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Main Experiments

BESIII @ BEPC II BES]I[

ete”™ :12-4.6 GeV
Lpeak = 1 x 1033 cm™2s71

D
Belle @ KEKB
ete™ :~10.6 GeV (Y(4S9))
Lpeak = 2 X 19\346771_25_1

Ry Aerogel Cherenkov cnt.
n=1.015~1.030

RPC: 9 RPC: 8 SC solenoid
! Electro Magnetic
layers Calorimeter ayers 1.8T
Csl(Tl) 16X,
e '
Solenoid TOF counter
8GeVe -
Barrel
ToF
Endcap
ToF
e J
Quadrupole

u/ K, detection
14/15 lyr. RPC+Fe

3 lyr. DSSD

B EcaL HCAL Ma MS
5m b— SPD/PS M3

Magnet RICH2 M1
LE]

LHCb @ LHC
pp : 7-13 TeV it

Vertex|
Locatoy

CMS @ LHC M
pp:7-13TeV ~Z—
Lpeak = 1 x10%*cm™2s71

CMS DETECTOR
Total + 14,000 tonnes
Ov
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Charmonium spectroscopy

Precise y 1, parameters using y.12 = J/yu u~
Measurement of x .1, = J/pu*pu~

Charmonia from B* - ppK™

Charmonia from B* - ¢p¢p + X

Near-threshold DD spectroscopy

Alternative y.o(2P) candidate in ete™ - J/¥DD
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Charmonium Spectroscopy
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4160 3 1 1F,(4.10) ¢
s, (4.06 :;040; 2017 Belle 1°F ,(4.09) 1'F,(4.09) TF;(4.10) £°F,(4.09)
B T ooy A9 XD 2015 BESII N
1D,(3.84 .
e 2(3:84) [ 9(1°D,) x>
P(2S)
7:(28) 2005 . N
hc(lp) xcl(lp) XcZ( p)
alp) T
1]9/14 Discovered before 1980 -
7.(15) New normal states
| | | | | | | | | | |
-+ 4 +- ++ 4+ ++ A+ -- - +- A+ g+
o1 1T 0" 1" 27272 3 3 34

HZS+1L]

n radial quantum number
Stotal spinofc & ¢

L orbital angular mom.
(L=0,1,2.. S,PD,...
states)

J=S+L

P = (—1)4*1 parity

C = (—1)%*S charge conj.

2M (D)

Below the DD threshold:

e States are narrow
 All states observed
« Match with prediction

well measured
recently observed
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Charmonium Spectroscopy
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Mass (Ge
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P(4415)
2'D,(4.21) 2°D,(4.21) 2°D,(4.22)
4160 3 1 3F 4.10) 3
s, (4.06 :;040; 5017 Belle 1°F,(4.09) 1'F(4.09) TF4(4.10) £F,(4.09)
B T ooy A9 XD 2015 BESII N
1D,(3.84 -
e 2(3.84) | (1°D,) 202
¥(25)
7.(25) 2005 . N
hc(lp) xcl(lp) XcZ( p)
alp) T
1]9/14 Discovered before 1980 |
1.(15) New normal states
| | | | | | | | | | |
-+ 4 +- ++ 4++ t+ A+ N - +- t+ g+t
0" 1 T 0 1 2 2 2 3 3 37 4

DZS+1L]

n radial quantum number
Stotal spinofc & ¢

L orbital angular mom.
(L=0,1,2.. S,PD,...
states)

J=S+L

P = (—1)4*1 parity

C = (—1)%*S charge conj.

2M (D)

Above the DD threshold:

« States expected to be wide

* Only few states measured
and identified

* Many candidates available
— Such as X(3872)
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Precise y.1, parameters using xc12 = J/yu u~

First observation of x.,, = J/yu*u~.

_ 4 | -
= 2 _
-2 —
-4 | _ _
. : I I I | ] | I ] I f T T :
< 2000E HCH fit result E
i 1800F1.0 fb~1 7 Tev ? — Xele2 = Jptp 3
Eﬁ: 16{){]:—2'0 fb-18 Tev || ~----  background E
< " 19fb-113Tev || PRL117,221801(2017) 1
< 1400F I =
= 1200F & E
S : | | Xc1 I Xc2 -
1000 K: | '|| 3
800} | | 1 =
- n @ }F .
600 * | || |I -
00 R 1 e
200F ﬂwjm

{]W L \I\ | b I | 4 1

3.5 3.55

m(Jfo ) (GeV]

s

Fit m(J/yu™u™) with a relativistic Breit-
Wigner convolved with double-Gaussian.

