I N F N Istituto Nazionale di Fisica Nucleare
SEZIONE DI TORINO

Conventional quarkonia:
few experimental ideas

Umberto Tamponi
tamponi@to.infn.it

INFN - Sezione di Torino

Bound states in strongly coupled systems
GGl, Firenze, 02/12/2018



Disclaimer (NN

— | am part of the Belle/Belle Il collaborations
— |I've mostly done bottomonium physics in my life

— This talk contains lots of personal opinions



Disclaimer (NN

— | am part of the Belle/Belle Il collaborations
— |I've mostly done bottomonium physics in my life

— This talk contains lots of personal opinions

| believe that conventional bottomonia are (experimentally) more important than conventional
charmonia right now:

— More states

— More transitions to be explored

— More almost unexplored topics

— Limited time and chances to actually do this physics



Charmonium: experimental

Charmonium is experimentally easy and accessible

. . - - Tt (D i
— Direct production in e*e collisions BES]I

. . - (D
— Production in B — K cc o

_ - A
— Photon-photon scattering yy* — (cc) K¥a=g

Belle I

— Double Charmonium e*e — (CZ)(CE) B

Belle I

CMS,~|
— Prompt production % ATLAS ‘
— Direct production in pE 5 (777)

— A future super-tau-charm factory (777)

Bottom line: Charmonium will still be fully covered in the

tools
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Bottomonium: experimental tools CINFR

Bottomonium is much less accessible
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Bottom line: after Belle Il, only the LHC experiments will cover bottomonia with strong limitations



Production is not everything

ete” machines

3000 ¢
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At 4.26 Ge'\//c forTr T J/

— Triggers are quite open % e Bellel] = 10/0 029
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— High efficiency / Sensitive to very low momentum z a : : | ]
— Unique measurements (double charmonium, yy* — cc) Ty 1500 ot
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— Initial states is always a 17 quarkonium or a B meson 3 5 !
— CM energy is a limiting factor S00 ¢ : :
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Production is not everything (NN

Hadronic machines g
2.7 b (13 TeV)

% % Trigger paths
— Produce any quantum numbers )] of CM_S_ L__Jo
_ _ = 10° g Preliminary Jhy 7y
— CM energy is not an issue o = 0 . v
-+ 8 Bs
— Unique measurements (double Y, 5 100 ' . Y
. . . > 7 - Y B ow mass double muon + track
polarization, cross sections...) I 10’ & i double muon Inclusive
. . = (Q)
— Triggers are a limiting factor 1oL .
— No inclusive analysis: only uu, pp... =
— (No soft photons, no neutral mesons ...) 10555
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Production is not

everything

CINF

Hadronic machines

Produce any quantum numbers
CM energy is not an issue
Unique measurements (double Y,
polarization, cross sections...)

— Triggers are a limiting factor
— No inclusive analysis: only uu, pE

%

Rule of thumb for bottomonia:

— Yes to /Y 4+ wu final states
Y(nS) — nmw Y(1S)
xb(nP) — 7 Y(1S)

— No to multi-hadrons final states

Y(nS) — vn,(1S)

(No soft photons, no neutral mesons ...

)
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Transitions pattern circa year 2005

— Non-relativistic potential
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Theoretical predictions from

Eur. Phys. J. C72 (2012), Issue 4, 1981
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Transitions pattern year 2016
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Is Belle Il going to take bottomonium data? INFN

The collaboration considers Y(3S,5S,6S) runs as part of its physics program from the very beginning

— Still, the competition with LHCb on CPV is tough
— Nothing comes for free:_a document for the Y(3S) run should be submitted by Feb. 2019
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T he ground states parameters



The n_mass conundrum CNFN
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All the fits are performed using a Breit-Wigner shape
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The n_mass conundrum CNFN

=

2995

g Exclusive final states E1 transition
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>
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M1 transitions
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The n_width conundrum

Phys. Rev. Lett. 119, 252001 (2017)
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Bottom line:

What do | understand from this?

— NNLO is still not enough

— Is NRQCD converging fast enough?

— The problem is not in the experimental

resolution

CINF

— New data may be useful, but the problem with the Mn_seems to be in the theoretical models rather than

in the lack of good data
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The n (1S) case (AR

No specific decay of the n (1S) has been observed so far
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The n (1S) case (AR

..or by looking at the photon spectrum
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The n (1S) case

9410

E1l transition
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M1 transitions
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— No treatment of the dumping factor

— No full reconstruction!

CINF

E1l average

M1 average
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The n, (1S) case

9410

9405

n,(1S) mass [GeV]
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M1 transitions

Y(2S, 35) — ', (1S)

Beaa . V(QS

M1 transitions

with photon

conversion

Phys. Rev. D 84, 072002 (2011)

— The analysis with conversions somehow further confuses the situation

CINF

E1l average

M1 naive average
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The n (1S) case (AR

20 Phys. Rev. Lett. 119, 252001 (2017)

LA T

Quite some room for
experimental improvements

.

