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QCD exotics

States beyond the conventional gg, gqq valence quark configuration

Identify by
= Exotic quantum numbers (e.g. 714 (1600): J7© = 1-7)
= Exotic quark contents (such as X (5568) ~ bsud, if it exists)

= Comparison with predictions of hadron spectrum (?)

Totalitarian principle of quantum mechanics:
Everything not forbidden is compulsory
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All the XYZ

Stie MM T [NV J7C Proces (decey mode) Fcperiment
X(3872) WTIGL0NT <12 1% B K+Wfgrra) Belle (35, 102], BaBar [98), LHCh [103]
o (Ifte )+ CDF [36, 104, 105, 160], DO [or]
B K+ (Jfom+e=s) Belle [107], BaBa [12, 73]
B K +(D°D%%) Belle 105, 108, BaBar [110]
B K4 Jf67) BaBlar [137], Belle [138], LHCb [141]
B K+(¥/7) BaBlar [197], Belle [138], LHCb [141]
L St LHOb [99], OMS [100]
X(3015)  ITAz2T WYY 0t B K+ () Belle [71], BaBar [12, 73]
e mete + (¥ Belle [74], BaBar [75]
xal2P)  S0M2EIE UL 2 etem —eve +(DO) Belle [78), BaBar [79]
X (3940) 94273 I 0@ ete I+ (D°D) Belle [32]
e () Belle [31]
oD BMIEI S 1 fe e+ (DD) BaBar [163], Belle [164]
Y00)  A0SHE  2EEST  1-—  erem sy (Jfmran) Belle [39
= Yille0)  AAE3 1rEB T B K W/de) CDF [§, 58], CMS [20]
",_) X(4160)  4156*3  199°HD 0+ crem s dfG 4 (DD) Belle 37
o Yil0) A3 08 1 efe i (Jwmte) BaBar [37, 165], CLEO [166], Belle [39]
S5 etem = (Ippta) CLEO [167]
— etem = (Ea0) CLEO [167]
Al ¥i4274) 1206 N6 T B K+(Ued) CDF (8], CMS [90]
- X(H0)  406'E @SR 025 ot oete (s Belle [34]
=) YI)  ABIEI TEHS 1 efe s (Wrteo) BaBlar [35], Belle [40]
- X@e0) et @t 1 e adan) Belle [165]
) VOB)  M6BAEID GRS 1 ate e (Wrie) Belle [20]
c ZI(®0)  S00E3 310 1 V(40) = 5 (djer) BESIII [49], Bellz (50]
= Y(4260) + =~ + (DD
o] ZHERD) DALY A3 ADHO- V() )
= Y (4960) — == + (D D)
%] wx) sty eE 7 B=K+lart) Belle (53], BaBar [66]
z @) a9etE W0E, 1 B KWt Belle [62]
o s AEYE R T B K+ fvart) Belle [53], BaBar [66]
) AHMN)  WTTEW I8LEB 15— B K+ (e) Belle [54, 56, 57], LHCS [55]
"E B K +Jyrt) Belle 67)
<] Vi) 1084300 BT 1 oo o (Nasere) Bele [157]
C ZJ(I0610) 106072420 184424 15~ T(58)" = = + (T(n8)w*), n=1,2,3 Belle [155, 158, 159]
- TS = + (hetnP) 7Y m= 1,2 Belle [155]
s S Bt e
k%) Z2010610) 10600 6 157 ST(58)" = =° 4 (T(nS) =" 2,3 Belle [157]
o) ZF(0650) 106522415 115422 19=  “T(58)" = == +(T(n8)x*), n=1,2,3 Belle [155]
. TS = + (hefnP) =) m= 1,2 Belle [155]
(2] ST(SS) = = + (BB ), n Belle [160]
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= More than 20
quarkonium-like states
identified

= Only a few seen in more
than one production
process, or by more than
one experiment

= Are we at the dawn of a
new spectroscopy?

