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Narrow resonances: I < AM << M
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What 1s bottomonium?

A bound state of a b and an anti-b quark
@ *  Access to energy levels below, near and above the BB threshold

Narrow resonances: I < AM << M

A window to look at the different regimes of QCD: multiscale system

— = at high energies: perturbative approach (expansion in as(Q?2))
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b / o + at low energies: non-perturbative effects dominate
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Different sectors of interest:
spectroscopy: which level exist and why? masses, widths, quantum numbers.
Are all the observed states expected and compatible with a bb content?
Unconvential quarkonia?

decays: increasing precision in the dominant modes, measurement of the rarest
ones: is theory able to predict their branching fractions?

production and behaviour in media
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A window to look at the different regimes of QCD: multiscale system

T
at high energies: perturbative approach (expansion in as(Q?2))
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Bottomonium history in one page
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BABAR and Belle

Cherenkov Detector

*  BABAR & Belle: experiments at Particle identification (PID)
; ; K-m separation >3.40 for
asymmetric e*e- colliders, run at the -

Instrumented Flux RetuI:n

Solenoid 1.5T

Muon and neutral hadron
identification
u efficiency >~85%, t mis-id

e 6-8%, for p>1.5 GeV/c
energies of the different Y resonances (or a l,G e
. €
above open-bottom threshold) for ~ a
decade
€ (9 GeV) el
Be I Ie KLM Silicon Vertex Tracker f
‘ TOF .
150° CDC Vertex reconstruction Electromagnetic Calorimeter

argd tracking + dE/dx. Drift Chamber
17%fficiency ~ 97%

Electron and photon energy
measurement. O
(E)/E=1.33%E14®2.1%

Momenfum measurement for
charged particles + dE/dx.
o(pp)/pr=0.13%p®D0.45%

IEEES

HM!”!"””WVH“I IR =Lyl
_— = 3.5 GeV
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B-factories data samples

T (nS) 'reso'nan'cels Collected by far the largest data samples at these energies:

2 25 . :
g r=54Kev \ BB a total of more than 1.5 ab-l among the two experiments
IEL | threshold 1
5 | 0 | ; () 3
E 15¢ ? . r—33KeV I CUSB 1200. RN BRI R AR R =] On resonance :
C ot Ovis=7nb _ I 4 L |———KEKB =—PEPdl| | Y(5S): 121 ™"
1 10f i " r—20:1(et\’l | ] 1000 . ’ E Y(4S): 711 ™!
| P f p Ovis=aND | o >0MeV » | Y(3S): 3!
) Y 4 g | | : 1
L LR A A heirid S O Ll R
\5/ 0 Y! 18) . Y‘(ZS) IYGS) . . L Y(‘?S) . : g ‘ z Off reson./scan:
944 946 10001002 1034 1037 1054 10.58 10682 ~100 b
Mass (GeV/c2) = r 51374 1.8 fb-
= —— == - g : L On resonance:
i ’ 1 400t { Y@4S): 424 fb!, 4TI M
“i 800 [ ] CLEO ’ [ j Y(3S): 28 fb!, 122M
| \(‘ - I YeS): 14, 99M
| > 600 . Belle | 200_' ' Off resonance:
| L 48 fb!
i © BaBar B A
o |
| g 400 B 1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1
1 S 200 467 | -  Belle: 1 fb! scan of [10.77,11.02] GeV /2 in 19 steps
‘ 20 o 16099 6 12123 | .
)l (- - — ——— | + BABAR: 3.3 fbl scan of [10.54,11.20] GeV /c2in 132
| |
i‘ J»O J,(’ \}»(9 J7 1 steps + 0.6 fb-! scan of [10.96,11.10] GeV /c2in 8
|‘ s ; S V&S‘ : steps
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T'he ground state and 1ts excitation

10.8 Y (53S1)
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T'he ground state and 1ts excitation

0000
Observation of Y(3S,2S) —> ynw(1S) by BABAR (2008-2009) &

+ re-analysis of previous data by CLEO (2010)

Fit to the inclusive photon CM energy spectrum, searching

for monochromatic photon above the smooth non-peaking &
bkg

es/ (0.005 GeV) _

Combined Y(3S,25):
m(np(1S))=(9390.8+3.2)MeV/c2
From the Y(2S): AMn=(66.1+£5.4)MeV/c?

BABAR Coll. PRL 101 (2008) 071801
BABAR Coll. PRL 103 (2009) 161801
CLEO Coll. PRD 81 (2010) 031104
Belle Coll. PRL 109 (2012) 232002
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T'he ground state and 1ts excitation

Observation of Y(3S,2S) —> ynu(1S) by BABAR (2008-2009)

+ re-analysis of previous data by CLEO (2010) Lransition m(1P) 2 m(15) h(2P) = m(15)
Yieldx10~? 23.5 = 2.0 10.3£ 1.3
2 c_-'_(. +5.6 lf" "_t:- +3.1
Fit to the inclusive photon CM energy spectrum, searching B> 10 192257553 22323853
: : Significance 150 90
for monochromatic photon above the smooth non-peaking
B m,, s (MeV/e?) 94024 +1.5+ 1.8 (joint fit)
5 Ampy; (MeV/c?) 57.9 £ 2.3 (joint fit)
I'(ns(18)) (MeV) 1178 (joint fit)