.
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PDG Data

(1, — LH) (MeV)
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The n (1S) at Belle II CNFN

Luminosities and number of events

Experiment  Y(LS) Y(2S) Y(3S9) Y (45) Y(58) Y(65) ¥§Z§§
CLEO 1.221) 1.2(10) 1.2 (5) 16 (17.1) 0.1(0.4) - 23%
BaBar - 14 (99) 30 (122) 433 (471) R} scan R scan 11%
Belle 6 (102) 25 (158) 3(12) 711 (772) 121 (36) 5.5 23%
Bellell - - 300 (1200)  5x10*(5.4x10%) 1000 (300) 100+400(scan) 3.6%
Y(3S) — 7, (1S) : ~200k evts (~5000 with conversion!) .

E

Y(3S) — nn Y(2S) — mnyn, (1S) : 3000 evts, no ISR background

Entries/ (0.005 GeV)

Y(4S) — mh (1P) — (yy)yn,(1S): 2.5 Million events of _
Y(5S) — amh (nP) — mymn (1S, 2S): 125k each e
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Ground state exclusive decays CINFR

Phys. Rev. Lett. 119, 252001 (2017)
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With 50 ab™ of Y(4S) Belle Il can measure n (1S) — ¥y with ~20% uncertainty
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9.8

9.6

9.4

Di-pion transitions

— Non-relativistic potential
—®— Unresolved triplets

—*— QObserved states

Y (48)
e Y(23Dg) ¥(2)

¥(3s)
fi1’n) v('p)

Theoretical predictions from

e Eur. Phys. J. c72 (2012), Issue 4, 1981
¥(ls) ———
C nh(ls)
e 1 1 1 I | 1
F°c 1 0+ o0,1,2°7 1°7 1,2,3 27T
3Sl lsD 3PC!.I,Z lPl 3Dl,2,3 1D2

What we are missing:
Y(5S) - m hb(1P)

Y(5S) - n hb(2P) Belle Il
Y(4S) — 7 hb(1P)

%,(BP) » @ Y(1S) Bellell (?)
%(2P) = n(1S) Belle 11 (?)
Y(1D) > n Y(1S) Bellell

All the hadronic transitions from
Spin singlets states are unknown

— Any theoretical prediction is welcome!

4N



Di-pion transitions: a family picture

PRD76 072001 (2007)

PoS (hadron2017) 040
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Di-pion transitions CNFN

Exotic stats contribute to the hadronic and radiative transitions from narrow quarkonia
Y.H. Chen et al, PRD93 (2016) 034030
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Di-pion transitions CNFN

Exotic stats contribute to the hadronic and radiative transitions from narrow quarkonia

Y.H. Chen et al, PRD93 (2016) 034030
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LHCb and CMS could contribute herel



Two (or three) ideas to exploit the Y(nS)
annihilations



Y(nS) annihilations CNFN

Y(nS) annihilations into hadrons are quite peculiar and not very well know

1) Baryon and strangeness enhancement

PRD76 012005 (2007)
3031106-002

L s s e T T T 1 L L
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o
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Y(nS) annihilations CNFN

Y(nS) annihilations into hadrons are quite peculiar and not very well know
1) Baryon and strangeness enhancement
PRD76 012005 (2007)

1) Production of nuclei
Phys.Rev. D89 (2014) no.11, 111102

Process _ Rate 5 - Anti-deuteron is 10 times
B(T(3S) — dX) (2.33£0.15 )x 10~ :
B(Y(25) — dX) (2.64 £ 0. 11ng gg) x107° more abundant m_Y(nS) 888
= RIS than in e'e” — qq at the same energy
B(r(1S) — dX) (2.81 +0.491029)x107°
oleTe™ = dX) [/s~ 10.58GeV] (9.63+0.41 11
oleTe” = dX)

(3.01 £0.131537)x10°°

o(ete~ — Hadrons)
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Idea nr. 1: Y(nS) for exotic charmonia (INFN

Lots of observation of exotica, but quite few completely independent confirmations
— Only X(3872) has been seen in prompt production ( in pp and pp collisions)

Based on Phys. Rev. D 93, 112013 [Belle]

B . S Y(18) - w(2S) + X
30__ ....... ........... ............ ............ 5 ........... ............ ....... ‘—'—'—'Y(1S)—>%C1(1P)+X

= ; ; § : i ; ; ; : ; —=— Y(18) — exotica + X

X3g5, V42, 426y, M3sp  'Mesg Yagy M1, Nas,  S(B9g, Szg,  Slagg,  SlH055 Slazy T e
’)"“9)3“_ ) . )“975%\ )"‘9];%\ )H;zw. }-""*lf’ 5 )“9¢J )HQ)J )““B‘th )““ﬂjz-q\ ‘)"“*;z-w }-"‘7"_12-4 )““9;2-* "I/Qll
TSy Ly Wiy TV MRy Wy Y A Y Vi Yy (ES M2y
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Idea nr. 1: Y(nS) for exotic charmonia

A tentative comparison between Belle and CMS.

