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Tales of two B

e* e asymmetric colliders, excellent machine build
» To test Standard Model mechanism for CP violation in B decays.
» For precision test and search for New Physics beyond the Standard Model
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Clean and ideal place to carry charmonium spectroscopy related business.
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L?Jelle to Belle Il
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/Vertex detector
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Real particles are color singlet

Baryons are red-blue-

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

A=usd n=ud
Other possible combinations of quarks and gluons :

Pentaquark Hexaquark Glueball

5=+1 .. Tightly bound Color-singlet multi- )

Baryon | 6 quark state gluon bound state

Molecule

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

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

anti-diquark

'y

.. . 11
artistic illustration
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cc (-like) states till now
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2 decades has passed after the discovery of first cc-like [ X(3872) ] by the Belle collaboration.
Plenty of states have been found.

Several states are seen in one process (not easy to understand).

States have a non-zero charge, suggesting them to be tetraquark/molecule-like states.
Instead of conventional spectroscopy, it is now exotic spectroscopy.
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Production of cc (-like)

Double
Charmonium

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

e Reconstruct

J/W and look
at recoil mass vy

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

Annihilation at smaller energy. Two photon production e+

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

e
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Events/0.010 GeV

X(3872) aka y.1(3872)

The most famous cc (-like) state

X(3872) was discovered in 2003 by Belle.
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PRL 91,262001(2003)
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0.40 0.80 1.20

My - My, (GeV/c?)

World average mass = 3871.64+0.06 MeV/c?
X(3872)>)/ynn

LHCb 3871.64+0.06%0.01
JEHP, 08 (2020) 123

Belle 3871.854+0.27+0.19

PRD 85,052004 (2011)

Mass near D° and _D*°_thresho[d - 3871.69+ 0.07 MeV/c?
How is it related to D° D™ ? D° D' molecule or something else ?

X(3872) much narrower width (I" = 1.19+0.21 MeV) than other charmonium

states

Observed in D° D*® mode.

above D D threshold.

PRD 107, 112011 (2023), PRL 97,162002 (2006),

PRD 77,011102 (2008) and PRD 81, 031103 (2010)
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~

p°(w)

X(3872)

@c Radiative decay and X(3872) structure

Py

Radiative decays can proceed via two mechanisms:
v Vector meson dominance
v’ Light quark annihilation

Jhy

If pure molecular :- Phys.Rept. 429,243(2006) ~10~2 D(D")
BR (X(3872)> w'y) < BR(X(3872)>> J/wy) X(3872)

D(D)

D*(D)" Jhy, '

If tetraquark PRD 109,074009(2024)

BR(X(3872)> y'y) = BR(X(3872)> J/yy) ~0.8-1.1

If X(3872) is 1** cc :- PRD 73,014014(2006)
BR(X(3872)> y'y) > BR(X(3872)> J/yy) ~5—15

If X(3872) is admixture of D° D*® bound state with a ¢ ¢ meson :
BR (X(3872)> 'y ) /BR(X(3872)~> J/wy ) will suggest the admixture ratio, ~0-5 =3

Precise measurement of this ratio is important to understand
X(3872) nature.



What one learn from radiative decays ?
BESIII
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LHCb14, NPB 888, 665 (2014)

LHCb24, Paper in process

BaBaR PRD 77,111101(2008),PRL 102,132001{2009)
BESIII PRL 124, 242001 (2020)

Compact tetraquark, PRD 109, 074009 (2024)

Admixture of 7 ¢gin D° DT, PRD 85, 114002 (2012)

Pure T, PRD 69,054008(2004), PRD 73,014014(2008)
Tetraquark state with 17, PRD 84,014006(2011)

Pure molecule, PRD 72, 054022(2005), PR 429, 243 (2006)

D° D™ molecule with T~ ¢t, PRD 86, 113007 (2012)

Belle PRL 107,091803(2011), PRD 84,052004(2011)

0.1} S S

R

0 1 2

BR(X-YP'y) N
BR(X-] /py)

BR(X~]/¥y)

BRX~]/Ppw) BRX-Y'y)

Will be easy for to test models, if theory can provide

Comparison can be more refined !

BRX-] /) * BR(X~] [pmer)

BRX=]/¥y) 18




Analysis procedure
Reconstruct B (of interest) /

Common variable used in analyses

/M—\/E \

beam

AEZEB_Ebeam -e) -eJk /

My, .
- /
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Radiative decays in B meson

X(3872) , %1 s > JW Y Xerca K(KSP)

h ete orutu I ' B

Reconstruction
of B X(3872) K (K)

b

Y3 531532523524 5.255.265.27 5.28 5.29

0.2

015
ol .

