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e Quark Model

e Charmonium
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Quark model

A SCHEMATIC MODEL OF BARYONS AND MESONS *

o

/
M.GELL-MANN vf I
. , . . ¢ a
California Institute of Technology, Pasadena, California " R '
[ E

1964 M. Gell-Mann, Phys.Lett. 8, 214 (1964)

Received 4 January 1964 CERN preprint 8182/TH.401, Jan. 17, 1964
Independently Gell-Mann (and Zweig) develop quark model to explain the

particles with three fundamental building blocks named quarks (and aces)
up (u), down (d) and strange (s)

Mesons : bound state of 2 quarks

nt= ud_, m® = 1/v2(uu - dd) and rr=du
*=us , K%= ds , K, = sd and K*=su
Baryons : bound state of 3 quarks

p=uud, n=udd and A=uds

p=uud, n=udd and A=uds

A(1232)** made of 3 s quarks, color of quark comes to rescue from Pauli’s principle.  °



The first paper discussing the idea of quark, also mention the
idea of constituent particle having more than 3 quarks.

A SCHEMATIC MODEL OF BARYONS AND MESONS *

M. GELL- MANN
California Institute of Technology, Pasadena, California

Received 4 January 1964

A simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following
properties: spin z, 2z = -3, and baryon number l%.
We then refer to the members u3i, d-3, and s-3 of
the triplet as "quarks" 6) q and the members of the
anti-triplet as anti-quarks . Barvons can now be
constructed from guarks bv using the combinations
(dgq), (ggqgd), etc., while mesons are made out
of (qq), (qaga), etc. It is assuming that the lowest
baryon configuration (qqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (q q) similarly gives
just 1 and 8.

Still we have not seen particle with more than three quarks
making matter ?



QCD : real particles are color singlet

Baryons are red-blue-

. Mesons are color-
. . green triplets anticolor pairs .’

N=usd

n=ud
Other possible combinations of quarks and gluons

Pentaquark H di-Baryon

. Glueball
5=+1 . Tightly bound Color-singlet multi- & 3 8
Baryon . .

6 quark state gluon bound state

Molecule
Tetraquark q¢q -gluon hybrid
Tightly bound loosely bound
diquark &

.,- mesons
meson- ./\\n
antimeson \
“molecule”

anti-diquark

©®
u/

.. .7
artistic illustration
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Events/0.010 GeV
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Strategy

Image from http://www.satimagingcorp.com/applications/energy/mining/

Pieiades-3 30 Setelinte imagery 0.5m Resolution

This is how signal (gold) looks on paper/presentations. 10



Strategy

This is how one really dig gold !

You dig or study decay modes systematically and if you find some
interesting particle.

Study till you are sure that there is no more gold left.
Many time where others are not expecting, you may hit a jackpot !!!

11



Charmonium

Charmonium

Bound state of cand T
Spin:%and % =0,1 . .
Orbital angular momentum: L =0,1,2,...

Parity (P) = (-1)***
Charge Conjugation (C) = (-1)-*
Total Spin :f= L+ S

V) = — =% 4 g
r) = 31" r

(Cornell potential)

=0, $S=0:J=0 JPC=
=0,5=1:J)=1 JPC= 4 )
=1, $=0: J=1 JPC= Spectrum based on this, with
=1,5=1:J=0,1,2 JPC= spin-orbital, spin-spin and
=2,5=0:J)=1 JPC= tensor term.
L=2,5=1:J=1,2,3 JPC= \§ J
and so on

] )
States not easily

accommodated, candidates for
exotic nature.
\ J

1Z




Charmonium

Bound state of cand T

Spin:%and % =0,1

Orbital angular momentum: L =0,1,2,...
Parity (P) = (-1)*+!

Charge Conjugation (C) = (-1)-*

Total Spin :f= L+ S

L=0, S=0:J=0 JPC=0+

L=0, S=1:J=1 JPC=1-
L=1,S5=0:J)=1 JPC=1+
L=1,S=1:J=0,1,2 JPC=0* 1+ 2*
L=2,5=0:J)=1 JPC= 2+
L=2,S8=1:J)=1,2,3 JPC=1-2"3—
and soon

Charmonium

V) = — =% 4 g
r) = 31" Tr

(Cornell potential)

\_

4 )
Spectrum based on this, with
spin-orbital, spin-spin and
tensor term.

\_ J

~N

States not easily

accommodated, candidates for

exotic nature.

J
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Charmonium

Bound state of cand T

Spin:%and % =0,1

Orbital angular momentum: L =0,1,2,...
Parity (P) = (-1)*+!

Charge Conjugation (C) = (-1)-*

Total Spin :f= L+ S

L=0, $S=0:J=0 JPe=0+

L=0, S=1:J=1 JPe=1-

L=1, 5=0:J=1 JPe=1+
L=1,5=1:J=0,1,2 JPC=0* 1*2*
L=2, 5=0:J=1 JPC= 2+
L=2,5=1:J=1,2,3 JPC=1-2"3"

Exotic quantum number
0+,0-, 1% 2* and so on..

Charmonium

V) = — =% 4 g
r) = 31" r

(Cornell potential)

\_

States not easily

accommodated, candidates for

exotic nature.

4 )
Spectrum based on this, with
spin-orbital, spin-spin and
tensor term.

\_ /

~N

J

14



S,P,D corresponds to relative orbital angular momentum L=0,1,2 between quark and antiquark

Spin of quark can couple to either S=0 (spin-singlet ) or S=1(spin-triplet) states.
Parity of quark-antiquark state with orbital angular momentum L is

P= (_1)L+1

Charge conjugation is

C= (_1)L+S

n ZS+1 LH CHARMONIUM: THE MODEL 005
J

1l
- 1 3 :
L=0 states can be 'S, or >S, .l o LoD, 0!
- 1 3 *’
L=1 states can be P, or °P, , , N - GtE

II.I, i — citis

States are denoted by

L=2 states can be D, or 3D1,z,3

Radial guantum number denoted by n

0 T

0 JPC=0-+
1 JPe=1- 0
1 JPC=1+-

. =0’1’2 JPC = Q*t 1+t 2+
1
1

jPC= 2-+
:J=1,2,3 JPC=1-2-3~

15
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3000

cc spectrum (theory)

- E.J. Eichten, K. Lane and C. Quigg, Phys. Rev. Lett.
— 89, 162002 (2002). _ -

B E. Eichten et al., Phys. Rev. D 17, 3090 (1978); E.
- Eichten et al., Phys. Rev. D 21, 203 (1980).
ﬁ W. Buchmiiller, S.-H.H. Tye, Phys. Rev. D 24, 132
=g v (1981).
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- [ 1Theory prediction
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4400

4200

4000

3800
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3400

3200

3000

cc spectrum (established)

TSy V)
= (4160)
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:. ................................................................ :.II.I:I ........... lcz .......................................................................
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- S770) Open charm threshold
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C h{1P) % L A == Established states
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:_ Theory prediction
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4000
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3000

cC spectrum (exotics?)

C Y(4660)
— I%l X P(4450)
Z(4430) o,
C 'l Al X(4350) X(4350) P.(4380)
- Y[4320) —
Y(4260 *
—_ — o )
. AFTEU] W’I'B'OT Y(4140)
B m—— Z(4020)" T
EHE8 Vo) i o
gl (LT 7(3930)..... ..x,ﬂIZFl. ) X(3823) .. S
B n w_ (1D}
=] ke O M S
- YS7TT0) Open charm threshold
;m_ Y(£9)
u h:{1P) X (TF) 2 ———Established states
- iuI i I —— New states
- [__Trheory prediction
C =™ @ DD Threshold
:ﬁ" v — X(3872)
= I | I I I I | I
o T 1 o7 1 27 27 23 o7

Just for
comparison
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Production of ccC (-like) esctories

Double
Charmonium

A few % of B mesons B-decays
decay into cc and K

e Reconstruct
J/W and look
at recoil mass

Easy to study.
Low background.
JPC using angular studies .

