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I
DICTIONARY

4 )

v' Heavy quark = charm or beauty
v Heavy Meson = qq’ state, where g=c,b

3,

v' Heavy Baryons = qq’q” state, where g = ¢,b

3.,

\/ Doubly Heavy baryons = qq’q”’, where q & ¢’ = ¢,b
o v' Quarkonia = Heavy Meson where q=q’=c,b

/ Quarkonia-like state may be: \

» Maybe conventional quarkonia

» Multiquark states:
 Molecular state: loosely bound meson-meson state
« Tetraquark: tightly bound four-quark state

» Hybrid meson

» Threshold effect

...1n practice everything which doesn’t fit in the standard

@rkonia picture /
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Standard Hadrons

‘L

Meson Baryon

DO
Diquark-diantiquark
.
D°-D™ “molecule” (:66@

qq-gluon hybrid
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OUTLINE

/> Results

v Heavy meson spectroscopy
v' Heavy baryon spectroscopy

> Plans

o

~

v' Spectroscopy of charmonium-like states

/
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r
HOW TO DO SPECTROSCOPY?

“Inclusive Analysis” “Exclusive Analyses”
(e.g. ete > D**(>Dn) + X or pp 2 B j**(2BK) + X) (e.g. B 2D**(>Dn)r or BCQBS**(QBK)n)

/ \ K Limited statistics ‘= \

» Large cross sections ‘&

. . > Small background &=
» Large combinatorial background ™~ » Resonance characterized by

> Resonanegs appear as bumps amplitude (i.e. bump) AND phase
» Hard to disentangle broad structures

> Difficult to assess spin due to the -\, (1’9,' MFEETEnes) —
L o e 00, » Suitable to study broad resonances

» Spin-parity assignment by 43,
\ / \amplitude analysis ’“/
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Heavy Meson Spectroscopy
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I
INTRODUCTION

4 )
» The heavy quark effective theories (HQET) predict the masses of the

heavy mesons D and B, by a perturbative expansion of Aqcp/mg ~ 0
» Precise measurements of the excited heavy meson properties are a
\ sensitive test of the validity of HQET

y
SQ g L Orbital angular momentum
‘ ‘q Jq = L + 84=u.4,s Angular momentum of the light quark
@ J=17j,+50-s. Total angular momentum of the heavy mesa
Spectroscopy notation PDG notation

Radial quantum number Natural spin-parity J* = 0%, 1-, 2%,...
W 3

\F;L ) (D% ror By
X \

Sum of quark spins L =0,1,2... 2> S, P, D Mass

n
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EXCITED CHARMED AND BEAUTY STATES

[ For L>0, there are four different possible (J, j,) combinations ]

E.g. Orbitally L=1 excited D_**>D®K

ye N
( jq JY  Allowed decay mode |
DK D*K

DI, 1/2 07 yes no

D, 1/2 1 1o yes

Dsl 3/2 1+ no yes
\ Diy 3/2 27 yes yes .
T 4

JE=0pt JE=1t JP=1t JgP =2t

The four states come 1n doublets and within each

DSO* D,sl Dsl Ds2* doublet :
Two Broad States Two Narrow States v 1 natural state (Dsz*) decaying to DK and D*K
decaying in S-wave decaying in D-wave v' 1 unnatural state (D) decaying to D*K

(r'~100 MeV) ('~ 1+10 MeV)
v ) \ )
ki Y Only exception 1s the (0*,1%) doublet above
i = 1/2 o = 312 (Gl e ey )/

doublet doublet

Similar picture for the excited B**>B",
B ,**>B®K, D**>D® &

Neckarzimmern, 19/02/2015 M. Pappagallo 7




r
How A DOUBLET LOOKS LIKE

4 . . )
Exclusive analysis
B 2> DO je JY  Allowed decay mode
[Belle: Phys.Rev.D69 (2004) 112002] D D*x
r - N D 1/2 07  yes no
> 1 peak iJI‘ll_IiiZ doublet 1 1/2 17 mo e
> 9 b s in D* } as expected Dy 3/2 17 mo yes
9 peaxsin LU ) D5 3/2 2% yes yes
> 2 ( ) BELLE > D (2420)0 § 7/ * BELLE
2120 Wi D g 60" y D
;,100 IS Df, S :
Z 8 L' BB 2
2 / 2
= 60 g —
A
/

S

M(Dn) (G@V/C-

Broad states of the j=1/2 doublets also revolved by an amplitude analysis
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How A DOUBLET LOOKS LIKE

4 . . )
Inclusive analysis
OV
pp > DO m +X je JY  Allowed decay mode
[LHCb: JHEP 09 (2013) 145] Dx D¥
r - ~ D 1/2 0T yes no
j,=3/2 doublet (1’ 1§2 1+ io vos
. * (?
; ;—peaJI({—}Q—Dg*S peaks in D Dy 3/2 1t no o
9 peaxsin Ui y D5 3/2 2% yes yes
D,(2420)" | -
TN T PPN
PI00F g 1@ /\'.' \ % D460y
220000 P 13 | \__\(//
5L 1 Féo00of-- ]
10000f- :
_ 20000 :
"Tho wm %m0 80 02000 7200 _2400 2600 2800
) [MeV] ') [MeV]
M(Dr) M(D*r) |
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'FEED-DOWNS OF D,/D,*>D*r DECAYS
INTO Dt MASS SPECTRUM

( [ °
Inclusive analysis

pp 2> DO*m +X

[LHCb: JHEP 09 (2013) 145]

\_
4 j,=3/2 doublet
» 3 peaksin Dxn

v D,*>Dn

v' D,*>D*r feed-down
> 2 peaksin D*=n
\ p

v D; 2D*n feed-down} S Frlapped it

“Phase space” plot

§ 23 ]
S I + .-
= f D.-> D i1
g 22 1 Y .
24 ]
L m
% - D1
Dt o N
1.9 i L]
z % > |
18 Mmp:-My, .
19 2 5 TR T v e
m(D" ) [GeV/c?]
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N
je JY  Allowed decay mode
Y, Dr D*m
N D§ 1/2 07 yes 1no
Dy 1/2 1t no yes
Dy 3/2 1t no yes
Dy 3/2 2T yes yes
[ > m(D*)-m(D)
D,(2420)" /D,*(2460)" feed-down
Ly D** o
/ Ly D+ yie?
-~ T \N L S .
S i
T /\ . D,"(2460)° |
jowf | TN :
R \// 1
20000 .
0200 2200 260 2600 2800
M(D*7) ') [MeV]
M. Pappagallo 10
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THE EXCITED D(S) STATES

» The charmed excited states studied in inclusive analyses and into B decays
> The orbitally L=1 excited D™ states observed first
» Masses and properties well predicted by theory

D** (L=1)
/ Mass (MeV) Width (MeVN
~ [ T D;(2400)° 2318 =+ 29 267 + 40
j.o=1/2 Dy (2400)* 2403 + 40 283 + 40
doublet ) | Di(2430)° 242740 3847150
_ | Di(2430)* — —
~ | D1(2420)° 2421.4+0.6  274+25
Jg=32 D (2420)F 24232 +24 25+ 6
doublet D3(2460)°  2462.6 £ 0.6 49.0+1.3
-\ D3(2460)* 2464.3+1.6 3746 Y,
N ~
Dj** (L=1)
4 Mass (MeV)  Width (MeV)\
D3 — —
Dy — —
joq = 8/2 { gil(%%)i 2235;.110 i 0.08 0'91271 04.05
doublet - *5(2573) 571.9£0.8 )

Neckarzimmern, 19/02/2015
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®)
® )

)

D)

~

N

D* and D,,” states
expected broad and to be
studied in B, decays...
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MNPuzzZLE:
EXCITED D, MESONS: L=1, j, = 1/2(?)

Inclusive studies of D . ®m®
[BaBar, PRL90, 242001][CLEO, PRD6S, 032002]

D,,* D, *(2317)
450\:5\1 } ' S
% 400 ! \ % | (a) D,,(2460)
>350 ;_ %) 20" \
= 300 £ = I
0 250 £ :**#H o | :
2200 F P 4 § 210k
g 150 | it i ¥ b %10‘
5 100 ;— i #“*ﬁm'rm*#‘ Lﬁ i
5g_blll 0 |
2.1 2.2 2.3 2.4 2.5 100 200 300 400 500 600
M(D. ") M(D,y=")-M(D,Y)
4 , ™ ..
PDG Mass (MeV) Width (MeV) /S“rprlsma?ly
*(2317)F  2317.7+0.6 <38 , — narrows:
D,1(2460)*  2459.5 £ 0.6 <35
\. v,
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NPuzzLE:

EXCITED D, MESONS: L=1, j, = 1/2(?)

DSO* D,sl Dsl Ds2*
B Two Narrow
at States

(r~100 MeV) ('~1 MeV)

/W\

}> T

M(Dsl)
M(DSZ*)
Jjq JT  Allowed decay mode
DO K+ D*OK+
Dy 1/2 17 no no
Dg 3/2 17 no yes
D% 3/ 2 2F yes yes

(1* 2 0- 0- Forbidden) /

> D */D,/>D®K kinematically forbidden
» Isospin violation decays: D ,* D, ni® and D’,; >D./* r®

Neckarzimmern, 19/02/2015
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MNPuzzZLE:
EXCITED D, MESONS: L=1, j, = 1/2(?)