M(xsq) = 3510.71 + 0.04 + 0.09 MeV
M(x,,) = 3556.10 + 0.06 + 0.11 MeV
M(x.y) — m(xey) = 45.39 + 0.07 + 0.03 MeV
[(xe) = 2.10 + 0.20 + 0.02 MeV

DASP .
CNTR
MREE]1
CBAL
CNTR
GOLI 1
MEE?2 - -

BES -
CBAL —_—

SPEC - -

BES2 —-—
LHCE -
E760 oy
EB35 e
Old avg: 3510.66 = 007 o+
New avg: 351067 = 0.06 rT-
3508 3509 3 35107 3512
miy, ) [MeV]

Comparable to world’s best precision. Page 7




Measurement of y.q2 = J/Ppu*u~ with BESIII BESII
Via the process ¥ (3686) = vx.;, xc; = J/yuu".

Branching fractions of (3686) - yx., PRD 99, 051101 (2019)

and J /¢ — Il from PDG. - 448.1 x 10°

Absolute branching fractions B(x,; — 5 - —t— Data P(3686) events
B(xcj=J/dutu™) 10 = — Fit result

+t117) and ratios :
]/lpl’l M ) B(XC]—{,/l/)e-l-e_)

N
O
—
>
)
= [ Background
. o 10 ¢
Xco- ~ - - -
B <20%10°°@ 90% C.L. PRI hﬁ
R <0.14 @ 90% C.L. = 1 il |
Xc1- O et 1]
B = (2.51 + 0.18 + 0.20) x 10~* LI>J 1071
R =(6.73 £0.51 +0.50) x 107* e
v 3.4 345 35 3.55

B = (2.33 +0.18 + 0.29) x 10~ M(u uJ/y) (GEV/CZ)

R =(9.40+0.79 + 1.15) x 104
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Charmonia from B —» ppK™

PLB 769(2017) 305 313

E

Exclusive reconstruction: clean sample, better - E rrco §.0 3
control of background and resolution effects. 2 | [ 1.0fb~1 7 Tev ?‘
_ B _ S E 20fb18Tev//V =
First observe n.(2S) — pp (6.00), relative 2 T ) n ]
branching fraction: $YVE e E
- _ B(B" = nc(28)K™) x B(n:(2S) — pp) G g —é
T BB — J/UKT) x B(J /¥ — pp) F Y e
§_ | “ || il |
= (1.58 £0.33 +0.09) x 10~ - Il |7 "” i ||
1 1 1 i ] i i ] i 1 1 i

Ry @3770) < 9(10) X 1072, Iy — — ™
i H i i i S Y CEntn 1r fod i BRI B M Al B, il

Rx3872) < 0.20(0.25) x 1072 11 P T R T

» 3000 3500 4000

The mass differences and natural width of the n.(15): M, [MeV]

M”I/f — M?]'(:US) =110.2 £ 0.5+ 0.9 MeV.
M M 5051 1710.6MeV Not depend on knowledge of the magnetic
¥(25) 7 Winc(25) = 24 ' -0 e dipole transition line shapes in contrast to

[p.as)y=340x1.9+1.3MeV radiative decays method.
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Charmonia from B - ¢¢p + X

o
)
o
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Candidates/(10 MeV)

—_
)
=]
<

500 |-

ne(1S)

X0

EPJC 77 (2017) 609

X(:l

LHCb

1.0fb"17 Tev
2.0fb 18 Tev

Xe2

S0 3000 300 300 3600 3800
M(6¢) [MeV]
Measured value World average [14]

M, s | 2982.8 £ 1.0£0.5 2983.4 £ 0.5
My, 3413.0 £ 1.9+ 0.6 | 3414.75 £+ 0.31
M., 3508.4+ 1.9+ 0.7 | 3510.66 + 0.07
M,, |3557.3+£1.7+0.7| 3556.20 £ 0.09 I\/Ilr;V
My 25 | 3636.4 4.1 0.7 3639.2 == 1.2
Lpe1s) 314+ 3.5%£20 31.8 = 0.8
s - 113 * 43

e

Inclusive production of charmonium in b-
hadron decays, decays to ¢ meson pairs.
First observe n.(2S) — ¢¢.