)y

Annihilation at smaller energy. Two photon production e"'

ccC states +
+
e pr.oduced Y | ever
. without C=+1
radiation @- hadrons. @~

e

19



Analysis procedure
Reconstruct B* (of interest) /

Common variable used in analyses

in this talk
bc \/Ebeam
AE = EB o Ebeam = e
MJ/'-Unn or

M final state of interest

Scan the data (M, . ...¢.) iN Order to search S - T
for any exciting exotic signal (particle) i.-l...n....l....h...l........;...;_h_.

|
yeV/c2



Simplified example

X(3872) = J/y nn

h ete orutu

Reconstruction
of B X(3872) K

b @

MbC - \/Eseam N pI23

Y3 531532523524 5.255.265.27 5.28 5.29
0.2

0.15|
ol .

Signal window cut in
AE & M,

005

01]

0. 3 5315.225235.245.255.26 5.27 5.28 5.29

AE

-0.15 |

0.2 -0.3% -0.1 -0.05 0 0.05 0.1 015 0.2

MC for illustration purpose

21



Simplified example

MC for illustration purpose

o KT
T i
KA ()

%

o,
fole! R

o b ]
R A KRR

J/ynn

[

J &
e

‘.“.“
K RH X
o N ARG

e
B
e

alatatatate!

L
[T
AT
T
bl
byttt

d&xﬁz3&&%52&&53&&%%2&&%%&%@
s S AR
e &xxxxxxxxxxxxxx:xxxxxxxxﬂ

=

{
A

=

ol

X(3872) = J/y nn

o

ete orput

Signal window cut in AE & M,

2 5215225235245255.265.275.28 5.

0.2

0.15

0.2

22

Peak will be at the mass of the resonance.



X(3872)

Events/0.010 GeV
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Events/2 MeV/c?

Candidates/ 4 MeV

Most famous cc (-like) state
Dlscovered by BeIIe in J/ynn decay mode

PRL 93,162002(2004)
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=
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Lets check the mass of X(3872)

X(3872) found in J/ynw >  similar to y’ Another charmonium ?

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT
3871.69 + 0.17 PDG Average

3871.9 +0.7 £0.2 20 +5 ABLIKIM 2014 BES3 €' e — J/ymtw Ty
3871.95 +0.48 +0.12 | 06k AALJ 2012H LHCB pp— J/Yyntn X
3871.85 +0.27 +0.19 1 CHOI 2011 BELL B — Krntn J/y
3873 111 +1.3 27 +8 2 DEL-AMO-SANCHEZ 2010B BABR B — wJ/yK

3871.61 £0.16 +0.19 gk 3.2 AALTONEN 2009AU CDF2 pp— J/vntn X
3871.4 +0.6 +0.1 934 AUBERT 2008Y BABR BY — K 'J/ymtn~
3868.7 +1.5 +0.4 9.4 AUBERT 2008Y BABR B’ — K% J/¢mtaw
3871.8 +3.1£3.0 522 4.2 ABAZOV 2004F DO pPp—J/ynta— X

JPC=1++

Mass(D%)= (1864.83+0.05)MeV/c?

Mass(D™)= (2006.85+0.05)MeV/c?
Mass near D° and D™ threshold > 3871.68+ 0.07 MeV/c? .
How is it related to D° D™ ? D° D' molecule or something else ?

X(3872) much narrower width (I'< 1.2MeV @ 90% CL) than other charmonium
states above D D threshold. Belle PRD 84, 052004 (2011) 24



DOD*9 molecule?

Not a recent Molecular Charmonium: A New Spectroscopy?*

Idea’ OId Idea A. De Rdjula, Howard Georgi,T and S. L. Glashow PRL 38, 317 (1976)

Lyman Labovatory of Physics, Havvard University, Cambridge, Massachusetts 02138
(Received 23 November 1976)

Recent data compel us to interpret several peaks in the cross section of ¢ “e* annihila-
tion into hadrons as being due to the production of four-quark molecules, i.e., resonanc-
es between two charmed mesons, A rich spectroscopy of such states is predicted and
may be studied in ¢ e* annihilation.

D*D%; 171
a0 8¢V 0 . - / o \
S o 1DD* predictions:
: J‘PC: 1++
3.5 *
! (OD*)a2 Py
I |—> T
3.0_— \ /

I
.

! §<(2.85?);0‘,o+

L J N _J AN J
V7 A g
P-WAVE "ATOMIC" S-WAVE .
* MOLECULES” CHARMONIUM “MOLECULES” L. Okun & M. Voloshin

25
Slide stolen from Olsen JETP Lett. 23, 333 (1974)



X(3872)>D" D° D*0 DY molecule ?

X(3872) loosely bound molecule > enhancement in D DO invariant mass near

: Belle,PRL 97,162002 (2006) D> Kmt*, Kmt'nd, Ko mtrr, KK
©30 | = 15 (47 P L
> E :2114]: b Signal eB x 10 Nobs  sig, o B x10
= L I P r ‘ . T 0.22
220 EIO . THR— B — D[]ﬁiﬂ[]ﬁ | 2.12+0.10 24.146.1 6.4  1.27+ mltﬁ-?ii
4 | 1< Bt — D'D'n"K* 3.62+0.14 174452 50 107+ 0.31%53
%‘]0 u | % 5Ll B" — D'D'z'K"  0.84+0.04 6.5+26 46 173+ 0.707)3
4 I e é [ i
Q W L L T e . . IQ7R +0.4 ( 2 2
% ~ 0.0255 0.051 0.0765 0 0 0.2 Mass—> 3875.410.7 17’:}:0J N[PV/C MeV/c
M(D"Dn")-2M(D")-M(r") GeV/c> AE (GeV)
Mass is 20 higher than mass observed in X(3872)2>J/Wnn
PRD 77,011102 (2008)
Nu[ﬁ 07 W B B L B B
> 1 ik) X2 1 BaBar also observed X(3872)> D070 al ith shift in th
—*0 7] ,
%12 AUD D modes  347fb71 aBar also observed X( ) along with shift in the mass
S0 | 07
7 +U.
g _ Mass—> 3875.1,:£0.5 MeV/c?
A & |
) DO Kmtt, Kmtrr®, Ko
0% Lot l ! | ]

Al s L L ! T B

388 39 392 394 396 398 4
3 . i

D D’ Invariant Mass (GeV/c?)

Belle & BaBar both observe X(3872)>D* D but they got slight shift in mass e



Same X(3872) or what ? 3 times larger sample

Different X(3875) ??
Mass of D°D°r® is away from X(3872) by 4.50

— Difference due to threshold effect PRD 76,014007 (2007) PRD 76,034007(2007)
- Evidence for X(3872) partner state as predicted by diquark-antidiquark model.

PRL 99,182003(2007)
<PRP 81, 031103 (2010) 7= <
=R S o > . 605 fb!
s r D'-DYy §12 D*->Dn
o~ 20_ [} .
i ;E"’ ...... Signal
&3 | | | ‘ 5 s | - - - Background
w r 1T
- | g al I || ‘ ‘ -+ - ¥(3940)
el g i
Sl \ i| I
oK 2 1
II'II | |IlJ Ll J_ | JJ.I..I_I.J |_l Ll | L1 L I“m l ‘ [ rJ -] J III | L Lol Ll ] Ll
3880 3900 3920 3940 3960 3980 3880 3900 3920 3940 3960 3980
M(D*D) (MeVic?) M(D*D) (MeV/c?) PRD 81, 031103 (2010)

Increased statistics and fit with improve Flatte function returned

Mass = 3872.97° % MeV/c2 Discrepancy <20

More sophisticated fitting procedure including a mass-dependent resolution function and

a 2DUML fit with two different shapes, the relativistic Breit-Wigner function and the Flatt’e

distribution Difficult to fit this spectrum, due to threshold

Obtained BR consistent with Belle previous result

27
Mass is 1.80 lower.

Consistent with Belle previous result !!!



