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Hadronic transitions

 Last decade has been a fertile era for bottomonium spectroscopy: many missing states and exotica
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Hadronic transitions

* Last decade has been a fertile era for bottomonium spectroscopy: many missing states and exotica
* Important informations on bottomonium given also by the study of transitions between its states

* These transitions can be predicted by effective potential models, rather well established in the case of the
dominant radiative transitions

* Instead, BRs not well predicted in particular in the 2-body hadronic transitions (n, 7°)

* In quarkonia below threshold, should be explained by QCDME (analogy with the QED multiple
expansion) in terms of momentum of the emitted gluons

 Gluons emitted in pairs, either E1 (no spin-flipping) or
M1 (spin-flipping)

C\%
3
N
X

* Expectations:

* suppression of spin-flipping transitions
(i.e. mS—>1 nS wrt mS—>mtmt nS,

and mS——>mttt- nP wrt mS—>7ttt nS) E ‘.‘ ’zé <’
T

* further suppression of isospin-violating transitions
(i.e. mS—>mOnSwrtothers) @ Meeeeeaecmcaccsseecesceseaaa=- -
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1] transitions: experimental status

CLEO Year BABAR Year Belle Year

Y(4S) —>nY(@1S) - 1.96+0.26::0.09: 2006 -} 70:E0 2 5:£0 (161 2017

Y(3S) —>nY(1S) 1.8} 2008 1.0 &) 201 -

RSI=—=P TSI 2.1079c+0.3 2008|2.39+0.31+0.14 2011 | 3.57+0.25+0.21 2013

Y (4S) —>nhy(1P) - = 21 61 1106 2015

BABAR Coll. PRD 78 (2008) 112002 [in units of 104]

(*) all ULs are at 90% CL
BABAR Coll. PRD 84 (2011) 092003

Belle Coll. PRL 115 (2015) 142001

Ly > Belle Coll. arXiv:1707.04973 (accepted by PRD)

BEL =l E. Guido 4 HADRONT17, 27 September 2017, Salamanca




1] transitions: experimental status

Transition CLEO Year BABAR Year Belle Year

<1/96 026@ 2008 @023@2017
- Y61+0.2610. e UG Er e
\

Y'(3S) —>nY(1S)

Y(2S) —nY(1S)

Y(4S) —>nhp(1P)

[in units of 10-4]

BABAR Coll. PRD 78 (2008) 112002 (*) all ULs are at 90% CL
Belle Coll. arXiv:1707.04973 (accepted by PRD)
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1] transitions: experimental status

Transition CLEO Year BABAR Year Belle Year

Y(4S) —>nY(1S)

Y'(3S) —>nY(1S)

—
2.1+0-7-o.6i0>2008( 2.\39i0.31i@ 2011 @iO.ZSi@ 2013

[in units of 10-4]
CLEO Coll. PRL 101 (2008) 192001 O Ul ar a9 cl
BABAR Coll. PRD 84 (2011) 092003
Belle Coll. PRL 115 (2015) 142001
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1] transitions: experimental status

Transition CLEO Year BABAR Year Belle Year

Y'(4S) —>nY(1S)

Y(2S) —>n Y

Y (4S) —>nhy!

[in units of 10-4]

CLEO Coll. PRL 101 (2008) 192001 (*) all ULs are at 90% CL
BABAR Coll. PRD 84 (2011) 092003
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1] transitions: experimental status

Transition CLEO Year BABAR Year Belle Year

Y(4S) —>nY(1S)

Y'(3S) —>nY(1S)

Y(2S) —>nY(1S)

Guo et al. PRL 105 (2010) 162001

- : @ﬂ.lﬂ) 2015

[in units of 10-4]
(*) all ULs are at 90% CL

Belle Coll. PRL 115 (2015) 142001
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1 transitions from Y (5S)

* Dipion transitions from Y(5S) enhanced due to the Zy’s... Belle Coll. PRL 100 (2008) 112001
Belle Coll. PRL 108 (2012) 032001

Transition Belle Year
[in units of 10-3]

5.0::0.6 - 2003

7815 2008

G0 g 22012

el ie P07

D
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1 transitions from Y (5S)

* Dipion transitions from Y(5S) enhanced due to the Zy's... Belle Coll. PRL 100 (2008) 112001
Belle Coll. PRL 108 (2012) 032001
Transition Belle Year
[in units of 10-3] (*) ULs are at 90% CL
5.340.6 2008 Transition Belle Year
Zao3 2008

0.73+0.16+0.8 2012 (prel.)

