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Belle experiment
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Integrated luminosity of B factories

(fb™")
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Channel Belle BaBar  Belle II (per year)
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On resonance:

Y(5S): 121 b !
Y(4S): 711 !
Y(3S): 3fb!
Y(2S): 25 b
Y(1S): 6 b}

Off reson./scan:

~100 b}

~ 550 fb™!

On resonance:

Y (4S): 433 fb!
Y(3S): 30 fb !
Y(2S): 14 fb !

Off resonance:

~54 fb!



08 T X (3872) observed at Belle
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X (3872) confirmed at DO, CDF
X(3915) [as Y(3940)] observed at Belle
Y (4260) observed at BaBar
X2(2P) [as Z(3930)] observed at Belle

Belle accounts for ~1/2 of the discoveries,
including the first X, Z. and Z;, states !!

Y (4260) confirmed at CLEO-c
X (3940), Y (4008), Y (4660) observed at Belle
Y (4360) observed at BaBar
Y(4360) confirmed at Belle
X(3915) [as Y(3940)] confirmed at BaBar
X (3940) confirmed at Belle
7%(4050), X (4160), Z*(4250), Z*(4430),
observed at Belle
Y (4140) observed at CDF
X(3915), X (4350), Y;(10888) observed at Belle
xc2(2P) [as Z(3930)] confirmed at BaBar
Y (4274) observed at CDF
X (3915) confirmed at BaBar
Z,(10610)* observed and confirmed at Belle
Z5(10650)* observed and confirmed at Belle

X (4630)

X (3823) [hkely ng(lD )y Z(10610)" observed and confirmed at Belle
Z,(3900)*, Z,(4020)* observed at BESIII
(3900):t confirmed at Belle
Z,,(3900)0 observed at CLEO-¢
Z,(4020)° observed at BESIII
Y (4140) confirmed at D0, CMS
Y (4274) confirmed at CMS
Y (4660) confirmed at BaBar
7,(4020)* confirmed at BESIII
Z%(4200) observed at Belle
Z+(4240) observed at LHCb
Z%+(4430) confirmed at LHCb
X(3823) [likely 2(2D)], Z(3900)°, Z:(4020)° confirmed at BESIII
Z.(4055)* observed at Belle
Y (4230) observed at BESIII
P,/ (4380), P.M (4450) observed at LHCb
Y;,(10888) no longer observed at Belle
X (5568)* observed at DO
X (5568)* NOT observed at LHCb
(4140), Y (4274) confirmed at LHCb
(

X (4500), X (4700) observed at LHCb

adapted from Lebed, Mitchell, Swanson, PPNP 93, 143 (2017)

L
L
lA)-"fJ

=]

T

RL91,261801(2003) |

X(3872)—Jhym*

HWJMW

T T

'
Events/0.01 GeVic®

Ml+l—n+7t- M/+1 (GeV)

(Events/4 MeV/c?)

120

8

SRLJL L L LI A A A A B B TTrT T rrT
[ T T I |

120

vanmv %)

0
10.58

LA BN L IR LA LA L IR LA LA BN LB

(e)
Two Zb - Y(nS)m*

PRL 108, 122001 (2012)

T NS NS § VA W NN

10.70
(GeV/c?)

1062 1066

M(Y (3S)m)

10.74

max/’/

4-



The first XYZ state: X(3872)

Belle’s most cited paper: 1700+ [PRL9I1, 262001 (2003)]
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A gift from B-factory
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X(3872)
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To understand it, we need to know

» Mass, width, and J*¢

* Production mechanism of X(3872)

* Decay patterns of X(3872)

* Absolute branching fraction of X(3872)

* An exotic bottomonium counterpart: X,



Mass, width, and JF¢
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very close to D’D*? threshold!
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r(3872)

The measured peak height is

sensitive to X(3872) - MC generator information

o(M)=4 MeV

PRD 84, 052004 (2010)
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]PC

A five-dimensional angular correlation analysis in BY —» K*X(3872), X(3872) — p°J/v,

p® - wtn~, J/P - putpu~ with 1011438 events. |C089 | > () 6
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Production mechanism of X ( 38 72)

* Bottomonium radiative and inclusive decays
A} decays
* Exclusive photoproduction reactions

-12-



Bottomonium radiative and inclusive decays

Belle has the largest Y(1S) and Y(2S) data samples in the world.
Y(1S) radiative decay
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Y(2S) radiative decay
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B(Y(1S)/Y(2S) — yX(3872))B(X(3872) » ntn n'] /Y ) < 2.8/2.4x107°