Molecular Avatar
As, X(3872) has narrow width < 1.2 MeV

If the X couples to D° D*? in an S-wave:
X(3872) is charm meson molecule

1 _ _
X(3872) = 7 (D*°DY + D°D*%)

Mass(X(3872))= (3871.69+0.17)MeV/c?
Mass(D?)= (1864.83+0.05)MeV/c?
Mass(D™0)= (2006.85+0.05)MeV/c?

E. Braaten, J. Stapleton PRD81, 0140189

Binding Energy (E,)= Mass(D?) + Mass(D™°) — Mass(X3872)

Minimum radius= /2u, E}

MpoMp,
Reduced mass y, = ———2
Mpo+Mp;




Molecular Avatar
As, X(3872) has narrow width < 1.2 MeV

If the X couples to D° D*? in an S-wave:
X(3872) is charm meson molecule

1 _ _
X(3872) = N (D*°DY + D°D*%)

E. Braaten, J. Stapleton PRD81, 0140189

\/_ Measurement | Unit 5l value of unit
Energy ev 1.602 176 565(35) x 10718
Mass eVie? | 1.782 662 =103 kg
MaSS(X(3872))= (387169i017)M€V/C2 Momentum | €Vic | 5344 286 x10-28 kg-mis
MaSS(DO)= (186483i005)MeV/C2 Temperature | eVikg | 1.160 4505(20) =104 K

Time fileV | 6.582 119=10-165

MaSS(D*O)= (200685i005)MeV/C2 Distance AcieV | 1.97327 %107 m
Binding Energy (E,)= Mass(D?) + Mass(D™°) — Mass(X3872)

Minimum radius= /2u, E}

MpoMp,
Reduced mass y, = ———2
Mpo+Mp;

The E, of (—10 £ 180)keV one expect 170keV
Which tell that it has a minimum radius of ~ 10 fm



Molecular Avatar
As, X(3872) has narrow width < 1.2 MeV

If the X couples to D° D*? in an S-wave:
X(3872) is charm meson molecule

1 _ _
X(3872) = —=(D**D? + D'D*%)

E. Braaten, J. Stapleton PRD81, 0140189

\/E Measurement | Unit Sl value of unit
Energy eV | 1602 176565(35) x 10719 J
Mass eVic? | 1782 662 x107% kg
MaSS(X(3872))= (387169i017)M€V/C2 Momentum | €Vic | 5344 286 x10-28 kg-mis
Mass(D%)= (1864.83+0.05)MeV/c? e
MaSS(D*O)= (ZOOGSSiOOS)MeV/CZ Distance AcieV | 1.97327 %107 m
f (1) = 0.8 fm X(3872) r.ms(2°8Pb nucleus)=5.56 fm

, More than \
lp ° 10 times
Fims(X3g72) ~ 10 fm

rms

111 Lb Ul \_LU A LUU}I\CV UIIT TAPYCULUL 1L /7URNCYV

Which tell that it has a minimum radius of ~ 10 fm



Tetraquark as avatar in X(3872)

Tightly bound
diquark-diantiquark

g

‘ R.L.Jaffe PRD 15, 267 (1977)
\

In color space: \

o

red+blue=magenta =green
(antigreen) (antimagenta)
A colored diquark A colored diantiquark

is like a antiquark is like a quark

31



diguark-diantiquark?

Maiani et al PRD71, 014028 (2005) . . .
diguark-diantiquark (tetra-quark) model

Expect two neutral states:

- ®
Do v

J/ynn

Predict : AM(M, (B*)-M (B°)) =813 MeV
It also predicts charged partners:
- & -
Isospin relations: |
B(B® ->KX(3872)") =2 x B(B’ ->K"X(3872)")
B(B’ ->K X(3872)")=2x B(B* K" X(3872)")=



X(3872)" existence ?

Tetraquark model predicts the existence of isospin triplet : X(3872)*

_Belle, PRD 84,052004 (2011)

3 BO>X(3872)*K

Mass diff. b/w charged and neutral B decay
AMy (357, = (-0.6910.97£0.19) MeV

Prediction: AM(M,(B*)-M,(B?)) = (8+3) MeV

g 18
S
J1a
% 12
Maiani et al., PRD71,

0 00 90 O SRV GO ;QR(B+9X(3872)+K0)= 014028(2005)
b (GeV) ; M(J/y 7o) (GeV) 2 X QKR( 309X(3872)K0)

s Reconstruct X(3872)*=2J/Wn*n®
¢ No signal is seen
s UL (@90% CL) is provided

BR(BO2> X K )XxBR (X*>1*n0)/\y)<3.9x10°

Events / ( 0.002 GeV )

4 B*>X(3872)*K°

Events / ( 0.002 GeV )

»

.2 5.21 5.22 5.23 524 5.25 5.26 5.27 523 29 ¥ 87°3.88 3.89 3.9
M, (GeV) M(le mr) (GeV)

No charged partner
BR(B*DXKO)XBR (X*D7+n0)/\y)<4.5x107
Rule out isospin triplet model ?

Few tetraquark models predict X(3872)* to be broad, non-observed yet because of
low statistics (‘,)) K. Terasaki, arxiV : 1107.5868v2
If X(3872) is tetraquark, than X(3872) has C-odd partner which can decay into

v’ X(3872)% 2 x.,v

2
==y




¢X(3372)‘¢nn

’J',[+
P 0
< K+ X(3872) “X(3872)
2
B™ Jo ~ ¢J P(18) )‘%u
L Yinpais) d -dy,
wro X872 P10(18) X (3872)
= 1 g7
T 120r T T r . % . LHCb
Z 1r£:||[]E all candidates LHCb _: % + Simulated J7°=1"
> f ] Z g
10 B @
S eof |y g 1o /\\
§ ESD——_+——1—' t § 3 tdata “
S F 1o s
é 40t _w  Data . 10° ‘ “
—J I .
Z Lof —— simulated J°=1" - - &
;': - Simulated JPC=2_+ E t=-2In[ L{27WL(T™) ]
50-=- M M M : M M " M : " M M " : M & & -?
405 |cose, .| > 0.6 E D= —2n likelihood for null model ) One get this
- - likelihood for alternative model . . .
: ] Heelihood for al del likelihood from Fit
— 3 ikelihood for alternative mode . .
T + T n( likelihood for null model ) (RooFit return it)
F o + = 2 x [In(likelihood for alternative model) — In(likelihood for null model)]
i . . . Chisquare value with the degree of freedom
—1 -0.5 0 0.5

1
cos8y Rejected 2+ with more than 8o significance 34



CMS, JHEP 04, 154(2013)

X(3872) at LHC

x10°
> SR R A R R S A N S B AR JI-_‘ 14'HDIatII ]
S 100/ LA - S CMS \5=TTev
= L 10 < p_ <50 GeV +aaté 0] 12 M=% ) .L_=2-1fb'1 .
n L Iyl < 172 —total fit b [ == Simulation: X(3872) — Jig 7T (non-resonant)
~ - ‘ ' . background E qqf.— Simiston X3572) - Jiy o
o 80 | - signa - E !
—1 B 1o 3
© > B = —
S r ' 2 8 §
© 60_ | ] g N D
8 s = g s ]
O i 8 D S
o N T e
! I o VT T B I i M T
2_ 1 + |
— i ]T_:_l . e *
S : 04—
Q— g | PP IR TR0 SR VAT SO T I PN A
05 055 06 065 07 075 08
3.6 3.7 3.8 3.91 - 4 m(rr*rr] (GeV]
m(J/y n'n) [GeV]

.B [nb/GeV]

/de

prompt
X(3872)

do

—
Q
Ilr

—

<
[ )]

III

AL I B B IR B B
CMS \s=7TeV
L=48fb"

lyl <12

—LO NRQCD

. --LONRQCD

uncertainty

10

15

20 .
p (Jym

W g ufluf /
o

25
) [GeV]

*The X(3872) is more copiously produced through “prompt” processes and
only 26% of the production rate is observed from decays of B hadrons.