A new unpredicted pathway to access the np(1S) and 7>
Nb(2S) from Y(5S) by Belle (2012) Transition hs(2P) — ms(25)
Yieldx10~? 25.8 4.9
Access via E1 transitions from the hy(nP) states: B x 10? 49.2+5.775%
Significance 4.20
Evidence of nu(25) my, 2s)(MeV/c?)  9999.0 = 3.5 735
Amny (MeV/c?) 24.3757

Improved np(1S) mass measurement wrt the M1 transitions,
and first measurement of the width

BABAR Coll. PRL 101 (2008) 071801
BABAR Coll. PRL 103 (2009) 161801
CLEO Coll. PRD 81 (2010) 031104
Belle Coll. PRL 109 (2012) 232002
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hy(1P,2P)

Y (53S1)
W\
S
Y(43S) _
"""""""""" - (39P) "~ Xv2(33P2) [*=-----------| BB
% +37P1) Xbo(3%Po) oo™ ’Jﬁ
Y(33S+
. D Y(23D+)
Nu(31S0) ‘. Xb2(23P2)
o VS 3
i Xb0(23P0) Xb1(2 P1)
3
: o Y(13D)
Nb(21So) Xb2(13P2)
Xb1(13P1)
Xbo(13Po)
---------- p hadronic O transition
P hadronic mr transition
Y(13S4)
$ hadronic n transition
Nou(11So)
0+ 1- 1+- 0++ 1++ 2++ 1,23 — ?
JP C
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hy(1P,2P)

BABAR Y'(3S)—>m0 hp(1P), hp(1P)—> ynw(1S), using the np mass measurement to constrain
the expected energy of the photon

3.30 evidence for a resonance recoiling against the 10, with a mass of (9902 + 4 + 2) MeV/c?,

consistent with the prediction of the hy mass from spin-weighted average of the xp;(1P)
states

BABAR Coll. PRD 84 (2011) 112007
Belle Coll. PRL 108 (2012) 032001
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hy(1P,2P)

BABAR Y'(3S)—>m0 hp(1P), hp(1P)—> ynw(1S), using the np mass measurement to constrain
the expected energy of the photon

3.30 evidence for a resonance recoiling against the 10, with a mass of (9902 + 4 + 2) MeV/c?,

consistent with the prediction of the hy mass from spin-weighted average of the xp;(1P)
states

Belle observed both hy(1P) and hy(2P) in ete- —> hp(nP)mt*m- using data at Y(5S), prompted by:

CLEO ete-—> hcmt*mr at a rate compatible to ete- —> J /¢ 17t in data above open charm

threshold (unexpected due to the fact that the production of h. requires a c-spin flip, while J /1
does not)

anomalously large rates for ete- ->Y(nS)m*m- at Y(5S) energy

BABAR Coll. PRD 84 (2011) 112007
Belle Coll. PRL 108 (2012) 032001
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hy(1P,2P)

inclusive search in the recoiling mass against mt*r:

v Y(2S) 2 2
> ‘ —
2 40000t 5 ’ T I
= . l 1
~ i . ' w2
2 | | l | =
5 W000p Y(1S) ; . h,(2P)
Z h [5.50] & [110]
- = |
20000 | h(1P) 1 : Y(39)
. Sl
10000 | . Y(ID) |
AL i
10 1022 10.4
M., (GeV/c?)

BABAR Coll. PRD 84 (2011) 112007
Belle Coll. PRL 108 (2012) 032001
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/7
0’0

Belle Coll. PRL 115 (2015) 142001

Following a similar approach: Belle (2015) first observation of the transition Y(4S) —> nhy(1P)

~ 16000
¢ . s %
Analysis of the  missing mass 2/,
spectrum: = 12000
%10000
NQ S 8000 D>
> 30000 — o 6000 % @
§ — :5 . BELLE
P = 2000 ot L
S0l o + ol |
Y5000~ 2000 | |
- 400Qfi el L S P A
10000 E- 08 07 -06 -05 \-04 -03 -0.2
= AM\ . (vy) [GeV/c?]
5000
= b bl
¢ * %
'5000:—. L . . . . . ol .
9.5 .6 9.7 9.8 9.9 10

TABLE III. Summary of the results of the searches for
T(4S) — nhs(1P) and hy(1P) — ym(18).

Observable Value
B(T(4S) = ghy(1P)] (2.18 £0.11 £0.18) x 107~
Blhy(1P) — vm(18)) (56 £ 8 £ 4)%

M, ..M [GeVic?]

+  Measurement of the hp(1P) and
Nb(1S) resonance parameters, via
hp(1P)—>Y np(1S)

My, (1p) (9899.3 + 0.4 £ 1.0) Me\/’/c2
J\ff,,b(ls-:. — ﬂ’[},b(_”)) (—4986 + 1.7+ 12) MeV/c'“’
Fm,(lS) (8:‘; -~ 5) MeV/c"’
M, (15) (9400.7 £ 1.7 £ 1.6) Me\f'/c2
AMyr(18) (+59.6 £ 1.7 &+ 1.6) MeV/c®
AMur(1P) (+0.6 £ 0.4 £ 1.0) MeV/c"

E. Guido 1
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Hyperfine mass splitting

Hyperfine mass-splitting of singlet-triplet states related to the spin structure of the resonances