13-



&:140_-_'1_1-.1-1_1-.-
= 3.80 < et - < 3.95 GeV/c? |
Elﬂ%'—*x@K+ ecLHCb
S e —
E 80; «==wss combinatorial bkg. + _f
'_cg - total + !
= 60 + + =
3 q0p 4 ! j
O 40¢
- +
> MMMW*M"Z """" %ﬁ%ﬂ +++++ Hw%
—EIQ_L_L4+
5.58 5.6 5. 62 5 64 5 66
Mypprtn-pk-  |[GEV/?]
&£ 80— 11—
% 70§_ 5.61 < myp b pr— < 5-63 Ge}_/J/IfIQCb .
o 6o .
7 SoF 720 -
= a0 . ;
o
O 20 =
mﬁw ol “L*J”f ; *L# H
0 ----------- 4 ------------------ . L "
3 8 3 85 3.9 3 .95

X(3872) in A} decays

A 2D unbinned fit to M(J/ym* ™ pK™) and M(J/ymt ")

- ch
JHEP 09, 028 (2019) %

pp collision: 1.0, 2.0 and 1.9 fb™! of integrated
luminosity at the C.M. energies of 7, 8, and 13 TeV
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Exclusive photoproduction reactions

PLB 783, 334 (2018)
congs

M(X(3872)) (3860.0+104) MeV/c* | 2 SF o~
rX(3872)) <51 MeV (90% C.L) 3 F ATLAS * C st
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6yN—>5§(3872)nN’xBX(3872)—>]/lIJ1T1T 71428 (stat)+39(syst) pb 55_
The observed state is the C = -1 partner of ;£ » }
X(3872) as predicted by a tetraquark oF +
model[PRD 71, 014028 (2005), PRD 89, E t
114010 (2014)]. ST I T 0
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Decay patterns of X ( 38 72)
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¢ X

X

X
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(

3872) v/ ¥
3872)— yy(2S)

3872) - %4

3872) - w]/ Y

3872) - D°D*?

3872)— pp and X(3872)— ¢
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Observation of X(3872)— y] /W

BT - X(3872)(— J/yy)K*

PRL 102, 132001 (2009), 424/fb
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The decay X(3872)— y] /W has
been well established.
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Events / (5 MeV/c?)

Debate on X(3872)— yWi(2S)

B+ - X(3872)(~ w(2S)y)K*

15 40
- B(X(3872) - y(25))/B(X(3872) - y(25))
. o
10| S 30 BABAR 3.4+1.4
: v
f 2 25 Belle <2.1
5t  ,
2 LHCb  246+0.46+0.29
0 |5
[ s 10
. g
-5 : 0 lsoova iy L."l‘:n. Levaova v aiy ¢ A pure DOE*O mOIecule
375 38 385 39 395 4 proposals can accommodate

M, ), (GeV/c?) decays to Y]/, and the
branching fraction for yy(2S)

Candidates/ (10 MeV/c?)

- is expected to be very small.
30—
N « Arelatively large branching
20 - fraction for X(3872)— yy(2S)
- is expected if the X(3872) is a
= pure charmonium or a
10— .
- mixture of a molecule and a
. N charmonium.
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X(3872) > 1%

If the X(3872) is a conventional cC state, pionic transitions to the x; should be very

small

X
(RXcl/tlJ

= B(X » %)/ B(X - T 1) & 4%) [PRD77, 014013 (2018)].

If the X(3872) is a tetraquark or molecular state, the ratios of the pionic transitions
are excepted to be sizeable [PRD77, 014013 (2018)], PRD92, 034019 (2015)].

ete” - yX(3872)

PRL 122, 202001 (2019), 9/ fb

NU :
s T BESII
m -
= _
To R
S | X(3872) - 1'%y
5 °F
> u
LU _
21
1:— 4! 4]_{ +
0 : P B e St e s s | LA 2 PR e ep—"
375 3.80 3.85 3.90 3.95 4.00

B(X - T[OXcl)
B(X - ] /)

< 0.887933 +0.10

Clear signal of X(3872) in
Y(4620) region, NX(3872) —
16.9132

First observation of X(3872)—
10y 1 with significance > 50

BESIII results disfavors a pure
cc interpretation for X(3872)
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Bt - X(3872) (- m%.)K?

PRD 99, 111101(R) (2019), 711/fb

250F(2) 806 + 69

KEER22 Belle result < 0.965 (@90% C.L.
—— BESIIl result 0.88°2+0.14

-0.26~
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X(3872): 0.30 .
X(3915): 2.30| The Ry . ,, from Belle does not contradict the

%12 BESIII result. But more data collected at Belle
IT are expected to study this process precisely.