/> Spin-Parity J¥ = (0%, 1*) as expected for the L=1, j =1/2 states \
» B>DD,_,* branching ratios below expectations (i.e. ~1) for a qq
state [PLB572, 164 (2003)][PRD69, 054002 (2004)]

B(B* — D°Dy) +0.032
B D~ D:
BB =D Do) _ 134004

» Many alternative interpretations:
DK or D, m molecule, qq + tetraquark/DK mixing /

No D *ir* partners have been observed in inclusive studies [BaBar: PRD74 (2006) 032007]]

[ or in B decays [Belle: R.Chistov@ EPS-HEP, Stockholm, Sweden (18 July 2013)]

Neckarzimmern, 19/02/2015 M. Pappagallo
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SEARCH FOR “D,,*” IN B, DECAYS

broad D, ,* state above the DK threshold should appear in B, decays

{ If the D,*(2317) is not the L=1, j =1/2 excited Dy state, then a ]

b

S

Amplitude analys

'R F 1 T ]
= 2500 ch
E 2000 ————  Full fit N
= £ — B! signal ]
g 1500 Combinatorial bkg.
:.E 000 « WA J [—— BO - BnK_n:‘ .
'g 1 A § 1 e B! D K —:
8 500 g B’ - Bmoﬂ'ﬂ" E

L =0 (0

L A, » D " pr

—— ontrns A B P e St s it s

%OO 5600 5800

m(D'K ™ 7*) [MeV/c?]

)

Candidates / (9 MeV/c?

isof B, > DK m*
400 — —
350F
300f
250F
200f
150
100
sof
0:

[LHCb: PRL 113, 162001 (2014)]
[LHCb: PRD 90, 072003 (2014)]

| B

...................
..............

2.8 3 32

mDK) [GeV/c?]

[ No evidence for such a broad D ,* state ]
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Resonance Fit fraction (%)
K*(892)° 28.6 + 0.6
K*(1410)° 1.7£0.5
LASS nonresonant 13.7+2.5
K5(1430)° 20.0+1.6
LASS total 214+ 1.4
K5(1430)° 3.7+0.6
K*(1680)° 0.5+0.4
K3(1950)° 0.3+0.2
D%, (2573)~ 25.7+0.7
Dz, (2700)~ 1.6+0.4
Dz, (2860)~ 5.0+1.2
D%,(2860)~ 2.2+0.1
Nonresonant 124+ 2.7
Dz, 47+1.4
Dz, ,(2317)" 2.3+1.1
Bt 1.94+1.2
Total fit fraction 124.3
15




rPUZZLE 11:

IS D,,(2536)" THE EXCITED L~=1, j,=3/2 STATE?

Angular analysis of D_(2536)*>D*K%% decay

NQ @ 1 I ] ] ]
> BELLE
=
= 400
S
[¥]
'E 200}
=
(43
0 PP 1. ad PR T T
2500 2510 2520 2530 2540 2550 2560
MDzKd - M(D ) + MPPED™)  MeV/c?
o.RrFry—————————1—
BELLE
0.06 | t
t : ¢ 4
i
0.04 } B
0.02}
0 . 0 m2 = ‘
-1 0 1 -1 0 1
coso. B cosy

Neckarzimmern, 19/02/2015

[Belle: PRD77 (2008) 032001]

.
I

5 —0.7240.05 + 0.01

Ftotal )

Contrary of HQET expectations, the
S-wave contribution dominates!

o2
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I
EXCITED D; STATES

[LHCb, JHEP 09 (2013) 145] [LHCb, JHEP 10 (2012) 151]

L1

I ___D,(3084) 4*
1 1 L D,*(2806) 3~ - D,;(3079) 3°
/> The qqark mpdel predicts many excited ) 30001 Disa00) 2 D; Gara)
states in limited mass regions T ey 1 P:1(3074) 2
o > I . -
» Ground and 1P states well established 2 e o D,/(2479) 2"
: £ 2500 1(2558) 0 —_D,(2469) T
> BaBar collaboration has recently found 4 2 D@9 T
E 0

new states decaying to Do and/or D*m.

. _ D*(2023) T
\_ Need to be confirmed. [PRD82 (2010)111101] 2000 rsem o

[Godfrey&Isgur, PRD32 (1985) 189]
1S 2S 1D 1P 1F

[LHCb: Inclusive study of D*(2Knm)mr, D(2Kno)nt and D**r. Several millions of D’s in 1 fb-!

> Natural spin-parity states (J* = 0%, 1-, 2*,3"...) can decay to Do and D*n
> Unnatural spin-parity states (J* =0, 1%, 2-, 3*...) can decay D*n

Y

(> D11 spectrum: natural spin-parity states + cross-feed of all states (expect 0")>D*n N
» D*m spectrum: all states (expect 0%). But different angular distribution (9= Helicity angle)
v’ oc s5in29 for natural spin-parity
v’ oc 1+hcos?d for unnatural spin-parity

\_ v" Natural/Unnatural component can be enhanced with an ad hoc requirement on $ J,

Neckarzimmern, 19/02/2015 M. Pappagallo 17 |



r
D1 MASS SPECTRUM

[LHCb, JHEP 09 (2013) 145] [LHCb, JHEP 10 (2012) 151]

10000

2

> |cos 3|<0.5 enhances
natural component

10000

1

cos 9| > 0.75 enhances

unnatural component | [ 1l p £ th
(residual natural arametelrs of the 5000
component ~9%) qnnatura states are
| \_ fixed from Step 1 )
022I00 ‘:24'00 . 26IOO 28I00 ' . 30IOO . 022‘00 “.“':2400 ‘26‘00 28‘00 ‘ 30‘00 ‘
m(D"*) [MeV] m(D"*1) [MeV]
D,(2420)° + 3 unnatural states: D,’(2460)° + unnatural states +
2 more natural states:
D;(2580), D;(2740), D ;(3000) D,*(2650), D,*(2760)
: » Parameters of all states fixed from Step 1&2
> Fit performed in bins of cos 3 to verify angular distributions
D,(2420) D,*(2420) D,*(2650) D,*(2760) D,(2580) D,(2740)  D,(3000)
Unnatural Natural Natural Natural Unnatural Unnatural Unnatural
5 5 3 ) 1 ; 10000f ; 2500F - 1 ’F s b ]
15000 =] - - =5} ] ot A + 1 3 + 3000
40000 8000 & 2000F % 7 Ve I - " ; o
kj 10000 6000/ A 1500/ ok + " i 100 ++ 11 0™ +ﬂ@»++
200001 ] 5000} /- zzzg: ‘4 T ] 1:22: A ANPR J 1000f S i ]
0 L . . 0 . . . 0 . : : 0 ’Lw o . L .++. -l- :+ \ .4‘ . .
-1 05 0 05 COSBHI -1 0.5 0 05 COSBHI -1 -0.5 0 O‘SCOSGHI -1 -0.5 0 045(20se Hl 105 0 05 OQOH‘ 05 0 05 OSU‘: 05 0 05 cosl)"l
Neckarzimmern, 19/02/2015 M. Pappagallo 18




r
Dorr/D*ton- MASS SPECTRA

Cross-feeds estimated from states
appearing in the D*m spectrum

60000

40000

Candidates / (4 MeV)

20000

L
2200 2400 2600 2800

2 more natural states:

D,*(3000)°, D,*(3000)*

Study of D®n spectrum
from B decays needed to
establish spin-parity

Neckarzimmern, 19/02/2015

[LHCDb, JHEP 09 (2013) 145] [LHCb, JHEP 10 (2012) 151]

60000

40000

Candidates / (4 MeV)

20000

L .
2800

3000

3000 2200 2400 2600
m(D’*) [MeV] m(D*r) [MeV]

Resonance | Final state Mass (MeV) Width (MeV) Yields x103 Signif (o)
Dy (2420)0 Dt~ 2419.6 +£0.1£ 0.7 35.2+04+09 2102 £19+£ 0.7
D3(2460)° D*tg— 2460.4 £0.4+ 1.2 43.2 £1.24+ 3.0 81.9+£1.2+£09
Dj(2650)0 D*tg— 2649.2 £3.5+ 3.5 | 140.2 £17.1+ 18.6 50.7 £2.2+ 23 24.5
D*(2760)° D*tg— 2761.1 £5.1£ 6.5 74.4 +£3.44+ 37.0 144 +£1.74+ 1.7 10.2
D ;(2580)° D*tr— 2579.5 £3.4+ 5.5 | 177.5 £17.8% 46.0 60.3 £3.1+ 3.4 18.8
D ;(2740)° D*tg— 2737.0 £3.5£11.2 73.2 £13.4+ 25.0 77 +11+£1.2 7.2
D ;(3000)° D*tg— 2971.8 £8.7 188.1 +44.8 95 £1.1 9.0
D3;(2460)° Dt~ 2460.4 +£0.1+£ 0.1 456 £04+£ 1.1 | 675.0£9.0£ 1.3
Dj(2760)0 Dt~ 2760.1 £1.1+ 3.7 74.4 £3.4+£19.1 55.8 £1.3 £ 10.0 17.3
Dj(SOOO)O Dt~ 3008.1 +£4.0 110.5 £11.5 176 £ 1.1 21.2
D3(2460) " Dr* 2463.1 £0.2+ 0.6 486 £1.3+ 1.9 341.6 £22.0£ 2.0
D}(2760)+ DOrt 27717 £1.7£ 3.8 66.7 + 6.6 =10.5 201 £22+£1.0 18.8
D5(3000)" | DOxt 3008.1(fixed) 110.5 (fixed) 7.6 £1.2 6.6

M. Pappagallo
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I
EXCITED D,; STATES

[LHCb, JHEP 09 (2013) 145] [LHCb, JHEP 10 (2012) 151]

LHCDb collaboration has recently
confirmed 2 broad states decaying to DK: [LHCb, arXiv:1407.7574]
D.,*(2700)* & D_;*(2860)* [LHCb, arXiv:1407.7712]

LHCb
(@

g
:

g

d
i

Candidates / 5 MeV/c?
Candidates / 5 MeV/c?