In this seminar:

personal selection of
experimental results; in light of
Bellell




Production mechanisms

m B decays = double charmonium production
f . rAANK (¢
- ¢ / \:\\
I / N\
i 1 e ¢

= decays of higher charmonia

m eTe™ direct, or via ISR
et < et . c

= pp pp inclusive
= gamma-gamma fusion = photo- / electroproduction
v
/(.
H‘}./’
1\
rf/“ ~

3
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Charmonium spectrum
Charmonium: cc

3,
4.4 Example potential
42k Ve = 7% % Tbrt 35:7‘2‘5 5(r)8:85
| /2 b)Y 4a
4.0~ 3 Vspin—dep.: - {(78**>L-S+7ST:|
e xc2(2°P2) m2 B o 3
S ssf + relativistic corrections!
o)
) o5 Godfrey & Isgur, PRD 32, 189 (1985);
2 36 Barnes, Godfrey & Swanson
[} = ’ ’
§ Xe1 (19P1) PRD 72, 054026 (2005)
3.4F

Use well-established states to fix
3.2+ parameters, then predict remainder of
spectrum, and transitions

J/p(1381)
301 [hetso) = Remarkably good description
above DD threshold: some mass shifts
predicted
o+ 1 q+- o++ q++ o++
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Charmonium spectrum

Mass [ GeV/c?]

s 0] [@s0]

3.8+ @0
¥ (2°S1) Mpp
sol
. [ratm)
M
3.4k Xeo(1°Po)!
3.2+
Jp(1°51)
30F [etisy) -
predicted
o+ 1 q+- o++ q++ o++
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Charmonium: cc

Example potential

= 4 wg 327 2 =
cc _ _ Tl -
V§e = 37 +br+ o2 8(r)ScSs
1 20 b\ - = 4das
Vspin—dep. = mfg {(fT — E) L-S+ rTT

+ relativistic corrections!

Godfrey & Isgur, PRD 32, 189 (1985);
Barnes, Godfrey & Swanson,
PRD 72, 054026 (2005)

Use well-established states to fix
parameters, then predict remainder of
spectrum, and transitions

= Remarkably good description
above DD threshold: some mass shifts






Higher charmonium states

4.4~
4.2
4.0~
&
2
% 3-8: L yoop) ]
2 v @s) "5
% 3.6
©
=
3.4
3.2
3.0
predicted, undiscovered

o+ q1-= 1+- ot++ 1++ o++ o—+ 2—— 3
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7y — DD P

Similar datasets, similar analyses:

» reconstruct DODP and DD~ events in a number of exclusive hadronic final states

= select 1y events by requiring small pr (DD), large m?2,

D
¥ PRI 96, 082003 (2006); 3951h ™" ? PRD 81, 092003 (2010); 384 o™

Events/10 MeV/c?

i 1 1

3.8 4 42

D) GV m(DD) [GeV/c?]
64 + 18 events 76 £17 events
M = 3929 + 5(stat) + 2(sys) MeV/ c? M = 3926.7 + 2.7(stat) = 1.1(syst) MeV/ c?
I = 29 + 10(stat) £ 2(sys) MeV I' = 21.3 +6.8(stat) + 3.6(syst) MeV
Spectroscopy | W.Gradl | o
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Yy — xe2(2P) — DD

Angular distribution of signal yield:

Entries /0.1

Icos6l

Supports hypothesis J = 2, helicity 2, over J = 0
Preferred assignment J7¢ = 2++
Good candidate for x%, = xc2(2°P5)

More statistics: precise measurement of mass and width, other decay channels
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TheX(3823) at Belle PRL 111, 032001 (2013)

30p Using full Belle data set of
< 772 x 10°BB
220
= B = KyXe
‘% simultaneous fit to B+ and B°
g 10 HE
a L. P 3.80 evidence
0b————. %¢ P
3.75 3.8 3.8 39
MX v (GeV/CZ) M =3823.1 £ 1.8+ 0.7 MeV
“ very narrow

see = 35 events for the decay chain e .
Limited statistics: no angular

B — KX (3823) — Kyxct analysis possible
— Kyyd/p

Mass (and width) compatible with
— Kyylt e~ ( ) P

1o (1°D,) state
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BESI

011803 (2015)

ete” — T X(8823) — T Y X1 pru1ts

reconstruct xe1,0 — yJ/p — YT~

look in mass recoiling against 7z 7t~ system, Myecoi (717717

Use 5 large data sets (total luminosity ~ 4.1 b~

GeV

1.26

e

Roddincoo

3.6 3.45

3.55

H

Ve

35
M(y, JIv) (GeVic?)

Oooodos

3.6 3.45

3.55

H

35
M(y, JIv) (GeVic?)

3.45

1008J,

(;21n09) (2, 1)"

sum

4.60 GeV

4.42 GeV
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ete” — mtm X(3823) — T v X0

/5 > 4.36GeV
“.‘§ 80 ~+ Data “‘§
- —Fit
g 25t Q?/ta I - Blaexground g
{c1 I Sideband
© 20p N W(25) ©
£ £
2 2
w w
5
O oA b AMPY
36 37 3 8 39
M) (GeV/c?)
p %0 — Data b
= oskData-l —Fit >
2 T -- - Background 2
© Foilc | Sideband ©
2 2
= =
2 2
i} i}
5
o ki : bt o ;
36 37 38 39
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M=) (GeV/c?)