A discrepancy of >30 for the 1S-HF splitting between measurements from E1 and M1 transitions

The same as in charmonium? T(5S)_>T[+T('hb(1P,2|P), hb(lP,ZP)—>XT]b(18)
()
90 S = Y (45)—>1hy(1P) hy(1P)—>¥115(15)
@ onF . i S
= 80F ... Lattice T 3 Y(285,3S)>¥np(15)
© —_— : © R,
g 70 - £ o M
g’ i ® [\ul = + +
= 60F i, = 8 + v
® — ! ® = "-,: pNROQCD + =
¢ _E i | L R s 2 ® s ¢
£ 90 : « g - — =) S 3
= —_ i@ = = o & & o
e I < o 5 a & allalls -
o [ ST ° : a o dilg||w. o5
T 40F | - = o = =82 =~ &
w» il £ 8 e *- |2 X ZllEllE E 2
~— 30 : A é T) ’i .. .................. 8 ('j < < ‘i‘) 2 %4 2
i - B — Potential o R Rl |l -
RS- RCR = R || & =
20E & & C - [private averages]
g £ S
5 5
Ca <]
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Accessing the D-wave states

10.8

10.6

Mass (GeV/c?)
—h b -k
O O (=}
(=) N ™

©
o

©
o

9.4
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Y(53S1)
Y(43S1) .
"""""""""""" ey b gy b (0 | il e
b(31P1) ¥o0(3%Po) Xb1 1 —
Y@S) [===-eao____ Y(23D1) |i
w(3'S) | o Tmmeall
hu(21P1)
Nb(21So0) Y(2°S1)
ho(11P4)
A’ : - H = g
vassy || TTEmes % radiative E1 transition
Nu(11So) P hadronic m+mr transition
0-+ 1 1+- j);; 1++ 2++ 1,2,3- — ?
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Accessing the D-wave states

CLEOQ (2004) Y(13D>) observed one single member of the D-

wave triplet, using the decay to 2 y. Corresponding to mass 4~ — | ?ﬂ
and BR expected by theoretical predictions, but not able to § 40 ®*Data EE -
experimentally verify the quantum numbers assignment %’ - — D state
= =S state
BABAR (2010) observation of N> —- 1P, state .
Y(3S)—>¥YY(13Dy), Y(13D2)—>m+m-Y(1S) with Y(1S) 2 +
: ' = —T T T~ ; '
leptonically decaying o201 - A \\;/{\ .
= i / /-—-’"‘/‘-" N
An intermediate xpj(2P) state is produced between the // " ™
radiation of the two Y —> pattern of energies used to reject / *
bkg ® - \\
...... N
L | , 1 . | LN
5.80 significance 04 0.6

Tt masss (GeV/cz)

quantum numbers determined by studying the rt*7- mass
distribution after bkg subtraction —> compatible with D-
wave hypothesis

CEEQColl-ERD 0 (2004) 32601
BABAR Coll. PRD 82 (2010) 111102

D-wave triplet still unresolved

E. Guido 1AL 24 October 2017, Genova



Belle Coll. preliminary @DIS2014

Accessing the D-wave states

3000

> = <D
= 2500 — WEmE .
0 = . Preliminary 2014
YGS)—>nYAD) 3 ooF I
—_— > —
il S 1500 = he(1P)
@ =
observed! & 1000
500 +
LT .
0 - * l+*l"‘ J-T
10.8 Y(53S1)
10.6 Y(43S1) BE | | I | | | | | | | | | I | | 1 1 l | | | | | | | | | | | | | | | | | |
- o - r,_—‘} 9.95 10 1005 104  10.15 102  10.25
[ [y AL ¥(22D) MM(yy) [GeV]
& Nu(31So )
S10.2 ahal Xs(2P) * In particular, BR(Y(5S) —>1Y(1D)) is compatible
9,;10 . — with the prediction (via triangular meson loops)
$10.0 1| no(2's0) !
= hs(11P) T Wang et al. PRD 94 (2016) 094039
9.8
7(55)
9.6
Y(13S4)
9.4 e ==l hadronic n transition
— — — — T Now. finalizing the r'esult on the branching
fractions (to be published soon)
E. Guido 15 24 October 2017, Genova



U.Tamponi, E.G. et al [Belle Coll.] preliminary @Hadron2017 NEW!

Investigations on the Y (1D) triplet

 Not resolving the Y(1D) triplet (resolution ~mass splitting) Fip =7 +]}rﬁ_ e [Ca(m2) + f1C1(m1) + f3C3(m3)]
* Signal in MM(YyY): 3 Crystal Ball functions, with free relative fractions B[Y(5S) — nT(1D;)] 0.68
fu, f3 that are precisely predicted in: | Wang et al. PRD 94 (2016) 094039 1= BY'(55) = nY(1D;)]
and

* m; fixed to world average, AMj; fixed to different values between3 | _ B Y(55) = nY(1Ds)] _ 14
and 15 MeV / c2 (reasonable according to calculations and BT (55) = nT(1Dy);

observations)
* Values returned by the fit in &G g
: ; S 14 ;
any of these configurations E vz
are compatible with 0 rm
N S
= b
<1
* 90% CLULs on fy, fzas a 1018 ¢ 1.2
function of AM7, and AM>;3 o \ 3l 1
8_ 0.8
7
* fifavored value excluded in 3 of 0.6
regions where sf 0.4
10< AM12 <13 MeV/c? ‘- Preli) . TN
! ! . 1 N \ 0
%3 4 56 7 8 9 10 11 12 13 14 15 * % 456 7 8 9 101112 13 14 15

A M, , [MeV/c?] AM;, [MeV/c?]
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NEW!

