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* Highlights

= KEK, Tsukuba, Japan

The Belle Experiment

(™)
1200

| ——KEKB -
600
400 -

200

+ - . 1998/1 2000/1 20(;2ll 200‘4/1 20(;6/1 2008/1 201‘011 201-2/1
e”e™ collider (KEKB) Time Of Flight Counters
v Operated at CM energies P \N ~.;\ Aerogel Cherenkov
S\ Counters

near Y(nS) resonances of bottomonium  Superconducting

Operation 1999-2010 Solenoid
Collected £L~1 ab™1
500 members, 21 countries

S Electromagnetic |
= More than 500 publications Calorimeter
Resonance Integrated Luminosity
-1 Central Drift
weve 7 {15) o
Analyzed: Y(25) 25 tb
—> 7(35) 3 b
—> 7 (48) 711 b1 |
1(55) 121 fb! Silicon Vertex Detector W/ K, detection
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vircinia Tech. Bottomonium Spectroscopy
- Bound state of bottom quark/anti-quark (bb)

(ZSH)LJ 1S 3S 3P 3P 3P 1P 3D 3D 3D 1D ??9
0 1 2 1 0 1 3 2 1 2 !

—~11000
= Analogous to hydrogen/positronium (e*e™) =S
= Large constituent quark mass = nonrelativistic < . i)
. ® 10600/ B Open flavour threshold s
= Unique tool for study of low energy QCD S — 7010
. .. 10400 -
 Theoretical description - S
. . 10200 %p2(2P) (2P), (op) (2P), :
* Phenomological approach: Potential Models ) Y10 Y010 V(1) n(1D)
4a [Eur.Phys.J.C 74 (2014) 10, 2981] 10000—=——*—
V(r) e + br + ... V(r) n,(28)Y(2S) o . o R
3r JEC ggool- hz‘"’)xm(w)ﬁmﬁp)
v Based on single-gluon exchange intercept H,\@e = Established
v’ Great Success! ~0.1fm a0%° 9600 " New States
—n— Th
= Modern approaches: A 9400+ (1 | |jTheory
M
v’ Effective Field Theories ) ’ 9200l L 1 1Ll

v’ Lattice QCD /5\ linear “QCD” confinement 01 2177013 2 1 2° 2? JPC

V/r “coulombic” behaviour [Eur.Phys.J.C 74 (2014) 3026]

at short distances

= Many (successful) predictions of spectroscopic properties:
v Masses/Widths, Quantum Numbers, Production/Decay Mechanisms/Rates

Study of y,;(nP) - wY(1S) at Belle — Hadron 2021 — Zachary S. Stottler July 28, 2021



vircinia Tech. Previous Measurement & Analysis Strategy
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* Xp12(2P) and xp0)12(3P) states are kinematically accessible
* Xpy(2P) » wY(1S) Discovered by CLEO

[Phys.Rev.Lett. 92 (2004) 222002]

 Analyzed about 6x10° Y(3S) decays

Channel | Branching Fraction

> 10 _ +0.35+0.12

g E N J=1 | (1.6315517011) %
% 7 _ -+0.32+0.08

2 14 g(z)%%cgé%ally J=2 (1°10—0.28—0.07> 70
) Region

=

M,

Events/0.025 GeV
3
tn

S = N W A 1NN X O

wn
ST T T T T T T T

)

0 | . [ IR L L
110 120 130 140 150 00.68 0.7 072 074 076 078 08 082 084 086 088

= We reconstruct the exclusive final state:
xp; = w[Y(AS)] = ntn~nl[£*47]

= \We analyze a sample of (28.0 + 1.0)x10° Y(3S) mesons
collected near the Y(3S5) and Y(4S) resonances.

60

7' n° Invariant Mass (GeV)

July 28, 2021
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vircinia Tech. Event Selection & Background Suppression

Final State Particle Selection Criteria

= At least 4 tracks with |dr| < 0.5 cm, |dz| < 2.0 cm

= At least 2 isolated clusters in ECL that
do not match with a track.