D 2AE—-- e ] e et b s
o — SO olpp - X(3872) + X | x BIX(3872) — mimliy] :
2_255 NANNNNNS olp > y(@8) + X] B[ Y(@5) 5 Tr ] ,E:?Tev,1OGeV/c<pT<SOGeV/c------- . -------------------------------
8 1.8 z_ . BF[Y(1S) — exotica +X] x B[exotica %,ﬂ 90% LIL. N ' ........................ ' ...........
N eE ... BFIY(1S) - w(@S) + XIx B[ w@S) — wadyT ~ " Ty g e
R = _ ) _ ¢ :
g 14 E_ ............................................ : ................................................................... L 2 : ...........
8 12— ---. . N A e..... AEEEPREPRES S e reaanann R e PRP viernnn Oy .- REEEPREPRRE
=T s e S s S S A s
Lﬁ 08 z_. ...... ?......'............'............ .......................... E............'.............'............'............ .... . . .. :
é N R SITTRITEEPE SECTIRPRITN SN A e CMS X(3872) production ratio
% 0_4;_ ...................................................................... ,. .......................................... e taeaeaaeaas
e — '
S 0 2 e U fanene JRTEIES SUTTE O Wt SRTCITIEETEE SEPLE FERTRE
o 0 — 1 1 1 1 1 1 1 1 1 1 1 1 1
X3 Y 4, Y Ya Vg Vg 4 (3 < < g g e
8?2) . 260) R L 260) e Thpe 860) g Tt 660) e Tt 260) Sy 740) = [0} 850) s /] o 900) > Frna 0(4200) ~ T+ o(4430) = T+ (4050 ~ (4430) T - K‘J/ W
2 Ty, ey  Twzg,  Twes) Ky Y Yy Yy Yy ey Mg
Belle Il prospects with 300 fb:
— 3-5 x sensitivity in inclusive production from Y(3S)
B[Y(nS) — X(3872)+had] / B[Y(nS) — y'+had] > 7% 29

— 10-15 x sensitivity in double charmonium



Idea nr. 1: Y(nS) for exotic charmonia

> C " 1T - T 1 " T T ]
BaBar measured a reasonably high production of D* % - Phys.Rev. D81 (2010) 011102 DI
from Y(1S) annihilations = e -
m - L .
B[Y(nS) — D* + X] = 2.5% 015 - B
. 0.1 _+_+ .
Belle Il will have: - i
— ~10x the data 0_05:_ + _:
— Better efficiency at low momenta - :
0_ \ 1 M B R R B

0 0.2 0.4 0.6 0.8 1

FIG. 3: Reconstruction efficiency for the decay chain
T(2S) = 7t7 T(1S), T(1S) — D**X as a function of the
scaled D*= momentum x,,.
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Idea nr. 1: Y(nS) for exotic charmonia

BaBar measured a reasonably high production of D*
from Y(1S) annihilations

B[Y(nS) — D* + X] = 2.5%

» Production at Colliders speaks against
extended objects;

Belle I will have: . buth: . " babil
« using Pythia to estimate the probability to
— ~10x the .data find a D-Dbar pair in the relevant phase
— Better efficiency at low momenta space, factors of 10-2 with respect to the
X(3872) cross section measured by CDF

(~ 30 nb) are found.

— We can aim for associated DD* and (maybe) DD* correlations
— And if we actually observe also the X(3872)..

L. Maiani’'s talk

Pythia (252 :: yP">2:: £=100 nb™")

0.0 02 04 0.6 0.8 1.0
k(GeV)
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Idea nr. 2: Bottomonium for astrophysics (iR

Donato, Fornengo, Salati, PRD 62, 043003 (2000)

d detection in cosmic rays is considered since long a probe Aramari ot al. Phys. Rept. 618 (2016) 1-37

for low or intermediate mass WIMPs

— it's kinematically easier to produce a d from %Y annihilation than from SM processes

« T, p, K, e...
~a e d

Propagation
hadronization _. coalescence
/ p

Y
— E and n production rates — Galactic density profile
rel. uncertainty ~ 10 rel. uncertainty ~ 20
— d production model — Transport models
rel. uncertainty ~ ~ 50 - 200 rel. uncertainty ~ 500
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Idea nr. 2: Bottomonium for astrophysics