CrepaallcE IgH 2.140,740.3 2014 (prel.)

=33 1) 2014 (prel.)

» Observation of Y(55)—>nY(1D)!
Belle Coll. preliminary @LaThuile2012 2.840.7+0.4 12014 (prel.)
D Belle Coll. preliminary @DIS2014
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1 transitions from Y (5S)

* 1 reconstructed in N—yy, look at the missing mass spectrum, after combinatorial background subtraction
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* In particular, BR(Y'(5S) —>nY(1D)) is compatible with the prediction (via
triangular meson loops) Wang et al. PRD 94 (2016) 094039

1(55)

* Now finalizing the result on the branching fractions (to be published soon)

D
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NEW!

Investigations on the Y (1D) triplet

* Not resolving the Y(1D) triplet (resolution ~mass splitting)

F1ip

Nip - [Co(mg) + f1C1(my1) + f3C3(m3)]

B 1+ fi+f3

* Signal in MM(yy): 3 Crystal Ball functions, with free relative fractions

f1, f3 that are precisely predicted in:

Wang et al. PRD 94 (2016) 094039

* m;y fixed to world average, AM;; fixed to ditferent values between 3
and 15 MeV /2 (reasonable according to calculations and

observations)

* Values returned by the fit in
any of these configurations
are compatible with 0

* 90% CLULs on fy, fzas a
function of AMi; and AM>3

* fifavored value excluded in 3

regions where
10< AM;2 <13 MeV/c2
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Y (4S) —n Y(1S)

Belle Coll. arXiv:1707.04973 (accepted by PRD)

« notnn? and n0—yy, Y(1S)—utu- Ng 20§-D E
O 18; BELLE _:
» Fitto AM, = M(rrnyyup) — M(up) — M(mryy é 16p 5(45) —ny(s) /X E
= 4 m—x nn+ _ - =
« Confirmation of the enhancement with respectto g 12F R =
dipion transition 2 10F =
= gE E
~ _ _ B(Y(AS)5qT(13)) 3 :
B(YT(4S)—ntw—T(1S)) = .
2: | g/__ _________________ | | &
) S ol e s s e e
05 052 054 056 058 06 062 064
Measurement, Result PDG value [17] AM, (GeV/c?)

B(Y(4S) — ntn~Y(15)) 82+ 0.5 +£04) x107° (81+0.6) x107°
B(Y(4S) —» w7~ Y(2S5)) (7.9 + 1.0 +04) x107° (8.6 + 1.3) x10°°

B(Y(4S) — nY(15)) (1.70 £ 0.23 + 0.08) x10~* (1.96 + 0.28) x10~*
R | 2.07 £ 0.30 £ 0.11 2.41 £+ 0.42
Measurement Result Expected value [12]
o1sr (Y (2S)) (17.36 + 0.19 £ 0.69) pb (17.1 £ 0.3) pb
o1sr (Y (39)) (28.9 + 0.5 + 1.3) pb (28.6 + 0.5) pb

D
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Y(1D) —n Y(1S5)

Belle Coll. arXiv:1707.04973 (accepted by PRD)

e With the same approach and a similar event N L A E
5 —~ 4 5—_ Y(l D1,2) — T]Y(IS) 7
selection, we look for Y(1D)—nY(1S) o Ve E
E \ 55_ Y(1S) = uw'w 3
* Predicted to be enhanced with respect to the > E
transition Y(1D)—m+1tY(1S) by the axial 5 ,.f E
: o “F E
anomaly in QCD  |yoloshin PLB 562 (2003) 68 2 4+ E
1.55 =
10.8 Y(53S1) 15_ _i
0.5F =
106 E'“ — 5 A Y IR VI R Y A G B TS M B
"""""""" Tﬁ?;'{%|x(3p)_|f.} o 012 013 014 015 016 017 018
&_10'4 ey Y(3%S4) ~“* Y(23D1) AM,, (GeV/c?)
o he(2'P1) X6(2P) = w
%10.2 _E : :
S * Y(1D) possibly produced via double-
§100| [mesn | 220 - -~ — radiative transitions from Y(4S) through
Xb
9.8 xbj(2P) states
9.6 - '> radiative E1 transition : B(T(4S) o ,V,YT(]_D)) X
Y(13S1)
-5
9.4 1 (17S0) —> hadronic n transition X B(T(]_D) Sl nT(].S)) < 23 X ]_0
0 1-- 1+ 0+ 14+ 2+ 123 — ?