25 - 3 25 3
DK} invariant mass [GeV/c’] DK’ invariant mass [GeVic?]

3T 3™ Resonance Fit fraction (%)
3 = 3 ™ K*(892)° 28.6 0.6
; o ; |4 K*(1410)° 1.7+0.5
" ; L . LASS nonresonant 13.7+ 2.5
D'K invariant mass [GeV/c’] D’K* invariant mass [GeV/c?] RS(I 430)0 200+ 1.6
» LHCD has performed a Dalitz Plot analysis of B, > D°Kn K;‘:‘f;);f tal 2;‘;1(1)'2
> D_;*(2860)" consist of (at least) 2 overlapping states J*=1- & 3-| k*(1680)° 0.5+ 0.4
——— , , - . — K5(1950)° 0.3+0.2
2 nf 1 @ D7,(2573)" 25.7+0.7
g 0 1 & D, (2700)~ 1.6+ 0.4
= E R = (2860) 5.0+ 1.2
kf 1 3 D, (2860)" 2.2+0.1
% {3 E g Nonresonant 12.4+2.7
43 1 § D, 47+14
2 - D7, ,(2317)~ 2.3+1.1
0:; 10 TR— T YT R T B - 19+12
DK [GEVe m(D°K) [GeV/c] Total fit fraction 124.3

Neckarzimmern, 19/02/2015 M. Pappagallo 20




r
THE EXCITED B. STATES

Candidates / (1 MeV/c?)

Pull

» LHCDb has reported the first observation of B_,*>B*K decay =(B,,, B,*)

are the L=1 ) =3/2 doublet

» Masses, widths, BR’s well consistent with theory

—
=
=
(=

800
600 |
400
200 |

[LHCb: PRL 113, 162001 (2014)]

jq JT  Allowed decay mode
BTK~ B*t K~
B 1/2 07 yes no
B, 1/2 17 no yes
Bs  3/2 17 no yes
03/2 27 yes yes

0 20 40 60 80 100

120 140

160 180 200

m(B'K") - m(B") - m(K") [MeV/c?]

The two B,,/B,,*2>B*K signals peak in the BK spectrum as well shifted by the
B* - B mass difference (~ 45 MeV) due to missing momentum of y

Neckarzimmern, 19/02/2015
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r THE B™ MASS MEASUREMENT
AND THE Z*S

» Observation of charged bottomonium-like 7, (10610)*" and
Z,(10650)* (Belle collaboration, PRL 108 (2012) 122001)
> BB* andB*B* molecules? (A. Bondar et al., PRD84 (2011) 054010)

o~ F o~ C
%12000:- @ %1750% ®)
= 10000} = 15000
o = ;
= 8000F Z 12500
N ! 2 :
§ 6000 _ g 10000 3
% 4000F : L 7500f
2000 ‘]‘ + 'h_ ' 5000
oi]ﬂ .L.Ilﬂ l,r‘}‘ 2500 F
T L o
104 105 106 107 104 105 106 107

M, ..(t), GeVic? M, .. (), GeVic?

Using the B*™ mass measured in this analysis, we compute that the Z,(10610)"
and Z;,(10650) " masses are 3.69 £ 2.05 MeV /c® and 3.68 & 1.71 MeV/c* above
the BB* and B*B* thresholds respectively

Neckarzimmern, 19/02/2015 M. Pappagallo 22
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THE EXCITED B STATES

—6.6
> i B**
< , , N\ G 64F ]
» LEP experiments observed a single broad structure (' > \=~ [
100 MeV) in Bx: BJ*(5732) % 6.2 - 5D D) _
» Tevatron experiments resolved it into 2 structures and < L S P PeD Bson) ]
interpreted the former as the overlap of B,%B,*>B**n > 6 o 3,00 820 500 7 -
> LHCD reported the first observation of the charged B;* and B,** - S > /A4
[LHCb-CONF-2011-053] 5.8 #es % 7 ]
i CDF reported the evidence of a broad state: B(5970)%* i R ]
5.6 . ]
' 54 i:_'.'_'.'_'.'_'.'_'.:'.:'.'_'.'_'.'_'.:'_'.'_'.'_'.:'.'_'.'_'.'_'.'_'.'_'.'_'.'_'.'_'.'_'.'_'.'_'.'_'.'_'.'_'.'_'.'_'.'_'.'_'.%
Mass (MeV)  Width (MeV) N ]
B(5970)° 5978 £5+12 70730 % 30 %3, s s p P P P D D, DL D,
+ ¥30 0 i
B(5970)" 5961 £5+12 6075, £+ 40 J U2 12 12 12 302 302 302 312 512 512

JEo 1T 0" 1t 121 2 2 3

In previous analyses, fit models made use of several external inputs:
m(B*)-m(B) (exp.), Br(B,*=>B*n)/Br(B,*=>Bn) (theor.), (B,)/T(B,*) (theor.)

Neckarzimmern, 19/02/2015 M. Pappagallo 23
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rINCLUSIVE STUDY OF LIE[
THE B*nm AND Bt MASS SPECTRA

[LHCB-PAPER-2014-067; arXiv:1502.02638]

/ Analysis strategy \

» 2011+2012 data sample corresponding to £ = 3.0 fb-!

» Selection of a high purity B* and B® samples

» The B* (BY candidates combined with n(n*) originating from the
Interaction point

» Analysis carried out by fitting the Q distributions:

\_ Q = m(Br)-m(B)-m(x) Y,

)

—
B(*,o% >
B decay products

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

Primary Vertex !

Neckarzimmern, 19/02/2015 M. Pappagallo 24
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SELECTION OF THE B* CANDIDATES

[LHCB-PAPER-2014-067; arXiv:1502.02638]

[ B mesons are selected in several high-yield decay modes ]

B* BO

/® BT = J/¢(—= ppm ) KT N ( A

® Bt — DO(_> Kt )nt ® B — J/¢Y(— ptp ) K*O(— Ktn™)

® B" - D%(— Ktr—ata )rt ® B = D™ (= Krma )t

® BT — DO(_> KjL7T_)7T+7T_7r+ ® B' - D™ (= Ktn n )ntant

- O\ /

J/P/DYD- masses constrained to their known values to improve signal resolutions
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I :
BY%* CANDIDATES G

[LHCB-PAPER-2014-067; arXiv:1502.02638]
» Purity of B samples > 80%
> ~2.5M of B* candidates and 1.2M of B candidates in 3.0 fb'!
s —
+ |
2Kt (o)

e ><103k T T ] x10 =
Z’ 1205— ® —; Z’ 250
< 100~ | HCb < 200
o 80 1
2 18 150
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200 E 50
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->Knoto*
;80000:—' ' R ;90000:—' T
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SELECTION OF THE Bnr CANDIDATES \

[LHCB-PAPER-2014-067; arXiv:1502.02638]

/> B*(B) candidates, within a £25(50) MeV mass region, combined with n'(n%
» The wrong sign (WS) combinations B*n* and B° n- are also selected for
background studies
> B*n candidates refitted with
v' Primary vertex constraint (i.e. B and = are forced to originate from the
primary vertex)

k v Bt and J/Q/D%D- mass constraints /

/ » Selection tuning of companion pions: \
v' pr> 0.5 GeV (suppression of combinatorial background)
v' PID requirements (suppression of misidentified decays: e.g. B,**
- BK where K2 1)
v' Small IP relative to the PV associated to the B candidates
» Selection tuning of the B candidates:

v B decay time < 0.2 ps (suppression of peaking signals in the WS
\ due to the oscillations of the B?s) /
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SPECTRUM OF m(Bn)-m(B)-m(n) MASS DIFFERENCES

J H
| |

[LHCB-PAPER-2014-067; arXiv:1502.02638]

B,(56721)>B*r and B,*(5747)>B"x
An excess of RS over WS combinations around Q ~
pr of companion pion > 2 GeV

resonances (Associated Production)

Two narrow peaks are seen in both B*n and B%" spectra interpreted as the decays of

500 MeV. Particularly prominent when

Furthermore a comparison with the WS shows a very broad excess of RS lying under the

~

J

16000 |
14000 |

12000 |-

ve
-+
o

10000 |-

Candidates/(8 MeV)
Candidates/(8 MeV)

8000 |-

1000 1200

"200

400 600 800 1400

m(B*r)-m(B*)-m(n) [MeV]

oo
=

=
+

Candidates/(8 MeV)
Candidates/(8 MeV)

WS
M. Pappagallo

Neckarzimmern, 19/02/2015

LHCb
Companion p,>2 GeV
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r

SPECTRUM OF m(Bn)-m(B)-m(sw) MASS DIFFERENCES

LHC
A

[LHCB-PAPER-2014-067; arXiv:1502.02638]
» Normalized WS subtracted Q value spectra
» Compatibility of the observed 31gnals in all decay modes
E 0.08 — 3 LHCb oB* »D'(2h) 1t —
S 006 - o B > D'4h) n* ]
Z : +$ #* B*>D°n*n"n*t 7
B+ _ 2 0'04:_ $ g w&# oB* SJiyKt
7': = - _
() _ _]
£ 0.00 }..Mi R A SatPeeg¥pNeTy
g — ‘ ]
00— 200 600 800 1000 1200 1400 1600
m(B*1)-m(B*)-m() [MeV]
—~ 010 — T T 1 e
E 0.08 i LHCb OB' 5Dt o
2 0.06F B 5D ' n nt 3
) - *B° - J/yK* -
> 004 =
BOrt £ wf ¢ ¢% %% E
5 ooob Mw 4 Cg# MY
S ooop 'W@Wﬁ% *Wi WW@
S -0.02
Z C . . . . . . . .
0 200 400 600 800 1000 1200 1400 1600
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FiT MODEL \