Accessing the D-wave states

Predicted enhancement of Y(1D)—>nY(1S) with respect to Y(1D)—>m+1t'Y(1S) due to a contribution of
the anomaly in the flavour singlet axial current in QCD (Voloshin, 2003)

Look at this possible transition in Belle data at the Y(4S) —> challenge to observe Y(1D)

no significant indication

YN 5_ T T T T | T T T T | T T T T
N —
Q - 3
=2 = Y(I'D,,) = nY(S
Y(5351) S 45 ( 1,2)_ nY(1S)
10.8 ) - — TE+TE TCO
S 4y
o . 5§ Y(1S) = p'w ]
la viass S F E
"""""""" = 3 —
10 4 hn(31P4) Y¥bu(3P) r:} § 2 5 E_ _E
’ Y(33S1) Y(23D1) 83 “E =
5 (38 hu(2!P1) (2P) 2E 1T E
=10.2 * 156 =
(] DE _
S - =
1= E
§10.0 nu(21Sg) | | Y(2°S1) - :
s he(11P1) x6(1P) 0.5 =
:-I 1 (| | 1 1 1 1 | 1 1 1 'I | I- 1 1 1 | I- 1 1 -I | 1 1 1 1 :
9.8 012 0.3 014 015 016 0.7  0.18
AM,, (GeV/c?)
9.6 n
-e- '> radiative E1 transition
Y(13S4)
9.4 e ==l hadronic n transition _
. Voloshin Phys. Lett. B 562, 68 (2003)
0 1 L 3PC 1ee 2rr 123 ? |F G. et al [Belle Coll.] Phys. Rev. D96, 052005 (2017)
E. Guido 167 24 October 2017, Genova



*,

Towards the Z,'s

&": 10.8 =
10.8 Y(53S1) % 10.6 :_
| | S 104 |
10.6 Y(431) — S102f
........ R ——— |y - = .
104 I I ha(31P+) Xo(3P) ,1—7-} 10 |
_ o | Lt Yem) 98
) i hu(21P1) Xo(2P) =
=10.2 9.6 |
S l ‘ — F 9.4 [
2100 | [ nuziso) | [ Y28 YD) o2 |
= he(17P1) Xs(1P) S T P I L TER A
0.8 ® 04 0.6 0.8 1 1.2 1.4
AM = M(uuser)-M(up) (GeV/c?)
9.6
Y(13S4) had
—> adronic i transition
9.4 N(11Sn)
0-+ 1-- 1+- 0++ 1++ 2++ 1.2.3- =3 Process [iotal ' 4o i
e YT(2S) — Y(1S)rtw~ 0.032 MeV 0.612 keV|0.0060 MeV}
T(3S) — Y(1S)m*7~ 0.020 MeV 0.443 keV} 0.
Y(4S) - Y(1S)n™n~  20.5 MeV 0.272 keV} 0.
Y(10860) — YT(1S)nTw~ 110 MeV  0.31 keV | O.eV
E. Guido 18 24 October 2017, Genova
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Anomalous rate of Y(55) —>m+1-Y(1S,2S), Belle (2008) [Belle Coll. PRL 100 (2008) 112001

Towards the Zi’s

10.8 15 + anomalous rate of
0e Y(5S) —=mhe(1P.2R) that led to hi
. Y(43S4) _ <
-------------------------------------------- 58 discovery, Belle (2012)
Xs(3P) ,-|—7~}
10.4 Y(33S4) Y(23D1)
L (2P magnitude comparable to
S 'YWD) f Y(55)—>Y(nS) dipion transitions
$10.0 | [nozisy | | Y2351 ‘ G . : ;
707 | Lers o (despite involving a spin flip)
9.8 —> exotic mechanism
L — Belle Coll. PRL 108 (2012) 032001
04 — —> hadronic m+r transition
0-+ 1-- O++ 1++ 2++ 1.2.3-—p ?
JPC
E. Guido 18 24 October 2017, Genova



*  Decays are mediated by two narrow structures:

10.8 Y(53S1) -
10.6 Y(435,) N _
Y LR R R ey = BB
foa Xs(3P) ,1—77
) Y(33S1) I Y(23D1)
&‘: Nu(31So) (2P}
3102 /1 = ’J:}
(O]
@ Y(13D1)
§ 10.0 | | nu(2'S0) Y(23S4) 1
= ! Yo(1P)
9.8 [
9.6 | 4
Y(13S4)
1 — > hadronic n*- transition
9.4 nn(11Sn)
0+ 1-- 0++ 1++ 2++ 1.2.3-—p ?
JP C

Belle Coll. PRL 108 (2012) 032001
Belle Coll. PRD 91 (2015) 072003
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The Zp's