— Anti-deuteron production is described by p-n coalescence
models tuned on the HEP data

dN; @D mg 1 dN; dN,

— Most recent data are from Alice

(large final state, MC-driven correction)

— Strong need to further constrain the d production model

[y
<
a

¢g [(m?s sr GeV/in)™']

10° ¢

(new AMS-02 data are coming, few He3 could have been observed )

10~°

107

107° ==

CINF

Donato, Fornengo, Salati, PRD 62, 043003 (2000)

Aramaki et al. Phys. Rept. 618 (2016) 1-37

bb channel — mpy; =20 GeV

MAX fluxes

“0.1 I 1

T [GeV/n]
33
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Idea nr. 2: Bottomonium for astrophysics <R

Use the Belle Il data to investigate the basic mechanism for d production
— No final state interaction (complementarity with Alice)

— Better particle identification than Belle and BaBar

— Collect ~30000 E with dedicated tracking and PID

— Is coalescence really the whole story?

%‘ 30 | [ Belle Il extrapolation (80% efficiency, p > 0.4 GeV/c)
O] i
u?o 25? + ——e—— BaBardata [PRD 89 (2014) 111102]
= e + Extrapolation to 300 fb
-c = 1 ]
S & + 'R of Y(3S)
Need for theoretical models! s T T
. 1 & %L ')
— d production models are made for HIC! o g L
a)\ : l.l‘.
(s2] [
> 5— ."*"-5 %
[} o L)
© | ‘c’ﬁﬂ. "
07 i i s o | \*\ M =
0 0.5 1 15 2 25 3

p* [GeV]
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Idea nr. 3: Hyperon-Hyperon interactions (AR

Two results from Belle:

Near-threshold enhancement in exclusive Y annihilations

Y(1S) »AAn KK Y(2S) »AAK'K

No sign of weakly bound H-dibaryon

L2

()
MU TV I [TT T T T [ Tow T [T i

o
I

Events / 100 MeV/c?
o
[

Events / 100 MeV/c?

E Belle prel.
£ (unpublished)

Belle prel.
(unpublished)

107 =

Phys. Rev. Lett. 110, 222002

90% UL BF
‘m
+T
=
Ero
7
3
:'_'

T IIIIHI

T IIIHW

i 0 T
S g
=l
<o
no
w
E-N

M(AR) [GeV]

Rough extrapolation for 300 fb* Y(3S)
~60 Million events with one A or A
~3 Million events with one AA pair

T
."l'"

M(AR) [GeV] 107

(5]
[=]

150 ‘
M-2m, (MeV)

— High statistics study near threshold enhancement
— Stable H di-baryon in missing mass
— Extract the AA potential from correlations?

— Need for theoretical input on the AA correlations

in a small volume 35



Conclusions CINFN

This talk was extremely incomplete
— Lots of topics has been neglected

The next years can represent our last chance to fully investigate the bottomonium spectrum
— Again, lots of topics has been neglected

Hadronic annihilations are a bridge between sectors of low energy QCD that we should exploit
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Conclusions CINFN

This talk was extremely incomplete
— Lots of topics has been neglected

The next years can represent our last chance to fully investigate the bottomonium spectrum
— Again, lots of topics has been neglected

Hadronic annihilations are a bridge between sectors of low energy QCD that we should exploit
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The uniqueness of quarkonia: the X(3915) saga

Belle 2017: New analysis of e*e” — J/y DD°: X(3860)

cho(ZP) should have: X(391 5) X(3860)

© 18 arXiv:1704.01872

= r

% 16:— . =0
> 14k 1) Dominant decay to DD
lp]

£ 1241 X(3860)

2 10}

w -

2) Be 80-120 MeV below x_,(2P)

3) B(x.g — wJ/) < 7.8%.

X X X
AN

o N B~ OO
.
2  —
1
1
]
——

4 45 5 55 B
IVIDD, GeV/c
X(3915) SooIzio Xe2(2F) T -
e L EEEEEEEE e &
— X (3872) 5 2%
X(3860) b2 (3823)(1D) S
2 10
Xe2(1P) C
Xﬂl(lp) 5:_ +
xeo(1P) OE LR I“L]’l+ + ¥ $ rJLr+ + ¥ it 39

S PR R IR NSRS N RN R PRI SRS R T R SR ' -
38 38 39 39 4 405 41 415 4.2
m(J/yw) (GeV/c?)