[LHCB-PAPER-2014-067; arXiv:1502.02638]

{ Empirical Model = Minimal choice ]

Associated Production __

(Broad resonances SR S 2200 E—
+ =\2000F-
correlated nonresonant o 1 3 =
production of B and nin the — Q:.

fragmentation chain) ?) 1600 .
£ 1400F-
2 1200F-
“ 1000F

feed-down 600 ;_ )
400F- background (i.e. WS)

200

0 A A50 000 7500
Qg (MeV)
B, (5747)>B*n
feed-down
Broad structures B;(5840) and B;(5960)
B, (56747)>Bn

Alternative fit models (2 Quark Model) consider the two broad states belonging t
the same doublet. Then an extra fit function is added for the B;2> B*xn feed-down
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FIT MODEL

[LHCB-PAPER-2014-067; arXiv:1502.02638]

Fit function Constraints

Combinatorial Linear combination of spline From
Background polynomials (event mixing as

Binned y?2 fit for B*n- and B%" (Bin size = 1 MeV)
» Data samples split in 3 companion py bins [0.5<p;<1 GeV; 1<p <2 GeV, p>2 GeV]
> Fitting steps:
v' Fit the WS shapes
v' Simultaneous fit by fixing the combinatorial background from WS and the AP
from simulation + broad RBW shape (varied appropriately for systematics)
> Signals parameters (masses and widths) shared between companion py bins
\> No theoretical constraints /
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NOMINAL FIT RESULTS BY P BIN G

[LHCB-PAPER-2014-067; arXiv:1502.02638]

0.5 <pp<1GeV 1<pr<2GeV pr> 2 GeV
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NOMINAL FIT RESULTS

[LHCB-PAPER-2014-067; arXiv:1502.02638]

20000 I B (5721)°> B'n’
< [ B}(5747)°— B'(B*y)n"
= 18000 5man, +( )
[} [ B(5747)">B*n

Pull

Neckarzimmern, 19/02/2015

J H
| |

Candidates integrated over the 3 p; bins
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I'FINAL RESULTS: LE
B,(5721)%* AND B,*(5747)%*

[LHCB-PAPER-2014-067; arXiv:1502.02638]

[ Q values converted into absolute masses by adding the known B, 7 and B-B* masses ]

stat. syst. B mass B*-B mass
(Mg e = 57217 + 07 £ 14 £ 017 + 04 MeV)
mpssrany = 5739.44 £+ 037 + 033 & 017 MeV |
mp, o+ = 57251 + 18 £ 31 + 017 + 04 MeV,
mpsrans = 573720 + 072 £ 040 + 017 MeV |
Tp e = 301 + 15 £ 35 MeV |
Tasrame = 245 £ 10 £ 15 MeV |
Dot = 201 £ 36 £ 43 MeV |
— 236 4+ 20 =+

QB;(5747)+ 2.1 Mey

[ Most precise measurements of the B;(5721) and B,*(5747) masses and widths ]

B(BI(STAT)’ > B'n7) (00 & 14 + 030

8(35(5747)£—>B+07T;) - ' o First evidence of the
B(BIGTA® - BOmY) 10 4 05 + o0s | BGTADIB*r (3.70)!
B (B3 (5747)% — BoxT)
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I FINAL RESULTS: LH
B;(5840)%* AND B;(5960)°* O

[LHCB-PAPER-2014-067; arXiv:1502.02638]

stat. syst. B mass B*-B mass
~ N
Empirical model \
. mp (5840)° 5862.9 + 5.0 + 6.7 + 0.2
The propertles of the BJ(5960)0’+ states are rBj(5840)0 1274 + 16.7 =+ 34.2 \
consistent with and more precise than those mp, 9600 | 5969.2 £ 29 + 51 £ 02
. . FBJ(5960)0 823 :l: 77 :l: 94
obtained by the CDF collaboration when T ooy | 5503 £ T2 £ 137 £ 02
assuming decay only to Bo Tp,eaoys | 2244 £ 239 + 798
\ J mp, sy | 59649 + 41 + 25 + 02
Tp, 5060+ | 630 + 145 + 17.2
Quark model, B;(5840)% T natural
TTLBJ(5840)O 58897 3 22.2 3 67 e 02
Tp,ssa00 | 107.0 + 196 + 34.2
mp, o600 | 60159 + 37 £ 51 £ 02 + 04
Tp,s06000 | 816 £ 99 + 94
[ \ MpB;(5840)+ 5874.5 £+ 257 &+ 13.7 £ 0.2
If the B;(5840)%* and B;(5960)%* states I'p;@csapyr | 2146 =+ 267 = 798
. mp,sos0)+ | 6010.6 £ 40 + 25 + 02 £ 04
are considered under the quark model Toooent | 614 + 145 + 172
hypothesis, their properties are Quark model, B,(5960)% T natural
consistent with those expected for the mp,ssa00 | 59078 £ 47 £+ 67 £ 02 £ 04
- : r o | 1194 £+ 172 £ 34.2
* B (5840)
\B(ZS) and B*(2S) radially excited states ) My e | 59936 £ 64 + 51 &+ 0.2
Tp,s0600 | 559 + 6.6 + 94
mp,(ssa0)+ | 58893 £ 150 =+ 137 * 02 =+ 04
Tp,ssa0)+ | 2293 £ 269 + 79.8
MpB;(5960)+ 5966.4 =+ 4.5 &£ 2.5 + 0.2
Tp, 5060+ | 60.8 + 140 + 17.2
SN
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I SIGNIFICANCE DETERMINATION:  LJ
B,(5840)%* AND B,(5960)°*

[LHCB-PAPER-2014-067; arXiv:1502.02638]

[Lack of knowledge of the AP shape = Large systematic uncertainty on the yields

!

[ Are B;(5840) and B;(5960) an artefact of the non-resonant AP? ]

~

» Generation of pseudoexperiments without any high mass states included
» Fitting with and without an additional high mass state
» Comparing the y? difference to that obtained from the corresponding fits to data
» Generation of pseudoexperiments with a single mass state to investigate the
significance of a 2" state
N Y

B*n-: 9.60 for at least one resonance, 7.50 for two
BOtt: 4.80 for at least one resonance, 4.60 for two

Consistent with the interpretation of 4 states given the expected isospin symmetry
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OBSERVATION OF B, "2 J/VYK*

>

Only few B_ decay modes observed before the LHC era:

B,*>dJ/ ¥t and B,*>Jd/ ¥ ptv

» LHCD 1s largely increasing the knowledge about the B_*

meson. New decays modes have been discovering:
B.*2J/Yo'oo" and B.*> ¢ (2S) o*

\> First observation of the decay B.*>J/% K* using 1 fb"! Y,

~

DLLy, =InL(K)—InL(m)

[LHCb, PRL 108, (2012) 251802 ]

[CMS, CMS-PAS-BPH-11-003 ]
wW

[LHCb, PRL 109, (2012) 232001 ]

[ATLAS, ATLAS-CONF-2012-028 |

[LHCb, JHEP 09 (2013) 075]

D
=
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—_ = = =
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(=}

(=
=]

(> Signal significance 5.00
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» Agreement with predictions

\
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r
OBSERVATION OF B.*>B.% 11+

s

[LHCb, arXiv 1308.4544 |

é Observed B, decays to date are decays where the b qua&

decays weakly to a ¢ quark but B.," 2 B X decays are 7 u

foreseen as well v (2
» Experimental clarification is needed to shed light on the Bf e T

wide range of predictions " 5
» LHCb performed a search based on 3 fb-l. The B, meson B]

\ reconstructed in B,2>J/Y$ and B,>D_ 0"

/ b

Candidates / (10 MeV/c?)

4F A
B LHCb
30}

20

10

e Data i
Bi— BY(— J/yd)n*

m(B’m+) [MeV/c2]

Candidates / (10 MeV/c?)

LHCb B
= Data .
B BY(— D, n*)n* 3
Comb. bke. .
Bi— BJp*

Bl— Bfm* -

I 6400 6600
m(B’n*) [MeV/c?]