M =3821.7+1.3+0.7MeV,

T'<16MeV at90% C.L.

VS = 4.23,4.26Ge

25

r —- Data
20 :— D,?Pa_ | I Besm : ;:ckgmunﬂ
E Y1 [ preliminary i sigebana

M'em"(n‘n ) (GeVlcz)
25

E —- Data
E Data-ll —Fit
Fam - -- Background
l,)(cz | Sideband
15F

M’“’“"(m) (GeV/c?)

significance 6.7¢

BESII

P@L 115, 011803 (201



ete™ — X (3823) — T Y X0 BESIT

Energy-dependent cross section for

ete” — mtaX(8828) — T yxe

a9 25¢

% . -+ data

L 2F —Y(4360)

O BESIT ) y(4415)

B 151 A

T r At

™ L

[qV] 1

g B

D r

Y, r

'F 0.5:* ‘‘‘‘‘‘‘

B L .

u\lb/ ok ot I
4.2 4.3 44 45 46

Ecm (GeV)

Y (4360) and ¢(4415) line shapes to guide the eye
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PRL 115, 0118083 (2015)

Mass and width ~ in agreement
with potential model prediction for
13D,

predicted to be narrow!

Production ratio

B(X(3823) = 7xc2)
B(X(3823) = 7xc1)
~ 0.2 prediction

< 0.43 at90% C.L.

Ro1 =



ete™ — X (3823) — T Y X0 BESIT

PRL 115, 0118083 (2015)

Angular distribution 8 = (77T, ¢o)
assuming 717t system in S-wave: 1+ cos? 6 for spin 2

Mass and width ~ in agreement

6 B + Data \1/\/3|ch potential model prediction for
[ 2

g - BES]]I D-wave MC predicted to be narrow!

— 4 - S-wave MC

FZ JP by exclusion:

QC) i 11Dy — yxc1 forbidden

Lﬁ 13D3 — vxc1 has zero amplitude

L e Good candidate for 1o (13D5)
0 0.5 1
coso

Not enough statistics to distinguish S and D wave
from data

Spectroscopy | W.Gradl | 14



Higher charmonium states

4.4
4.2
4.0~
(2%p,
g [xeo(Po)] X o)) D
2
3 38:_ __ [wom
S v @s,)
(%} -
% 3.6
S Xet (19Py
3.4
3.2
Jp(1981)
3.0
predicted, undiscovered

1+  ot+  {++
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The X (3872)

Extremely narrow, sits at or just

below the DD* threshold
4.4r
35
2
421 g
330
2
825
4.0 @
% *
> L
% 3.8 ¢ (1°D;) 15|
g ¥ (238)
10|
2 361
]
> 5 ;
3.4 1 1 1 |
3.82 3.84 3.86 3.88 39 3.92
. M(J/ g Tm) (GeV)
321
30 [e('so) _ 2
M = 3871.69+0.17Mev/c
predicted, undiscovered I'<1.2MeV

o+ 1—= 1+— ot+ 1++ 2++
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The X (3872)

Seen by Belle, BABAR, CDF, DO,
CMS, LHCb, BESIII

Decays into J/p 7t ™, J/pw,
DPDO7O, 3/, 7(2S)

$(2°D1)

ol no obvious place in spectrum
’ ~ 50MeV too light to be x1(2P)

1c(3'So

% =
N -
% 3.8 ¥(13Dy)
9 Vs o5
@ ael LEES)
%] o
2(1°P2)
g
3.4+ Xeo(1°Po))
s
3.2

not predicted, discovered
3O [ersy) .
predicted, discovered
predicted, undiscovered

o+ 1—= 1+ ot+ 1++ o++
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What is known about the X (3872)?

Mass

My (3872) = 3871.69 +0.17 MeV/c?

Mpo -+ Mpeo = 3871.693 + 0.090 MeV/c?

Near equality of My ag72) and mpo + Mp.o:
accident, or dynamics?

"Binding energy” = 3 + 192 keV
if molecule, then very loosely bound!

