Dark sector and Spectroscopy at Belle-ll

"The Dark Sector in continuum

*Heavy onia (S=1 & 0) as portals to DM and light Higgs
~Tagging of invisible bottomonium decays

Spin effects on hadron masses and widths

-Multiquarks : Z_ states and Dibaryons
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Portals to the “Dark Sector”

‘6 T Y /
* “Vector Skl o8 dark photon A’
‘6 . ”) 1 [V ; . .
e “Axion 7 Fu " a axions & axion-like
(L

particles (ALPs)

* “Higgs” AH?8% +uH"S exotic Higgs decays?

e “Neutrino” ki (HL)N sterile neutrinos?
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Dark Photon: refugium peccatorum

a motivated target is

e~ 1077 1077
g, 0t / €

g%

focus on ma’ ~ 1 MeV — 10 GeV

(theoretically natural, motivated from data)

WHICH
DATA??7?
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Dark Photon: refugium peccatorum

a motivated target is

q Vax / g o TS 02
,
Al

q, 4 WHICH Nucleus Nucleus
DATA?7??

focus on ma ~ 1 MeV — 10 GeV A' may explain the DAMA, CoGENT,
(theoretically natural, motivated from data) CRESST, CDMS-S signals

A' may explain the e+e- excess in i

JN (09)

Pamela, Fermi, AMS2 Davir et 510
Davier et al, e’e™ (10)
Js(11)

HLMNT {11)

experiment - -
BNL
BML (new from shiftin &)

FEETE RN RETEE T N T

a, x 10"°~ 11659000

A" may explain observed (s: —2),
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Higher order perversions: “Dark Ws” and “Dark Higgs”

e+e- — 4 leptons
e+e- — 6 leptons

non-Abelian Dark Higgs boson

many gauge bosons
(many gaug ) 1202.1313 (BaBar)

09082821 (BaBar) " In progress by Belle
(Igal Jaegle)

@ Belle preliminary limits for L = 980 fb—!
@ BaBar limits for L = 520 fb~1 BaBar Collaboration - PRL 108 (2012) 211801

Last ' ' @ ete” = 3u"3u"

15F Belle

update at C—m, Vics 1= 1 Gevic: : _ﬁ =1 ES

DI2014 m. vics 2586 Q?‘ V2 T

E!’C

ami®
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Searches of DM using dipion tagging
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Neutralino annihilation to SM particles

Relic density is denoted as follows
Q : relic density

0.1pb-c h - Hubble constant
<OOx2>SMv > . 420~1/25

Qh? =0.113 € WMAP y

O(xxQSM) ~ 18 pb
see PDG

Qh?

IR

q

payy
O
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SM particles annihilation to neutralinos

Relic density is denoted as follows
2 : relic density

0.1pb-c h : Hubble constant
<O(x>SM)v > v 1/20 ~1/25

Qh? =0.113 € WMAP

9 X
Olxx)SM) ~ 18 pb _ x

Qh?

IR

see PDG

PRD 72, 103508 (2005) , B.McElrath, “Invisible quarkonium decays as a sensitive probe of dark matter”
Past Best limit < 23x10-2 (90% CL) by ARGUS (1986)
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Slow dipion trigger for Dark Matter searches

Events / 3degree

Y(3S) 2 n*n"Y(1S)
Y(1S) =2 ptp”

Too low efficiency with usual condition (>135°)
-> Higher efficiency with looser condition
“s0 100  1so  ~2 Special trigger condition was implemented
opening angle on r-0 plane (degree) {:"'850 HZ, twice rate as LEEL.EE”'

Single track trigger was implemented, too
with 1/500 pre-scale rate (pt>250 MeV/c)
2-track frigger & 1-track frigger
1-track trigger
for efficiency monitoring
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Dark matter searches in Y(1S) decays: results
Belle: Y(3S) » nix + NOTHING 2.9 .11 M Y(35)

| Nsig = 38 O 39(stat) < 0 consistent | — PRL98,132001(2007)

700 ey . y T U L—— —T -
500 4
400 :

300

Events / (0.004GeVic?)

| @2.9fb"

9.52

syst. included

Br(Y(1S) = invisible) < 2.5 x 103 (@90%C.L.)

Br( Y(1S) — invisible )

—
o

T
111

With cuts on

]
energy & tracks 0 20 40 60 30 10 i
Integrated Luminosity on Y(3S) (/fb)

1.46 fb", 6M Y/(3S)
PRD75,031104(2007)

BR(Y(1S) — invisible) < 3.9*10° (90% CL)

DULIL-LL 1lalld LGOI, 4 7/ U/ LU L+ IN.1VIUdDDdA, LAl Sector and SpCCtI'OSCOpy at Belle-II




Dark matter searches in Y(nS) decays : results

Babar: Y(3S) = nm + NOTHING From MC simulations:

Belle Babar
50.3
77.3

)

Renormalized from analysis of 3
n 7and 4 track events:
133.2 147
38+39

946 948 95 952
M, (GeVic?)

BABAR: 30 fb". 91.4M Y(3S)

BR(Y(1S) — invisible) < 3*10* (90% CL) A R R
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Further opportunities: dipion + photon tagging The search for Light

of Light Higgs via parabottomonia E;%gseiQnYtﬁscayS

physics driver for Y
runs at Babar. After
the discovery of the
scalar Higgs boson
at 125.7 GeV the
physics case is
much weaker, but ...