* Decays are mediated by two narrow structures: %
(]
# 5 decay channels (Y(3S,2S,1S) and hy(2P,1P)), £ E:igzz @
° ° o > .'_
similar production rates for the 2 resonances < | Z a0} hp(1P)
o1 102 103 104 105 10j1o7 10.8 ‘g 6000
M(Y(18)7),.., (GeVv/c?) kT g
= JP =1+ favored for both the resonances N — 4000} ]L {_ ﬁ
- 2000
ol © Y(29) 1o M0 1
2 : Or ll lT NN
+  Minimal quark content is a four-quark % ol | 2000111 T T ‘i‘ ,,,,,
: : n | 10.4 10.5 10.6 10.7
combination 3wl M__(x), GeVic?
§ |
G 20} S 17500f
=+ Masses a few MeV /2 above the thresholds of b e B ] 2 15000}
* i 104 10 45 105 10 55 106 10 65 107 10.75 9 12 _
the open-bottom channels B*B and B*B* —> M(Y(28)7)pay, (GOV/?) 3 120
. . . 120 T g 10000¢
suggesting a ‘molecular” interpretation, but : | @ 7500}

mé_ “ Y(3S) _ 5000

other possibilities are still open :
2500

(w), GeV/c?

(Events/4 MeV/c?)

Belle Coll. PRL 108 (2012) 032001
Belle Coll. PRD 91 (2015) 072003

- mlss

0 | ! I 1. | Yy Ll l-
10.58 10.62 10.66 10.70 10.74
M(Y(3S)7),.,., (GeV/c?)
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/1’s from above the Y (5S)?

Are the Zy's accessible even from higher energies? Belle Coll. PRL 117 (2016) 142001

Study of ete- —>hp(1P2P)mt* 7t in the Belle energy scan above the Y(4S)

=z | Ve
o -
: 4_ hb(lP) } NQ i (D NQ i
E o : | P M=) 3] hu(2P)
B = 4+ T BELLE =
o 2 g | j er10—1
< T o2F 7 - KIS
m - L
b olt—~F Tt LA l T o = SR I

L > 0 H—F— SO D | ~

— T o il g
8 { <ot + < | - + )
~ 6 G [ 5*
> r P B L P = I bl
5 105 106 107 108 107 108
+
= 4] h,(2P) M, (7), GeV/c? M, . (), GeV/c?
o
.CD 2_
o | < s 5 ; s
o oLt + ________________ #  Statistics is still too limited to separate
the Zv’s contributions

NP I
10.85 10.9 10.95 11

Hp. of Z(10610) only excluded at 3.30,

Y(5S) hp. of Z,(10650) only not excluded

E. Guido 20 24 October 2017, Genova



Another exotic: Y,(103890)?

« Belle (2010) analysis of data scan around the

Y(55)=Y(10860) energy

# 8.1 fb-! in the range [10.83; 11.02] GeV /2

* Energy-dependent measurement of the
ete- —>Y'(nS) Tt cross section

« Peak at (10888+27,¢+1.2) MeV with a 30-MeV

width

* This peak differs substantially from the
observed maximum in the overall hadronic

Cross section

—> suggesting that may not be due to Y(5S) but
some exotic state (hidden-beauty counterpart of

Y(4260) in charmonium?)

= 0.012
S

S 0.010
T 0.008

@

€ 0.006

Fal

& 0.004
0.002

0.000

0.6

0.5

04

R, = o[bb] / ¢®[pp]

03

0.2

0.1

[ ¢ Y(1S)mn :
— #§ Y(2S)n 5
| ) Y(3S)n :+ +
R I a2 ,

— "x""'"# : ! ————————

; t
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\'s (GeV)
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Belle Coll. PRD 82 (2010) 091106(R)
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Not only new resonances...

Important informations on bottomonium given not only by the discovery of new resonances, but
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

Some puzzling features, in particular in the 2-body hadronic transitions (1, 7°)

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

Gluons emitted in pairs, either E1 (no spin-flipping) ori 4£'
M1 (spin-flipping) > @N}v ﬂ/ (~at<l
%

Expectations:

suppression of spin-flipping transitions
(i.e. mS5—>n nS wrt mS—>mt*m nS,

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

further suppression of isospin-violating transitions
(i.,e. mS—>m0nSwrtothers) @~ eeeeeeeaeaeeeeaeceeemaeeaaaa- -

E. Guido 22 24 October 2017, Genova



1] transitions: experimental status

E. Guido

Transition CLEO Year BABAR E Year Year
- 1.96+0.26+0.09 2008 | 1.70+0.23+0.08 2017
[EG]
—1..8:() 2008 =1 0 &) 2011 -
[EG]
215070 =05 20084239031 E0 441 2011 | 35750255021 20135

[EG]

21 6o le g D015

BABAR Coll. PRD 78 (2008) 112002
CLEO Coll. PRL 101 (2008) 192001
BABAR Coll. PRD 84 (2011) 092003
Belle Coll. PRL 115 (2015) 142001

[in units of 10-4]

(*) ULs are at 90% CL

E.G. et al [Belle Coll.] Phys. Rev. D96 (2017) 052005

25
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1] transitions: experimental status

Transition CLEO Year BABAR Year Belle Year

o
= <@i0.26i0.09 2008 N1.70+£0.23+0.08 ) 2017

Y'(3S) —>nY(1S)

Y(2S) —nY(1S)

Y(4S) —>nhp(1P)

[in units of 10-4]

BABAR Coll. PRD 78 (2008) 112002 :
E.G. et al [Belle Coll.] Phys. Rev. D96 (2017) 052005 (*) ULs are at 90% CL
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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.ZSt@ 2013

[in units of 10-4]

CLEO Coll. PRL 101 (2008) 192001
BABAR Coll. PRD 84 (2011) 092003 (*) ULs are at 90% CL
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)

[in units of 10-4]

CLEO Coll. PRL 101 (2008) 192001 ;
BABAR Coll. PRD 84 (2011) 092003 (*) ULs are at 90% CL
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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]

Belle Coll. PRL 115 (2015) 142001 () Uls are at 90% CL

E. Guido o 24 October 2017, Genova



E. Guido

1 transitions from Y (5S)

* Dipion transitions from Y'(5S) enhanced due to the Zy’s...