A measurement of the mass spectrum of the pion pairs produced in
X(3872) decays indicates that the decay into the two charged pions
proceeds via an intermediate p state.

35



Radiative decays to understand

X(3872)> %,y X (3872) _ X(3872) DY
3 b 140 fbrt 27 140 fbt
i o + R
Mty (GeV/ 5 ) JJJJJJJJ M, ., (GeV/ e )
PRL 91, 262001 (2003)
'(X(3872) > arXiv:0408116
(X(3872) > 2a7) (9 (90wcL) L(X@872) = 7?) 1 1" (q00cL)
[(X(3872) > J ly 7n) [(X(3872) > Jlwzn)
~ 4200
S [ e
24000 ;—'k‘gs)\p(4040)h o e, - I'(yy,,) too small
3800 o Dy 1D) v,(1D) ;)2 I'(yy,,) too small ,
so00f 251 va h. - Ruled outbyangular distribution
- np) eyt Y 2 L(v)/y) too small
400E Xi{TP) Ne, 2 BR(X=2 J/ynr) should be small
. D0 D*0 n.’ =2 should have high mass and large width
sl VS — X(3872)
n18) T T T T R Not obvious charmonium candidate
0-+ 1" 1+- 0++ 1++ 2++ 2 + 2" 3 3+- 36



@@ Radiative decay and X(3872) structure

Belle found evidence for X(3872)-2> J/yy in B*=>X(3872) K*
+ve C parity Belle, arxiv:0505037

Phys.Rept. 429,243(2006)
If pure molecular:  BR(X(3872)=2 y'y) < BR(X(3872)-2> J/wyy)

IFX(3872)is 2T : BR(X(3872)> w'y) < BR(X(3872)> J/yy)  arivi1007.4541

If X(3872) is 1** cc: BR(X(3872)2> y'y) > BR(X(3872)> J/wy) PRD73,014014(2006)

If X(3872) is admixture of D° D*® bound state with a ¢ ¢ meson :

BR(X(3872)=2> y'y ) /BR(X(3872)-> J/yy ) will suggest the admixture ratio.
-------------------- PRD 83, 094009 (2011) , arXiv:1107.0443v3

X 872)9l|J’y_§ PLB 697,3, 233-237 (2011)
+ B*‘FX K" BaBar, PRL 102, 132001 (2009)
LUt H m; BaBar found signal in X(3872)>W’y
Foims
........... Py BR(X(3872) v’ 7) /BR(X(3872)> J/y y) = 3.5 1.4

3.8 3.85 3.9 3.952
m, (GeV/c7)

Resolving this admixture ratio is important to understand
X(3872) nature

37



Study of B> (J/yy) K

> Y., K*good control sample

»Same final state : J/y vy

(— Regionxc —

v

Photon selection

E,>290 MeV for y. .,
E, > 470 MeV for X(3872)

v 10 veto

v

cosO, ., cut to reduce the background

r illustration purpose
(arbitrary scale)

4mmm Regiony mmm)

X(3872)
q.'? 3.8 3.9 4
Yy (GeV/c?)

v' Region, . studied first

v' Then Region,

38




772 M BB First Evidence for B*->y, K* B> (J/yy) K

Calibration mode Spin =2

Events/ 5 MeV/c?
[«}]
o
o

Xa Vv

2308+53 evts

Spin=1

300
200
100
0 TS Y S ¥ - S 3 S Y1
MJ/\I!Y

Spin =2 is highly suppressed Belle PRL 107, 091803 (2011)
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772 M BB First Evidence for B*->y, K* B> (J/yy) K

Calibration mode Spin =2

Events/ 5 MeV/c?

Spin=1 y B UL

2308+53 evts

345 35 355 36 o3%s

Spin =2 is highly suppressed Belle PRL 107, 091803 (2011)

&(B—Xc2K)
Z(B-xc1K)

=2.220.7 %

40



772 M BB

Events/ 9.5 MeV/c?

Events/ 9.5 MeV/c?

PRL 107, 091803 (2011)

3° 30.0°%2
25
X(3872)K*
20
L
Tl T
5?_1‘(%“ T% | TT
975 38 385 'H"Eféz' 395 4
M, , (GeV/cY)
7 = 5.7°35
6/
 X(3872)K,°
S
4 T /\\ 2.4\0
g: L Lk JLv; .ELL‘ L L ]
.75 3.8 3.85 . 3.95 4

M, ., (GeVic?)

B->X(3872)K 0K

Mode Events Significance
B*->X(3872) K* 30.0*%2 49 o
B> X(3872) K° 5.7 240

Clear observation of X(3872) > J/yy in
B*->X(3872)K*

> BR (B*> X(3872) K*) x BR (X(3872) >
J/wy)is (1.78+0.4610.12) x 106

Consistent with Belle previous Evidence as

well as BaBar arXiv:0505037
PRL 102, 132001 (2009)

BR(X(3872) > J /wy)
BR(X(3872) > J /ynx)

Using Belle X(3872)->J/ynn result from
Belle, PRD 84,052004 (2011)

> BR (B> X(3872) K°) x BR(X(3872) = J/wy)
is <2.4x10° (@ 90% CL)
Combining both, 5.5c significance is obtained
v’ X(3872)>1/vyy is well established degl::\y

mode

=0.21+0.06




772 M BB X(3872)9L|J’V B> (y’y) K

Belle PRL 107, 091803 (2011)

40 Ly ») 4 N 14 HEg», 0 0
B> XK* : B> XK

35 [ _‘ 12 1.5"
230 < % 1°F T 0.20
= . 3] : -
» 25 = -
= > 8F
1 20 A1 | Lo--- - = -
215 Al L n S
) Y YT 0.4 Tra 23 4
210 LT S e T > T4 T
g 5 ' P 5.0+119 8 2 @~ I
i -11.0 ., 2 bzl

03_75 3.8 3.85 3.9 3.95 a4 Ll 3.75 3.8 3 85 3.9 3.95 q
M, 2s) (GeV/c?) M, (2s) (GeV/c?)
Signal Combinatorial background y’'K*, y'K background component
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772 M BB X(3872)9L|J’V B> (y’y) K

Belle PRL 107, 091803 (2011)

35 BELLE ) 12 S 1 5
TQ'- 30 v & 10 :— - 0.2
= (3] - < .
o 25 = -
= o)) 8 -
1 20 A1 | L.--- -« = -
215 [ - ~ w ©OF
) b 0.4c Tre 4
E 1 0 - “‘\:"‘. lllllllllllllllllllllllllll - e Fieea E 7 M EEC
g 5 ' - 5.0+119 8 2 @~ I
L 110 .., 2 bzl

03_75 3.8 385 3.9 395 4 W 375 3.8 3 85 3.9 395 4
M, 2s) (GeV/c?) M, (2s) (GeV/c?)
Signal Combinatorial background y’'K*, y'K background component
40 40-

LHCb NPB 886, 665 (2014)
LHCb saw signal in X(3872)> W'y,
consistent with Belle and BaBar

BX->Y'y)
(X - ]/yy)

200

L I

100

Candidates,/ (10 MeV/c?)

= 2.46 + 0.64 + 0.29

37 38 39 R E— “3q 0 _ 4
"y G sy (GeV/e} 43



BR(X—=]/¥ ¥)
BR(X—}JK’TPTTTTZ'%

o
W

E. S. Swanson, PLB 598 (2004) 197

Admixture of 5-12% of a ¢"c component was
sufficient to explain the data.

