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The Bottomonium Spectrum
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Mass (MeV) Act Il
T T(11020) .
Observation of
. vi(2P) - @7T(1S) and
T(10860
1RReET : : search for ,;(3P)
b8 i

107004 "~ " T "TTEIESE Z, (10650)

----------- T‘ (4 S) I

........... Z, (10610) x.. (3P) x,, GP)
10500 4 R : w

TRS) =
10300 4 N h, (2P) X;OT:QP) B Q@ X, (2P)
10100 4 T(ZS) bk g e s
m, 25) | ;
EEEEEESR Rﬂ h (LD) T (‘IP) Z (1P)
9900 + - - y ° . T (1P) ﬁ_ v b2
KK n
9700 4 o
n 8
9500 | | | |
UN (15) e e

9300 1

]PC . | == o+ I o+

The Bottomonium Spectrum

Thresholds:

Y,(1D)



D>
@ 29 July 2021 T. K. Pedlar, Exploration of Bottomonium States at Belle ILITHER

OELLE COLI'EGE




I
@ 29 July 2021 T. K. Pedlar, Exploration of Bottomonium States at Belle

r"/-ﬂ — i h [ I LA L L — I
~ sEBF | BB BB
BIF BTB" B 5 :!:ET *

PRL 102, 012001

-

-

A T N N
i | : : :+++++ wte

_‘_4-

_I'II|IIE|III|III|III|III||I||III|II||II1_

-

* | b st **¢ ‘ “'r*q"*"m{i*h“
4: +++‘“ HHI* ”iﬂ* *P “ ot " t“
h *H AN n*ﬁ E "yt .t

=

o0
TJTTTTTITTTI T TT T T T T T T TT T T T I TTTd
B L L L L L R

O

.6 10.7 10.8 10.9 11 11.1 11.2
S [GeV]

C‘J .

<

* Above shows inclusive bb cross section from 10.54 GeV - 11.2 GeV
* Key features include the T(4S,5S,6S), and a few threshold effects

* An exclusive study of bottom meson pair cross sections is called for!
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Data samples * Reconstruction of charged and
neutral B mesons in charm and
121 fb* on T(5S) charmonium modes selected for
571 fb* on T(4S) particularly clean reconstruction
16 fb*in a scan of [10.63 - 11.02] GeV - MVA algorithms for signal

selection and continuum

Bt BY suppression

D7t Dt SEILID * Asingle charged or neutral B
Drtata— D=rntata~ mgsgg Steil?;ey g meson per event is selected
DO+ D=t based on MVA

Drtrte— D gphpto—

DD DD~ DY — Dt — Df —

D+ DY D** D~ K7t K rntnt KtK—7*

D} D D} D*- K ntq® K nrata? KTKY

D+ D*0 D*tD*~ K rntotre Komt KtK rntza°

J/p Kt J/ KY Klrtm K2 xtq! KTKeatm

J/ Kdn™ J/p K r~ Klrta 70 Klrafata K Kintzat

J/p Ktrtn KTK~ K K 7t KTK nrntn™

D mtat D KtK nt K"K K Ktota~

D*—ntpt Tt

10



@ 29 July 2021 T. K. Pedlar, Exploration of Bottomonium States at Belle

JHEP 6 (2021) 137

* Atright, data taken at T(5S)

* Key variables for analysis are

My, = \/(Ebeam,CM)2 — (pB.cMm)?
AFE = AE — My, + Mp 0'05_

* Where as usual
AE = EB,CM - Ebeam,CM

* AE' has improved resolution and ~0.05
allows all desired two-body decays
to be selected with a common cut

* Populations of each can be studied
by fitting the projections onto the My
axis for all energies at which data
were accumulated

11
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JHEP 6 (2021) 137
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My distributions, corresponding to the AE' signal
region (black histogram) and AE' side-bands (red
points) for (left) T'(5S) and (right) T(4S)

12



D
Lo

29 July 2021 T. K. Pedlar, Exploration of Bottomonium States at Belle

2000

Events / 2 MeV/c?

1500 |
1000 |

500 |

400 |

200 -

L L L L L I IR SRR I
515 52 525 53 535 54 545
M, (GeV/c?)