I|IIIIII

Upper limits at 90% C.L.:
B(B* - X(3872)K")xB(X(3872) - 1xcy)
[l <8.1x107°
T UL A A TR T R 0
BIE R s aes 4 oes B(BT - X(3915)KT)XB(X(3915) ~ m X<:1_)7_
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Events/ (5
TTT m

B o Ao
IIIIIII




X(3872) - o]/

Unlike X(3872) — J/ym*n~, X(3872) = w] /P decay process conserves isospin symmetry.

B - X(3872)(— w]/Y)K
0.760 GeV < M(nt*n~ %) < 0.805 GeV

i 1 1 1 I 1 1 1 I 1 ] NQ

30 [-P) ey - 2
B BELLE . E

B ¢’ PRL 94, 182002 (2005), 253/ tb g

i h 2

20 — — m
10 >
I ] s

i S

O y 1 1 1 l l+ 1 1 I 1 | %
>

3880 4080 4280 =

M(oJAy) (MeV)

BaBar: 2 resonance: X(3872) + X(3930)
Belle: only X(3930)

Finally, X(3872) — w]/{ was established
by BESIII with >50 significance.

0.5 GeV < M(mtn n®) < 0.9 GeV:nand w

400

3.85
40 for X(3872) +

200

- * T
: Bt fpgtion
40 L & 000 Y(3940) -
i * * — ' Nonresonant -

200 [~

BT
T B° decays 1

From BaBar: my,,, (GeV/c?)
M(3872) = 3873.0718(stat) + 1.3(syst)
B(X - w]/¥)
B(X - J/ymtnT)

= 08403 _5q_



X(3872)— D’D'n’ and X(3872) —» D’D**
D

&A»] B - X(3872)(— D°D’n®)K B — X(3872)(— D°D*)K
BELLE

N — PRL 97, 162002 (2006), 414/fb

030 _(“li ..... S 1 NQ 165‘(é)' L S L B S B

> | e4r T @ = uf PRD 77, 011102(R) (2008), 347/ fb

s | E = = 12f E

0 20 B | 1 % g 1 3 10F 490 ]

: s 2 B T S s

™~ 5 " 12 K 6k

« L -

810_ S AR H HT

Y00 EEEESRie IR
0 k R 0 3.9 392 394 396 398 4

O 0.0255 0.051 0.0765
M(D°D°r°)-2M(D°)-M(=°) GeV/c?

>30 higher than the

X(3872) Mass (MeV/c?) 38752+ 0.7%%2+08  3875.137+05  world-average value

PDG 3871.69+£0.17 of the X(3872) ey

D 'D° Invariant Mass (GeV/c?)



X(3872)— D°D*°

PRD 81, 031103(R) (2010), 605/ b

25 1af
. F D*->D% ~ 4oF [ D* > D1
% 20 B F
L “t 2
E, E I E 10
15 [ : L J " .
2 10 I : 2 6 ——
5 | ‘II I i 5 3 H { B(X - J/ym+nT)
w 5 '_ » - } w E ) l— L ] l J.lll z];()
u !I 2 T {l 1
3880 3900 3920 3940 3960 3980 0 3880 3900 3920 3940 3960 3980
M(D*D) (MeV/c?) M(D*D) (MeV/c?)
Sample My MeV/c?) T (MeV/c?) Yield e X B B (1074 o
D* — D% (XK* and XK") 3873.4 = 1.0 4231 26.2199 456X 107*  0.87 =028 +0.10 4ddo
D* — D°7% (XK* and XK°)  3872.8£0.7 3.1+ 2200007 493X 107*  0.68+£026*0.09 680
All (free Dy/D°7" ratio) 3872.910¢ 3.9%27 50.6%142 949X 107*  0.81£020%0.10 790
All (fixed D%y/D%7° ratio) 3872.910¢ 3.9°1% 50.1%11F 949X 107*  0.80*+0.20+0.10 _ 790
B* — XK* 38729 (fixed) 3.9 (fixed) 41.3%%1 817X 107* 077 +0.16 £0.10  7.60
B’ — XK° 3872.9 (fixed) 3.9 (fixed) 8.4%32 1.32X 107% 097046 *0.13 280

(3872.9106102) MeV/ 2 (3.9128+0-2y MeV /2 (1.115:6%93) MeV/ 2

-23-



X(3872)— pp and X(3872)— 010,

500

PLB 769, 305 (2017), 3/ fb b — hadron (B*, B, B¢, B,
and b-baryon) inclusive
B* — X(3872)(— pp)K* decay
105 E T T T I T T T r | T T T ’ | El N T—TT ™TT T—TT T™T"T T™TT T
S [ LHG ,ag > . l,,(.(ls) ' ' ' ' ]
z 10 . ZCD 2000 — LHCh —
s 1 = : ]
g0E 4 ST1500F EPJC 77,609 (2017),3/fb -
5 f ] S - -
TS = _ i
; = 1000 3
10 & 5 i
- - ]

“'I.i‘" 1 ‘f': !:" e "‘e., "J} I."'u it e i ::;: { B ple—— L 1 P
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Absolute branching fraction of X(3872)
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Motivation:

* The determination of the absolute branching fraction B(X(3872 —
J/UnT ) brings useful information regarding the complex nature of the
X(3872) particle.