0.8

0.7
0.6

o O
> O

o O
N

re

1

L Do
()
(@

Fok iy

BaBar

P A e e N S e e S Y
o

3
i

Sl S

Admixture of 1 ¢Zin D' D", arXiv:1202.4882

Pure 1, PRD 69,054008(2004), PRD 73,014014(2006)

D° D" molecule with 1** cZ, arXiv: 1207.2832

Heavy quark limit to 1" ¢, arXiv: 1208.4206v1
Tetraquark state with 1", PRD 84,014006{2011)
Pure molecule, PRD 72, 054022(2005), PR 429, 243 (2006)
Belle result, PRL 107,091803(2011), PRD 84,052004({2011)

BaBar result, PRD 77,111101{2008),PRL 102,132001(2009)

LHCb result on radiative, NPB 886, 665 (2014)

Pure 1**

—

M N
=5
o

"BR(X=y'y)
BR(X~]/vy)
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Search for X(3872)9i

> I RARRRARARERARERER 'BaBar,PRL 93, 041801 (2004)
] i 4
T

a4t | Nosignal was
St seen in X(3872)
5 | region.

q 0=

36 38 4 42 44 46 48

Most interestin
(GeV/c?) &

J/wn

B(B*>X(3872)K*) x B(X(3872)->J)/yn) < 7.7 x 10°® (90% CL)

BaBar observed B*—>J/WnK* and provided
B(B*>J/yn K*) = (10.8+2.3+2.4) x 10
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Search for X(3872)i

6 L L L L
-’ X(3872)?

aBar,PRL 93, 041801 (2004)

No signal was
seen in X(3872)
region.

Events/6.25 MeWV/c™

3o 38 4 42 44 46 48
(GeV/c?)

Most interesting

J/wn

B(B*>X(3872)K*) x B(X(3872)->J)/yn) < 7.7 x 10°® (90% CL)

BaBar observed B*—>J/WnK* and provided
B(B*>J/yn K*) = (10.8+2.3+2.4) x 10

With more data (9x), we can either rule out or put much
tighter constraint on the X(3872)¢ partner.

Above 3.9 GeV, some hint of new states?

Additional motivation
“Search for new state in M, " 4



(Belle) PTEP 2014, 043C01 (2014) . . . B * 9 J / qJ n Ki
M, )y, distribution
; 120 Q(B — 30—
- S T 711 fb!
p [ s fB'>WKt
S L S B 35 MeV <AE< 30 MeV
= 100— -
- & 200 Zoomed
> L - , .
t 80— 15:— LIJ regIOn
B Structure due to = :
sol_ fEVray U lH»
r ; 53— ] [ I [ [
Backgrou42d_ X(3872) E TR erL 7“ W TFT
\_ P 366" 3.68 37 373 3M114“ (GJ V;az.)'rs
ol I B*>J/WnK* (PHSP)
: i ; _ 7]
4 . J 'J . f'"'3""’T""j'}"?*"'h‘}*"]5";"";'"%*** ”"""h'-? L
g.ﬁ 3.8 4 4.2 4.4 4.6 4.8

M,,, . (GeVic?)
» After including phase space (PHSP) component of B2>J/WnK,
data/MC agrees quite well.

Much tighter constraint to the C-odd partner of X(3872).
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711 fb! Bt ex 1vKi
M, ,, distribution ;
1601 é o Narrow peak observed around 3820 MeV/c?.
%Mﬂ—_ + o No strong evidence for any discrepancy
s 'YL .
o between data/MC, except this narrow peak.
£ 120 — To reduce background
- X » 10 veto
100 — ' > X4V vet
n & BT W(px,v) K fa Y
sl < -28 MeV < AE < 30 MeV
- Narrow peak 77 |MEESISI27 GeV/E)
60 —
0 = Combinatorial background
? :_ ":"0’0 0 o Tt i 4 AT
".u“ ‘o‘n‘o A e A b TP S L
T 3.8 4 4.2 44 46 48

M, ., (GeV/c?) 48



(Belle) PRL 111,032001(2013)

+ +
New state @ 3823 BY 2XaavK
.§40:711fb_1 B ¥ 2Xat) K %oo:_Peaking background Clear evidence of a peak
af B* W (+x V) K | 3 | (BDWK* y K*
SRk 7 e at 3823MeV/c?

Combinatorial

©
o

601

Yield: 3.80 (syst. Included)
33.2+9.7 events

a0F

20k

5028 5.0
M, (Ge\Hc)

55_ 36 3.65 37 3.75 3.8 385

(Gev/cz), (Gevm)

5.26 527

Mbc (GeV/cz)

xclv

e . i [ = 1.7£5.5 MeV if fitted, poor sensitivity
Projection in signal region

evenis / ( ULUuo )

'S
]
T T T

M, > 5.27 GeV/c?

o0
=
T

=)
=]
T T T

20

3.66 <M,,, <3.708 GeV/c?
so- Y’ region
;

(o)
=
T T T T

Events / ( 0.00124 )

—_
=
T

3.805<M

xcly

<3.845 GeV/c?

—
N
T

- X(3823)
. region

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




(Belle) PRL 111,032001(2013)

Interpretation of X(382 3 ) as wzo

Three states with similar mass (predicted): 3D,, 1D,, 3D,
= ID, excluded due to C conservation in EM decays.
= 3D, doesn’t have transition to x_,y
= 3D, seems to be appropriate

— 0.9

* 3P, 30665
»> W, below DD" threshold: expected to be narrow 5. Godfrey & . Isgur, PRD 32, 189 (1985)

> Mostly decaying into x_,y. E. Eichten et al., PRL 89,162002 (2002),
PRD 69, 094019 (2004)

The observed peak (@3823) has not been seen in DD (3D,»DD is expected).

[(X(3823)>X.,¥)
[(X(3823)-x V)

[(¥,=2x..V)
<0.41 90% CL), E ted 2 “Lfeti~ (02 del d dent
(@ 90% CL) xpected Frpt 5,2 (model dependent)

PRL 89, 162002 (2002); PRD 67, 014027 (2003)

If we assume, B(¥, 9)(C1y) = (0.64 PRD 55, 4001 (1997), PLB 395, 107 (1997)
Z(B-Y¥3;K) Factorization penalty similarto & (B-y,K)

Z(B->Y'K) 002" the one observed in B >x K & (B-xc1K)
Belle, PRL 107, 091803 (2011)

=0.022+0.007

Suppression w.r.t. to J¢=1-, similar to the observed suppression of J/¢=2** w.r.t. JF¢=1*",

X(3823) seems to be the missing ¥,,(1°D,) from the 50
charmonium spectrum .



Events / 5 MeV/c?

4.67fb" Confirmation of X(3823) by BES Il !

BESIII, PRL 115,011803(2015)

+,— +
eTe” olnTnlX
- Vs =4.19 to 4.60 GeV

Reconstruct the two pions and look at the recoil mass

: ~+ o g 25
40F E‘?ta g 40F - E-?ta = [ (b) + data
;'1 ------- E-lackgrc:und % L Elackgmund < 2F —Y(4360)
Y Sideband o °0F Sideband £ 15l f, ewa1s)
20f 2 20} & '
: X(3823) | €| St
‘ID:- & ‘IU: :’é 0.5F
L C = - .

L L o D' . et e T TR R s
9% 3.7 3.8 3.9 0% 3.7 3.8 3.6 S 42 4-3E 4&9&-5 4.6
III"'IFIren:r:ril'(.rl'Jﬁl-T) (GeV/e?) Mremil(ﬁr"} (GeV/c) cm

X(3823) has been confirmed by BES Ill with 6.20

significance.
My (3823)=3821.7%1.3 0.7 MeV [(X(3823)->x..y) 0
My3823) < 16 MeV (90% CL) TX(3823)x.y) ~0*2 (@ 90% CL)

X(3823) is now a confirmed state ! BESIII also prefer L/JZD(13DZ)



B*—2>x.YK*

X(3872) yield : -0.9+5.1 events

/(0.005)

Events

* Recent Belle result used for BR(B=>X3872K)*BR(X38722>J/Wrttm.

2~
w

[a=]
=

w

e
=

o

'PE\III|IIII-‘i

w2

|

Projection

=

375 3

M, ., (GeV/c?)
M, >5.27 GeV/c?