JHEP 6 (2021) 137

Example: My fit from 121 fb*
@T(5S)

AE' signal region (upper)

AE' side-bands (lower)

Yield breakdown at T'(5S):

Neotal (23.66 + 0.22 + 0.34) x 103
Ngg / Neota 0.1121 £ 0.0030
Npg. / Nrota 0.3005 =+ 0.0045
Ngage / Nrogal 0.5784 = 0.0048

Similar fits done for all 16 data

points in the scan, to observe
the energy dependence of the
Cross sections

13
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JHEP 6 (2021) 137
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T(5S), contrary to expectations, [ {
e.g. PRD 34, 186 02k 1 }
Further scan points called for in i } ] I
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T(5S,6S) in Belle II! 0.1 | ]
(See the following Belle Il talk by -
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) ) .. ) light
Recent observations of hadronic transitions In | hiodrons

bottomonium have yielded surprises

The QCDME model successfully explains such
transitions involving states below open-bottom
threshold, but seems unreliable for those
originating above open-bottom threshold

Similarly, questions of the composition of the resonances above open-
bottom threshold, and impact of the recently discovered exotic Z, states
which complicate the picture

In the context of this talk, the most critical questions arise from
observations of large nn transition rates from 1(4S,5S), of n transition
rates from T(4S) that are comparable to or larger than the nn rates, and
of the transition T(4S) - n' T(1S)

16
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Study of | and N’ transitions from T(5S)

In this analysis we have studied the following transitions, exclusively

reconstructed

T(55) = nY(28) = [y[xTn~Y(1S)] = [y[r 7~ (up)]
T(55) = nY(2S) = [nr a][pTpT] = (77 (vy)][n e
Y(55) = nT(1S) — [x 7 ) [pTpu™] = 7T a” ()] lwTp”

Y(55) = n'T(AS) = [T nlu u] = [7 7 (y)] e p]

Y(55) = n'Y(1S) = [p°V[p p™] = (77 )yt

The data for these studies consists of a 118.3 fb*sample at T'(5S)

17
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Mass (MeV/c?) Y(59)
The final state observed for all these analyses is 10800(— o B B Threshhold
EREE— i = \
mmppy(y) arising from
10600~ Yes BB Threshhold
* A muon pair from T(1S) or T(2S) ] - hy3P) X,(3P)
* Acharged pion pair, and 10400—  my3S) Y(39)
* Either a single photon or a photon pair - hy(2P)
consistent with n° or 10200 U | %§2P) Y(1D)
. . i Y2
Further requirements include: 10000}— ¥2S) &s)
i - hy@py
* Consistency w/total energy E.x and collinearity 9800 |— xX§1P)
* Additional kinematic selections that reject : n 77/
particular ranges of mass differences 9600 | |
M (rtrryypp)-M(pp) or recoil mass ranges i Y(I;)
9400 — 1
Favorable kinematics enable a very clean selection s, 38, 'p, 3P, 3D,
with high signal efficiency
_|_ —
pp

18
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Again, again, we find QCDME expectations challenged QC[,)ME
\\\‘\W Predictions

= (.51 = 0.06 = 0.04 ~(0.03

= 0.19+0.04 = 0.01 ~(0.005

(
['(Y(5S) — Y(1S)n) < 0.00 (CL = 90%) ~1

['(T(5S) — YT(1S)n)
All these challenges to QCDME predictions are
consistent with the need for an admixture of

light-quark degrees of freedom to the bb state

21
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PRL 92, 222002

Mass (MeV/c?) Y (55) . ;
10800} sEeanod - CLEO announced in 2004 the observation of
- Xo)(2P)—=wY(1S) in fully reconstructed events
10600 Yas) BB Threshhold including the detection of the soft E1 transition
- hy(3P) x,(3P) photon from T(3S)—>yxu(2P), observing a large
10400~ M(3S) Y(3S) branching fraction for J=1 and 2
| T h2p) /
10200~ / %(2P) Y(ID) g O
XIS ) - ﬁ 9 E _>
= T 14 Kinematically
10000l M2 Yes) /., f | s
hjwp) ¥ e
L 5
9800 [— S/ xR )
= w/i/// 2
9600 [— / ;
» 50 130 140 150
B Y(1S) E(y) (MeV)
1S
9400 — b1 ,_
lS 3S lP 3P 3D ]
0 1 1 J J ; b M
e @
e 12.5
10
Channel | Branching Fraction s
* +0.35+4+0.12 5
J=1 (1'63—0.31—0.11) % .
» +0.32+0.08 2
J _2 ( 1 : 10_ 0 % 28_0 o] 07) % ltl.bﬂ -ll-:'.; .72 .74 .76 [ [ .82 .54 .56 ILEX

23
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Mass (MeV/c?) Y(55)

tosoor— B Threshhold
10600~ LC BB Threshihold
- hy(3P) x,(3P)
10400~  my(3S) Y(3S)
—_— hy2p) /
10200 / x2P) Y(1D)
[ nos) YeS
10000~ 22 /
hy(1P)
9800 | ,, P
9600 [—
»
- Y(1S)
9400 — 13
ISO BSI lp1 3PJ 3DJ
e
Sample | L(fb- 1) N(Y(39)) x 10°
T(45)on 513 13.4+0.6
Y (49)of 56 1.7+ 0.1
T(35)on 3.0 12.7+0.5
Total Y(35) | N/A 280+ 1.1

Event selection requires (in each event)

* Exactly one large invariant mass dilepton
(dimuon only in the 3P search)

* Exactly one dipion candidate

* Exactly one kinematically fitted n° candidate
(smallest y?)