Hard Tracks (Leptons)
ps" > 4.0 GeV
M(£*¢7) € [9.0,9.8] GeV
Require exactly 1 di-lepton

MuonID > 0.2oreID > 0.2
(only in Y(4S) Dataset)

Soft Tracks (Pions)

= pM < 0.45 GeV

" cos(Pr;) <0.95

= Require exactly 1 di-pion

- ¥ Candidates
CM
pEM € [0.08,0.43] GeV
= M,, €[0.11,0.15] GeV
= Retain ° with smallest mass fit y?

Study of y,;(nP) - wY(1S) at Belle — Hadron 2021 — Zachary S. Stottler



vircinia Tech. Event Selection & Background Suppression

To Veto Resonant bb Transitions, we define:
AM,r=M(rTn 070") = MUT¢) + M (T(15))

- AM . is sharply peaked for resonant di-pion transitions
with a resolution of ~2 MeV.

Study of y,;(nP) - wY(1S) at Belle — Hadron 2021 — Zachary S. Stottler



vircinia Tech. Event Selection & Background Suppression

%,,(3P)>0Y(1S)

v
1

— 10° E_ [ NESEENE) -
CSJ - Y(4S)>nnY(2S) I
() L
= . |
— —, o 10° =
Resonant bb — "~ bb’ Veto =, F ,
= AM,. € [9.83,10.12] GeV 2 = | 37 |
) B y
To Veto RS | / |
Y(2S) - wtm~ Y(1S) RN/ \ 777, W
. . S 9.75 9.8 ) 9.85 9.9 9.95 10 10.05 10.1 10.15
We Optimize FOM = —
P VS+B AM,; = My, - My, + M3 (GeVic?)

Y(3S) and off-Resonance Y(4S) Datasets
AM_ . & (10.017,10.029) GeV

AMyr = M(zta 0707) — M(T07) 4+ M (Y(1S))

On Resonance Y(4S) Dataset
AM_ . & (10.014,10.030) GeV

Study of y,;(nP) - wY(1S) at Belle — Hadron 2021 — Zachary S. Stottler
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Fit to Data

= Signals are extracted with a simultaneous fit to M, and:
AM, = M(rm°7ntn=0T07) — M 07) + M(T(19))

= AM, is narrowly peaked at the y;;(nP) masses (resolution: 4.5 — 6.0 MeV)

= \We analyze 3 fb~1 and 513 fb~! of (available) data collected near the Y(3S) and Y(4S), respectively,
as well as 56 fb~1 of data collected about 60 MeV below the Y (4S).
= Corresponds to (28.0 + 1.0)x10° Y(3S) initial states produced directly or via ISR.

Events/[3.0 MeV]

C ¢ Data
80 |- <3 (35,45) — Total Fit
C —-J=0
70 E_ e d =1
60 [ d=2
e S Background
50 |
40 f
30
20 [
10 | ,
O L '—-J:-%I‘_"I“‘I“‘J\;-L_J-g-l'_'l‘j: JLI“;L:"‘M N
10.2 10.22 10.24 10.26 10.28 10.3 10.32

A M, (GeV)

Events/[3.0 MeV]

- N W B o) (@) ~
o o o o o o o
T TT TTTT TTTT TTTT

o

- ¢+ Data

— — Total Fit

F —-J=0

- J=1,2

- Background

Y(3S,4S)

0

BELLE

{

L -_.J-_lqll.ul'-l-'i"""‘{-—"‘l;"lfl 1 I\_Ll_lgl;""i.l |+| ]

0.72 0.74 0.76 0.78 0.8 0.82
M, (GeV)

Results

Channel Signal Yield Significance (o)
J=0 33174 3.2

309 £ 24 15.0

62 1 16 3.9

J =1
J =2

Signals: Double-Sided Crystal Ball (DSCB)
-] =0in M, is DSCBXxsigmoid
Backgrounds: cubic and quadratic
polynomials in
AM, and M,,, respectively.