Competitive measurements of masses of
width.

&) " \ N

i 40 . LHCb o HHAXQ _4 B - n, +_K i
) - ’ ‘ e Ne 2 PP

%. N Ay? =1 ™. i

- 35 - } o
30 _ ’ B >N+ X 7

n f; Ne = o i

B . . e This measurement -

251 R —f— World average [14] 7]

- - i

B PP ~ Nc -I__ X —4— Inclusive pp [15] -

u - i

20 Ne PP —4— Exclusive [60] —_

[ .1 | M B I ]

2982 2984 2986 2988
M, sy [MeV))

2980



(.2)2

Candidates/(5 MeV/

(S.Z)‘.!

Candidates/ (5 MeV/
> =

Near-threshold DD spectr

First LHCDb result with full Run 1 + Run

oscopy

2 data.

Promptly produced DD candidates selected.

Fit performed in 3 overlapping mass regions to better model background.

0 :IX(3842)

J
-]

T T T T T T T T T T T T T T T T T T T T T
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— bk e,
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- WMMW“! @ﬂh i %&"-‘# i R TNW Ry
o First observation of =

|\ hadroproduction of §(3770) Likely -
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Near-threshold DD spectroscopy

4400

4200

Mass [MeV]

4000
Xc2(2P)
Improved

3800

3600
3400

3200

3000

e

! 1p'(45} CcC [LHCb-PAPER-2019-005]

" T mgews 00 EE e arXiv:1903.12240

i z et 1|;I(2D} """ i

I (G g

e — x_,(2P)

[ = = v, ,(ID) 3

£ (13D, g == = W(IDs) added

[ (25) V) '

-_-‘-’-- ¥ (IP) | T. Barnes, S. Godfrey, and E. S. Swanson

[ h(1P) e Phys. Rev. D 72, 054026 (2005):

[ =2 T NR relativized this work

K - P(13D3) 3806 3849 3842.71 +0.16 + 0.12 MeV

[ ['~1MeV 2.79 £0.51 £ 0.35 MeV

- small decay phase-space and L=3 centrifugal barrier!

[ vas) X2 (2P) 3972 3979 3921.90 + 0.55 + 0.19 MeV

n.(15) [ ~ 80 MeV 36.64 + 1.88 + 0.85 MeV

- Masses of wide charmonium states are overestimated in potential approaches.
lsn 331 IPI 3PD,1,2 lDz 3D1,2,3iF3 3F2,3,4 IG43G3,4*5
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Alternative y.o(2P) candidate in ete™ - J/yYDD

. : 18F
(3915) ¢ Observed by Belle, confirmed by BaBar in B — (J/yw)K % 3
. = n
( )  Observed by both Belle and BaBar in yy — J/{w S 14F |t 6,55
BaBar: J© = 0" = y,.,(2P) candidate(PRD 86, 072002(2012)) 2 12
2 1o
3
* Too narrow: 20 MeV (measured) versus >100 MeV(expected) 6y
* Not seen in DD (expected I' > 100 MeV!) aff
- Unnaturally small 23P, — 23P; mass splitting 2t H
08 P
Belle search for alternative y.o(2P) via double-charmonium | M, GeV/c?
production in association with the J /1. £ 5% Value in data
. . _ — © 70:—
Full amplitude analysis of e*e™ — J/YDD. 2 cof
_ +26+40 2 S sof 2+ 0™
M= 386223-13 MeV/c Consistent with potential model 3 50; i
[=201%:5%"95 Mev expectations for y.q(2P) & 4 Al
Ok ey
The JP¢ = 0** hypothesis is favored over 2** with 2.50 (from MC 2% l\
pseudo-experiments). 108
ok P RS

Better candidate for the y.o(2P) charmonium. =0 200 20 4O



Charm spectroscopy

B. spectroscopy
Charmed baryons
A% states in A) - D%pr™
£.(2930)° and £.(2930)"
Observation of exited (2. states
Observation of the doubly charmed baryon
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B_. spectroscopy

Unique system of two heavy quarks in a bound state.
Expected rich spectrum predicted by QCD potential models and Lattice QCD.
Less explored due to small production rate.
States below BD threshold can only undergo radiative or pionic transitions to the ground state
BZ.
In 2014, ATLAS reported a new resonance in the B (J /i)~ 7" mass spectrum with mass:

M = 6842 + 4 + 5 MeV/c?
B.(2S8)" and/or B.(28)* ?