Candidate yield is determined by studying the
distributions of the mass of the m'nmn®
combination and the quantity

AM, = Mt 7tn 7)) = M({T47) + Mppa(Y(19))

Branching fractions are normalized to
N(T(3S) - ' T(1S))

If I could turn back time, I'd tell you to attend
Zach Stottler’s presentation yesterday, but
instead | must only suggest you seek out his
slides for many more details

24
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Result of a simultaneous fit to the variable AM, near the mass of
the ¥u:(2P) and to M(rt'rrn®)

Note the presence of all three Y,:(2P) in the AM, distribution

% + Data -+ Dot A
80 HEEEn — Total Fit 70 - — Total Fit =3
ST\ J=0 - J=0
_0F aelt i i = _ 60F =12
> 60 L P e J=2 = [ e Background
= ; I T Background = S0 «
g o | 0
s ) s, a0 [
B 40 F 2
c I = 30
Q 30f SO
N Yoo F
20 B
10 | e g :
0 ---l-::.J-.-a'-J-_:J-l'"lll:le‘-l.J...|..-|-"|"J‘ |-J"'r--:.‘:|~.~...| pisceope ol e ey 0 :-l--.I---I-—-.I-‘-’I'-"l""-l".ll-"l | | | w1 I""I"i-...l il
10.2 10.22 10.24 10.26 10.28 10.3 10.32 0.72 0.74 0.76 0.78 0.8 0.82
AM, (GeV) M, (GeV)
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' - - ¢+ Data oy =4
Things to note: 70 F — Total Fit
Distorted lineshape associated with s0 b j:? 5
the xbo(2P)+wY(1S) transition % = i Background

s 50
The xw(2P)—>wY(1S) transition, 10.5 2 , '+
MeV below threshold, occurs ‘;f W
through the tail of the w meson, g 0F
whose natural width is 8.7 MeV 20 m
A similar distortion of the w lineshape o T
by Babar was observed in 0 0;20*74 6|7é ' 0'78 ' 0'1';”-1 ;Jlsé
Xc1(2P)=>wJ/P(1S), which is about 8 ' ' M (Ge-V) ' |
MeV below threshold. }
f 3 e S
3 15 CMerwme 1 d 3 PRD 82, 011101
= ¥ U B B ¥ —:

0,7-4 ().I76 ()_I78: ) 3.85 3.86 3.87 3.88 3.89

my,, (GeV/c?) 26
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Yields for the three y,:(2P) are determined, and normalized by the
number of T (3S), (28.0£1.0) x 10°, obtained by studying T(3S) - n*m
T(1S) in the combined data samples.

90 > ¢ D B (xv.7(2P) = wT'(15))
80 | o — Total Fit _ Ny emnx B(Y(35) — nn~T(15))
E a J=0 Nyrr € B(T(3S) o ’yXbJ(2P))B(w o 7r+7r—7r0)3(7r0 e "y’y)
_10F W -J=1
60 e Channel |B(xps(2P) — wY(15))|Significance
= E ER wee Background — T . ‘
o 50 LF J=0 | (0.567515 £ 0.08) % 3.20
S ok J=1 (238+0.19792)% | 15.00
= g _ +0.06
§ - J=2 | (0462 0:12555°) % %ga\“\\\m{
L - ??S‘}‘*
20
10 [ | 5, First confirmation of the CLEO
s A S measurement, with new evidence for
10.2 10.22 10.24 10.26 10.28 10.3 10.32 ypo(2P) giving another example of a
A M, (GeV) sub-threshold transition involving the

relatively broad w

27
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A similar analysis is conducted 15 R .

using T(4S) data, examining AM, e « R

near the mass of the x,,(3P) = 6F - Background

reported by CMS and others S F

In this fit the mass is fixed to that ?_r 4 [

reported by CMS for the x»:(3P), the 3 I /\

dominant member of the multiplet s °f 7 "

in rate of decay to wT(1S) el -~ e

Yield is normalized to the number F

of T(4S) (number of BB pairs) ) VRl IR
10.45 10.5 10.55

AM, (GeV)

B(Y(4S) = vxp1(3P) = vwY(15)) < 1.4 x 107° (90% CL)
e
FENNE
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* We have reported:

* First measurements of cross-sections for BB, BB*, B*B* in the range of 10.63 to
11.02 GeV. Interestingly the sum of these cross sections does not peak at T(5S)
but instead decreases ~ linearly throughout the vicinity of 10.89 GeV.