JPC

D
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Dipion transitions

* Measurement of dipion transitions
also provided

e Fitto: | AM = M(mmpp) — M(up

_|I“I~I‘~I||||I-| -:I'Ail II| L T 1T T 1T LI

10.2F S AYQ2S)—a Y (1) ]
1< S U BUY(3S)— Y (1S)

O YUS) Y (IS)
D. Y(4S)—>*w Y (2S) ]

9.8

M(up) (GeV/c?)

94

92

9.6/

L | |‘|’|:r'-‘1":

03 04 05 06 07 08 09 1 11 12
AM (GeV/c?)

Belle Coll. arXiv:1707.04973 (accepted by PRD)

c\g 250rl. lllllll L L T T T T T T T T 1 T T 1 T T 1 T T T 4:
= <O ]
D] - BELLE 7]
E 2001~ Y(4S) — 'Y (1S) .
g C Y(1S) = utw ]
w2 B -
s OE .
O - |
> N ]
88 K _

100_— ]
501 .
_I | I | | | I T | | I T | | T | | | T | | L1 1 1 | | I T | L1 1 1 | L1 1 I_

107 108 109 1.1 1.11 1.12 1.13 1.14 1.15 1.16
AM (GeV/c?)

(\/]3 5()__I | T T 17T LI T T 11 T T T 71 L T T 17T | L T T II__
= N<lo i
[ - BELLE i

- — T ]
= 4oL Y@S) > amwY(2S)

N» C Y(2S) = utw ’
5 - ’
= 30— _
O - |
> = _
58 B i

20_— ]
10: - BT LR CEE R R R N R I I+II ---------- .
_I 111 | 111 1 | 1111 | 111 1 | 111 1 | 1111 | 1111 | 1111 | 1111 | 11 1 I_

0.5 051 052 053 054 055 056 057 058 059 0.6
AM (GeV/c?)
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Dipion transitions

* Measurement of dipion transitions
also provided

* Fitto: AM = M(mmpp) — M(pp)  Improved BR results for transitions from Y(4S)
”Q 10.25 Lo ALY(Q2S) =t Y (1S)_] Measurement Result PDG value [17]
> S BY(S)—- Y (1S) B(Y(4S) —» ntn Y(18)) (82 + 05 +04) x10° (81+06) x10°
ST CY@S) = wY(1S) - | B(Y(4S) — ntn~ 1 (29)) (79+1.0 +£04) x107° (86 £1.3) x107°
= D YUSZma S - B(Y(45) — nT(19)) (1.70 £ 0.23 £ 0.08) x10 * (1.96 £ 0.28) x10 °
S 780 - C R , 2.07 & 0.30 + 0.11 2.41 + 0.42
96 1 Measurement Result Expected value [12]
' osn(1(29)) (17.36 £ 0.19 £ 0.69) pb (171 £0.3) pb
9.4 o1sr (Y (39)) (289 + 05 +1.3) pb (286 +0.5) pb
92F /
:, A IS B A PRI L SR AT Lo N EACEIR R s I Ae :
03 04 05 06 07 08 09 1 11 12 uncertainty on I'(Y(2S,3S)—e*e’)

AM (GeV/c?)

Benayoun et al. Mod.Phys.Lett. A 14 (1999) 2605

Belle Coll. arXiv:1707.04973 (accepted by PRD)

D
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Dipion transitions

e Distributions of M(7t*1t-) and cosShel(1t*) for the signal components unfolded from the data
using the sPlot technique, for all the transitions (see backup)

« Major interest comes from Y (4S)—mttwY(1S) dipion invariant mass

* Behaviour not seen in previous data at the Y(4S):

B R
% 160~ —4—data —; “o B §
S 140 non-resonant = > BABAR 180 =
8 120;_ —— non-resonant + Y(lS)f0(980) _i Cc1D) 150 - 4SQIS 1 Q>)~.
z oo L E —_ 160 S
S 80 = - haaits
2 F : % 100+ 1 E
3 E g | 140 @
401~ - § [ L
20 E m 50 .
0E= ﬂ+ JF - N 120
ot *T|....‘#....|....|....|....|....|....|....: .
0 04 05 06 07 08 09 1 1.1 12 O' E —0
M(rtr) (GeV/c?) o | | | o
04 0608 1 12
Belle Coll. arXiv:1707.04973 (accepted by PRD) Mﬂm_ (GeV/ C )
> BABAR Coll. PRL 96 (2006) 232001
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Dipion transitions

e Distributions of M(7t*1t-) and cosShel(1t*) for the signal components unfolded from the data
using the sPlot technique, for all the transitions (see backup)