T he low-energy radiative transitions

The M1 radiative transition Y'(1S5) — 7,(15 )y is the unique .. . . . : bl
electromagnetic decay of Y (1S) state, which has no experi- This is going to be I
mental information until now. just-a—nightmare very challenging...
6
é L — Allclusters
e T = s Photons
3 C w 105 s Hadrons
= B szs Other backgrounds
LICJ1 400 —_— 10 sy
¥ 10* & LS
1200 & Wl il
r dqm'-“’-i-l:n
1000 10°% &
5 SN i
800 102 g \\?@%ﬁ:@‘\‘\\?‘}“—w&k
DR .
400- e ‘ \iiiiwﬁgigi ?
= SR i 5
i BEN NG 'q\ \\” \ ]
ook j S |
C 1 U '
B : : - .8 1 1.2 1.4
pLEiT & v P s E.\uster [GEV]
0.02 0.04 0.06 0.08 0.1 0.12 0.14
Photon energy in lab frame [GeV]
40

.. T'his of course doesn’t mean that we are never going to try do to this analysis



Y(3S): precision spectroscopy INFN

The components of the Y(1D) triplet have not been disentagled yet

Y(3S) - yyY(13D)) » yym ' m Y(1S)

"C | * Data |
S‘ 20 Lit
S (C_Sisnal YD) ) T
e —_ yxb(2PJ‘)+ymT( 1S) :
S wonn Y (18)
S wom MY'(18)
. VT N 1 T ()Y (28) B
P |
o
S 1
m ﬂﬂ L 3 #
L]
0"I‘ 3| ||‘1|H“ * AL R Y

10.2 =
BaBar, PRD 82, 111102 (2010) ™ 7' mass (GeV/e)

Yield per 10°

Y(3S) decays
e 24k 3D1 Belle Il prospects with 300 fb:
* 19k 3D2
e 68k3D — Separate the components of the 1D triplet
" ’ 3 — (not shown here) 1 (1S) line-shape measurement
15

Godfrey and Moats,
PRD 92, 054034 (2015)
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. . D
Summary and readiness: bottomonium INFN

Competition and complementarity
- No other experiment, running or planned, can address the open topics in bottomonium physics

- Belle Il is the last chance we have to make further measurements
- >30 unique papers with less than 1 ab™ of data (Y(3S) and Y(6S) only)

CMS energy requirements

- Run at Y(3S) (200 MeV below nominal energy)
- Run at Y(6S) (460 MeV above nominal energy)
- Run at Y(5S) (300 MeV above nominal energy)

Luminosity

- 0.3 ab* for Y(3S)

- 0.1 ab* for Y(6S)

-1 ab*' for Y(5S) (to be used for Bs physics)

- 0.4 ab* for scans (+ possibility for 20 fb™ in Phase II)
- These luminosity request are the minimal ones needed to achieve the bottomonium physics program. Any

reduction would significantly compromise parts of it, in particular the new physics searches Y(3S)

Triggers:
- Special trigger for Y(1S) — invisible, under development 42



Summary and readiness: bottomonium <2

A possible run plan

D

- Only an hypotbhesis, still to be discussed with the accelerator group

- Devote the end of each year of data taking to non-Y(4S) physics (few weeks / year o average, at most)

Integrated luminosity
(ab™)

Peak luminosity x
(cm2s) 3“

70

60

50}

Goal of Belle 11/SuperKEKB

40
30
20

-
o

8

o
T

A

PPV B  rtil
17 2018 2019

2020 2021
Calendar Year

2022

2023 2024 2025

The Y(3S) run would require (not including the time needed to
change energy and assuming no changes in the luminosity):

— few months at 0.5x10* cm™® s* (~ May 2018)

— few weeks at 3x10* cm™? s* (~ May 2020)

— few days at 8x10® cm?s' (~ May 2022)

Y(3S) data should be preferably taken at low luminosity, to
fully exploit the di-pion trigger for Y(1S) — invisible

The Y(6S) scan would require ~2 months independently from
the luminosity (40 points, 10 fb™ each)

The Y(6S) on-resonance would require few days. Possibly split

it in 10 fb™" at the very beginning of phase Il and the rest
43
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D
Charmonium at Belle |1 INFN

Competition and complementarity

- LHCb and BESIII run a parallel program in charmonium physics

- Competition for the vector states (BESIII) and for the B — (cc) K (LHCb)

- Unique topics: double charmonium (cross section, absolute BF, spectroscopy),

v — cc (form factors, spectroscopy)

CMS energy requirements
- The charmonium physics program is part of the Y(4S) physics program
- Double charmonium, yy fusion and the ISR program can take place at any energy

Luminosity

- No tight requirement for yy — CE, precise results starting from 10 ab™

- As much as possible for double charmonium

_ Crucial for ISR and B— cc K. Running 6 month/year would pose us significantly beyond BESIII and LHCb.