* First observations of T(5S) - n7T(1S,2S) and search for T(5S) -1’ T(1S)
* Confirmation of ¥,:(2P) - wT(1S), including evidence for the sub-threshold

process Yno(2P) - wT(1S). Also report the search for y:(3P) in transition to
w7T(1S). (See Zach Stottler’s talk from yesterday in Analysis Tools 3)

Hadronic transitions in the bottomonium system, both above and below open
bottom threshold continue to bear fruit! Stay tuned (next talk!) for Bryan Fulsom’s
account of the status and prospects of Belle Il bottomonium studies

29
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Beam-Constrained Mass Fit Function at T'(5S)

0.15

o
—_

Events / 1 MeV/c?

0.05
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Fit to the Beam-Constrained Mass at T'(4S)

10% events / 1 MeV/c?

" .“;ﬁ, prbpg ot ey e ¢¢+4+++ ey tthiee e
0
SRR PO ST M NAS SoE *H’T* 'T++ soes

1 1 1 1 1 | 1 1 1 1 | 1
523 524 525 526 527 528 529
M, (GeV/c?)

My distributions, selected in AE' signal region and AE' side-bands, for
data taken at T'(4S)
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Fits in scan data (Il)
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JHEP 6 (2021) 137

- a5 ® s g |Q(B + * %
etfe- — BB | & | ete— — BB*| : =4 ete” — B*B
@ - . 3
W w0 n w i
o e @ 1 o
o 200p o 200F PEel o 200
O ; o it } 5]
100 100 i : 100}
0 0
L L 1 1 1
06 107 708 109 11
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The resulting cross sections for each of the three two-body modes
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* Observations by Belle concerning hadronic transitions in the bottomonium
system have yielded a number of significant surprises

PRL 108, 122001

1 s z
* Very large rates for 1(5S), - | !
roughly two orders of magnitude =} L ey
larger than expected by QCDME ¢ ™} BN
models led to observation of | NI ) % |
ho(1P) in transitions. °H9,4+, i T ,,981,, ML A

PRL 108, 032001

* This led to the discovery of the
exotic multi-quark Z states, and
leads us to thinking about other :
hadronic transitions from states i
above open bottom threshold

Events / 10 MeV/c?

[s)]
o
o
o
L]

il

i M N M M M i M 1
104 ; 10.6 10.7
MM(r), GeV/c?
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PRD 78, 112002

* BABAR discovered and Belle Tsoms CAsoms T o]
confirmed T(4S) - nT(1S), with a % Pl | % of el % -
very large rate for the transition S ol |8 . H ]
compared to T(4S) - T (1S) = | % : \i

* Belle dicovered T(4S) - T(1S), 3 Sl | - 57 l “’
again Wlth large rate C'f' QCDME’ OJO.!; 0.5 IO.ISSI 0|.6 0.65HO[1I7I 0 O.;LS 0.5/0..;55 016‘0.65 0l.7
but consistent with a possible light- AM, (GeV/c) AM, (GeV/c)
guark object admixture at T (4S) , ]

208 i

* Meanwhile, T(2S) and T(3S) have - R,
rates for nT(1S) compared to S b nomrd PRD 96, 052005
T (1S) that are consistent with = pfp TR E
QCDME < ﬁ{ E

* Belle discovers the most prolific k Z_ E
production mechanism for h,(1P), 2 L R

e e N, S S
0

namely T(4S) - nhy(1P)

S5 052 054 056 058 0.6 062 0.64
AM;, (GeV/c?)
* Thus we now proceed to the study

of n transitions exclusively B(T(4S) — nY(15)) = (1.81 £0.18) x 1074
reconstructed at T(5S) cf B(Y(4S) = n*n T(15)) = (8.2+0.4) x 10~°
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* BABAR discovered and Belle PRl L bl
confirmed T(4S) - nT(1S), with a P = B e R~ |
very large rate for the transition 6 [ L
compared to T(4S) - T (1S) 14 ” anly E

* Belle dicovered T(4S) -n T(1S),
again with large rate c.f. QCDME, 8
but consistent with a possible light- °F
quark object admixture at T'(4S) . S E
0

_|H|\||||I|H\\llll\lm\\Lllll\lm\lllll
* Meanwhile, T(2S) and T(3S) have 0 005 00 015 02 025 03 035 04

rates for nT(1S) compared to AM, [GeV/e’]
T (1S) that are consistent with = '
QCDME S

Events / (10 MeV/c?)
3
|
|

* Belle discovers the most prolific
production mechanism for h,(1P),
namely T(4S) - nhy(1P)

Events / (20 MeV/c?)