——<¢ 2 x B(B}Y - B%T) = (2.37i 0.31 (stat) = 0.11 (syst) 375 (754 )) x 1073 J

Neckarzimmern, 19/02/2015
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r |
B >dJ/YD,®* AND MUCH MORE %

» First observation of B,* > J/WD_ O*. The Bt 2> J/WD.™ | LHCD, PRD 87 (2013) 112012 ]

appears as a cross feed in the J/PYD_ " mass spectrum [LHCb, arXiv:1309.0587 |
> Small Q value 2 Most precise measurement of B, mass o

(“mp+ = 6276.28 + 1.44(stat) £ 0.36(syst) MeV j\ : ;
B(BF — J/¢yD7 ST AT
( - [9D7) _ 2.90 £0.57 = 0.24 o o el :
B(BS — J/ynT) : §
B(B+ — J/¢yD:+ LA gt f
( C+ /v S+ ) =2.37+0.56 £0.10 T "Lfy“ 4
\B (BC — J / QﬁD S ) / m(JApDY) [Gev/e?]

v' Precise measurements of lifetime (B,2>J/Q pv and B,>dJ/Wp 1)
v Production studies
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HEAVY BARYON SPECTROSCOPY
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r
INTRODUCTION

The heavy quark effective theories (HQET) treat a heavy baryon as
a system consisting of a static heavy quark @ (mg >> Agep)
surrounded by a diquark system comprised of the two light quarks

3

q
3

Credit: M. Pennington
ATIP Conf.Proc. 1432 (2012) 176-184
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I

INTRODUCTION

[ bqq (g=u,d,s) Baryons (B=1, C=O)]

J =3/2 b Baryons

J=1/2 b Baryons 3b

Notation Quark J¥  SU(3) (I,I3) S B 2b
content 15
Ay bud)  1/2t 3 (0, 0) 0 1
=0 bsu]  1/2¢ 3 (1/2,1/2) -1 1 o
=5 blsd]  1/2+ 3 (1/2,-1/2) -1 1
Zy buu /27 6 (1, 1) 0 1 The system of baryons containing a b
X b{ud}  1/2% 6 (1, 0) 1 quark remains largely unexplored.
> bdd  1/2 6 (1, -1) 1 1
= b{su} 1/2t 6 (1/2,1/2) -1 1
= b{sd} 1/2* 6 (1/2,-1/2) -1 1 Missing states
0 bss 1/2+ 6 (0, 0) 2 1
e bu 3/2* 6 (1, 1) 0 1
¥;0 bud  3/2% 6 (1, 0) 0 1
:- bdd 3/2+ 6 1, -1) 0 1 o . )
=30 bus 3/2¢ 6 (1/2.1/2) 1 1 pin excited states
== bds  3/2t 6 (1/2,-1/2) -1 1
;- bss 3/2t 6 (0, 0) 2 1
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!—|>I<O p— —
OBSERVATION OF =, —7 =, T

_|_

AT CMS

[CMS, PRL 108 (2012) 252002 ]

[

In 2012 CMS collaboration claimed the observation of a new b baryon
=,(5945)01n the =, 'i* spectrum, where =, >J/W(Up) =~ (ATT)

|

=, candidates per 20 MeV

=

70 [ 16
r CMS E, data %.) L CMS ] C M S
60 | PPs \s=7TeV —e— Opposite-sign pr_ E 14 - pp, \'s=7 TeV *  Opposit
F L=53fb" O Samesign pr. 5 [ L=53fb" —— Signak
50 r Q12 I R CLILLEE Backgrd ‘
—— signal+background fit f:"_), r /
wb L Background fit g 10; (b)
L ©
' & 8f
30 - 903
- + n 6
20 | a
by ot o |
oty ik o 0L N ()] ]
roCten T T T T T e e T i
N AT A 2 kAN N0 8 SN SRR
56 57 58 59 6 6.1 0 10 20 30 40 50

M(J/YE) [GeV]

[ N(=}) =108+ 14 ]

MUAYE ) - MJAPE) - M(zr) [MeV]

(= |

» Theoretical models predict:
v ZJ)JP=1/2) ~ m(=,) + m(m)

v Z,%JP=3/2) > m(Z,) + m(m)

Neckarzimmern, 19/02/2015
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X

SEARCH FOR E; — EQ7m~

Significant isospin splitting measured in the = sector:

[m(Eb_) —m(Z}) ~ 6 MeV (1) ] [LHCb: Phys.Lett.B736 (2014) 154]

Assuming the splitting is the same for all =,

m(Z;7) —m(Z’) 2 6MeV  (2)
m(Z, ) —m(Z,) ~6MeV  (3)

Combining (1) and (2):

[[m(E;;_) —m(Z})] — [m(E;%) - m(Z, )] ~ 12MeV ][ m(Z;7) — m(Zp) — m(r~) =~ 27MeV ]
CMS: 15 I\’IVeV + m(n")
Similarly combining (1) and (3):
[[m(E;;) —m(E))] — [m(E;O)_— m(Z; )] = 12MeV ][ m(Z,7) —m(EY) —m(r~) < 12MeV ]
3 \
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SEARCH FOR Z{~ — ZEpm_

............................... T 61-2Mev
VS HORRR.
—x() b —
:b : :b ~20+5 MeV Karliner et al.
|54+ | MeVY | (theory) arXiv: 0804.1575
(CMS) :
........................... 'I_I eeeeeeiinnnene Ve
: 612 MeV
s M s SRR
—'0 \_
et I = e =0 . =10 ) =, - oyt .
_Jb I_;b =b T =pTU @ Zpb- ™ =p TU :
I 146 + 6 MeV 134 + 5 MeV
; = Allowed? = Forbidden?
|
Ve o) e e Voerrernn,
....... v SN
—0 =
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r
SEARCH FOrR E;~ — EP7 AT LHCb

[LHCB-PAPER-2014-061; arXiv:1411.4849]

> Integrated luminosity 3.0 fb-!
» Sample of =,° > = o, where = "> pK-o* combined with a o
g 140
RS
%120'— . LHCDb 1
C | E, i
Zi00f :
;r. - ] Fit Model
= 80F E =" :Resolution function
S 60 +E =% : P-wave RBW @ Resolution
G) - i
£ 40f
M T
20f
'm. L Lo

Wrong sign combinations

m(E, ©°) - m(E) - m(r) [MeV/c?]

[Observation of two narrow peaks interpreted as =, and = * ]

Very unlikely scenario: peak at ~3 MeV is a feed-down of =,**- > =0 (= % =% =
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FINAL RESULTS

[LHCB-PAPER-2014-061; arXiv:1411.4849]

The first peak is very narrow, so we put an upper limit
on 1ts width I, then fix 1t to O for the baseline fit

[F(E{;) < 0.08 MeV at 95% CL ]

[ With this assumption, we measure:]

(om(E7) = 3.653+0.018 = 0.006 MeV
5m(5b_) = 23.96 £0.12 £ 0.06 MeV
F(E;_) = 1.65+0.31 £0.10 MeV
g J
[ Signal significances > 100 ]
m(E{;) = 5935.02 +0.02 = 0.01 £ 0.50 MeV
m(Zy") = 5955.33 £0.12 £ 0.06 = 0.50 MeV
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FURTHER STUDIES

1) Angular analysis

[LHCB-PAPER-2014-061; arXiv:1411.4849]

J H
| |

)

4 The spin of the states investigated by studying the helicity angle 0

ok — =0 - =0 =+ -
117 1 15"
JE = = U, = = = W
2 T2 2

v J =% - Flat 0 distribution
v’ J >% - 0 distribution depends on the initial polarization

~

J

p
Flat © distributions observed for both states consistent with
the =, and =,* interpretation

.

N\

2) Measurements of relative productions
[U(pp — =2, X)B(E, — Er)

o(pp = 5, X)B(=y™ — :gﬂ'_)

! — 0.118+0.017+0007 | Given the isospin
7 = 5, X) des, large fracti

modes, large fraction
— 0.207£0.032+£0.015 | of =, produced in

o(pp — :gX) he d =
olop = 2, X)BE, - E) 1 74403040.12 the decays of =,
\ o(p = & X)BE > ) : ) resonances
3) Search for =, and = * in other =,° decay modes
Signals have been observed in
2 5> AT (pK 7K ntn™ ) - DY(K " nH)pK~ and =¥ - DY(K ntaT)pK nt
b c b b

Neckarzimmern, 19/02/2015 M. Pappagallo
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ORBITALLY EXCITED (L=1) Ag BARYONS

/ ® The ground state AY(J”
and L =0

® Orbital excitations with L =1
® Excited A states: two state with J” = 5 and 3

\@ Should decay to AYw ™7~ or A)y (parity conservation) depending on maSS/

= 1/2%): bud, where the ud diquark JZ = ON

2

6000
g - 1=0 I=1 I -
> - - . ]
@ 5900F Ay (112) 3
< 5850( £0* (3/2%)-
5800 o’t (1/2")
N Y I .
s750- 1|7 /% :
5700k 3
5650F . 3
: 1/2 ]
5600 Ab ( ’) =

blaql, ieymm bi{aal,,,

Neckarzimmern, 19/02/2015

Predictions for A" masses

Reference MIA:S(1/27)] MIAE (3/27)]

Capstick, Isgur 5012 5920
[PRD 34 2809 (1986)]

Baccouche, et al. 5920 (spin-averaged)
[hep-ph/0105148]

Garcilazo, et al. 5890 5890
[hep-ph/0703257]

Ebert, et al. 5030 5047
[arXiv:0705.2057]

Karliner, et al. 5020 + 2 5040 + 2
[arXiv:0804.1575]

Roberts, Pervin 5039 5041

[arXiv:0711.2492]

Most predictions are above A7 (5900 MeV / 023
but below Yy (around 5950 MeV /c?)

J




r e
OBSERVATION OF EXCITED AP BARYONS

d ® 1.0 fb~! pp data sample, /s = 7 TeV A
® A) = A7~ AT — pK~ 7" combined with
. a pair of pions from the primary vertex y
A Al
UL e p
LpK =+ - -
pa ® T Z_..: K

L
Ay

pﬂ»

Neckarzimmern, . 50



SELECTION OF A} BARYONS \

[ N(A%,) = 70540 + 330 ]

:\,: 18000
~ 16000
/> Good quality tracks and well \ E 14000
separated from any PV. S 12000
» PID for kaons and protons > 10000 1 AYsAIT
g 8000 =5 ASATK
: . : : Part-rec. bkg.
» Kinematic fit which constrains: E 6000 % Rzr;drs; bki-
» the A%, to originate from the PV | § 4000,
O 2000F

s
"o’o‘o’o’o’o’o"&%’o’oo A XTGP0 00000000000000000:

5400 5500 /5600 5700 5800 5900
M(AIT) (MeV/c?)