005

0 0.05 0.1 015 0.2

s . Signal window cut in
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AE =

005F

01

0. 3 5315.225235.245.255.26 5.27 5.28 5.29

-0.15 |

0.2 -0.T5 -0.1 -0.0"

MC for illustration purpose
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Radiative decays in B meson

MC for illustration purpose
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772 M BB

B->X(3872)K

PRL 107, 091803 (2011)
§ 3° 30,0722
= 25
@ X(3872)K*
> 20
2 -
Pt H (!
“‘mﬂhﬂw W' lH_HN
97538 385 "'3'."52' 305 2
M, , (GeV/cY)
§ ;. 5733
- 0
R X(3872)Kq /\
@ 3t T
1 i :
E\ b | L‘,. ! L ‘. ll . ‘ L ‘ L
Q7538 385 3.9 395 4

B->(J/yy) K

Mode Events Significance
B*->X(3872) K* 30.0°82 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

BR (X (3872) = J /wy)

BR (X (3872) > Jwnrr)
Using Belle X(3872)->J/ynn result from
PRD84,052004 (2011)
> BR (B°-> X(3872) K°) x BR(X(3872) = J/wy)
is <2.4x10° (@ 90% CL)

=0.22+0.05

- o Current measurements are statistically limited.

o With current statistics, one can expect.

statistical uncertainty of ~ 0.38.




MC Search for X(3872) 2y(2S)y B (w(25)y) K

X(3872) > w(2S) y

h Jynw
or
h ete orputyw

o Low energy vy

o Cuts used to reduce
background in B=> (J/yy) K
study, reduce more signal
than background in

B> (y(2S)y) K

0.12
[ X(3872)>y(2S)y
o1t La DI vy
0.08 | X(3872)>1/yy
0.06 - Normalized to unity
0.04 |
0.02
%9 02 04 06 08 1 12

E

Y

1.4

Photon selection

v E,>100 MeV

o Y(2S) K* veto used to reduce background
coming from B> y(2S)K*
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B>(y(2S)y) K

16 Consist of 5 parts : 2
- y(2S)211 X(3872)K* 7
14} \ [ BODys)Ke ) |
12} MC B*>y(2S)K™ \23
ol B*Dy(2S)K* N
i BO->y(2S)K O 5
81 \ - ! -/ 15|
: \ |
6 @ r [
: § E Combinatorial including 10+
4 o ﬁj g non y component 5
27
SN £ Corrinsaeas anstissensbaritpardllicrAUUI
%7375 3.8 3.85 39 3.95 4 405 4.1
M\II(ZS)Y

Background study Belle MC

(2S)=2>)/wnr X(3872)K+

///////

,,,,,,

LA

/Y /
/ j/)jf" 7
/S 7/
/
7/ / s
/ s
f vy
/
/
Yy Iys
/
A Sl /
i/ Iy
L /
////
J
. Iy
s rd /
T 4
J

M\V(ZS)Y

Parameterize and fix using generated y(2S)K* and y(2S)K
large samples (few 100 x data size)

Parameterize and fix using large B> y X MC and non-y
data sideband

v refers to J/y or y(2S)
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Events/ 9.5 MeV/c*

772 M BB B 9)((3872) K B->(y(2S)y) K

PRL 107, 091803 (2011)

22~ o D
20 B3 y(2S)>1I > 30 y(2S)>)fynn
18: BELLE + + E i
16 B> XK* | = 25
14— Signal 2 ab
12~ 12 t
10— 5111 :’: -
8- ||l -
6 | o] -
4% AL el 040 v
Q75 38 385 39 395 4 Q7538385 39 395 4
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Mw'v M\I/'Y ] ]
Y(2S)K*, w(2S)K No signal observed Combinatorial
background component background
i~ W
BELLE \V(ZS)%I’ % 10 \V(ZS)%J/\I"RE
6 =
5L B> XKL | @ 8
- A T
4- T +4.8 € 6 T T
A 1 I 1.575, E’ i
g w4
2T e T 03 | 2
1 T ‘T‘Tr ' -
9 "398 305 4 %75




Belle + Belle Il combine study

One can reanalyse the Belle data while analysing the Belle Il data. Preliminary
This way one can exploit the full potential of both experiments. Belle Il MC toy
Current available data set (for illustration purpose)

o Belle :711fb'
o Belle Il : 363 fb! (processed good runs)

. Mbc

Belle Il reconstruction efficiency is 15-20 % more than Belle.
o Thanks to the better tracking and reconstruction algorithm.

In Belle, we plan to re-analyse the data differently
o Extract signal using fit 2D UML fit to M, and My, distributions
o This way one can be more confident about the robustness of the analysis.
o Using BDT to suppress B — Y(2S)K™ for better sensitivity.

Will use Bt - X(3872)K* and BT - X(3872)K? decay mode
Simultaneous fit to be performed to Belle and Belle Il data set.

Rough estimate suggest :
» ~50 events for B*=> X(3872) K*, X(3872) =2 J/wyy
» 24-34 events for B*> X(3872) K*, X(3872) > \|l(25)y (using recent LHCb result)
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In Progress ! Background study Preliminary MC
7000| B ves < & 5000 Ml v ey Arbitrary y-axis
s =i F 4000 - F 'y
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% 1000 r 1

1000 epapaaaama
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> Reduce the K*

i n | [ e e

375
M, (GeV))

component using BDT.