Y7~ Calculation of
VIRGINIA TECH. Branching Fractions

B (xvs(2P) — wT(15)) jg
_ Ny Erar B(Y(3S) — ntn~T(19)) o

N..r fe; B(T(3S) — ’YXbJ(ZP))B(w — 7T+7r—7TO)B(7TO — fw)

Events/[3.0 MeV]

Y denotes quantities Results
from Y(3S) » ntn~Y(1S)
(Normalization Channel)

Channel | B(xp7(2P) — w1 (15))|Significance

(
J=0 | (

J=1| (2.38+£0.19703) % 15.00
(

¢ Data
— Total Fit
Y(3S) —» nnY

— Y (3S) Population —
(28.0+1.0) - 10°

- 5Y(35,45) — Total Fit
—-J=0
I
- Gl - u=2
- S W Background

¢+ Data

LN .
PA .,
L T Sl IR w P ] et T W N N R R

g Xt

0.56 715 = 0.08) % 3.20 0"

10.2 10.22 10.24 10.26 10.28 10.3 10.32

— "\ - Background A M, (GeV)
2 2000 ' J=2 | (046 +0.12700%) % 3.90
%‘ 1500
- Constitutes 1st Confirmation Measurement Compare with PDG
N = No sign of Y(4S) - yx;(2P)
: = Consider production mechanism Channel |Branching Fraction Consistency
{032 1034 1036 1038 to be Y(BS) = VYXbj (ZP) J=1 (1 63+8 §?+8 i%) %0 —1.90
e (GeV) J=2 | (1.1070:32+0.98) o +2.00

Study of y,;(nP) - wY(1S) at Belle — Hadron 2021 — Zachary S. Stottler
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virainia TecH. Discussion of Results

) . o Mass (MeV/c2)
= Naively, there is insufficient phase space
for the y,,(2P) - wY(1S) transition: -
Ao = My,,2p) = My@s) = M, 10400 Y (35)
= —10.5 MeV - 2P
= The XbO(ZP) is a wide State’ FXbO > I‘)(191,2 .___(f)_Y_._(_l_S_)_ _'I:h_r_e_s:hp_lc_j__z(_b_{f____? ________
->T xpo = 2.6 MeV [PhysRevD.92.054034] 10200
= The wis a wide state, I' , = 8.68 MeV [rpg PR R

Analogous wJ/Y Threshold in cc Sector

Events/10 MeV/c?
(9,1

S
T 1 1 1 T 1 T 1

Plot with m(w] /)
Xc1(3872) - w] /Y in the y,{(3872)
= ¥.1(3872) lies 8 MeV below threshold Signal Region | - _

= T(X(3872)) < 1.2 MeV (Belle 1107.0163) 2 o e MCSwave |
= Evidence from Belle and BaBar (< 5¢) I — MCPwave :
= BES lll recently observed transition (5.7¢0) = 10F l """""" ;] E
= 2019 — [PhysRevLett.122.232002] *:2) 5E o + : : -

» Employ PHSP to model X - w J /Y iN: B S
074 076 078 2
[PhysRevD.82.011101] my,, (GeV/c)

Study of Bottomonium Decays — Belle 1| Summer School — Zachary S. Stottler July 14, 2021



/72 Cross Check:
vireiniatec. FitS to AM,, for Separate Regions in M,

Nominal Fit Result

ot | Ryp | Rel
60
> I
= 50 -
35 [~ ¢+ Data (?3 40 : 60 ¢+ Data
E — Total Fit S - i R — Total Fit
30 |- L J=0 T 30¢F 50 SN

o n _ _ -
— I b : ; 2 —_ [ -d=2
= 25 : J=2 20 | ki = wb Background
S - Background - ; : = - B Y(3S,4S)
o 20 - 10 PRREEY T TT —‘:‘__ o BELLE )
™ - Y(3S,4S) L <1 ™ 30 -
I<I B - L. I L L L L J;l_lgli. 'in-l. .L+. |,I,, I<I B
L 15 L 0 2 ot
CICJ - 0 72 0.74 0.7¢/ 08 0.8 0.82 CICJ -
D 1o M, (GeV) g OF