K > NA.f mass to its PDG value /

N> A " K- decays (not yet
reported in literature ) where
the kaon reconstructed under

the pion mass hypothesis
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Candidates / (0.5 MeV/c?)

Candidates / (0.5 MeV/c?)

r

FIiIT MODEL

LHCD
- L)

/ 0 %+

Combined unbinned fit of A)7t 7~ and A)7=7

® A;Y(5912) and A;Y(5920): sum of two
Gaussians with same mean (signal shape
fixed from the simulation)

® Background: quadratic polynomial function

_

30 o
25
20
15
10

|| Napo = 525481 = 10.20
i

D00 5910 | 5920

Neckarzimmern, 19/02/2015 M. Pappagallo

75030 5940 5950

The two new peaks are interpreted
as the orbitally excited A% states

M (A t) (MeV/c?)

52




Candidates / (0.5 MeV/c?)

I FIRST OBSERVATION OF
ORBITALLY-EXCITED b BARYONS (L>0)

Masses are only slightly above A7 7~ threshold
(Q = 12 and 20 MeV respectively) and below the 397 threshold

LHC
A

/

o

My z0(5912) = 591197 % 0.12¢ta5 £ 0.025yst F 0660055 MeV/c?

M y»0(5920) = 5919.77 # 0.08tat £ 0.025y5t & 0.66 50,1055 MeV/c?
AMs0(5012) = 292.60 % 0.12410¢ + 0.04ys; MeV/c?
AM 0(5920) = 300.40 & 0.085tat + 0.04¢ys; MeV /c?

~

)

E
25F
20F
I5F
10F

WBURBBBAL AR, i, il 1 ety , ! e -0 o .. ]
5%00 591 5920 5930 5940 5950
M (AT'T) (MeV/c?)

Neckarzimmern, 19/02/2015

(Limits on natural widths (95% CL)
obtained by an alternative fit

® Signal PDF : 2 Gaussians Q) Breit-Wigner

FA;;O(5912) < 0.83 MeV

FA;;O(5920) < 0.75 MeV

CDF confirms A, °(5920)
M. Pappagallo arXiv:1301.0949 53
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SEARCH FOR =%

[JHEP 12 (2013) 090 ]

(> All of the ground states with C=0 or C=1 have been discovered )
> Three weakly decaying C=2 states expected: =, isodoublet and Q. isosinglet
» SELEX reported signals of = .t >A K~ 1%, pD*K~: PrL 89 (2002) 112001, PLB 628 (2005) 18]

» M=3519+2MeV and T(=..") < 33 fs @ 90% C.L.

» Large production (9% of A" from =_*)
\_ > No confirmation so far .

» LHCD looks for = ,F 2>A K~ 11t using 0.65 fb?
» The search is performed in wide ranges of mass and lifetime:
3300<M<3700 MeV 100<1<400 fs

v 1t LhHo E
& No signal found ) é b e E
= \B(=+ + =t T s E
7(Eee)B(Ee, = A K7mT) < 1.5x107% at the 95% CL| & of }
o(AL) g b |
» The result doesn’t confirm or disprove the 2@ d} W m ﬁ w M \ { ME
\ SELEX Slgnal ) 04(I)0 I ISOOI I I6(I)0I 70(1)11 800

dm [MeV/c?
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Quarkonium-like Spectroscopy
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I
INTRODUCTION

@ll charmonium states below 1%

DD threshold have been observed

® Charrponium states above the DD
or DD* threshold can decay into
DD and DD* final states

® Many predicted states still not
observed

® Everything seemed understood

Qnd well established up to QOOV

Neckarzimmern, 19/02/2015

M(MeV)

4400 -

4200 |

4000 |

3800 -

3600 -

3400 |

3200 |

3000

2800 —

M. Pappagallo

h.(3P) xa(3P) Xc2(3P)

Xeo(3P)

- predicted, discovered

- predicted, undiscovere
7 ”
ot 17— 1t~ ottt 1ttt ot f 7" Charged

94

Mp +Mpa

2M

d
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r
X(3872)

The X(3872) exotic-meson was discovered in 2003 by the Belle
collaboration in the B — K X (3872) with X (3872) — J/yntw~

éPromptly confirmed by BaBar, CDF, D0 \ [PRL 103,152001 (2009)]

: — 4500 :
® Observed also in J/vw,~yJ/,v)(2S), D°D*Y : A '
% 4000 — f| M
® Quantum number constrained to 17* or 2= by CDF % ss00 F | { s e
}
= - ' '
® Width is surprisely narrow (< 1.2 MeV) © 3000 |
AN o
® Mass is not near to any of the predicted cc states g 2500 MO 2200 F
o 3
D 2000 F = ] ‘»‘\
® Mass is roughly equal to m(D°) + m(D*?) © 4 g 2000 o
5 1500 [~ g 1800 f ;
. . . _ . . c . @
Q High production rate in pp collisions / 8 1000 b § 1000t M ________ ¥t
. £ 1400 Pr§
o A A
(After 10 years the nature of X(3872) remains uncertain: \ S00 = 385 3.86 3.87 388 3.89
—- Lo l IR 1 Ao l Ao l T
= 200
® Conventional ¢ state? x.1(2°P1) (J¥C = 114) 7o (1'Dy) (JPC =27)7| & o '|‘|Ii*i L i 4 {ﬁ"mll}”* N " | {I f"!
® D*°DY bound state or tetraquark state (JX¢ = 1+1)? = 200 b {.*H‘ _______ *_ ) .”‘ ) _*. )
3.75 3.80 3.85 3.90 3.95 4.00
New experimental inputs requested: quantum numbers, precision measurement . P
Qf mass and width, production mechanism ) J/ YT Mass (GeV/c )
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r
X(3872) QUANTUM NUMBERS

[PRL 110, 222001 (2013)]

ﬁreviously:

® CDF:2292+113 pp — X (3872)+anything events. Unknown X(3872) polarization (only 3 angles).
Quantum numbers constrained to 17+ or 2= 7. [PRL 98, 132002 (2007)]

® Belle: 173+16 B — K X (3872) events. 1D analysis carried out (Not enough events to bin in 5D).
\ 1*7* or 271 could not be distinguished. [hep-ex/0505038]

® B factories: Observation of the X (3872) — J /vy decay = C=+. [PRL 102 132001] [PRL 107 091803]

_/

s F r v ; .
2 00k | v(2 X(3872) | e O
51000_— P K x(gxn)l\ Ox3s872)
[; - & P W
2 soof WL
[ = - B}
§ 600 ‘.‘el/qu(ls)
: % u
g 400:" ¢X(3x72)'¢m
= 200:_ H JAp(18) T &3
: J 0 P e
0
600 800 1000 1200 1400 4 Drrp(19) ) Prx
M(n‘n‘J/\V)-M(J/\V) [MeV] ¢X(3872)'¢J/|p(|5) X(3872)
/® 1.0 b~ dataset collected by LHCb in 2011 )

® 313 +26 BT — KTX(3872) with X (3872) — J/ymtm~

® LHCDb performs a 5D analysis which benefits of the angular correlations
\_ to disentangle the quantum number of the X(3872) Y,

Neckarzimmern, 19/02/2015 M. Pappagallo 58
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X(3872) QUANTUM NUMBERS: JF = 1**!

[PRL 110, 222001 (2013)]

@ikelihood—ratio test to discriminate between the 1+N

c 107 T T —r—r—r—r—r—r—r—r—r—r—
and the 2~ assignments 3 LHCb
5 10°
® Simulated experiments, each with the number of signals % * Simulated S°=2* 4 Simulated J"°=1"
and background events as in the real experiment g [/\
® The two spin hypotheses are completely separated é £t data
z A
® t > 0 implies 1T favoured A
® t < 0 implies 2~ favoured :
e
@ata favour the 17T over the 2= hypothesis at 8.4y t=-2In[ LE"YL(1™) ]
/@) Nea(11Dy) (JFC = 271) ruled out A

® Xc1(2°P)) disfavoured by the measured mass

® Conventional charmonium interpretation of the X(3872) seems fading in
\_ favour of an exotic scenario! -
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I
X(3872) AND D% MASS MEASUREMENTS

[If X(3872) is a D°D*Y bound state = m(X(3872)) < m(D°) + m(D*O)]

Eur. Phys. J. C. 72 (2012) 1972 JHEP 06 (2013) 065
%, 1600~ N S L L
2 - LHCD Q - 7
$ 1oof =7 Tev < “F LHCb (b)
Y y200F- S 200
g2 r S
g 10005— _ E 150F
8001~ S -
5 = 00
E _. oL
4001~ R s LA O sof
200 - N
1] SR L l 920 1840 180 180 1900 1920
3600 3700 3800 3900 P, )
M(JAy 7 ) [MeVic?] MK" K K ") [MeV/c?]
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BINDING ENERGY

DO —
ACCM b - Babar (J/y ® K) L —
0 L
KEDR - BaBar B ;
BaBar B’
i) i
CLEO LHCb :
PDG Average 1864.92+0.16 — Belle
LHCb CDF |
PDG 2012: 3871.68 £ 0.17 :
New average 1864.84 £0.12 o . i
M(D")+M(D) :
18635 1864 18645 1865 18655 1866 73 3874 3875
D° mass [MeV/c?] X(3872) mass [MeV/c?]