Triggers:
- No need for specific triggers, all the final states have several charged tracks

Software:
- ISR generators (PHOKARA, KKMC, BABAYAGA...) are part of the generator package 44
- No need for dedicated analysis or fitting tools



Charmonium in ISR

Lum (pb'/10 MeV)

3000

2500 |
2000:
1500:‘
1000 |

500 |

D
iNFN

Golden Channels | FE. . (GeV) | Statistical error (%) Related XY Z states Y

T I 423 7.5 (3.0) Y (4008), Y (4260), Zo(3900) e c
mtr(28) 4.36 12 (5.0) Y (4260), Y (4360), Y (4660), Z.(4050)
K+K=J/4 4.53 15 (6.5) Zes ¥

ot he 4.23 15 (6.5) Y (4220), Y (4390), Zo(4020), Z.(4025) e' T

X0 423 35 (1‘2\ Y (4220)
\ 50 ab™
10 ab!

g

At4.26 GeV/cHfor mm— J /v

BESIil 10 MeV step

\‘?ek I, 10/0P, LD ‘

Belle Il prospects:

— At 50 ab™, Belle Il would match BESIII on a wider
spectrum

— Line-shape of the Y(4260)

— Strange partner of the Z(3900) in KKJ/y

— Cross sections of exclusive (cc) + hadrons

l3‘.5.l”4‘ Il4t5‘
Ecm (GeV)
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. D
Bottomonium at Belle [l INFN

Current samples in fb™ (millions of events), and the proposal for Belle Il

Experiment  Y(I1S)  Y(2S) Y(3S) Y(45) Y(55) Y(6S) s,
CLEO 1.2(21) 1.2(10) 1.2 (5) 16 (17.1) 0.1(0.4) - 23%
BaBar - 14 (99) 30 (122) 433 (471) R scan R}, scan 11%

Belle 6(102) 25(158)  3(12) 711 (772) 121 (36) 5.5 m
Bellell - - 300 (1200)  5x10° (54x10%) 1000 (300) _100-+400(scan) /3.6% 1-6% for
- Narrow states spectroscopy (Y(1D), xb(nP)...)/ /

- Exotica as virtual contributions to transitions

- Precision NRQCD test - Bs physics

- New Physics (DM / light higgs) - Exotica discovery

- Missing hadronic and radiative transitions - Precision Zb mass measurement

- Baryon physics (inc. correlations) - Missing hadronic and radiative transitions

- Anti-nuclei production (with DM applications) - Light meson spectroscopy in transitions _ _

- Gluon fragmentation - Exotica discovery

- Inclusive charmonium production and DD correlations - Y(55-65) lineshape

- LFV and LUV in Y(nS) decays 46



. . D
Accelerator requirements for bottomonium INFN

Beam Transport  Final Focus

(magnet) Quads
% 8.8 < 4
g 8.6 Ecm=12 GeV Beam Transport
g; (magnet)
- 2% ua d
— Present max E. = ~ 11.02 GeV, a bit above Y(6S) S asl | cupgrace
cm g °f ~11.24GeV Current Max Ecm
. (va]
— Need to run safely at this energy c 8 Eem=1124 OWY ~11.02 GeV
. ] L 78
— Would greatly profit from a linac upgrade to reach 11.24 16 16 GeV J-Are
. .4 Linac
GeV (see next slide) o ly Y(6S) Eneray
7.2 ‘n’»=n2x_4”,,..-"“"‘ -
7F ""vv“\'us;
68 1 i 1 " " 1 a1 i | oL " 1 "
4 405 41 415 42 425 43 435 44
LER Beam Energy (GeV)
SuperKEKB PF/AR Injector
‘sEsszzEs =
. o < 2.5 GeV
New RF gun 5 nC ® 1.1Gev 0.2nC x 1
Thermionic gun 10 nC ' e+ damping ring
J-arc W
1.5 GeV ener&/
A Y - LER
Primary electron New Positron S . ki Energy
29GeV, 10nCx 2 Capture Section S ey Wl knob ompression 2:CGxe¥
EESESEESs|-(ESS-E - | (S5S3 Es8 1l s=s==s= ss==s=ss ) (=ss=zsss -
HER
B PF-AR 7.0 GeV
6.5 GeV 5nC x 2
< > < » 0.2nC x 1 20 um 47
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. D
Y(6S) on-resonance run: conventional INFN

— Y(5S)-Y(6S) are portals to the missing narrow states
— Y(5S) — m Y(1D) is the largest Y(5S), single-meson transition

— The conventional spectrum gets contributions from the couple channel effect (again, light quarks...)