* Thus we now proceed to the study B+ BEYIE
of n transitions exclusively NN e ]

reconstructed at T(SS) 0 005 0.1 015 02 0.225 03 035 04
AM,. [GeV/c’]
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PRL 115, 142001

* BABAR discovered and Belle 30000
confirmed T(4S) - NT(1S), with a 2 ,.,,,
very large rate for the transition
compared to T(4S) - T (1S) 15000

* Belle dicovered T(4S) -n T(1S), 10
again with large rate c.f. QCDME, 5000

20000

ents / 0.1 MeV/c?
S fer)
L] (o]
[a] (o]
= (=)
(] (=]
[ [

Events

Ev
no
(=3
=
=
=

T

92 94 96 98 10 L
Mmiss{n) [GQWCz]

but consistent with a possible light- e
quark object admixture at T'(4S) 5000 | g | | |
9.3 9.4 9.5 9.6 9.7 9.8 9.9 10

* Meanwhile, T(2S) and T(3S) have
rates for nT(1S) compared to

nn'T'(1S) that are consistent with B[Y(4S) = nh,(1P)]=
QCDME ’
(2.18 £0.11 £0.18) x 1073

* Belle discovers the most prolific
production mechanism for h,(1P),

namely T(4S) - nhs(1P) This is the single largest exclusive

branching fraction for T'(4S), and
* Thus we now proceed to the study will serve as a tag mode for

of n transitions exclusively studying hu(1P) in Belle II
reconstructed at T(5S)
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Previous Study by Belle of eta transitions from T(5S)
EPJC 78:633

Y(1D)

3000

2000

1000

Residual / 5 MeV/c?

II|IIII|III
I ~
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—_
=
——
e =
[ —
l—l-l—|

-1000

—-2000

i\)lllIIII|IIII =

(o]

9.4 9.6 0.8 10 10.2
M . (vY) [GeV/c?]

Belle’s first attempt to extend the study of eta decays to data taken at T(5S) used the
missing mass recoiling against eta in T(5S) data indicates evidence for a number of
transitions — including a first observation of the transition to T(5S). Other peaks are not
statistically significant.
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i - >
o C _ c BELLE
Lol S 16 Y(4S) > nY(IS) =
% 1) > o nowr =
= of : = YOm o E
< sf . = 10 =
Z 6F . 2 s =
2 I\ E
4 =
Gt T T 2#_ o N\ .
0 005 000 02 0;25 03 035 04 85‘ | 0.52 | 0.54 | 6.56I | (I).ssl | 0.;) | (L).c;zl | 0.64
AM, . [GeV/cT] B B AM, (GeV/c)

SN 7 | . . , .

; B(Y(4S) = 7' Y(15))
Pg 5 - o2y BELLE R "j.’h — \ ! .
{\ g 7/h = BY(45) = hY(15))
SRR i e
I r ] - A7)
= ; Ry /win = 0.424+0.11
I k -

Lo T A

ALLLLLLALLLLIT]E R/, = 0.20 %+ 0.06

0 005 01 015 02 025 03 035 04

AM, . [GeV/c?]

B(Y(4S) = ' Y(1S)) = (3.43 + 0.88(stat) +0.21(syst)) x 10~3

, , %, L

These results follow the same pattern — much increased transition rates
compared to the dipion. Consistent with a model of a mixture of light quark states
together with the bottom quark pair in the T'(4S) region (Voloshin, MPLA 26, 773)
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* T(2S) and T(3S) have rates for nT(1S) compared to T (1S) that are
consistent with QCDME, while that for T'(4S) is not.

(Y (2S)— T (1S )
F(T((QS()—SEm()ﬁl?_) = (1.6440.25) x 10"

I(Y(38)=Y(1S)n) | B
F(T((?,S()—B';}us()ﬁl?_) <23x1073
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To check the correlation of x(2P)=wY(1S) transition, we can project the
values of AM, for w masses above and below 0.78 GeV

90 [
-+ Data 7> D + Data
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