(drives ever more precise measurements of
mp and mj)

Width

Width < 1.2MeV at 90% C.L. (detector
resolution!)
Belle, PRD 84, 052004 (2011)
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DO

BABAR B*

| BABAR B!
CDF

BABAR J/y®
Belle

LHCb

BESIIT

—_—

——

——

—_—

PDG average

e

3869 3870 3871 3872 3873 3874 3875

My 3579 [MeV/c?

Spin and parity
Unambiguously JP€ = 1++
LHCb, Phys. Rev. Lett. 110, 222001 (2013)




Isospin of X (3872)2

= comes from p® — 7t

4

S

3!

&

3

S

2!

o

2

o &

S
T T T T I I I

Events/ 0.02 GeV

o

Belle, Phys. Rev. D 84, 052004

CDF Il 360 pb”
I X(3872) - Jiyr'm ‘}

N
a
=)

— Jyp (L=0)
[ =-Jyp(L=1)
150} Multipole Expansions for cT:
%,
LepaP. x5
45

n
=]
S

o
=)

X(3872) yield per 20 MeV/c®
=)
o o

&
S

0.4 0.6 ) 0.
7t Mass [GeV/c']

CDF, Phys. Rev. Lett. 96, 102002

Problem: (cc) — J/y p violates isospin and should be heavily suppressed.

Additionally: BABAR observes X (3872) — wdJ/ip Phys. Rev. D 82 011101
strong kinematic suppression (low-mass tail from w), but B approx. equal!

Isospin of X (3872) not well defined?
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X(8872) production

Production
CDF: = 85% of pp — X(3872) + - - - is prompt
#OrCOF ~75% @ LHC: CMS JHEP 04 (2013) 154

2200

‘ixzm
Hm [

wau f §++
\

a
g
3

Y/
g
8

1
380 885 300 895

3000

Candidates/ 5 MeV/c”

.CDFIIr. iminary unpublished

X(3872) - iy ' * —oData

i B Prompt X(3872)
B Long-Lived X(3872)
[] Prompt Background
[] Long-Lived Background

~220 pb’'

365 3.70 3.75 3.80 3.85 3.90 3.95 4.00
Jiyrr Mass (GeVic®)

B>X(3872)+X

Candidates per 20 um

0.2
(em)

0 0.1
Uncorrected Proper Time

DO: pp — X(3872)X =~ pp — 'X PRL 93, 162002
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Exotic vector mesons

BABAR and Belle

A

e+

S

0™\
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(running on YY)

4

o

BESIII
(direct ete™)

A

e+

<

O\
m/



Exotic vector mesons

Mass [ GeV/c?]

4.2

4.0~

3.8~

3.4

3.2

2%p.
Xo1(2°P1)! 2 (2°P2)

X(3872)

¥/(1°D1)

¥(2°S1) Mpp

Jp(1°51)

not predicted, discovered
predicted, discovered
predicted, undiscovered

o+ q1-= 1+- ot++ 1++ o++
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eTe™ collisions near Y (4S)

in ISR production
ete™ — YisrJ/P e

= JC =1~

D™\




Exotic vector mesons

4.4
¥ (4260)
4.2
$(2[D1)
ol KE
3.8

¥

Mass [ GeV/c?]

3.4

Xe1 (1P

Xeo (1°Po),

not predicted, discovered
predicted, discovered
predicted, undiscovered
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ot+ 4T+ o+t

Events / (0.020 GeV/c?)

eTe™ collisions near Y (4S)

in ISR production
ete™ — YisrJ/P ntm

= JC =1~

‘:\“‘\“‘ T T T T T ‘:
E(2) * E
:
r\"‘Hlumu.mum.muh.‘ ik
38 4 46 48 5 52 54

m(yr ) (GeV/c?)

BABAR, PRD 86, 051102(R) (2012)




Exotic vector mesons

4‘5 3
v(ueo

¥(4260)

3P,
“ [mer] (@

421
v(@{1)
wor ‘ [reer)] xe1(2P1) g
— Xeo (29P0)| = xe2(2°P)
g e
> L
% 3.8 v 3D<)|
O} y@s)| "5
@ gl LEEs)
9] o
] Xea( 1 Pz
3.4k e m(TSF’o)
T
321
4
Jp(1°81)
—
801 [eti'sy) .
predicted, undiscovered
o+ 1—= 1+— ot+ 1++ 2++

Spectroscopy | W.Gradl | 21

R Value

. Y(4008) — J/p a2

.Y

(4008)

. Y(4260) = J/y it
(4360)
(4630)

4360) — p(2S)nt

. Y (4630) — p(2S)nt
. Y(4660) — ATA;

supernumerary states:
all 17~ slots already taken

do not correspond to peaks in
o(ete~ — hadrons)

ﬂﬂ
}gqfig m}ilﬁgﬁiﬁ

}} i i
BESII, PRL88, 101802
Il Il Il

L
3.8 4 42 44 46

Ecm (GeV)

produce them directly at BESII



ete” — yX(3872) — yJ/ymtm

Mass [ GeV/c?]