Transition

Belle Year
531506 | 2008
Zesils 2008

cropall ez Ol
Sl )

[in units of 10-3]

Belle Coll. PRL 100 (2008) 112001
Belle Coll. PRL 108 (2012) 032001

28
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N transitions from Y (55)

* 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
5.310.6 2008 Transition Belle Year
7 renell & 2008

0.73+0.16+0.8 2012 (prel.)
9D k= 2] 0 2.140,740.3 2014 (prel.)

5.7t17 54 2012 <3.3 (*) 2014 (pI'EI)

e ...but n transitions are NOT suppressed!

B 2014 I
* Observation of Y(55)—>nY(1D)! <3.7 (%) (prel.)

Belle Coll. preliminary @LaThuile2012

Belle Coll. preliminary @DIS2014 2.840.7+0.4 2014 (prel.)

E. Guido 29 24 October 2017, Genova



... (keV)

I, (keV)

E. Guido

10°

102

10

107!

102

1073

10°

10?

10

107!
102

1073

A quick-view summary

% | | | | | | I | | | | g
— T T Egﬁ%Egﬁ%ﬁ%@ﬁﬁ%@ﬁfﬁﬁﬁﬁﬁﬁﬁk —
E =
: - rinttel Tttt :
E T e =
E =
E ] ] ] ] ] ] ] ] ] ] ] é
¥ ¥ ¥ 2 ¥ 2 2 12 ¥ ¥
A sy s, P9sy O9s, OSs, PSS, 08,
% | | | | | | | | | | ?
— : (UL) (UL) —_— —
E =
= —— =
E =
= EHSEESEES =
= ggEEgEE PDG =
= —+—  Belle recent measurements —=
- (some are preliminary) =
l N l l l l l l l l l
e g )3 e e e
sy O, sy RN A "9, O9s, OBl
(]S) (IS) (]S) (IS) (QS) b([p) 6(2])) ([D)
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... (keV)

I, (keV)

E. Guido

10°

10?

10

107!

102

1073

10°

10?

10

107!

1072

A quick-view summary
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1
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=+

Simonov PRD 79, 034024 (2009)
Kuang Front.Phys.China 1, 19 (2006)
Meng PRD 77, 074003 (2008)
Simonov PLB 671, 55 (2009)

_|_L|.|Jl||| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIIH

¥ ¥ ¥ ¥ 2 y ¥ ¥ b2 ¥
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NEW! E.G. et al [Belle Coll.] Phys. Rev. D96, 052005 (2017)

Resonant contributions to dipion transitions

i R RS
Clear dip just below 1GeV 2 l60f - daa
(never seen before) S b - non-resonant
Similar to what observed in Belle 55 & 1200 — mon-resonant+ Y(IS) (980)
analysis l 2 100
= -
g 80—
120 _l LI I LI I LI I LI I LU I LI ] m 60:_
- ) - Belle Coll. PRD
<. 1000 Belle Coll. PRD 91 (2015) . 40—
2 "t 072003 1 b a0
> ok . E e 1L 051103
= * . : I BABAR Coll. PRL
Q 60[ ] 03 04 o0 96 (2006)
P ] 232001
H 40 =
g : . N0400 N L R A B B B ~
o ] > QI 1S
g 20: { : Sas0 = " BABAR 180 S
B 0150 48—1S I
0 B e o e e 747 7% PO A% 935 GO0 SO0 MO 1930 DO A PO 0000 Tty % 1% et ez el M ] 2300 9 E :60 8
02 04 0.6+ _0.8 1.0 1.;2 14 1.6 S 250 S 100, 803
M(n*n), (GeV/c?) gzoo_ :‘2) ; L 40@
* Due to interference between non-resonant and fo(980) '} A 500 1 ] "0
Indications for £o(980) at 2.80 | - ]
- More data needed for a refined Dalitz analysis and ol Of— 0
: : g 04 06 08 1 1.
St.udy .of oth.er contn?outlo.ns | - T TR I M. (GeV /C%
» First time this behaviour is seen in 4S transitions M. (GeV/c) i
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Preliminary conclusions

* An incomplete summary of the heritage of the 1st

generation of B-factories in the bottomonium physics
field

+ A lot of achievements

“ Alot of open items for theoretical speculation but also
for further experimental investigation

* Promising territory for the next B-factory as well!