O “:_‘J:J. el = | L S loa O :4 | "‘-;‘:-’:{:’\’ ‘\*l_ +J t_ R
10.2 10.22 1024 1026 10.28 10.3 10.32 10.2 10.22 1024 1026 10.28 10.3 10.32
M, (GeV) M, (GeV)

Study of y,;(nP) - wY(1S) at Belle — Hadron 2021 — Zachary S. Stottler




v E; ) ) 80 <3 Y(35,45) C i
viraiNia TEcH. Cascade Branchlng Ratio 70F o]
In QCD Multipole Expansion (QCDME), the heavy quark g 60 |- =2
spin decouples from the partial width r ()(b](ZP) R wY(lS)) S 50 : °
F 40 E
Voloshin Calculates: jvod. phys. Lett. A18 (2003) 1067] I%stimatg% as aviragg of E’ 30 —
rQCDME _ B(Y(35) = vxp2(2P) = ywY(15)) O (2P) ;)Jm(z 1))2 202—
21 T B(T(35) = 1\ (2P) = 1w (1S)) e T A
_____________ o o Y e e g 0 bommalion SR A S B
_i-F(T(SS) Y ’)’sz(QP))l D (xp2(2P) = wT(1 )):F(Xb1(2p)): 10.2 10.22 10.24 10(266\1/())28 10.3 10.32
:F(T(SS) — vxp1(2P))iC [(xp1(2P) — 3 wY (15))iL (xs2(2P)) | Fit is Reparameterized:
1 ¢
1 Ratio of S-wave & k 0.6359 £0.1003, m=1  Tg/q —:PJ/1:>< il
['(YT(3S) — xp5(2P)) Phase Space A_2 0.4179 & 0.0714, m = 2 lmma_ 6
~ (2J 4 1)k3 Factors 1 |& :
Ay =M (xps(2P)) — M (Y(18)) — M (w) ' N, |
RESULT L=

Using current
world averages
we calculate

Study of y,;(nP) - wY(1S) at Belle — Hadron 2021 — Zachary S. Stottler

+ 0.010

To/1 = 0. 110+8 ggg

ro/1 = 0.200°
3. 30 tension with QCDME

0.062 +0.009
0.058 —0.017




Search for y,;(3P) » wY(1S)
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vircinia TEcH. Event Selection Revisited - Brerores)
_ N r@s)oninr(es)
o 10 E [y, Py, (1P)
E - Y(4S)>r*n Y (2S) <
oS - lresrras)
% B (D)t (1s)
c 10 = Llr@syontnr(is)
- — 2 .
Resonant bb —» ittt bb' Veto = B |—> I. ,// // |
= AM,_, ¢ (10.014,10.030) GeV - | ; Z // /%
" AMg, < 10.32 GeV 1 e N L PP B
9.7 9.8 9.9 10 101 102 103 104
AM, =M, - M, + MIDS  (GeV/c?)
Additional Selections st T Tas)
Xb] (3P ) Continuum Veto Blinded On-Resonance Y (4S) Data (Stiff Pair Skim) 45 _B“”dEd On-Resonance Y (4S) Data (Stiff Pair Skim)
= MulD > 0.2 for leptons 351 ! Data 4 b t Data
- Mgg € [92,96] GeV 30 .Y(‘IS)—)},LM 35 E—.Y(‘I S)uu
‘@ 25 [7) - D
i & B £ 30 b <> Y(4S)
Reject 2 20 ] S YA S ast ]
Y(1S) > ete” Z 45 H ] ] 2 20 - *
g i ) o
to suppress i 10% HH it 15% % } } %
large backgrounds 5F 10F } | }
3 . ] 50
A " BN R
0 10.4 10.45 10.5 10.55 10.6 10.65 0

PDG
AM, =M, 50 - M, + MITS (GeV/c?)