Spectroscopy | W, Gradl

4.4

4.2

4.0

3.8

3.6

3.4

3.2

3.0

L [ 7e(4'S0)
B

1¢(3'So)
Xe2 (2°P2)
m=
175(2'S0) bb
Xe2(1°P2)

not predicted, discovered

[ | 7e(1'S0)
predicted, discovered
predicted, undiscovered
o+ 1 1+— ottt 1++ o++

| 2

Events / 3 MeV/c?

BESIII, PRL 112, 092001 (2014)

15 E

+ ~+ Data -

[ — Total fit ]

10'_ === Background ]

M L RS IR R IRIIH
4s 3.85 3.9 3.95

M /) (GeV/c?)

20.1 4.5 events
significance 6.3c
M = 3871.9+£0.7 £ 0.2MeV/c?

[PDG2013:
3871.68 + 0.17 MeV/c?]




ete” — /),X(3872) N ")’J/l/) 7-(+ T BESIII, PRL 112, 092001 (2014)

0.6
—+-data
05 — Y(4260)
----- Phase Space

0.4 --- Linear

)

o) r
o r
> O°F
S £
53 .
®f
T 03[
Y o2f
© “E
5 (2 E
- c1(2°Py) >; 0.1 E
8 X(3872) Eb’ o
3 °er ¥(°D1) 4 4.1 4.2 4.3 4.4 45
(O ves)| L /T TT oo Eom (GeV)
@ 36
9]
g . - N
> Suggestive of radiative transition
sl xa (°F0) Y (4260) — X (3872)
321 Direct connection between the two
RG] states?
"0
' Data at 4.6 GeV to be analysed
predicted, undiscovered
o+ 1-- 1+= ottt 1++ o++
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ete™ — nd/y

33—
325F
G 82f
> 3.15F
9 s .
=2
3057
S s3f
295F |
2.9’ I WEIE S R I SR
0 01 02 03 0.4 05 0.6 0.7 08 0.9
M(yy)(GeV/c?)
100F —+ Belle
= g0l —§ BESII(2012)
% L —4 This work
> 60f
e e BESTI
& 401 ¥
; g #h % jﬂ# bt
() [
© 0 r ][ * ++ ++ ++
-ZO}I 1 1 1 1 1 1 1 1
38 39 4 41 42 43 44 45 4.
\s (GeV)
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BESIII, PRD 91, 112005 (2015)

\'s = 4.230 GeV
BESIL | i

— Total fit

220
200
180
160
140
120
100
80
60
40
20¢ @,

8.2 03 04 05 06 07 08 09
M(yy)(GeV/c?)

----- Background fit
0 sideband

Events/(0.01GeV/c?)

Compare to eTe™ — g/ from
Belle, PRD 87, 051101(R) (2013)

Good agreement,
significantly better precision

Cross section peaks around 4.2 GeV

Also searched for ete™ — nOJ/y:
no significant signal found




e+e— - 77‘]/1/) Vs e+e— — 7-(+7-(—J/1P BESIII, PRD 91, 112005 (2015)

:g é —}— Belle:n* " Jiy
= E J[ —4— BESII(2012):n J/y
% Zg; H —4— This work:n J/y
§ w0 {Ii | BESTI
g 4of J[]LJ[
9 0 J[ I
S 20 1 Jml h[ 8 ﬁ
° el Jf P 4e "fﬂiﬁi}ﬁ

:;8 39 4 41 42 4“2’:44 45 46 47

\s (GeV)
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Compare to ete™ — yggtt = J/p from
Belle, PRL 110, 252002 (2013)

Very different line shape
= Different dynamics at work in

ete™ — yJ/y compared to
ete” =t J/p



A closer lookatete™ — J/p BESII preliminary,

to be submitted to PRL
Use full available dataset above 3.8 GeV, measure dressed cross section ¢9ess;

. 100 . 150
=) +xvz BSSI | = —+Scan ‘
= 80| s . = ;
= —Fit | pre“mmary = —Fit
5 . 5 100
e 6o —-—Fitl e
h ¥
o 40F o 50
+ +
2 2
§ oaof
% % L

0 1 L L L 1 0

3.8 4 4.4 4.6

4.2
Een (GeV)

Not just one BW-like structure.
Simultaneous fit to energy-dependent cross section for two sets of datasets:

Parameter Fit 1/ MeV Fit2/ MeV
Fit 1: 3 interfering BW resonances
+61.9 .