40—
- - > n | ]
[ 7572 7588 7565 7571 7568 [0} - -
[ - 7472 7365 7376 7380 ] ~ - _1 GB =18+ 4 MeV 3
(7250 7272 7372 7269 7276 7271 > 30F _[Ldt= 19.2 fb G
S 7200 ., 7150 7164 7266 4 £ E T =8Tev Np =352 13
> i * 7141 2008 7041 7045 BD T z 25:— ® Data |
= g BL28)" = LT b ™ engchage
~ 6768 ] - =
o 0800 B (25)" 6706 S0-2= T AM~35MeV ] - 5.20 -
% L 6741 _7 | 15— —
6400 ';ml 6238 B, Mass Spectrum ] o AR =
] - I =
s+ Be PRD 70, 054017 (2004) - 5F- ; E
B C 1_ T ’ s I 1 1 1 1 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I:
6000 O0 100 200 300 400 500 600 700

e 3a 3 35 3 3 3 3
S, 'S, P, P, 'P, D, D, D, F, F, °F, [PRL 113 (2014) 212004]m(B xm)-m(B,)-2m(r) [MeV] Page 15



Observation of excited B,

[PRL 122 (2019) 132001]
B:(25)" and B.(2S)* resolved for the first time with
significance > 5g.
M(B,(25)%) = 6871.0 + 1.2 + 0.8 + 0.8(B}) MeV/c?
M(B,(25)*t) — M(B:(25))oe = 29.0 + 1.5 + 0.7 MeV/c?
M(B:(25)*) — M(B:*) = 567.1 + 1.1 MeV/c?

25, B;gg'f’
B2 || ||
||
B (2S)* observed with sig. > 50. -~
Hint for B,(25)* with global (local) g - 15, \E* éﬁ;
sig. of 2.2(3.2)a. 1o CBTT 1

M(B,(25)%) = 6872.1 + 1.3 + 0.1 + 0.8(B}) MeV/c?
M(B,(25)%) — M(B;(25) %), = 31.0 + 1.4 MeV/c?
M(BZ(25)),ee = 6841.2 + 0.6 + 0.1 + 0.8(B}) MeV/c?

Candidates / (3 MeV/c?)

Events / 10 MeV

N
o
|||II

)]
o

B &)
o o
| [T

w
o
\ll

—
o
II||I|

T

L L=143m"

- cms BZF —>]/IIJ7T+ ¢ Data

— Fit result
- Vs=13TeV Signal
Bi(Jiy KN m*m
. + ) Comb. backg.
|
Be(25) } | B.(25)*
(missy) l

j

TIH 4 .I{....I..

(]

1 1 1 | 1 1 1 1 I 1 1 1
6.7 6.8 6.9 7.0 7.1
M(B: 7*7°) = M(B!) + mg. (GeV)

45

40
35
30
25
20
15|

10 B
]

5 H
0

KGURELNY 0 WL

—+— Data
LHCb Run 1+Run 2 ?Otta] it E
L=85f"1 = 8:28)

ot bt

Same-sign

TRy

——— Combinatorial —
1

//7//7 77T

500 550 600 650 700

[arXiv:1904.00081] AM [MeV/c?]



Charmed baryons

Symbol I Content

Ch db

Nucleon / Strange baryons armed baryon N(p, n) 1/2 wdq
e, A 3/2  qqq
g [~ '\. A 0 sud
9 q by 1 sqq
(¥ = 1/2  ssq
g Q () 0 CEE
A, 0 cud
Charmed baryons consist of one heavy charm quark and EC 112 cqq
two light (u, d, s) quarks. —c / csq
. . _ Q. 0 CSS

Large mass difference provides a natural way to classify = 75
these states using HQET. —cc / ccq
. o _ Qe 0 ces
Di-quark correlation is enhanced by weak Color Magnetic Q.. 0 coc

Interaction with a heavy quark. -

Di-quark as new degree of freedom.
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Currently observed charmed baryons