X(3872)“

711 fb

Belle PRL 111,032001(2013)

-
o
II|III|I\I|III|III|I

X(3872) region
Projection |

0_ll|lli| T T T T T~
M, (GeV/c2)
3.84< M, < 3.9 GeV/c?

No signal is observed in the X(3872) region.

B(B*>X(3872)K?) x B(X(3872)Dx.,y) < 2.0 x 106 (@90% CL)

['(X3872-xc1Y)

[(X3872-]/¥nm)

<0.26

Belle, PRD 85,052004 (R) (2011)



Belle PRD91, 051101 (R) (2015) B%X(3872) KTt decay mode

Production of X(3872) also provides an opportunity to understand its nature.

—~ 100+ 116+ 19 < 100- B—X(3872)Kn
> S
Y 76 = . Background friom
S o i B—(J/ynam)(Kx)
— = -
; 50 § 50
£ ' R S e s U I P Rt
3 A N S T
I s _L_I_L.ﬂm ~ I * 1
T 0 0.05 0.1 Ps37584  3.86 3.88 3.9 392
AE (GeV) My, (G€V/c?)

A clear signal peak is observed for B°>X(3872)K*n- decay mode
B(B'—X(3872)K ) xB8(X(3872)—J/yr) = (7.91 + 1.29 +0.43)x10-6

W
=]
1 I 1

—~ 30l N B—X(3872)K '
E O = + Backgl("ound)frgm
2 Lol g 20 _]_ —]- B (Jypm)(K )
< = %J“L I Hr I
s A -l ok e A W A o
= - F ‘\ = [rmmmmeeeede | WU

0 [ 1 _j .- 0 1 _—f/. - _._\g- 1

-0.1 -0.05 0 0.05 0.1 3.82 3.84 3.86 3.88 3.9 3.92

] . AE (GeV) My, (GeV/e?)
First evidence for B*-»X(3872)K,nt* decay mode

BB —X(3872)K ) x&X(3872)—J/ynm) = (10.61 + 3.04 (stat)£0.85(syst))x 16%



BO->X(3872)K*rr Fit to background subtracted

M ( KT[) Belle PRD91, 051101 (R) (2015)

, 40- BY —X(3872) K*(892)° X% gpol 1 B0,y K*(892)0
~~ > L
> / BY - X(3872) (K 3 |
S / 2% | eevikn,
2 . . L = | B — v K,*(1430)°
s | L = 200
= ] | > [ _
w O—-...--n.l.:.: ................. s g — m - DA EEEL EEFTIRERE.

| L | Loedaoad Mt i

0.8 1 12 14 86 08 T T2 ] 1.4
My, (GeV/c?) M. (GeV/c?)

B - X(3872)K*(892)°) x B(K*(892)°> K*+1™)
Z(B° - X(3872)K*m™)

=0.34+0.09(stat.)+0.02(syst.)

while
B(B° - P'K"(892)°) xB(K"(892)°> K*n™) =0.68+0.01(stat.)

g8(B° ~ P'K*n7)

¢ Here K*(892)° has less contribution as compared to the level seenin W’'. -,



] W
o [=]

Events/40 MeV

275 BB pairs | X(3872)9 J/LIJ(D

|"'|'|_b')'

- | 1= - | |
- FiQJ/deKi | [, }l 8.1o ] Belle found enhancement in J/Jw in
} J "’/H}‘L N { \ % % } }; B*2J/WwK*Y(3940). ey, pre 04, 182002 (2005)
- ~1 * + E E - jﬁ_*’i—: T E T T T | T T T T |
gSSO/II +I 4OI80 I+ *I I 42|80 I 28;30 I I +I 40I80 I+ +I I 42|80 I 16 (D |
M(wJhy) (MeV) M(wJhy) (MeV) ®
::’ 1 OELLE
2 |
o :
8 L
Re analysis by Belle, by cutting E} - \ ~
Ll L
at My yranno @round X(3872) N * * | L |
mass 30 STy T N
This suggest that X(3872)=>J/Yw — — '
Belle, arXiv:hep-ex/0505037 480 60_5 730
’ 0
Min nn) (MeV)
BR(X(3872)~]/¥rtnn?) E% g 1 1 -
= + + i I I
BR(XG872)o] ¥ty L:0£0-420.3 P -."*-‘*"“ﬂﬂé-"m s
TR el e
For M(rt*rtm®) > 750 MeV/c? £ i ]
" ,-mL,ﬂﬂ....ﬂ"ﬂM 'k,".,,,l_ﬂ.,.iﬂu.,ﬂ" '.ﬂ!ﬂﬂ% “nﬂ
*lulh, nﬁﬁnwmn Ll by rE L My I

M, (GeV) M, (GaV) M, (GeV)



X(3872)> J/bw

BaBar Full Data

2 L a)
= Analysis by BaBar with 467 BB Eme_— | _
pairs, observes a clear peak of %ﬂ i i
X(3872)>J/bw. g ]
==L A i
BR(X(3872)~] /%Y w) }‘_ ]

BR(X(3872)_)]/‘PT[+T[_)= 0.8%0.3 0

ﬁ:‘:f _:b}: ' ' ' ' bat:a ' -
- . Fit function .
Zuoof e S

Why this ratio is important ? = — - Nonresonant ]
52001 —
it

4 4.2 4.4 4.6 4.8
My, (GeV/cT)

Events/0.02 GeV
8
III|IIII|IIII|IIII|IIII|IIII|IIII|IIII




X(3872)~> J/bw

= Analysis by BaBar with 467 BB E
pairs, observes a clear peak of %ﬂ
X(3872)=>)/Yw. 5

(]

BR(X(3872)-]/Yw)

J/¥0) __0.8+0.3
BR(X(3872)-]/¥ntm™) ot
>
2,
Why this ratio is important ? =
3

No charged partner of X(3872) is found,
X(3872) iso-singlet state.

This implies that X(3872) =2J/ymnrtis isospin
non-conserving.

This is another puzzling nature of X(3872) !

b
o
=]

-2

!
=

]

BaBar Full Data

5 q}.

=1 |l 1 N

- | ; N
GL' """""""

—t } } ————

- b) * Data -

| Fit function -

B X(3872) —

[ . R —— Y(3940) _

= = Nonresonant -
ole=dtf —hl..

n . . ,

Events/0.02 GeV

4.4 4.6 438
My, (GeV/cT)




Admixture, most plausible interpretation ?

No signature for
¢ Charged partner in J/Wr'n®
% C=-1 partner in J/Wn, x.,¥, n.w and nu'rc
= Disfavor tetraquark hypothesis.

No signal in X(3872)=2x ‘it and x ;2 X U
Remember x_,’2J/Wp violate isospin and is suppressed !

DD* molecule is mixing with the same JF¢ cc, x.,(2P) (yet unseen).
o Explain BR(X=>DOD™0)/BR(X—=>J/Wnmn) is about 10.
 (pure molecule case, to be about 1000).

Pure molecule is too fragile to be produced in Tevatron/LHC.



Tetraguark searches

4-quark state ?

Cannot be clearly
distinguished.

X(3872)
neutral particle

Charmonium
(quark-antiquark)?