M(Ry) 3812.67512 (@ la Belle)
Tot(R1) 47691784 e

M(Rs) 4922 0+ 3.1 49209+2.9 Fit 2: smooth shape for continuum, 2 BW
Tot(Ra) 441443 441438 (a la BABAR)

M(Rs) 4320.0+10.4  4326.8+10.0

T iot(Rs) 101.4+252 98.2+254

stat. errors only
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A closer lookatete™ — J/p

Use full available dataset above 3.8 GeV, measure dressed cross section ¢9ess;

1

100
—+-XYZ
. —Fitl
- - Fitll

60—

odess(e*e s d/y) (pb)

BESH |

preliminary

1

odess(e*e st d/y) (pb)

4.2
Een (GeV)

Not just one BW-like structure.

50

00

50

BESIII preliminary,
to be submitted to PRL

— Scan

—Fitl

Simultaneous fit to energy-dependent cross section for two sets of datasets:

Parameter Fit 1/ MeV Fit 2 / MeV
M(R1) 3812.67512
Tt (Ry) 476.97 54
M(Rs) 4222.0 + 3.1 42209+29
T1ot(R2) 441443 441438
M(Rs) 4320.0+£10.4  4326.8+10.0
T ot(Rs) 101.41258 98.2+254
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stat. errors only

Lineshape more complicated than
just a single resonance / structure

Y (4008) not needed to describe
data

Significances for R, and Ry > 70
Y (4360) — J/p it seen?




Cross section of ete™ — herr 7t~ BESIl prefiminary,
1610.07044

he = y1e, 7e — 16 exclusive hadronic final states
E.g. at /s =4.42GeV:

3.2 50

M, (GeV/c?)
w
=

Events / (0.002 GeV/c?)

0 L L L L
248 350 352 354 356 358 3. 348 350 352 354 356 358 3.60
M,, (GeV/c?) M,, (GeV/c)
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Cross section ofete™ — horttr™

Spectroscopy | W, Gradl

Dressed Cross section (pb)
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-+ BESIII: R-scan data sample
= BESIII: XYZ data sample
—Fit curve: Total
Fit curve: Y(4220)
- Fit curve: Y(4390)

R

th *w\ M‘ﬂﬂ

ol b b b e b e e i
4.0 4.1 42 43 44 45 4.6

Vs (GeV)

Simultaneous fit to both sets of datasets:

Parameter Fit / MeV
M(Ry) 4218.44+4.0+0.9
T(Ry) 66.0+£9.04+0.4
M(R2) 4391.64+6.34+1.0
F(Rg) 1839.54+16.1 +0.6

BESIII preliminary,
1610.07044



“Y(4260)” in different channels?

Channel Mass M[MeV/c?]

PDG 4251 +9

J/py narrow structure seen
J/p O not seen (UL on o)

Jprtn 42209429414
hert ™ 4218.4+4.0+£0.9
Xoow ) 4230+ 8+6

441£3.8+20
66.0+:9.0+£0.4

PDG value from ete™ — yJ/p 7~ at Belle, BABAR, CLEO
(*): BESINl, PRL 114, 092003 (2015), called X (4230) by PDG
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Search for Y (4140) — J/y ¢

84 =
CDF first reported evidence for Last £,
Y (4140) — J/p ¢ in B — J/p KT, £ 2
also claimed by DO and CMS P © Sl )
m2(Jiyo) (Gev’/c) T AM (Gevicd)
Not seen by LHCb (0.37 fo~ '), Belle (B decays and Y7y events), CDF, PRL 102, 242002, (2009)

or BABAR
Belle sees X (4350) in yy — J/ip¢ PRL 104, 112004 (2010)

J/p ¢ system has C = +1: search in radiative transitions of charmonium or Y (4260)
If both Y'(4260) and Y (4140) are charmonium hybrids:

partial width of Y'(4260) — Y (4140) may be up to several tens of keV
N. Mahajan, PLB 679, 228 (2009)

jGlu
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Search for Y (4140) — J/y ¢

Use BESIII’s large data samples from 4.23 — 4.36 GeV (2.47 o~ in total)

Events / 0.003 GeV/c?