Ep = m(D°D*Y) — m(X(3872))
= 2m(D°%) + Am(D*® — D) — m(X(3872))

= 0.09 & 0.28 MeV /c?
\_ /

The result reinforces the conclusion that if the X(3872)
state is a molecule, it is extremely loosely bound
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r

X(3872) PRODUCTION

.

/~ ® X(3872) production in hadron collisions reported by CDF [PRL93, 072001
(2004)], DO [PRL93, 162002 (2004)], LHCb [EPJC72, 1972 (2012)] and
CMS [JHEP 1304, 154 (2013)).

® X(3872) reconstructed in the J/¢7t 7~ decay mode, in the central region
(CMS, |y| < 1.2) or in the forward region (LHCb, 2.5 < y < 4.5)

J

)

<1

S
I

I
Q

o o

vr%::| TTT[TTT[TTT[TT

4, 1600F ><1‘0‘ I ‘ _ % 1B CMS \s=7TeV
3 \jIZHCb % 100% "omg \F 7 Tev ] 10} F L=4.38fb" ]
() [ \s=7TeV 7 ] o r
2 1400F = B a 10<p. <50 Gev kdztsfb 5 Iyl <1.2
< 1200F- i1 SO <12 Tlota it e ~LO NRQCD
2 @ 80 : gacground ] M "\ --LO NRQCD uncertainty |
c 500 L . . N
5 {1 J‘ g 3 o ] gt .
w 2 H 1 O E
— © 60— S 1ab 1 A ~ L
800 e s i &
S 3 19 i 1 E-'a\o
g ~ ] SR
2 10 1
S 375 38 38 39 395 4 |
m(JAp ') [GeV] :

200

3900
My ot ) [MeV/c?]

p!
X

PR
3.9

m(JAp ') [GeV]

[

\

LHCb : ox(3s72) X BR(X(3972) — J/opm T~ )12-5<y<4:5:pr>5GeV]
CMS : 0x(3g72) X BR(X(3972) — J/pn T~ )llvI<1-22r>10GeV] — 1 96 £+ 0.11 + 0.15nb

CMS: Fraction of X(3872) from B = (26.0 +2.4 + 1.6)%

“Predictions” actually larger than the measured rate

Neckarzimmern, 19/02/2015

M. Pappagallo

% ]
102 *;
i $ ]
l;l 1&)““1‘5”"2‘0‘”‘2‘5””30
pT(J/w it ) [GeV]

\

=54+1.34+0.8nb
Q /5 =7 TeV
J
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r
EVIDENCE FOR X(3872)=2> ¢ (2S) v

[Nucl.Phys.B886 (2014) 665]

éObservation of the X (3872) — J/1y decay = C=+ [PRL 102 132001] [PRL 107 091803

® Measurement of Ry, = 853)5)23(%227)27);&521;97))7 ) to disentangle the nature of X (3872)

® Predicitions of R, vary widely across different models:
— Xc1(2°Py) interpretation: Ry, ~ 1.2 — 15
— DD* molecular picture: Ry, ~ (3 —4) x 1073
\ — Mixture of ¢¢ and DD*: Ry, ~ 0.5 —5 /

G)ntroversial experimental status: \
> In 2009 BaBar: Evidence of X(3872)2>yP(2S)y in B*>X(3872)K* decays:

va: 3.4+ 1.4 [PRL102 (2009) 132001]
> In 2011 Belle: No evidence for X(3872)=>Wp(2S)y:

\ va< 1.2 @ 90 C.LIPRL107 (2011) 091803] /
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EVIDENCE FOR X(3872)2> ¢ (2S) v %

[Nucl.Phys.B886 (2014) 665]

)
-
o
S
S

1000f—" =7

Candidates/(10 MeV/¢?

@ntegrated luminosity 3.0 fb! \

» Reconstruction of B'>@(=>pp) ¥ K, where
W = J/P or Y(29)

> 10 veto

> mPvr) € [3.7-4] GeV/c?

» U mass and PV constrained to improve

&nass resolution /

4]
o
o

%)

Candidates/(15MeV/c

[GeV/c?]
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EVIDENCE FOR X(3872)2> ¢ (2S) v

Comb.
Bkg.

[Nucl.Phys.B886 (2014) 665]

(% 2D Fit: m( ¥ K) vs m(P 7) )
» Peaking backgrounds:
> J/P mode: BT >J/p K, K> Kt (= \?/)
\_ > W(2S) mode: b >J/\p K*h + random y Y,
i 400: ,:.:1500
S XGSTDIY men |3k
S < 1000
:5 200 _%
E 100 E 500:
y h
40_
- - b), | R
3 30;—”)2((]5872)9“25)\( + 2 Peaking
RIERL Bke
5 105— 2T :
N .
s

My (25)y

Neckarzimmern, 19/02/2015

—
[GeV/c*)

M. Pappagallo
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EVIDENCE FOR X(3872)=2> ¢ (2S) v

[Nucl.Phys.B886 (2014) 665]

_ B(X(3872) — (2S5)y)
[y = BX(3872) = Jun) 2.46 =0.64 = 0.29

.BaBar 2009 [phys. Rev. Lett. 102 (2009) 132001]

Belle 2011 phys. Rev. Lett. 107 (2011) 091803]

LHCb
. Predictions for pure cc state
prediction for pure DD* model

predictions for admixture of cc and DD*
rzzzzzZz

e b e by e by e by b by
0 1 2 3 4 5 6 R7

Ly

Does not support a pure DD* molecular interpretation.
Standard charmonium and other scenarios still compatible

Can the radiative decays tell us more?
[F.Guo, C. Hanhart et al., arXiv:1410.6712]
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...AND FRIENDS

Profile edit Friends v

facebook p—— \ﬂ_ﬂ) e

Search 4500 A *‘X(g 8 72 )
o, 4000 f, : ‘
g 3500 |- 'J * s 4 A

Applications  edit | © 5000 F '
N C

Photos g 2500 [- Ve, »

n Groups é 2000 :_ g 2000 | /\

Events % 1500 - 5 1800 F +

Marketplace S 1000 - : Lt Mb/ ,,,,,,,,, ety

- 3 1400 f 4

m llee 500 = 3.85 3.186 387 388 3.I89
:200-_.11AllAAAlAAAAlAAAAlAAAf
& o Pttt b e o 0

375 380 385 390 395 400
Jyrm'n Mass (GeV/c?)

Neckarzimmern, 19/02/2015 M. Pappagallo

67




r
...AND FRIENDS

Profile edit Friends v Networksg By SNy E o B LLIR 18]

facebook

State m (MeV) I Mev) JPc Process (mode) Experiment (¥0) Year  Status
X(3872) 3871524020 13406 1++ B— K(z*n—J/¥) Belle [85, 86] (12.8), BABAR [87] (8.6) 2003 OK
Search - (<22) pp— (mtm~J/¥)+-.-  CDF[88-90] (np), D@ [91] (5.2)
B— K(wJ/¥) Belle [92] (4.3), BABAR [93] (4.0)
B— K(D¥DO) Belle [94, 95] (6.4), BABAR [96] (4.9)
B— K(yJ/¥) Belle [92] (4.0), BABAR [97, 98] (3.6)
Xc0 (2P ) B— K(y¥(25) BABAR [98] (3.5), Belle [99] (0.4)
G “ i X@3 3915.6+3.1 28410  0/2™ B— K(wJ/¥) Belle [100] (8.1), BABAR [101] (19) 2004 OK
Appllcatlons edlt ete~ > ete—(J/Y)  Belle[102] (7.7)
X (3940) 3942*3 3747 ™+ ete~ — J/y(DD¥) Belle [103] (6.0) 2007 NC!
photog etem > I (..) Belle [54] (5.0)
G(3900) 3043 +21 52411 1 ete~ — y(DD) BABAR [27] (np), Belle [21] (np) 2007 OK
n Groups Y (4008) 4008+'2! 226497 1 ete” — y(tan—J/v) Belle [104] (7.4) 2007 NC!
Z1(4050)*  4051%2% 82431 ? B— K(m* xa1(1P)) Belle [105] (5.0) 2008 NC!
Events Y (4140) 4143.4+3.0 1574 s B— K(¢pJ/¥) CDE [106, 107] (5.0) 2009 NC!
— X (4160) 4156+32 1394183 o ete~ — J/W(DD*) Belle [103] (5.5) 2007 NC!
Marketplace Z,(4250)%  4248+18 17772 B— K(m* 3 (1P)) Belle [105] (5.0) 2008 NC!
Y (4260) 426345 10814 1 ete” > y(rtn—J/¥)  BABAR[108, 109] (8.0) 2005 OK
m llee CLEO [110] (5.4)
Belle [104] (15)

ete = (mta—J/yY) CLEO [111](11)

ete~ — (n'70/¥) CLEO[111](5.1)
. . Y(4274) 42744784 3242 2+ B— K($J/¥) CDF[107] (3.1) 2010 NC!
o and the hSt 1S X@350) 43506730 133483 02+ ete > ete ($J/¥) Belle [112] (3.2) 2009 NC!
. Y(4360) 435311 96+42 1 ete” — y(ma—Y(2S))  BABAR[113] (np), Belle [114] (8.0) 2007 OK
gettlng longer Z@4430)t 444377 107t 2 B— K(x*y(25)) Belle [115, 116] (6.4) 2007 NC!
d ay by d ay X(4630) 46347 92+4) - ete™ = y(AFAD) Belle [25] (8.2) 2007 NC!
Y(4660) 466412 4815 1 ete~ — y(m+a—y(25)) Belle[114] (5.8) 2007 NC!
Y»(10888)  10888.4+3.0 30749 1 ete~ — (=T (nS))  Belle[37,117] (3.2) 2010 NC!