GeV  Threshold Mod. Phys. Lett. A 32, 1750025 (2017)
» A
11 _ Name L S Jre Emitted hadrons [Threshold, GeV /c?]
| — w3S) 0 0 0 [11 12], ¢ [11.36]
] — hBP)| 1 0 1= = [10.82] 7 [11.09], 7/ [11.50]
o — — [me(ID) 2 0 277 [10 93],[6 [11.17]
6S — —_ m2(2D) 2 0 2+ [11 23[, ¢ [11.47]
11.0 - — — — 11,e2D) 2 1 (1,23 = [10.73], 7 [11.00], by’ [11.41]
_ ss — — hs(1F) 3 0 3+- = [10.63], 7 [10.90], by’ [11.31]
108 F Bpf — — oy (IF) 3 1 (2,3,4)+F [11 14], ¢ [11.38]
4+ B.B; — —
N — — ma(1G) 4 0 4 F [11 31], ¢ [11.55]
B e i rem s ey = [1,06) 4 1 (3,45~ = [10.81],}y [11.08], o [11.49]
10.4 35 3P 2D_ L 1G
— — - Belle Il goals:
y ok — — Search for new, predicted, resonances
10.0 - 25 1D
: — — Use both single transitions and double cascades
9.8 - 1P _ .
] _ — Fill the remaining spectrum to measure the effects of
-~ Spectrum (bb) States
] s the coupled channels contributions 48
9.4
L o 1 2 3 4 5




Y(5S): Zb masses INFN

The measurement of the Zb masses is foundamental to determine their nature:

are they above or below the B*)B* thresholds?
— Equivalent to the X(3872) mass problem: above or below the open threshold?

Phys. Rev. D 93, 074031 (2016)

50F F 3F
(a) 50 - (b) [ (C)
40 1 r r
%) b %) 401 ‘~‘ n 2 B %)
£
> [ > 30¢ > T >
S 20f s f S 4L <
g 5 20f gl 52
< [ < [ < <
| nn |
B ‘ik 10: 0‘|||J|,H_J[,|'¥ '} ................. J[ -
10.6 10.65 10.7 10.65 10.7 10.4 10 5 10.6 10.7 10.6 10.65 10.7
M(BB"), GeV/c? M(B'B’), GeV/c? M(h,(1P)r), GeVi/c? M(h,(2P)r), GeV/c?
Current best estimate of the Zb location
Belle Il Goals:

with respect to the thresholds:
— Determine if the Zb are located above or below the
e(Zy) = (0.601)759 £ i0.021567) MeV, _ .
open flavour threshold using 1 ab™ of Y(5S)
eg(Zy') = (097143 £ i0.841037) MeV, 49



Y(5S) - Y(6S) scan INFN

e'e - hb(1 P)

Phys. Rev. D 93, 011101 (2016)

o®(h,(1P)x'T) (pb)

e'e - hb(1 P)

o®(h,(2P)x'n) (pb)

IR [N S SR SR NN NN TR T S S | RS R T SO SR SR N S
10.8  10.85 109 1095 11
E,., (GeV)

Belle Il scan goal:
— Investigate the presence of a broad resonance at 10.750 GeV
— 10 MeV wide steps, 10 fb™ each (10x Belle scan)
— Y(5S) and Y(65) line-shapes in R, R,__and R _
— Rb decomposition (BB, BB*, B¥B*, BB*n, B*B*n, BsBs ...)
— Overall goal: settle the nature of the Y(5S) 50




D
Y(SS) '. rare Zb decays Godfrey and Logan, Phys. Rev. D 93, 055014 (2016) INFN

%, (2P) — 1t is sensitive to the presence of a CP-even light Higgs (as B — 11, B — 1v...)

2
BRH(xpo(1P) — 77) = 3.1 x 10713 } 1 MZ  tan?p
BRH (xy0(2P) — 77) = (1.9 £ 0.5) x 10712 M@ow — M2,

Will only need (Mp,,/Mp,,,) tan 3 ~ 30 for @(100) signal events in T(35) — yxw(2P) — 77
Results: T(39)

| DELPHI ¢te= — bb(— bb)

25 T T 25 T T
Y(3S) = vxpo(2P) = o' Y(2S) = xpo(1P) — yo'T”
20 i < cms 20 f i
‘ =P —=TT
748 TeV
15 U s e o e e S o i 02 £ o s 2 et e s o s i e
w b5y 0 e L e
ot /7 - 10 | -~
5t allowed by direct searches 5 allowed by direct searches
0 e i i bR T+ ATLAS 0 T e TN et P
0 50 100 150 200 250 P20 0 50 100 150 200 250
Mnew (GeV) Mpew (GeV)

Belle Il goals:
— X, (2P, 1P) — ytT inclusive

— %,,(2P, 1P) — y11 per exclusive final state

— MC studies ongoing 51



Y(1S) — invisible INF

Y(1S) — invisible is well calculable in the SM Belle: Phvs. Rev. Lett. 98 (2007) 152001
700 é 31 g
) 4 ) _ 600 e ','“‘ 3
BR(Y(1S)»vv) 27G'M ) T E
( ( ) \:V) — : Y(zls)(_l_l_isinzew) —4.14%10 4 3 500 : ey ]
BR(Y(1S)%e’e) 64ma 3 g 400 | )
BR(Y(1S)3vv)~9.9x10"° S a0 :
S 200 | ]
W 100 £ Peaking:background ;
09.4 I I9.:|-2‘ I9.Ll4‘ ‘9.4I|-6I I ‘9.;8‘ — 9.15 I 9?52
Non-SM contributions from Y(1S) — xx <ol (GeV/c?)