Z(4430)
charged particle
(newly discovered)

Can be clearly
distinguiched
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Belle, PRL 100, 142001 (2007) Z ( 44 3 O ) +

Veto K*(890) & K,*(1430)

BR(B°>K-Z(4430)*) x BR(Z(4430)*>W'rt*) = (4.1+1.0+1.4)x 105
M = (4433+4+2) MeV
M= (45118439 Mev

Bt Gevié

4.3
My, o) (GevicT)

Ca_ .,E..T_‘_(a)z - _% L Tb)_ BaBar didn’t found conclusive evidence for the Z(4430)* h
il w W ° BR(B°=>KZ(4430)*) x BR(Z(4430)*>W'nt*) < 3.1x 10>

% i ihy BaBar data (due to less statistics) doesn’t refute the Belle
R | observation of Z*(4430) BaBar, PRD79, 112001 (2009)

35 4.0 4.5 3.8 4.0 4.2 4.4 4.6 4.8

\ m (n-J/y) (GeV) m (- y(28)) (GeV)

Re-analysis by Belle using sophisticated Dalitz fit
M = (4443323;) MeV Belle, PRD80, 031104 (2009)
[=(109785%27) Mev

BR(BO->KZ(4430)*) x BR(Z(4430)*>W'n*) = (3.2138+>3) x 105

Events /0,18 Geic*

M2 ('), Geviie? 60



Belle, PRL 100, 142001 (2007)
Veto K*(890) & K,*(1430)

Z(4430)*

BR(B°—=>KZ(4430)*) x BR(Z(4430)+9LIJ n*) = (4.1+1.0+1.4)x 10>

= (4433+4+2) MeV

= (453232) MeV

A

4.3
My, o) (GevicT)

BaBar didn’t found conclusi

observation of Z*(4430)

35 4.0 4.5 3.8 4.0 4.2 4.4 4.6

\ m (n-J/y) (GeV) m (- y(28)) (GeV)

4.8

ve evidence for the Z(4430)*

BR(B°>KZ(4430)*) x BR(Z(4430)*2>W'n*) < 3.1x 107
BaBar data (due to less statistics) doesn’t refute the Belle

BaBar, PRD79, 112001 (2009)

Re-analysis by Belle using sophisticated Dalitz fit

M = (4443113117) MeVv
M=(10914527) Mev

BR(BO%K 2(4430)+) X BR(Z(4430)+euJ ) = (3.2118%2-3) x 105

V2

+ 1000

500,

Candidates / ( 0.2 Ge

Belle, PRD80, 031104 (2009)

Events /0,18 Geic*

LHCb, PRL112, 222002 (2014)
4D fit (MW 56,1, My, COSOyy 25
and ¢) by LHCb confirm the
Existence of Z*(4430)

= (4475+7712) MeV
= (109 + 13%37) MeV

M2 ('), Geviie? 61




Belle, PRL 100, 142001 (2007) Z ( 44 3 O ) +

Veto K*(890) & K,*(1430)

BR(BO->K-Z(4430)*) x BR(2(4430)+9LU ) = (4.1+1.0+1.4)x 10=
= (4433+442) MeV
= (453232) MeV

é"msfo.m GeVié

4.3
My, o) (GevicT)

Cg_ﬁ _ (a) ; [»uﬁ} }ﬁgn*fb)_ BaBar didn’t found conclusiy \N‘, he Z(4430)* A

g i w | £ineg -W"ﬂ? b BR(B°—> K‘Z(4£l'~”“"d ‘\‘a"e )< 3.1x 107

% o : il T st | _BaRg “-“me _austics) doesn’t refute the Belle
200 31t 515 ol -~ \"S CO“ “c14430) BaBar, PRD79, 112001 (2009)

\ m (- J/y) (GeV) x \AA30

Re-analysis by Belle t = _ suphisticated Dalitz fit

= (4443 +%§ fg) MeV Belle, PRD80, 031104 (2009)

(109+2§+§Z) MeV

BR(BO%K 2(4430)+) X BR(Z(4430)+9uJ nt) = (3.2138+23) x 105 ¢
?>1000‘ .,  with - LHCb, PRL112, 222002 (2014)
(2 i L NG, 5 1 .
S Wi o] AD fit (MW g, M, COSBupg ot IO e
S | ! ~% 1 and &) by LHCb confirm the v
g 5007 1 Existence of Z*(4430)
E ' +15
I . = (4475i7_3_§)7 MeV

e [=(109 £ 1373,) MeV



711 fb!

Projection of the fit results with K* veto

Events / 0.17 GeV?/c*

Toy MC experiments

45

- =4 .

W@ weze
351 ’
30FWithout Z |

25}

20}

15}

10}

51

0"%5 16 17 18 19 20 21 22 23

M(y’ 1), GeV2/ct
45
1+

Quantum number of Z(4430)+ Belle,PRD 88, 074026 (2013)
B> (W'nt*)K decay mode LT

Amplitude analysis in 4D space is performed 21f §
M(Krmt), M(W’'mt),W’ helicity and angle between W’ and K*

23: B N
22F L
< 20p R
?‘1 19p—
':-' 182_:?—:': D¢
. ) S q7E&E ;
Mass and width consistent b T
with previous Belle result of - [qgERG L
0.50.75 1.251.51.75 2 2.252.5
M?(K,), GeV/c*
s’ 0 1- 1+ 2- 2+

Mass,MeV/c? || 447916 || 4477+4 || 4485120 || 4478+22 | 4384119

Width,MeV 110450 22+14 20040 83125 52+28

Significance 4.50 3.60 6.40 2.20 1.80

1* hypothesis is favored

Exclusion levels calculated from toy MC
o 1*is favored over 0" by 3.40
o 17,2 and 2* are excluded at levels of 3.76,4.70 and 5.1

A
A(-2 InL)

BR(B*>W’K*r) = (5.80+0.39)x 10
BR(B°> W’K*(892))=(5.550:22+041)x 10
BR(B°->Z(4430)'K*) x BR(Z(4430) DW'n)= (6.071723)x 10 63



Amplitude analysis of B=2>J/WKn

Analysis similar to Z (4430)* quantum number. Belle,PRD 90, 112009 (2014)

Resonances added : all K*(10 resonances) and Z(4430)*
Search for another Z_* is performed

1.2 GeV¥c? < MA(K,t) < 1.432% GeVZ/c*?

2 180} Total fit J" 0~ 1~ 1" 27 2+
& 160fAll K* component Mass, MeV/c?  [4318 + 484315 & 40| 4196135 |4209 + 14{4203 + 24
S 120 Width, MeV  [720 4 254| 220 + 80 |370 & 70| 64 + 18 | 121 £ 53
E 122 Significance 3.90 2.30 8.20 3.90 1.90
60 w 50
40| E 45F Value in data
20} _ ! New Z * is found (J°= 1*), Z_(4200)* § o 2 l1
e A ¥ S [ T R ¢ ¢ § 3
M2(J/y.1t), GeV2/c? g aof '
1.4322 GeV/ic* < MP(K,x) < 3.2 GeV7/c* 3 25F
<o 120F = M= (4196t§$f%)MeV " aof
3 100f | | +70+70 o
= =(370_70-132) MeV o
%,; 805— J[L_ f[ H06:75-5025"0 25 00125150
5 °%F P Jr"-:Jf o JP=1* favored AczinL)
b AT o While J? having 07, 1,,2" and 2* are excluded at the
20 .'+I- !
e levels of 6.10, 7.40, 4.40 and 7.00
O34 9678 20 22

M2(J/y.), GeV3/c?
M3(K,t) > 3.2 GeV?/c*

v F BR(B>J/WK*1r) = (1.15£0.01£0.05)x 103

5 { BR(B%J/WK*(892))=(1.19+0.01+0.08)x 10"

S ok BR(B%->Z,(4430)K*) x BR(Z.(4430) /W)= (5.47 137 33)x 10

£ wof BR(B°>Z (4200)'K*) x BR(Z(4200) 2J/Wr)= (2.2137*11) 10
o T BR(B->Z,(3900)K*) x BR(Z,(3900)- >J/Wm) < 9 x 107 (90% CL)

1
22
M2(J/ . 70), Gev2/c*



Z7+(4050) & Z+(4250)

Belle, PRD80, 031104 (2009)

T 1 | | 1 | | o1 | | 1 | | | 1 | 1 I _]
40 = - T
. x — 605fb'1 -
e o " E
= 30| —
(€D] — .
S 25 | —]
. o — -
Isobar model : S o E +_ E
XT- resonance+ known Kt* £ = : H =
[ab] 15 — |} N '-..'l ]
Without two Z* resonance TR _-"4» oot $i] -
With two Z*resonance . = + + + -
Two resonance preferred at > 50 = H g | L n
O Lo L) =1 I | il e I slpode |2
3.6 3.8 40 42 44 46 4.8
+ + m (mt— GeV
- Z: (707 %) ( )
BaBar,arXiv:1111.5919v2
M (MeV) 4051+14729 4248%22+180 200
+21 +47 +54 +316
I' (MeV) 82 17 —22 177 —-39-61 150
_ 5 2.3+19.7
B, X B,. (x107°) (3.17,0777) (4.0°20°0%

BaBar didn’t find any strong evidence (in their search).
However, they are limited by less statistics.

events/24 MeV/c’
o o
@] o
|||||||||||||||||||||

@]

4 1 1 1 1 4'5 1 1
m(Xc1 T‘-) Gev/%%



Events / 20 MeV/c?