« Major interest comes from Y (4S)—mttwY(1S) dipion invariant mass

* Behaviour not seen in previous data at the Y(4S)

e 180 |||||||||||||||||||||||||||||||||||| o 5
S F | " and verv similar to what observed at the Y(5S):
> 160~ — data E ”
é) 140 - non-resonant - 120
O 120 :_ - non_resonant + Y(lS)f0(9 _: : | I | L L I 1T 171 I | L I L L | 1T 11 I 1T 11 :
< - ] Py B D 5
2 100F = AR <> .
S :_ _: ~N B i
g 80 - ] > 0 _ + i
“ oo - E g %op :
40F LJF = 5 ]
I T - S 60F 3
— : — ~ N ]
: ++L = + - n - .
O =T . Y 40~ ]
_20 : 1 I_o_ | 11 I# 111 | | I T | | | I T | | 11 1 | 111 | [ 11 1 | 11 I: g : :
03 04 05 06 07 08 09 1 1.1 1.2 I?J 20 :_ _:
M(rtr) (GeV/c?) < “F T
T T T T [ e e s a5 583 A3 SN 03830 D RSO R 935 v e e O [ ¢ ]
Belle Coll. arXiv:1707.04973 (accepted by PRD) %_2 04 06 08 10 12 14 1.6

- 2
Belle Coll. PRL 108 (2012) 122001 | M(¥'®7), (GeV/c®)

D
5,_,_1 =l E. Guido 18 HADRONT17, 27 September 2017, Salamanca




Dipion transitions

* Distributions of M(7t*1t-) and cosShel(t*) for the signal components unfolded from
the data using the sPlot technique, for all the transitions (see backup)

e Major interest comes from Y (4S)—mtwY(1S) dipion invariant mass

“ 1§05' AR 1 * Behaviour not seen in previous data at the Y(4S)
E 1 485_ _+_ iif_resonam E and very similar to what observed at the Y(5S)
K 120 E_ — non-resonant + Y (1S)f 0(980) _E :
< oob 31  * Recently predicted by theory:
- S I it S E
= O E Chen et al. PRD 95 (2017) 034022
60— —
40 - . . .
o 3+ An amplitude model including a resonant
ok TL++ - + - £0(980) contribution is preferred by data
_203...*T|....‘#....|....|....|....|....|....|....: (2.80')

 Addition of £2(1270) does not improve the
description

Belle Coll. arXiv:1707.04973 (accepted by PRD)
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Conclusions

« Hadronic transitions are a key ingredient in understanding bottomonium and QCD
description of matter

* Belle has recently given a solid contribution, with many achievements in the topic:
 Observation of Y(4S) —>nhy(1P)
 Observation of Y(55) —>nY(1D)

 Confirmation of the enhancement of Y'(4S) —>nY(1S) with respect to
Y(4S) —mt Y (1S)

« Measurement of /search for other 1 transitions

* Precise measurement of Y(4S) dipion transitions and first indication for a resonant
contribution in Y(4S) —m+m-Y(1S)

e And many more results are likely to come in the future with Belle2 (see U.Tamponi’s
talk in Exotic states and candidates on Friday morning)

D
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T'he BELLE experiment

Operated at KEKB asymmetric ete- collider, run at T (nS) resonances

; ; ’,,é‘ 25 — ~——r
the energies of the different Y resonances (below E | r=s4Kev , BB |
and above BB threshold) g ’ - threshold

§ol 1) remer g
Collected the largest data samples at almost all of ~ 1ol * ’ . r=20KeV
these energies (the only exception being Y(35)) o o 1\.} ‘: 3 ; Ous=4nb : F—20MaV
-c | + . oy ‘ .“. "M' WM‘(#..“..‘*t-.‘-D
e i x ¥ JfYas) ves) yas) T vas)