BaBar, Phys. Rev. Lett. 103, 251801 (2009)

k?

52

PR R R N T T
942 944 946 948 95 9.52
M,.. (GeV/c?)




Y(1S) — invisible

Y(1S) — invisible is well calculable in the SM

BR(Y(1S)3v¥) _27G My 4, 7 |
BR(Y(1S)%e'e)  6ard’ (~1+sin*6, ) =4.14x10

BR(Y(1S)»v¥v)~9.9x10°

Non-SM contributions from Y(1S) - xx

Belle Il prospects

— 10x dataset w/ respect to BaBar
— Sensitivity ~1 x 10 on the BF

Belle: Phys.Rev.Lett. 98 (2007) 132001

D
iNFN

4% in BaBar

Source (%)
Track selection 5.6
70 veto 2.4
Fisher discriminant 6.1
Other selection requirements 1.1
T(3S) —» ntn T(1S) 7.6
Trigger efficiency 8.7
Fit bias 0.2
Statistics of control sample 1.4
B(Y — ptu™) 2.0
Total 14.7

— Reduce the systematic with precision measurement of the pp and gg transitions

— Trigger is crucial: capability to trigger on 2p + missing energy depends on the BG levels and luminosity

53



Charmonium from B decay

B— K (cE) — K (hadrons, hadrons + py, ny+ pp)

— Competitive in neutral transitions (Xcc — 1, 7°, ® J/y)
— Competitive for finals states with large multiplicities (h_and 1 )

— Unique opportunity for inclusive measurements

Belle Il prospects:

— Discover the nc2(2D), last narrow charmonium missing in B — K yh_

—» Comprehensive study of B — K DD, KDD*, KD*D*, KDD**, KD*D**

Events/1 %MeV/c
(=3
=]

@
=3
=

| L AL L5

D

P B

L AEAEN Sl LR E e A e e
1.1 1.2 13 1.4 15 1.6
Kaon Momentum (GeV/c)

w

(=3

o
h_\lllll\ll|\IH|HII|\IH‘IIHlIII\lII\I

e L L Y P
15 16 165 17 175 18 185 19 195 2
Kaon momentum (GeV/c)
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Y(3S): nr scattering length CINFR

Q-value for Y(3S) - nn

At loW energy the st mtgractlon 1S Y(2S) is only 50 MeV >
described by two scattering lengths who o
vanish in the chiral limit: Liu et &l EPJCT3, 2084 (2013) :
7M2 5
a8 — 3ox F2 + O(mz) a% = 167TF2 + O(mQ) ' ‘ ‘ f v > 0ot? | | |
Wemberg, PRL17,616(1966) 100 (a) e "0.270 0.275 0.280 0.285 0.290
: : % 80 = : M(n°n°) [GeV)
Using ChPT, theory predicts: = —tA S
E O B / “"‘ 7 {) [
a8 — a3 = 0.265 + 0.004 z ° h g
i s |
Colangelo, et al, PLB488,261(2000) z =, 7 °
0t ﬁ/ L ] ? -
0 ‘ f S I:l#i‘ 2= "__E =~
. 0.27 0.28 0.29 0.30 0.31 0.32 0.33 0.34 0.270 0275 0.280 0.285 0.290
K+ .M(/’TOJIO) [GeV] M (7% [GeV]

100"
80t
o0r
401
20¢

“ ¢

10% events / 0.2 MeV

0 270 0.275 0.280 0.285 0.290
M(#°7°) [GeV) 55



The n_ width conundrum (INFN

Phys. Rev. Lett. 119, 252001 (2017)
40 ‘ < :

['(n. — LH) (MeV)

e Ss.. - ~ What do | understand from this?
~ S~ PDG Data
30—'.\_\— — NNLO is still not enough
20“ — “*f — Is NRQCD converging fast enough?
____________ ~  — The problem is not in the experimental
1op resolution
ol
i vNNLO
S ————-NlD =—=--- wo A funny coincidence: what happens if we
-10 S/ 00 =seeee- O meseee- vLO
. ... - take the measurements done with M1
1.0 4.0 4.5
naive fit?
11.5 +4.5 GAISER 1986  CBAL J/h— v X, 9(28) — v X
11.0 8.1 £4.1 12 BA| 2000F BES J/Y — yn. and ¥(2S) — yn,
17.0 +£3.7 £7.4 10 BAI 2003 BES J/p — .
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