N.B. Exotics are named X, Y, Z, G, ....currently all are X in PDG
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THE EXOTIC PARTICLE ZOO

4400

4200

>
>

>

.

The X(3872) has been the first
unexpected quarkonia candidate
Many other states observed in the
years after

Most of them need to be confirmed
Large uncertainties on masses and

width

\ 4000 |

M(MeV)

Neckarzimmern, 19/02/2015

3000 |

2800 —

3800 |

3600 |

/ 3400 |

3200 |

- -
Xe2(3P)
" ven )

L FIT waw

ﬂc(35)- -

X(3940) h, (2P) Xe1(2P)
________________________________ -- A[D“ +A[D*U
_______ L R 178

J/(18) I predicted, discovered
- predicted, undiscoverged
- unpredicted, discovered
I
o 1 1t ottt 1ttt 2tt ?" Charged
69
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THE DAWN OF THE X(4140) & X(4274)

|

AM (GeV/c?)

13 14 15

0

X(4140)

~N
[=15.34104 . +25MeV

J

X(4274)

[ Evidence/“Observation” in Bf>J/p ¢ K*
[ PRL 102, 242002 (2009) ][ arXiv: 1101.6058 (2011) ]
© 95 _ . ~ 10
2 o L‘“fbl-;-’-‘ L=6-fb‘1
7F gl
E 6F Sx (140~ 3.80 % \SX(4140) > 50
B 5 5 of | Sxn=3.10
Q 3
® 4f o
E 3f D 4t
T ¢ -§ ction
c 2r ' = N
S 1f HF{UL 52 I
ok T R il O M
1 1.2 aT

1
"' m=4274.4%84 . +1.9 MeV

J

Charmonium states with my >> DD ,® should decay easily
into D mesons. The narrow widths hint that their nature is
different: meson-meson, hybrid, tetraquark, etc..

Neckarzimmern, 19/02/2015
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TWILIGHT OF THE GODS

[y >Jwé
[Belle, PRL 104, 112004 (2010)]

Entries/25 MeV/c

4.2 4.4 4.6 4.8 5
M(oJhy) (GeV/c?)

® According to the CDF results, 35 + 11 X(4140) signal candidates and
53 £ 19 X(4274) signal candidates expected

® No narrow structure is observed near the threshold

® The LHCD results disagree at 2.40 level with the CDF measurement

[LHCb, PRD 85, 091103(R) (2012)]

10

tieb L = 0.37 fb -1
8- B Jiyo K -

Candidates / 4 MeV

Candidates / 4 MeV
F <Y
1

1000 1100 1200 1300 1400
M(J/y0)-M(J/y) [MeV]

LHCb(90%) C.L.

BB — X(4140)K*) X B(X(4140) —~ J/ ) _ . -

B(B™ — J/Yy$K")

B(B*™ — X(4274)K™") X B(X(4274) — J /¥ @)

BB — I/ 06K < 0.08
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I

RETURN OF THE LIVING DEAD

/

» CMS has reported observation/evidence of
peaks in JU ¢ [PLB 734 (2014) 261]
» Some disagreement (3.80) for the mass of
the X(4274)
\> Similar structures seen by DO collaborationj

[DO, PRDS9 012004 (2014)]

D@ Run Il, 10.4 fb" +Data (c)
350 — Full Fit
= -~ X(4140)
S 40 --X(4330)
; PHSP
@ 20 * ’
2 L

{X(4140) and X(4274) still to be “confirmed”]

An amplitude analysis would help to
investigate the resonance nature of these peaks

Neckarzimmern, 19/02/2015 M. Pappagallo
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r
7.(4430)*

Observed in the ¥ (25)7™ in B — ¢(258)7T K~ decays by Belle N
[Belle, PRLL100, 142001 (2008)] \

® Clear signature of exotic:
Decay to charmonium — cc¢ pair content
Electric charged — at least 2 more light quarks Nyyqrks >= 4!
Tetraquark, D*D; molecule (J¥ =07,17,27)7

® Later 2D "Dalitz” technique: M?(¢(2S)n") vs M2(K ") [Belle, PRD 80, 031104 (R) (2009)]

® Z(4430)" not confirmed (nor excluded) by BaBar: Investigation the extent
to which reflection of the K7 mass and angular structures are able to
reproduce the ¥ (2S5)m mass distributions  [BaBar, PRD 79, 112001 (2009)]

® Belle presented results of a full 4D amplitude analysis. J* = 11 favoured /
but J* =0~ not excluded [Belle, PRD 88 (2013) 074026] A

- Flat cor
[ —wl 2S)m fmom nts
| === J/yxK moments

02X N

1.5 2 25 4 /
W(Kr) (GeV) ’ ’ o
M(z'y') (GeV) M5 (GeV/c )
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[PRL 112, 222002 (2014)]
4 . N )
» Integrated luminosity of 3.0 fb
» Sample of > 25k B> ¢ (2S)K*r candidates (x10 Belle/BaBar)
» Backgrounds from mis-ID physics decay 1s small
g » Sidebands are used to build 4D model of the combinatorial background P
K*(89g_2‘0. Kr*(1430)°
——r——r—— — ———— e
¢ 1800 4% combinatorial > . e 10°
2 . 3 2 - ="
= 1600 background in S i " .- |
2 1400 signal region E_f, 21 - " =
'§1200 20 ‘oooo.oooooooooooo - looq
he i ]
5 1000 ' is mass ? = __: 5 -
800 constrained 18 ) fmm = E‘l."
600 _ 17 i -~ A e
400 . signal . , | 1
200 sideband [ range sideband . LHCb
" 3 1 15 —— e e
0 5250 5300 0.5 ! 1.5 2 25
m, -, [MeV] mg . [GeV~]
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CONFIRMATION OF Z(4430)* %




r
MODEL INDEPENDENT ANALYSIS

[PRL 112, 222002 (2014)]

Can reflection of the structures in m(Km) and cos 6
reproduce the m(% ') distribution?

[S.U.Chung, Phys. Rev. D56, 7299(1997)]
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(> Does not make any assumption on the underlying K* resonances in the\
system, only restricts their maximal spin (J <2).

» Weight phase space simulated B°— % ’K'n~ events with the spherical
harmonic moments of cos 0 g .

\_» Moments of K* resonances are unable to explain observed distribution /
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rPROJECTIONS OF 4D AMPLITUDE FIT

WITH Z(4430)*

Everything except Ti00 A=y
the Z 2>large 2 ) :
interference between <=
7, and K sector %
3
8

JP=1%
Z, component

v
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[PRL 112, 222002 (2014)]
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» The 4D X2 p-value = 12%.

> The data are well described when including a J*=1" Z(4430) in the fit
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7.(4430)" PARAMETERS FROM AMPLITUDE FIT

[PRL 112, 222002 (2014)]

Amplitude fractions [%]

LHCb Belle Contribution | LHCb Belle
M(Z) [Mev] 4475 + 71—%2 4485 + 22i§? S-wave total |10.8 +1.3
NR| 03+08
r(2) Mev] | 172+13*3 | 2004412
s )] 32+22 ] 58121
s 13,0443 K3(800)| 3.2+ )
0 +1. X )
fz [%] -9+0.9553 | 103235523 K;(1430)| 36+1.1| 1.1+14
/ 2.6
f7 [%] 16.7 £1.6°5; - K*(892) 50.1+0.9 |63.8+26
(with interference)
significance > 13.90 > 5.20 K3(1430) 70+£04 | 45+£1.0
JP 1+ 1+ K;(1410) 1.7+08 | 43+23
New (Iarge) 1\']'(1680) 4015 44+19
systematic included Z(4430)- 50409 10_3132

Very good agreement between LHCb/Belle results
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FTRESONANT BEHAVIOUR — A BOUND
STATE?

[PRL 112, 222002 (2014)]
4 )

Replace BW amplitude with 6 independent complex numbers in 6 bins of
m( ¥ ) in region of Z(4430) mass peak.

> Allows Z(4430) shape to be constrained only by amplitudes in K sector.

» Observe rapid change of phase near maximum of magnitude = resonance!

180 . . v ¥ . - IN vvvvv | I B R B A B A B

80
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60

e
(=]

N
o

phase [degrees] or |mag|~2 [arbitrary units]

96 38 40 42 44 46 48 5.0 0.6 e —l
m [GeV] 06 /04  -02 0 02
BW amplitude with default ReA? |
Z(4430) parameters

Still room for non-resonant interpretation?
[P.Pakhlov, T.Uglov, arXiv: 1408.5295]
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SECOND EXOTIC Z*? %

[PRL 112, 222002 (2014)]
Fit confidence level increases with a second exotic (J P=O'?
component, but...
> No evidence for Z, in model independent approach.
» Argand diagram for Z, is inconclusive.
» Need larger samples to characterize this state.
- %
e ™\ —_ —r 1
‘|‘ >
Mz, =4239 £ 187MeV| % [ [ycp _
F — 990 + 47+108Mev g 200-1.0<mi. <1.8 GeV? —
+1 :
5 100| JP=1+ ¢ |
~ . - : ~ © . () 7(4430) -
Mass and width consistent with other Z’s o JP= e
observed by Belle: I Z(i%‘lol <.
0 2 s Lo N PP «
»> 7' > X Tt (JP#0)[PRD 78 (2008) 072004] 16 18 20 2, 2 Gev?)

\> Zr 2 J/PTT [arXiv: 1408.6457] )
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