944 546 1000 102 1034 1037 1054 10.58 10.62

| 800
| B CLEO Mass (GeV/c2)
, - B Belle
w u>: BaBar
@
c
2 4 + 711 fb at Y(4S) Sy =
E‘ I e 3 fb1atY(3S) o
. 24 fbl at Y(2S)
e |« 6fblat Y(1S)

* ~100 fb-1 off resonance/scan above threshold

* 121 fb1 at Y(5S)

T— m—

Lo E. Guido 2 HADRONT17, 27 September 2017, Salamanca
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The BELLE detector

\
\

R \\ Aerogel Cherenkov
Counters

Superconducting
Solenoid

Central Drift
Chamber

Tracking : SVD+CDC
Particle Identification: CDC+ACC+TOF
Calorimetry: (CsI(T1) crystal)

D
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Hadronic transitions: exp vs. theory
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Hadronic transitions: exp vs. theory
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Hadronic transitions: exp vs. theory
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¥ transitions: experimental status

CLEO Year BABAR Year Belle Year

Y'(3S) —>m%hy(1P) = 74122114 | 2011b -

Y'(2S) —>no0Y'(1S) <1.8 2008 - <0.41 2013

BABAR Coll. PRD 84 (2011) 112007
Belle Coll. PRD 87, 011104(R) (2013)

D
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Calculations of AM;

[ . q Liu et al. EPJC 72 (2012) 1981
Bottomonium Mass Spectrum
T(11.102) Xi2(11.022)
Il Sl b2 . 3 3 )
11 O_,;,,(u.om) Xp1(11.014) T,(10.939) | T(l 3D2) T(l Dl) T(l DB)
i T(10.878 Pu(11.016) Xl11008) T,(10.934) Xp4(10.856) i BB 13.077 10.995
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FIG. 1: The bb mass spectrum as predicted by the relativized quark model [11].
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Y (45) analysis: Dipion transitions
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Y (45) analysis: Dipion transitions

18.2000__"A'-|"'l"'l"'l"'l"'l"'"'l"'l"'z ? 8 E"ﬁ.l"'l"'I"'I"'l"'l"‘l"'"‘l"z §.
S 1800E Y(28) » wwY(1S) 40.6 -2 S 600 Y(3S) - T Y(1S) 0.9 g
] - Y(1S) > pu'p ] = Z - Y(1S) > pu'p —0.8 &
= 1600 ] S = B = )
5 - 05 @ S 5000 1n~ A
1200 +++ J0.4 400} ﬁ . + + H ++ 206
1000 i —50 ; ook 4 } 405
800 1 = —0.4
600 ) + —0.2 200} —0.3
- + ’ - =
400 ] n 10.2
- —0.1 100+ =
200F W : —0.1
s v b s bvn o b b b s by vy by g i 0 I T ! L ' ]
O 08 060402 0 02 04 06 08 1 0 208 060402 0 02 04 06 08 1
cosf,,(7") cosB, (")
— 160 1] > N I L N A L BN AL LA B 70.7 >
S 4§ Swo 13
A . | ot o B 0.6 =
= o + | Q = - Y4S) - = T Y (2S) 7 9
§ nof Y(4S) - 'Y (1S) : E = 1000 Y2S) o e : &m:‘
0 CY(1S) s ' —0.8 A - —0.5
100 - 80 L .
80/~ + 0.6 o e s o M —
- 1 l ] o R 0.3
60 ' ‘ —0.4 B ]
205— _:0'2 20 —fO.l
_111.1.1.1...1...111.1..111..1.| i 0: T T T P T T D T
“1 08 06 04-02 0 02 04 06 08 1 “1 08 06 04-02 0 02 04 06 08 1
D cos6, (") cosf, ,(T*)

BEL =l E. Guido 30 HADRONT17, 27 September 2017, Salamanca



Y (45) analysis: Systematic uncertainties

Y(2S) — T(3S) — Y(4S) —

Source T~ Y(1S) wtaTY@AS) At Y(AS) wTaTY(25) nY(1S)
Number of Y (45) 1.4 1.4 1.4 1.4 1.4
Secondary BRs 2.5 2.7 2.0 2.0 206 1.2
Tracking 1.4 1.4 1.4 1.4 1.4
p-identification 1.1 1.1 1.1 1.1 1.1
Signal extraction 1.9 2.7 2.7 2.7 2.8
Acceptance 1.0 1.0 3.1 3.3 -

7° reconstruction - - - - 1.4
Total 4.0 4.5 5.1 5.2 4.5
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