Study of y,;(nP) - wY(1S) at Belle — Hadron 2021 — Zachary S. Stottler

0.72 0.74 0.76 0.78 0.8 0.82

M, (GeV/c®)
July 28, 2021



x Z [Phys.Rev.D 92 (2015) 5, 054034]

Initial Final My M Predicted
VIRGINIA TECH. SearCh for Xb] (3P) state state (GeV) Width (keV) BR (%) Width (keV)
513 fb~! of on-resonance Y(4S) data analyzed r(#s;) ¢¢ 0.459 0.39 1.8 x 103 0.32 4 0.04°
8 r Dt 10.579°  ggg 0.459 15.1 0.0686
- + Ta al e Y99 0.459  0.40 1.8 x 1073
[ — totalFi 0.459 6.0 x 105 2.7 x 10~°
- = —3.223 0.82 3.7 x 1073%
< 6p0 Background —3.072 0.84 3.8 x 1073%
% - —2.869 0.48 2.2 x 1073 %
S
O L
S 4F Assume: B (xp1(nP) — wY(15)) is equivalent forn = 2, 3
R /_\' Estimate:
s °F J 1 " B(Y(4S) = vx1(3P) = ywY(15)) ~ 8.4 x 1077
= i T S Corresponding to ~1 event.
10
0 Elliip® ) L T ' With no significant signal is seen, an upper limit is set.
10.45 10.5 10.55 > Convolute the profile likelihood with a Gaussian whose
AM, (GeV) width is equal to the systematic uncertainty

Result: —> Integrate the profile likelihood for non-negative yields.




VIRGINIA TECH. Summary

= Belle remains productive in QQ spectroscopy!

= We Present Results: arxiv:te0]
= xp(2P) Branching Fraction Measurements:

Channel | B(xp7(2P) — w1 (15))|Significance

J=0 | (0567912 £0.08) % 3.20 € First Evidence of Sub-Threshold Decay!

(
(

J=1 1 (238£0.19755) % | 15.00
(

: : : : :
J=2 | (0.46+0.1210%) % 3 05 :> First Confirmation of CLEO Discovery!

Consistent with CLEO at 20 level
[Phys.Rev.Lett. 92 (2004) 222002]

= Search for y,;(3P) at Belle
v' Set an upper limit on the cascade branching fraction:

B(Y(4S) = vxp1(3P) = ywY(15)) < 1.4 x 107° (90% CL)

* The future is bright for Quarkonium at Belle and high luminosity Belle Il

Study of y,;(nP) - wY(1S) at Belle — Hadron 2021 — Zachary S. Stottler
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Thank you




virainia TecH. Oy stematic Uncertainties

TABLE IV: Summary of systematic efficiencies impacting the branching fraction measurements, reported in percent.

Source B(xv0(2P) - wY) B(x»(2P) - wY) B(x»2(2P) —wY) B (4S)— vxp1(3P) = ywT)
Tracking +1.4
PID +1.1
m° reconstruction +1.7 +1.7 +1.7 +3.3
Selection Efficiency +0.1 +0.1 +0.1 +0.02
Signal Extraction e 1y R ATy
Number of 7 (45) +1.4
Number of 7°(35) M R e
External Branching Fractions +10.4 1+9.4 +12.4 +2.2
Total +14.1 +9.7 +13.1 +11.1
—14.2 —10.0 —14.8 —13.4