E. Guido 33 24 October 2017, Genova



T'he Belle Il experiment

Belle || Detector g2te} collaborators, 101 institutes, nations]

Belle Il TDR, arXiv:

1011.0352 KL and muon detector

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC (end-caps , inner 2 barrel

s)
—
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S
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Vertex Detector
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Central Drift
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T'he Belle Il experiment

K_and muon detector: 60 =
Resistive Plate Counter (barrel outer layers) E G“l OfM I M KEKB
— .ﬁ;:;ﬂg{g + WLSF + MPPC (end-caps, inner z barre! layers) -

EM Calorimeter: " A
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Pure Csl + waveform sarmpling’
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i
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PP IREEEE _ «E I e R TR R
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1n 201y
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Bottomonium physics program highly demands for data to be collected at
the Y(3S) and Y(5S,6S)

Option of collecting data @Y(6S) in Phase 2: tough because at the very limit
of the machine

Competition with LHCb is quite pressing

Even in Phase 3, the fraction of Y(4S) data collected is a delicate matter of

— 100 47 @Y(4S)
— 300 747 @Y(3S)

discussion
= LR LRI B BB | \WALELN IR I BRI RN R
'§ i ellell  Projection (Feb 2017) ) 4 /‘ed\fondé/e
@ 10— . i B—
§ . non—Y(4§>
= .
ﬁm B /‘e?aeSZ‘-'
-e- -
- -1 ab" @Y(5S)

IIIIIIIIIIIIIII

~#- LHCb
2 -8 Belle (1) 70% data Y(4S)
e~ Belle () all data Y(4S) . - 400 /’A-‘l Scan
lllllllllllllllllllllllllllllllllllllllllllllllll—
0 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Year
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E. Guido

Wish list tfor Belle 11
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Wish list tfor Belle 11

# MNp(1S) mass discrepancy between E1-M1 transitions measurements: lineshape
factor? improvement in M1 photon resolution (converted photons techniques,

already used by BaBar (2011))
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Wish list tfor Belle 11

# MNp(1S) mass discrepancy between E1-M1 transitions measurements: lineshape

factor? improvement in M1 photon resolution (converted photons techniques,
already used by BaBar (2011))

* 1Mp(2S) measured only once: M1 transitions to it?
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Wish list tfor Belle 11

# MNp(1S) mass discrepancy between E1-M1 transitions measurements: lineshape

factor? improvement in M1 photon resolution (converted photons techniques,
already used by BaBar (2011))

* 1Mp(2S) measured only once: M1 transitions to it?

+ Missing states: Np(3S), hy(3P)
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Wish list tfor Belle 11

# MNp(1S) mass discrepancy between E1-M1 transitions measurements: lineshape

factor? improvement in M1 photon resolution (converted photons techniques,
already used by BaBar (2011))

* 1Mp(2S) measured only once: M1 transitions to it?
+ Missing states: Np(3S), hy(3P)

« Missing states: D-waves. Expected narrow widths, dominant radiative decays
to Xpj
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Wish list tfor Belle 11

# MNp(1S) mass discrepancy between E1-M1 transitions measurements: lineshape

factor? improvement in M1 photon resolution (converted photons techniques,
already used by BaBar (2011))

* 1Mp(2S) measured only once: M1 transitions to it?
+ Missing states: Np(3S), hy(3P)

« Missing states: D-waves. Expected narrow widths, dominant radiative decays
to Xpj

» Hadronic transitions still not well understood, and spin-flipping transitions
below / above threshold to be interpreted: high statistics study compelling for
feeding theoretical speculation
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Wish list tfor Belle 11

# MNp(1S) mass discrepancy between E1-M1 transitions measurements: lineshape

factor? improvement in M1 photon resolution (converted photons techniques,
already used by BaBar (2011))

* 1Mp(2S) measured only once: M1 transitions to it?
+ Missing states: Np(3S), hy(3P)

« Missing states: D-waves. Expected narrow widths, dominant radiative decays
to Xpj

» Hadronic transitions still not well understood, and spin-flipping transitions
below / above threshold to be interpreted: high statistics study compelling for
feeding theoretical speculation

» Exotica: others apart from Zy's? if so, probably accessible from data taking at
higher energies. Testing tetraquark /molecular nature of Zy's

E. Guido 37 24 October 2017, Genova



Bottomonium physics (@ Y(65)

 Important results, through some golden modes based on a possibly unique data sample to be
collected at the Y(6S) energy

% Y(6S)%T(Zb, Zb%nhb(nP)

E. Guido

not sufficienct statistics at Belle to clearly

separate the Zy contribution

possibility for a data acquisition at the Y(6S)
energy during Phase 2 (2018)

according to MC studies, separation is possible
already with 10 fb-! of data

ey =
* ©

Mmiss(fb) 2 \/(ECM 7 EIII)2 _p%
© | o |
S |--- phaserspace N 15_1 o
3 | @ 3 (b)
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2
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Bottomonium physics (@ Y(65)

 Important results, through some golden modes based on a possibly unique data sample to be

collected at the Y(6S) energy

* 1 transitions from Y(6S)

* could be used to access missing states below

BB threshold (in particular Y(2D) triplet)

 heavy quark spin symmetry violating —>
comparison with QCD multipole expansion

calculations

e results with 50 fb-1, but more statistics will be

needed for Y(2D) discovery

from similar transitions from Y(5S), it is
reasonable to expect cross-sections < 1500 fb

—mY(1S
Estimation based :Ygzs;

on full Belle Il —n Y(3S)
~ detector n Y(1D)
\ —m Y(2D)
—mh, (1P)

n h (2P)

—— N e ——
\_,+' — o r —— p—

50 100 150 20 250 300
Luminosity [fb™]

E. Guido
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Summary

* Bottomonium physics has been one of the main successes achieved by the first
generation of B-factories

+ Discovery of long-awaited resonances
+ Open room for exotic states

* Puzzling hadronic transitions between states below and above threshold

+ A fertile field also for Belle II !