Events / 0.003 GeV/c?

Spectroscopy | W, Gradl

ete™ = yJ/ye

Jp —ete ,utu,

¢ — KTK™, KK, nt = n®

5 4 5
50 \/s = 4.23GeV
4 , E'N-
85 : \ —30.25
5E | ES
| Foas
\ E
—30.05
4z 425 43 435 4%
M(¢ Jhy) (GeV/c?)
5 4 5
o Vs= 4.36/Ge\f\ i
- oz W
35F _ »
ab ~ \ Fo2s
25 / \ Fo2
\ —Ho1s
\ —o.1
\ —30.05
M54 425 43 4ms 4%
M(¢ Jhy) (GeV/c?)

Events / 0.003 GeV/c?

Events / 0.003 GeV/c?

BESIII, PRD 91, 032002 (2015)

M(¢ Jiy) (GeV/c?)

4 >
VS = 4.26GeV P8
- Fos W
\
—0.25
4 \
EW
E So1s
“E =01
5E \ —oos
Q77415 a2 a2 43 435 44
M(¢ Jiy) (GeV/c?)
5 E
45F
ap Sum BESIT
35E
3
25F
2F
O T4t 4z azs 43 ash 4




Search for Y(41 40) — J/1/) (P BESII, PRD 91, 032002 (2015)

No significant signal found; place upper limits on
o(ete” — Y (4140)) x B(Y(4140) — J/ip¢)

Compare sensitivity to et e~ — 1X(3872) x B(X(3872) — J/p it n™)

V's/ GeV 4.23 4.26 4.36
o x B(X(3872))/pb  0.27+0.09 0.33+£0.12 0.1140.09
o x B(Y(4140))/pb <0.35 <0.28 <0.33

Assuming B(Y (4140) — J/¢) ~ 30% and B(X(3872) — J/pntn~) ~ 5%:

olete™ — Y (4140)
olete — yX(8872)

} 0.1 at4.23,4.26 GeV
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Bt — J/p¢pK T amplitude analysis at LHCb 16007895, 1606.0788

s In3fb~", see 4289 + 151

Bt — J/p KT candidates s —aa
= 300 —— total fit
= 7 K* resonances, %250 -
non-res. ¢K amplitude z e
) 2 200 —— K@K (2)
m 4 exotic J/1¢ ¢ resonances © 5 bt
— K(0)
= No J/iK resonance needed 100 === 1'X (4140)

. == 1' X (4274)

o
S

[N
]
S

Candidates/(10 MeV)
2
5 3 8 8

N
I3
Candidates/(30 MeV)

4800
[MeV]

Myye

3600 3700 3800 3900 4000 4100 4200 4300
my, « [MeV]
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BT — J/ P PpK + amplitude analysis at LHCb

Results of amplitude analysis:

State o My[MeV/c?) To[MeV]

X(4140) 84c 4146.5£45755  83x2172)
X(4274) 6.00 4273.3£837'52 s56+11+9
X(4500) 6.1¢  45064117)2 924212}
X(4700) 560 4704+107)% 120+£31 133

X(4140),X(4274): JP =17
X(4500),X(4700): J© = 0*

= X(4140) and X (4274) confirmed

= much larger width than previous analyses

= two new states: X (4500), X(4700)
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The family of




Charged charmonium-like states: aZ T family?

Belle observes broad, charged charmonium-like states in (c¢)K Dalitz plots

w Z(4430)* in B — p(2S) 7 K
m Z1(4050)" and Z,(4250)" in B — xo1m K

Quark content at least |ccud) = No simple gg meson!

40
35
30
25
20

Events/0.01 GeV

15

Events / 0.024 GeV/c?

10

m 2-Z1 favoured over 1-Z+

Phys. Rev. Lett. 100, 142001 (2008)
Phys. Rev. D 78, 072004 (2008)

o [T T T T I T T

NN DO e

M (x.,T1"), GeVic®

= most clearly seen in
1.0 <mg, < 1.756GeV?
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Charged charmonium-like states: a £ T family?