M, s, (GeV))

» However, one has to be careful.
» Without understanding BDT, there is a danger of shaping background more like signal

One trained BDT example

; i';,r: ."‘ e { : 5 Sy R ,_ :
38 38 39 39 4 405 441

5000i G HH
4000[ SOOQf i
40005
B+9 X(3872) K* ) 3000~ 3000 '
S [l
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MC preliminar oo R .
P Y 955 5255 526 5265 527 5275 528 5285 529 After BDT cut 98 ss2 384 386 | 388 39 302 ‘3M9?1

6000

5000

B - Y(2S)K*
MC preliminary

2000-

1000~

4000;

3000

(for illustration purpose)

1200
1000—
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400

[ - : fiez: M
5275 528 5285 6.29
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T 1 Ml [ L Il
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3.92 3.94
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Conclusion

Radiative decays of X(3872) help in its understanding
o Belle previous result BR(X(3872)2>W’y)/ BR(X(3872)>J/Wy) < 2.1 resultis consistent

with recent LHCb result and also BESIII result.

I icore. NP 886, 665 (2014)
0 8 LHCb24, Paper In process
2 [ ] 8aBarPRO 77.111101(2008) PRL 102,1320012008)
BESHI oo BESIN PRL 124, 242001 (2020)
0.7 225 8T compact totraquark, PRD 109, 074000 (2024)
b EE] Admixture of 1°* ¢t in 0° D, PRD 85, 114002 (2012)
0.6 m Pure 1, PRD 69,054008(2004), PRD 73,014014(2006)
[Ej Totraquark state with 1, PRO 84,014006(2011)
0 5 E Pure molocule, PRD 72, 054022(2008), PR 429, 243 (2006)
¢ 55 0° D7 molocule with 1 ¢, PRO 86, 113007 (2012)
] 0 4 51 Bolle PRL 107,091803{2011), PRD 84,052004(2011)
-
ey -
|
-~ =~
Rk BaBar C
Sl 0.3
g
Sla
0.2
0.1
2 * ~
0 : 2, L L ? l L LA 1 i 2 i 5 2 l LA L 1
0 1 2 x4 5 6 7
BR(X—]/Py)

Useful to have theoretical predictions for a particular model in all three ratios :
BRXJ/by)  BRX] /o) BRX-Y'y)
BR(X~]/pmm) " BR(X~] /) BRX~]/$y)

One should be able to constraint the model
» Belle Il is working to (re)analyse the radiative X(3872).
» We expect 24-34 signal events for B*> X(3872) K*, X(3872) = w(2S)y (using LHCb recent result).

L)

0

>

L)

L)



= Even after lot of work put by scientific community.
= X(3872) is still playing hide and seek.

Three experiments: Belle Il, BESIIl and LHCb measurement will help in solving its
mystery. »



Thank yotu
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PRL 102, 132001 (2009)

(m,,,, Disiribution, Data vs. MC | [[m, Distribution, Data vs. MC |

W T B L B ey

3 Babar

w

§ MC
data

Raw

82 522 524 526 528 53
m,.., (Gevicd)

Signal Events [ (5 MeV/c?)

sPlot fitting
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[Mies_DiStribULION, Data vs. MC | ['m, Distribution, Datavs.Mc ] PRL 102, 132001 (2009)

‘o‘ L] T I L] L L) ‘ L) ¥ L] I T ¥ T l L] L] P L) L} ' L ) T T L I L | T L) T I l
> 45 § 2
s 2 2 Babar
v 40 w
2 3
s © g Mc
w30 w14 data
25t 12
20 10
- 8
Raw 155 . I
comparisonog ’
5;— 2 L
SIS BT BT B o - ]
8525 524 526 528 53 3.8 3.85 39
Meee (GEVIC)
€ L I L] L) L) T l L] T T T l ¥ T T L) ' L) ‘H
L 15 —
- i -
: | (a) -
10, - -
g 10 .
sPlot fitting E ’
& O 7
. .
5 32




772 M BB B%Xcl i K

Events/ 5 MeV/c?

Events/ 5 MeV/c*

180
160
140
120
100
80
60
40
20

B->(J/yy) K

PRL 107, 091803 (2011) ’
First Evidence for B*->y, K*
Mode Events Significance
2 (o)
B*>y K* 2308'%
B*>yx, K* 32.8%, 3.6
_ - Significance include systematics
M,/ BR (B* D, K*) = (1.11 £ 0.35 £ 0.09) x 105
;: Mode Events Y (o)
3 BO->y,K° 542+24
_ B> ,K° 2.87%1 0.7
3 BR (B°>y, K%) < 1.5 x 105 (@ 90% CL)
g “ = ‘3.5 o i 36 365
IVIJ/w
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