E. Guido 39 24 October 2017, Genova






Analogy with 1 lineshape?

CLEO (2009) observed a distortion in the 1. line
shape due to the photon-energy dependence of
the magnetic dipole transition rate (J/{ —> ¥ 1 - s

and P(25) —> ¥ o) ol CLEO -

Background that decreases with E(y) from
J/ —>Xi, where a spurious cluster is found in
the calorimeter + a rising background from both

J/ Y —>m0X; and non-signal J/{ —>vX;

N. Candidates/10 MeV [x102]

Taking into account this, a mass value

(2982.2+0.6 MeV / c2) compatible with the result v o é(zy‘; GeV] w0

from yy fusion and pp annihilation; without ~7

MeV lower

Al e 5 CLEO Coll. PRL 102 (2009) 011801
e o Erratum ibid. 106 (2011) 159903
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3

(Events/20 MeV/cz)
5

E. Guido

Search for 7,0

If molecular interpretation, search for a ‘natural” neutral partners of Zp*in
Y (10860) —>Y(nS)m1t0 decays, with Y(nS) going to leptons

88 e Y(2S)n°n? |

p—

w/Zs

i

(Events /10 MeV/cz)

18

—
N

(Events/4 MeV/cz)

16 -
5 8
10 - L
5L
o U W e B e iz oo ok B s R B T e S Wiwi GG R S B R et
104 102 103 104 105 106 107 10.8 104 1045 105 10.55 106 1065 107 1075  10.58 10.6 10.62 10.64 10.66 10.68 10.7 10.72 10.7
M(Y(1S)n) ., (GeV/c?) M(Y(28)m) ., (GeV/c?) M(Y(38)n"),,., (GeV/c’)

Z19(10610): 6.50 (4.90 from Y(2S) + 4.30 from Y(3S) )

Z19(10650): not observed, but not excluded

Belle Coll. PRD 88 (2013) 052016

42
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More exotica?

Xp? counterpart of X(3872), JrC = 1++
Predicted in both tetraquark model and molecular interpretations
Searched for in the Y(5S) data sample, through X,—>wY(1S) decays (large isospin

violation in 7Y (1S))
Similarly to ete- —> yX(3872) observation by

25 ] BESIII at 4.26 GeV
- —+4-Data ]
& - _..yX MC ]
% 20 : + _Z)X:J MC As a counterpart of X(3872)—>rttrt] /1
= 15F [Jw sideband —
= - ] BESIII Coll. PRL 112 (2014) 092001
‘?')’ 10F - 151 —+4- Data
5 - - o F — Total fit
L1>J 5[ + — % 10 i --- Background
N . + - = L
0 |+ i AP ++ ," + =] ® -
10.2 10.3 10.4 10.5 % . ,1 10.7 !é.’ i |
M(wY (1)) (GeV/icPR  f g 51 H -
Belle Coll. PRL 113 (2014) 142001 - l l l J.JL
o ELTTLI LI "L T I

3.8 3.85 3.9 3.95

More statistics needed! M /) (GeV/ed)
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Possible solutions for hadronic transitions?

Some very recent theoretical insights:

Eichten (B2TIP meeting 2015):
- Above heavy flavor production threshold the usual QCDME fails (transitions rates much larger
than expected, large SU(3) violations). New mechanisms for hadronic transitions required

- light quarks dynamics should be factorized differently

Segovia et al. (arXiv:1507.01607):
- Starting from the large rates of Y(4S)—> nhy(1P) and Y(4S)—> nY(1S)

- Same physical origin
- Not negligible role by M1-M1 transitions and large L=0 hybrid mesons contributions

- Normalizing to Y(2S) transitions, good agreement with Y(4S) measured rates. Not completely
with Y(3S) though...
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https://kds.kek.jp/indico/event/17654/session/25/contribution/23/material/slides/0.pdf
http://arxiv.org/pdf/1507.01607.pdf

Bottomonium (@ Hadron colliders

ATLAS:

Observation of a New xp State in Radiative Transitions to Y(1S) and Y(2S) at ATLAS, PRL 108 (2012) 152001

Search for the Xy and other hidden-beauty states in the Y (1S) channel at ATLAS, PLB 740 (2015) 199-217
CMS:

Search for a new bottomonium state decaying to Y(1S) m*m in pp collisions at sqrt(s) = 8 TeV, PLB 727 (2013) 57
LHCb:

Study of xp meson production in pp collisions at sqrt(s) = 7 and 8 TeV and observation of the decay
Xb(3P)—>Y(3S)y, EPJ C74 (2014) 3092

Measurement of the fraction of Y(1S) originating from x,(1P) decays in pp collisions at sqrt(s) = 7 TeV,
JHEP 11 (2012) 031

DO:

Observation of a narrow mass state decaying into Y(1S)+y in pp collisions at sqrt(s)=1.96 TeV,
PRD 86 (2012) 031103
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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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SuperKEKB
The next generation B-factory
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Super-KEKB: energy and limitations

Super-KEKB is an accumulation ring
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