BABAR:
Phys. Rev. D 79, 112001 (2009)

= No significant evidence for
Z(4430) found in
B— (2S)nTK

m No resonant behaviour in
JiyntseeninB — J/yntK

Phys. Rev. D 85 052003 (2011)

= No significant need for Zy or
Zoin B — Krtxe1

= but not fully incompatible with
Belle result
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Events/10 MeV/c
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500 : b 5 i
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00| + ' 1 }r +
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Z5(4430)~ in B — K7t~ at LHCb

~ 25000 candidates for B — K’
in 3o~
Two analysis methods
= 4D amplitude analysis a la Belle
extract phase motion
establish J© = 17
PRL 112 222002 (2014)

= Moments analysis a la BABAR
reflections from K* not enough;
confirms existence of Z;(4430)
PRD 92 112009 (2015)
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Z¢ family at BESIII

o, 100 S 4230 Mev 3 _
2w 3w
3 ¥ z H: s
3 4 “fee ~ I 2
H ) “ £
o 20 i 20! =
T
Mo oliy) (Vi M(n°Jhy) (GeVie?) £95 400 405 410 s :;z(?!wé\) 3
ete™ - U/ ete™ — n0n0J/yp ete™ — m mthe

2

—+-data

— total it
—-Z,(4025)

- - PHSP signal
mws

3

Events/(5MeVic’)

Events / 4 MeV

Events / (2.5 MeV/c? )
N

Events /( 10 MeV/c* )

4.02 4.04. 4.06 4.08 =
RM(r) (Gev/c?) R SV

ete™ — = (D'D")*  ete” — n®(D*D*)°

Z:(3900)*?2 7:(3900)°? Z:(4020)*2 Z:(4020)0?

Nature of these states? Isospin triplets?
Different decay channels of the same states observed?
Other decay modes?

Other similar states (e.g. isospin singlets; with strangeness contents ...)?
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Z:(3900) in B decays?

BY — K- J/prt
MA(Km) > 3.2 GeVZ/c*

o [
¥ 50
> f
S I
3 40
C\! L
°
4\9 30
c L
[0 L
> [
w 20
10F

C- L it

12 14 18 20 22
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M2(J/y.m), GeVe/c*

ﬁ PRD 90, 112009 (2014)

m See Z;(4430)" — J/p T
= No Z;(3900)* needed
m Instead: Z;(4200)"
M = 419673317 Mev/c?,

70+70
I = 370773715, MeV.



ZC(4O55)+ — l/J/7T+ ﬁPRDQtﬂZOO? (2015)

Inete™ — yy/nt 7, for events near

¥/(4360) = Yet another charged, charmonium-like
20———————F1 7+ resonance
m Not seen in B decays, either by Belle
© s or LHCb
>
g = Don’t see Z, from B decays here ...
10
@
0
c 5
]

4 4.1 == 4.2
M, [mw(2S)] (GeV/c?)

jGlu
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Open questions

= More such states to be found, with other charmonia?
= Dependence on production mechanism?

= Can we observe more connections between these states
such as possibly Y (4260) — X (3872)7

m Are these all resonances? Or threshold effects? ‘true nature’?
How can we distinguish?
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Future: BESIII

m Set to run for 2 8 more years

= If running near ‘sweet spot’ of accelerator
(vs = 3.77GeV):

collect ~ 5t~ / year

= Accelerator upgrades:

> Increase beam energy
currently, /s < 4.6 GeV

> Top-up injection

> Major luminosity upgrade? (crabbed
waist)

m Plan for 2016/17: Soligoia
add 6-8 points of 500pb~" around 4.3 GeV *u!

Endcap.
ToF

m Further plans under discussion

sc
Quadrupole]
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Luminosity expectation BellelI (ISR ) vs BESIII (direct)
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Luminosity expectation BellelI (ISR ) vs BESIII (direct)
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Typical mass resolution for charged states in ISR physics: < 5 MeV/c?
Spacing of BESIII R-scan points: 5 MeV (beam-energy spread ~ 1.3 MeV)
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Belle-IT ISR vs BESIII
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% E oh 3

E o 3
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£ 1000 N ;
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Direct scan
= (very) high luminosity at a few selected
NG
= Dbetter resolution in /s — relevant for
direct production of 1~ states

= ISR: many +/s simultaneously
= reduced point-to-point systematics

m mass resolution limited by detector
res.

= boost of hadronic system vs. g may
actually help efficiency



WHAT HAE | A NEW 1%+ STATE,
A Bunch oF UWNEXPEc-
TED VECTORS , AND
SOME WEIRD CHARGED

ON YOUR
FIRST TRY P2

THERE'S TREASURE
EVERYNHERE /
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