Study of y,;(nP) - wY(1S) at Belle — Hadron 2021 — Zachary S. Stottler



virainia TecH. Oy stematic Uncertainties

Fixed Bkg Shape Fitter Fit Procedure
Channel . . _ ,
Parameters + Fit Window Bias Systematic
_ +4.1% +6.9% +8.7%
J =0 897 -73% 3.2% 8587
_ +0.6% +0.8% +1.1%
J =1 —0.55) —2.5;; 04% —2.6;;
L +1.4% +1.4% +3.6%
g =2 C 137 —7.2% 2.9% —7.9%
x10° x10°
16k w= 33.18 +/- 0.02 18k w= 309.11 +/- 0.03 2 w= 61.83 +/- 0.02
T F o, = 1.28 +/-0.02 L o, = 1.58 +- 0.02 1.8 o, = 0.820 +/-0.010
141 = 1.37 +-0.02 1.6 Op= 1.77 +-0.02 160 G, = 0.888 +- 0.010
212} Z 4t 294t
o 1 o 2F o125
e, C O 1t o
206F S b g 0.8 -
w s w 0.6 w06
0.4 - 04 - 04
02} 0.2 0.2
L (I I L 1. . ] dos " T B P Cornaadecneag®® | | | Lo
28 30 32 34 36 38 40 42 %00 305 310 315 320 O ™56 60 62 64 66 08
Fitted N, Fitted N, Fitted N,,

FIG. 81: The signal yield distribution for each decay of interest, obtained from 20,000 fits
to data while the model parameters are varied according to the global covariance matrix.

Study of y,;(nP) - wY(1S) at Belle — Hadron 2021 — Zachary S. Stottler



virainia TecH. Oy stematic Uncertainties

Fixed Bkg Shape Fitter Fit Procedure
Channel . . _ ,
Parameters + Fit Window Bias Systematic
_ +4.1% +6.9% +8.7%
J =0 897 -73% 3.2% 8587
_ +0.6% +0.8% +1.1%
J=1 —0.55) —2.5;; 04% —2.6;;
L +1.4% +1.4% +3.6%
g =2 C 137 —7.2% 2.9% —7.9%
C w= 30.3 +- 0.3 uw= 308.2 +- 0.4 40 2 w= 64.1+/-0.4
35 F o, = 2.24-0.2 50 0 o = 7.8 +-0.4 : o, = 4.6 +-0.3
30 b 0= 2.1 +-0.2 : 0= 24+-0.3 35 0= 0.9 +-0.2
A £ ol e
o s H S
S 20+ S 30+ H S o0k
10 F : 10 -
s 10 b
0 e b NI RNRRNEEE D 'SV 3000 R IOAIPORISAITONIOA 0 : e mhim.mhn.n.minm.r 0 ; L b L SIIII I L LTI LTI
25 30 35 40 45 290 300 310 320 330 340 50 55 60 65 70 75 80

Efficiency Corrected NXO

Efficiency Corrected NX1

Efficieny Corrected NX2

FIG. 82: Distributions of efficiency-corrected signal yields, obtained from fits to data with
varied fit windows and background shapes.

Study of y,;(nP) - wY(1S) at Belle — Hadron 2021 — Zachary S. Stottler



virainia TecH. Oy stematic Uncertainties

Ch | Fixed Bkg Shape Fitter Fit Procedure
anne
Parameters + Fit Window Bias Systematic
_ +4.1% +6.9% +8.7%
_ +0.670 +0.87% +1.1%
J =1 —(l).ig) _%Zg) 04% _g.gg)
. +1.4% +1.47 +3.070
g =2 C 137 —7.2% 2.9% —7.9%
80 - 150
s | 600 -
% = X100
Z Z Z -
:553 40 - B 400 - g
I p0=2.8 +0.3 I po=-1 .7 +0.6 i 50 I po=5.5 +0.4
20 - 200 - i
I p,= 0.977 = 0.007 | p,= 0.997 = 0.002 : p,= 0.968 = 0.005
O I ! P T S IS S S S S N O I R S RS S N NN S S SR NN S T 0 I T T S T W BN L
0 20 40 60 80 0 200 400 600 50 100 150

Generated Nxo

Generated N ,

FIG. 83: Linearity test results of the x31(2P) — w?'(1.5) fitter.
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