* The original tetraquark model [Phys. Rev. D 71, 014028 (2005)] predicted
this branching fraction to be around 50%.

* Various molecular models [PRD 72, 054022 (2005), PRD 69, 054008 (2004)]
predict this branching fraction to be < 10%.

Analysis method:

® Fully reconstruct one of the two charged B mesons (By,,)
® [dentify the signal by calculating K momentum in the B
missing mass recoiling against

sig System or

Detect Detect

G,

Identify by MM

hadronic decay




« B-tag: BaBar: D(H; Belle: D™ /DE/T/y+H
* BaBar: NN1 + NN2 to suppress continuum events
and reject secondary kaons from D meson decays

D

O

OELLE

* Belle: NN to suppress continuum events
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mx = \/m2B + m%( —2Egkmp Mmiss(h) — \/(pe+e‘ — Ptag — ph) /C
L T A R R R L - 5000
E 700: PRL 96, 052002 (2006), 210.!\3££b E i ) X(3915) M
S s00f E i X(3872)| , sasgt *
5 3 S0 y(3770) b
> = 3 4 - %
S8 400_— - ; -
3002( ER. 300022+ PRD 97, 012005 (2018), 711/ fb
= . o) -
N
- y v T . © I
100f- XohXi  Xod T 2000
C . ‘(e -
N R T R T e S T TR W S WL I S i
Kaon momentum (GeV/c) u>J B
N 1000~
B=—2"_ B(B~ - X(3872)K") < 3.2x10~*at90% C.L.[
2NBi€ i
X _ - +-—) 0L | I | |
Assuming B(B_6—> X(3872)K™)B(X(3872) - J/yn*n™) 375 38 T 3.5 395
=(8.6£0.8)x10 M, s (GEV/C?)
BaBar B(X(3872) - J/dmn7)>2.7% B(B~ - X(3872)K~) < 2.7x10~* at 90% C.L.
Belle B(X(3872) - J/Pmtn)>3.2% -27-




If more than one B candidate is found in a given event, all
candidates are retained.

* increase the efficiency

* decouple the signal and tag sides in B'B~ events
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B(B~ - X(3872)K™) = (0.96 + 0.12(stat) + 0.06(syst) + 0.03(ref))x10~*
B(X(3872) » J/yn*nT) = (4.1£1.3)% -28-

This measurement therefore suggests that the X(3872) has a significant molecular component.



Search for X, state

¢ X, ot Y(1S)
¢ Xb — (UY(lS)
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X, > ' Y(1S)

* Xp: A similar state with J°¢ = 1** in the bottomonium system
* The existence of the X}, is predicted in both the tetraquark model [PLB 684, 28
(2010)] and those involving a molecular interpretation [PRD 88, 054007 (2013)

JHEP 07, 153 (2013)]. .
s
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Unlike the X(3872), whose decays exhibit large isospin violation, the X, ('D

decay preferably into m*n~ Y (1S) rather than ™~ Y (1S) if it exists
[PRD 88, 054007 (2013) , JHEP 07, 153 (2013), EPJC 74, 3063 (2014)]. QD

ete” - ynTn nlY(1S) at /s=10.867 GeV
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N -4-Data ] o
. ook __yX MC 4 Thered .sohd hlst(?grapl:
o - )l b MC 4 Normalized contribution
> - — Py 1 ofefe™ » wyy; (J=0,1,2)
= 15[ o sideband —
2 ] { The red dashed histogram:
a 10 — The yield fixed at upper
g | 1 limitat 90% C.L.
Y5 -
ot -

10.2 10.3 10.4 10.5 10.6 10.7
M(wY(1S)) (GeV/c?)

B(Y(10860) - yXp)xB(Xp, » wY(1S)) vary smoothly from 2.6x107> to
3.8x1075 between 10.55 and 10.65 GeV/ 2. -31-



Now, we know

M(X(3872)) is very close to DD* threshold; I'(3872) is very
narrow(<1.2 @90% C.L.); J*¢ = 1+

X(3872) has been observed in B decays, pp collisions, A},
decays, etc.

X(3872) decays to y]/W, %1, @]/ P, and D°D*°.

BR: open charm ~50%, charmonium ~O(%) [B(X(3872) -
J/gmtnT) = (4.1+£1.3) %]

X has not been observed yet.
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ey Thank h!
Many other possibilities ... TS M -32-



Thank you for your attention!

BBIRS !
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