Y(4260)

BaBar, PRL95, 142001 (2005)

S

. Y(4260)>)/Wnte] €
30 :f w? E_ ..
e o ] Initial state
g‘ e ,”mﬁ,Hlmoﬂn,Hﬂl@ i
20 376 3.18 -; -l.l2 4.4 4.I6 4.8 5_: rad’at’on e- y
10 ]
8OF " ' 7 " Belle, PRL99, 182004 (2007) ]
) " 548 fb! i
9% WG o wE o N—::::’ col R i Solution | .
m(rI/y) (GeV/c?) = o e tition i
S 40f N
= Y(4010)>)/ Wit
D 20 Y(4260)9J*/wn+n' )
© 4 4.5 52 55
Mt T JAy) (GeV/c?)
Name Process | M (MeV/c?) r (MeV)
BaBar(233 fbl) | Y(4260) JjWnn | 42594872 88+23*°
Belle (548 fb) | Y(4260) J/Wnn | 4247 +12 117 108 £19+10
Belle (548fb1) | Y(4010)? |J/Wnn | 4008 +40 *11% 226 + 44187

66
Also confirmed by CLEO-c and CLEOIII !



967 fb

Revisit Y @ Belle

120}
100 f

Co
o

Entries/20 MeV/c?
N (@)]
o o

D>
80 (g Cross section of
70 ete 2J)/Wn'r
H after

background

ﬂ{ subtraction

o(7'7Jly) (pb)
8

ed <o S| 7% AL 1?) %}++ ............ +++H++} T fh{'ﬂtw ++* ++L+*+ W
%8 4 42 44 46 48 5 52=54 3._8Hf-‘|1l 42 4|4 46 48 5 5,2 5.4

M(r 1 J/y) (GeV/C )

Ecm (GeV)

Parameters Solution 1 Solution 11
M(R)) 3890.8 = 40.5 = 11.5
I'o:(R)) 254.5 £ 39.5 = 13.6

receB(Rl — ﬂ-il/w)
M(R>)

rtot(RZ)

reeB(RZ - 7T+ ﬂ-_]/w)
¢

(3.8+0.6+04) (84+12=11)
4258.6 + 8.3 + 12.1
134.1 = 16.4 + 5.5

6.4+08+06) (20.5+ 1.4+ 2.0)

50 17 =11 —116 =6 £ 11 .




967 fb

Revisit Y @ Belle

120}
100 f

Co
o

B
o

Entries/20 MeV/c?
N (@)]
o o

D>
80 (g Cross section of
70 ete 2J)/Wn'r
H after

background

084 40 44 46 48 5 52 5.4 38 4

M(r 1 J/y) (GeV/C )

ﬂ{ subtraction

o(7'7Jly) (pb)
8

fy
SR + .............. + H#} Ty WH*H# ++* +‘|*+*++‘|'|'|*|+"

42 44 46 48 5
Ecm (GeV)

Parameters Solution 1 Solution 1I
M(R)) 3890.8 £ 40.5 = 11.5
I'o:(R)) 254.5 = 39.5 = 13.6
I',BRy— 7w @ J/y) (B8*+06*x04) (84x1.2=x11)
M(R») 4258.6 = 8.3 = 12.1

I'«(R5) 134.1 £ 16.4 £ 5.5

reeB(RZ - 7T+ W_.]/Lb')

¢

(6.4 £0.8 *=0.6)
50 17 =11

(20.5 = 1.4 £ 2.0)
—116 =6 £ 11

5.2 5.4



Intermediate state in Y(4260)—=2>J/Wnn

967 fb

1.5- )/ pass sideband
r -

22

20

o 0

—

S(9/N8D) (2,2), N

M?(+Jhy) (GeV/c?)?
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967 fb

> . :
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Events / 0.01 GeV/c?

Belle PRL110, 252002 (2013)
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— Fit

— Background

Measured properties
= Mass =(3894.5+6.6+ 4.5) MeV
= Width = (63+24+26) MeV

=== PHSP MC

BR[Y (4260) — Z(3895)*n7]
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1 1 1 1 | 1 1 1
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1 I 1 1 1
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At as = (29.0 £8.9)%

M., (mJly) (GeV/c?)
Test hypothesis that interference between S and D waves in 1t*rt system might produce
structure similar to the enhancement.
» Partial waves alone cannot produce J/Wrt* invariant mass peak near 3.9 GeV/c?.
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60}

40}
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—+— Data

— Total fit

=++= Background fit
== PHSP MC

+ [ sigeband
[\

3.7 38 39 4.0
Mnax(mtJNy) (GeV/c?)

BESIII at 4.26 GeV PRL110, 252001 (2013)

Measured by BES Il
= Mass =(3899.0+3.6% 4.9) MeV
= Width = (46+£10+20) MeV

BR[Y(4260) — Z(3900)*r*]
BR[Y(4260) — J/Yymtm~]

= (215 +3.3)%

T. Xiao, et al. PLB 727 (2013) 366 -,

Using CLEO data, T. Xiao et al. has also confirmed Z* and claim for an evidence for neutral Z !



Notes from the Editors: Highlights of the Year

Published December 30, 2013 | Physics 6, 139 (2013) | DOI: 10.1103/Physics.6.139

Physics looks back at the standout stories of 2013.

As 2013 draws to a close, we look back on the research covered in Physics
that really made waves in and beyond the physics community. In thinking
about which stories to highlight, we considered a combination of factors:
popularity on the website, a clear element of surprise or discovery, or signs
that the work could lead to better technology. On behalf of the Physics staff,
we wish everyone an excellent New Year.

— Matteo Rini and Jessica Thomas

Four-Quark Matter Images from popular Physics stories in 2013.

Quarks come in twos and threes—or so nearly every experiment has told us. This summer, the BESIII Collaboration in China and the
Belle Collaboration in Japan reported they had sorted through the debris of high-energy electron-positron collisions and seen a
mysterious particle that appeared to contain four quarks. Though other explanations for the nature of the particle, dubbed £.(3900)
are possible, the “tetraquark” interpretation may be gaining traction: BESIII has since seen a series of other particles that appear to
contain four quarks.
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Evidence of neutral isospin

partner of ZZ (3900) is observed
inete” > 17 J /Y

M = (3886 + 6 + 4) MeV
[=((B33+6%7)MeV

PRL 115, 112003(2013)

= (3894.8 + 2.3 + 3.2) MeV
['=(29.6 + 8.2 +8.2) MeV

Isospin triplet of Zc(3900)+ estalished
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Events/(0.005 GeV/c?)
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20
0
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Events/0.0125(GeV/cY)

72(4020) inete™ » n°n%h,
BESIII, PRL 113, 212002(2013

e Using data collected @4.23, 4.26 and 4.36 GeV to
study ete™ - 7%h,

» Evidence of neutral isospin partner of ZZ(4020)
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Width is fixed to that of Z,(4020)* M= (4—023 6 + 2.2 + 3. 9) MeV
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Summary
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Frank Wilczek (on long-distance QCD)

https://www.edge.org/conversation/frank_wilczek-power-over-nature

We have something called a
standard model, but its

~ foundations are kind of

- scandalous. We have not known

how to define an important

part of it mathematically

rigorously,...

: Frank
. S Wilczek

From Olsen’s talk at Vietham 2016
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