2
GeV/c LHCb | _ arXiv:1810.03748
32 Observation of £,.(2930) )
. Belle _ a10m 72 [Q(3188) ']
BaBar (=127 [Qc3119) 2]
= ! Q (3090} 7,
CLEO :ctsoso) z 02530663 4
=(3055) 7 0Q(3050) ?;
3.0 — , _ ? 0,(3000) 7’
N (2940) 7 =c(2970) ? )
A (2880) 572¢ A; states £0(2930) 7
)8 [A ((2860) 3/2™] , = 2815)3/2)
. — 2 (2800) ? - -
A [(2765) 7 c =(2790)(1/2) 0(2770)3/27)
) Q02
» A (2625)3/2) = (2645)(3/2™)
v A (2595)(1/2) =" /2
T (252003/2)
> (245501727 =72
24 — _ L
- State with [] observed in single exp.
- JP with () is QM prediction.
59 A 127
' N\ c(udc) 2 c(udc,uuc,ddc) =, (usc,dsc) () (ssc)

y Observations
of 027

v'Some predicted
states unobserved!

v'"Many missing JP
measurements!

Study of £,
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A% states in A) - D%pmr™
Amplitude analysis (5D) of the angular distributions of the A) — D%~ decay.
Detailed study of D% amplitude.

e

= L I L L

= 300 [JHEP 05 (2017) 030]3

+0.77 +0.75 < 250 ' _ ]

I =5.437371 £ 0.297553(model) MeV S 2.0 fb~1 8 TeV ]
S A,(2860)* | ]

— 200 -

= A,(2880)* ]

% 150 1 ]

< A,(2940)™

M = 2944.8%32 4 0.471(model) MeV -_E 100 ]W L -
I=27.7182 4 0.9 3% (model) MeV = ]
O 50 4

9% 285 29 295 3

I'=67.611%1 + 1.41 3% (model) MeV
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A% states in A) - D%pmr™
Amplitude analysis (5D) of the angular distributions of the A) — D%~ decay.
Detailed study of D% amplitude.

e

= 3000 : . [JHEP 05 (2017) 030] 3

M = 2881.75 + 0.29 + 0.07%14(model) MeV i 2900 F 1D, 572 A(2880)" E

[ = 5.437077 4 0.29+97%(model) MeV 2 2800F (1D,3/2" s

s vV :

TR R 4065

2/ F TP 12 AL2599)" -

M = 2944.832 4 0.41%1(model) MeV 3 E
I'=27.7t82 + 0.97 52 (model) MeV 2400 -

C S 300 1S 127 AL 3

2200

M = 2856.17%9 + 0.57 11 (model) MeV | | o
[ =67.671%1 + 1.4+.59 (model) MeV —— Consistent with recent predictions
~a1 + L4%500( ) J for the D-wave A} with 3/2%.
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Observation of £,(2930)° and evidence of £,(2930)"

First reported by Babar, now confirmed by Belle (711 fb~! of data at the Y(45)
resonance):

20F EPJC.78.252 (2018) “_j'_g 20 EPJC.78.928 (2018)
: ] > 3 _
0 25F B~ - 5.(2930)°4; A g 1sE B° - E.(2930)"7;
R L K~Af 3 L K3AZ
= 20F — =
o C - -
~ 15F & 9390
2 - - —More data needed!
L (D —
> 10F S t
- R - <50 10 W U AL LL n !
s padie - L TR
o BRE e T T Y ol R s 0 e
28 285 29 295 3 28 285 29 295 3
M(K~A}) (GeV/c?) M(K2A)) (GeVic?)
M = 2928 + 3.0(stat. )7, (syst.) MeV M = 2942 + 4.4(stat.) + 1.5(syst.) MeV
[=19.5 + 8.4(stat.)¥>3(syst.) MeV [ =19.5 + 8.4(stat.) + 2.5(syst.) MeV
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Observation of exited £2, states

Excited A}, 2., 5. states have been reported but no excited

1?2 states were observed before LHCb.

Search via decay: 2:° - EfK~, Ef > pK~n™.

Cabibbo suppressed ¢ — d weak decay, but much higher

reconstruction efficiency and purity.

