2

|B/EI~O(Aqcp/mg)~0.2
c decay: IC/TI~IC/TI~IE/TI~O(Agcp/mg)~1

IB/EI~O(Agcp/mo)~1
IP1~0
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Short-distance effects

— external W-emission diagrams
Calculate form factors in light-front quark model
Calculate amplitudes using factorization approach

y =, — Z./2.(01) =.. — 2. /20(1)
fi g f g | i @ fo g
— F(O) 0.75 0.62 —0.78 —0.08|0.74 —0.20 0.80 —0.02
d mgt |1.84 2.16 1.67 1.29 [1.58 2.10 1.62 1.62
C S 6 (0.250.35 0.30 0.52 |0.36 0.21 0.31 1.37
— - >

\ / Eee — Ae/3e(07) Eee = Ae/Xc(17)
o C . C —— i o fe g2 | /i g fo g3

—c F(0)|0.65 0.53 —0.74 —0.05{0.64 —0.17 0.73 —0.03
may |1.72 2.03 1.56 1.12 |1.49 1.99 1.53 2.03
0 10.27 0.38 0.32 1.10 [0.37 0.23 0.32 2.62

* Form factors are the most important inputs and basis
for the theoretical developments.

» Zhen-Xing Zhao's contributions are indispensable.
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Short-Distance B ﬁ
Effects =y —————=

u

» External W-emission processes using factorization approach
A(Ecc — B M)SD
Gr

=75 Ve Va1 (a2){M[27" (1 = 15)410) (Belg 7 (1 = 5) [Eec)

» Relative branching fractions are reliable
B(Er - E0nT)/B(EIT - EfnT) =R, =0.25 ~ 0.37,
BEMT - ATat)/BET — ZFnT) = 0.056,
BET - 24 ) /B(E] ++ — Z2r7T) = 0.71,
Uncertainties of form factors are mostly cancelled

B(EI T — =ZF7T)is the largest one

20



Long-distance Effects

— final-state interacting (FSI) effects
— significantly large in charm decays
- Calculate rescattering effects

N > 7*0
p
E;'_C—I_ > A K*:':
—(/)+
=) s

* It is the first work on the long-distance effects of doubly
charmed baryon decays. The rescattering mechanism was
firstly established in the doubly charmed baryon decays.

* Thanks to Hua-Yu Jiang’s and Run-Hui Li's contribution.

27



Long-Distance —t+ _ 0

—CcC
Effects P
*0 i R .
v SO e e
d . .
“ L VPV T
—(+
Rescattering mechanism of the ‘
final-state interacting effects S K+
:2_64_ 3> A K*:I:
Absorptive part: 0+ S+
A
weak vertex -
AbsM(p; — prq) = rescatterlng

2 ZJ: (H/ 2j3§;Ek) (2m)* <8 (ps +q - kzj:pk{M(P — {Pk}ﬁ* (prq — {pk}ﬂ
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Relative Branching Fractions
with long-distance contributions

Baryons Modes Bip
=4 (ccu) S (2455)K defined as 1
Largest pD™" 0.04
pD* 0.0008
= (ced) AFE™ (R+/0.3) x 0.22
>+t (2455)K (R-/0.3) x 0.008
=1 p° (R~/0.3) x 0.04
ADT (R-/0.3) x 0.004
pD° (R~/0.3) x 0.002

Theoretical uncertainties are still very large,
but reduced in the relative branching fractions
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=t 5> AFK ntntws. 2 > ATK ™«
SELEX’s discovery channel,
LHCb measured
Baryons Modes B1p
=47 (ccu) Ej+(2455)F*0 defined as 1 A;I; K~
* A
Tx(~8) PP 004 1 Brxs5
pD™T 0.0008
=+ (ccd) AFE™ (R-/0.3) k 0.22 A+ 7
STt (2455)K (R+/0.3) % 0.008 | “*c
=1 p° (R~/0.3) x 0.04
AD? (R+/0.3) x 0.004
pD° (R+/0.3) x 0.002

=" — AJK 7 7" has more signal yields
around one more orderthan =, - AT K —n*
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s

Qr doubly heavy bagyons.

Abstract

this Letter we systematically investigate the weak decays of the doubly charmed baryons,

which should be helpful for experimental searches for these particles.

Discovery Potentials of Doubly Charmed Baryons

The existence of doubly heavy flavor baryons has not been well established experimentally so far. In

=++ and =+

—cc

The long-distance contributions are

first studied in the doubly heavy baryon decays, and found to be significantly enhanced. Comparing all the
processe are the most favorable decay modes for experiments to search

Nliang, Li, L, Wang, Zhao, 17083. OQOEy

~
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LHCb Run-| Data Analysis

S
]
C
aw
Q
S
|yl

Entries / (4 MeV/c?)

-} [\ =~ (@) oo
LI I

| L L L1 ]
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dm [MeV/c?]

=F - |
== ATK™T

No signal
[LHCb, JHEP 12 (2013)090]

Candidates per 5 MeV/c?
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= T T 1 ' . & T&m—71T T 7T =
(L LHCb 8 TeV -
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=t 5 ATK - rtrt

—ccC

Observation
See Ji-bo’s talks

It could be observed in 2013 if using the correct mode !!!
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List of studies on weak decays

1. Doubly heavy baryon weak decays: =) - pk-, B}, —» T *K~

2. Discovery potentials of doubly charmed baryons

BT > ATK ntnt, EfxT

. Wea
. Wea
. Wea

. Wea
. Wea

K decays of doub

K decays of doub

K decays of doub

K decays of doub

K decays of doub

y
y
y

y
y

3
4
S
6. Weak decays of doubly heavy baryons
/
8
9

Cc

neavy baryons

neavy baryons

neavy baryons

neavy baryons

neavy baryons:

K decays of triply heavy baryons

:the 1/2 = 1/2 case

: SU(3) analysis

. decay constant

: Multi-body decays
. the 1/2 = 3/2 case

B, = BV

1701.03284
1703.09086

1707.02834
1707.06570
1711.10289
1712.03830
1805.10878
1810.00541
1803.01476

Hua-Yu Jiang, Run-Hui Li and Zhen-Xing Zhao are the pioneers and also
contribute to a series of studies on the decays of doubly heavy baryons
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Prospect of theoretical 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?

WG: =MKF. SEEM. EBRA. ARGKE. HaXF. ERIMK




Summary

- Charm physics is becoming more charming
- Highlights in theory:
1. New CPV effect in charm

2. Predictions on the discovery channels of
doubly charmed baryon

Welcome to play the charming games @
Thanks!
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Acp(t)[x1077]
5

-10

-15

Dt —> KgﬂJr

direct CPV
T e=aal 3 4

y
~~~
~
~

L/
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------
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