5 narrow states & evidence for 6th broader state at high

mass.
Resonance Mass (MeV) I' MeV)
Q. (3000)° 3000.4 £+ 0.2 £0.11)3 454+0.6+03
Q,(3050)° 3050.2 + 0.1 £ 0103 0.8+0.2+0.1
<1.2 MeV, 95% C.L.
Q,(3066)° 3065.6 + 0.1 £0.3%77 3.5+04+0.2
Q,(3090)° 3090.2 £0.3 £ 0.5%)3 8.7+1.0+0.8
Q,(3119)° 3119.1 £0.3 £0.9%)3 1.1£08+04
<2.6 MeV, 95% C.L.
Q,(3188)° 3188 £5+13 60 + 15+ 11

PRL 118 (2017) 182001

Candidates / (1 MeV)

80000

60000
40000

20000

Candidates / (1 MeV)

400

2
)
<o

200}

100}

| Ef > pKmt
- (csu)
-3 fb~1 Run I

1 1 1 1 1 | 1 1 1 1
2440 2460 2480

2500

0,(3000)

m(pK %) [MeV]

- T T I 1 T T T I T T T T

- 2,(3050)] | £2:(3066) -
2.(3090)

| 02.(3119) .

narrow states > 10 o

LHCb

2.(3188)? |
' l :

3000 3100 3200 3300
m(=7K ) [MeV] Page 22



D

Confirmation by Belle <>

GELLE

Belle also measured 2:° - ZYK~, 5f - pK~nt

v PE Phys. Rev. D 97, 051102(R) (&) o _
3 O ! -1 2% width fixed with the value from LHCb.
s E 980 fb c
25— .
5 E [ B } All the 2.9 except 2,(3119)° confirmed.
2 TE A (9
S 15— I } VR gty | ||' % .
= — bl A | wl L
g II b, ‘u.!._ gt T i .' Ty LJ_T.,,, uL-n. e Matc_hmg betwe_en obs_erved.pe_aks and_
S gt g5 ¢ Il » L5y predictions requires spin parity information.
U'.;ulu...-l....'l....I...,I....I..;.._ CVT'35 -
3 3.05 31 315 32 325 33 L 5 E
i —_— 34 \ N\ —
M(EK) (GeV/c?) 2 13 Q(\)?ﬁg\ -
LHCDb Belle wn 3.2 N odamnﬂumoﬂz(m)% / -
% § or;(lb)gd(m)n 2 J0.619p
-------------------------------- AIDT 3090)°
0.(3000)° 30004+02+01+05 3000.7 £ 1.0 £ 0.2(3.90) 2 3.1 &g);;:7:::;;;:/:::;;;;;;;;;;;;;;;;‘fggzgﬁégi
Q0% . - - Y 2 | — 5 000
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Observation of the doubly charmed baryon
Existence of doubly charmed baryons predicted by quark model.
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Observation of Z1 claimed by SELEX [PLB 628 (2005) 18-24].
No evidence observed by BaBar, FOCUS, Belle and LHCD.

Search in LHCb for £}." — ATK~n*n~ (most promising channel).

Data sample: 2.0 (8 TeV) + 1.7 (13 TeV) fb~ L.
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The mass is measured with the 2016 (13 TeV) sample:

m(EX*T) = 3621 + 0.72(stat) + 0.27(syst) + 0.14(Af) MeV/c?

Lattice QCD calculations
m(Z} ) = 3606 + 11 + 8 MeV/c?
[arXiv: 1704.02647]
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Measurement of ZX* lifetime

e

Same data as £5.F — AJgK‘ann‘ analysis with extra trigger requirement.
Decay-time distribution measured relative to A} - Afr ntr™.

Same selection criteria, common systematic effects largely cancel.

Lifetime acceptances taken from simulation.
P EXT background subtracted data
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decaying nature of Z1.t!
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Summary

Wide range of interesting charmonium and charm spectroscopy results:
only a small selection of recent results.

Measurements of resonance parameters improved.

New states have been just observed and fit the expectations.
- Candidates for ¥(13D3) and y.o(2P).

— EXcited B, states, excited A, =, (2. states, and doubly charmed baryon

—~++
I—ICC []

BESIII will keep taking data in the region of charmonium. Belle Il just

started Phase Il data taking. With the upgrade, LHCb will get much more
data.

Look forward to more exciting news!
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