The experimental
sensitivity has

M(MeV/ieD)

increased
significantly:
LY - dipion transitions
Y 4" from Y(5S)
- eta transitions from
1" decay to CP-odd Higgs ? Y(4S)
M1 Radiative transitions 10°x A,
E1 (fromY)
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Non-perturbative QCD is the dark sector of the
Standard Model ....

* Non perturbative QCD: this is what explains most of baryon matter.
Infrared slavery is a theoretical limit, which prevents to do predictions on
an amazing set of measurable quantities. Asymptotic freedom is nice, but
being able to cope with infrared slavery is crucial, to deeply test our
understanding of the nature of matter.

* QCD provides doors towards BSM issues : axions, instantons, strong CP
violation, deeply bound multiquarks ... (but also glueballs , hybrids )

* Last 15 years taught us that all hints of new physics in the quark sector
(and not only : See LbyL in g-2) could be explained as unexpected effects
of strong interactions: badly known form factors, final state interactions,

SU(3) breaking effects ...
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QCD bound

. H

Nucleon

Meson

what else?

Pent H di-Baryon
S=+1 N7 dd Tightly bound Color-singlet m
Baryon . ) 6 quark state gluon bound

Molecule
Tetraquark . qd -gluon hybrid
Tightly bound 4 loosely bound mesons
diquark & 2 meson- -
anti-diquark antimeson B
“molecule” .
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But ... Why the constituent Charmed and Beauty hadron spectra

quark model works so well? (from Oka's talk at Hadron 2013)

13“" _ I=I baryon 3/2*
2l Shav 5826 Zb 5833

192 MeV I Ze 2458 /o K, DU

(qqh
h ¥h 5812 ) r
= 65MeV I=1 bﬂ Hon 1/2°% 5 21MeV
¥ 1193 | Eﬂq MeV ~210 MeV

AlILG gy i A 2286 ¥ Ab 5620
Q-(ag) =0 baryon 1/2* A
Strange Charm Bottom
323 MeV ~310 MeV
V mesons 1-
Dol Day 1974} Bav 5313 B
av Ty Iav 0. X
il Dot he = B 5279 ¢
46MeV
AM r.j'r.? L & r.?, S aq C rj, cf g CF g O&
;i'n.ﬁ SeV (A-IN) 204 (EyL9l X 66 (ne) 69

AYMeV  (p—m)635 (K'—K)397 (D'—D)142 (D;—D;) L44
ratio 0.446 0481 0.465 0.480




But ... why the constituent Strange Charmed and
quark model works so well?  Beauty hadron spectra

I=1 baryon 3/2°
Ec' 2646

Zav 1321' _\nvﬂ ='b 5938? E'D 5945
= S 3

Q-(qqh
192 MeV' y_Ec' 2577 s .
@ =" 69 MeV " I=1 bar yon 1/27 missing
1193 [ | 203 MeV ~150 MeV

Ec 2469 Eb 5790

A1116
Q-(q9) "T=0 baryon 12+

_)l'l”rl (’IU\—*

Strange Charm
323 MeV ~ 390 MeV

V mesons 1-
Ds* 2112

. Dsav 2076 ‘| Bsav 5403 Bs 5415

< Bs 5367 )

! 48 MeV
Ds 1968 ...

" PS mesons 0

Take home message: three body forces
have very little impact on nucleon dynamics




The unexpeCted SucceSS Of Ya.B. Zeldovich and A.D. Sakharov,
. Yad. Fiz 4(1966)395;
constituent quark model -

a; - LT

M = \_‘ m; -|- \_'

- mt m;

Using a very simple mass formula for the ground states , Karliner
and Lipkin (hep-ph/0307243) calculated constituent quark mass differences
and ratios in baryons and mesons with 2-3% differences: can QCD explain it?

(M — ) Bar = Mepa— M, q My—My 177 MeV

3 My —My J+HMp —Mp _ I(Mus— M)+ Mg — M, ¢
(M —Mu)Mes = s 1“}:— T — - =L ”:lrl—i_ — RS

Bar M

— 2.84 = —_—
g . Mzs — Mz, L, Mp. — Mp

( M M == ﬂ-f,—_. A (

Iy / Mes

T T

"M ) -'1{\'1 == ﬂ-‘fﬂ.’
Me

Iy / gor Mz — My,

1. = r 1

il = MMy, e Y 1 | M,—M_)—(Mg.—My)

My My [ Iy, T4 fyfes

= 2.10
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Charmed baryon

spectra: P waves

In blue: J=0 diquark ; L=0

In red: J=1 diquark ; L=0
HF splitting:
M(@3/2)-M(1/2%)
[ud]c = 65 MeV
[gs]c = 69 MeV
[ss]c =71 MeV

In green: J=0 diquark ; L=1
LS splitting:
[2*M(3/2)+M(1/2)]/3-M(1/2")

[ud]s = 366.3 MeV
[ud]c = 329.7MeV
[gs]c = 339.8 MeV

[ud]b =297.8 MeV
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Heavy meson
spectra:I> waves

Spin averaged 1P-
1S splitting seems
not to depend on
the hard scale:
only 1% ditference
between bb and cc.
Why?
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Heavy meson
spectra:I> waves

——

M{(MeV/c>

Spin averaged 1P-
1S splitting seems
not to depend on
the hard scale:
only 1% ditference
between bb and cc.
Why?

The tensor-vector
splitting remains
constant also in
D,Ds.Why?

M(27) - M(1)
(in MeV/c*)

11000 |

10750

10500 |

10250

10000 |

9750

9300

cq
bq

TTTTTT

h,_(2P)

%p2P)

- Y2435

Y(1'D)

xﬁ) h, (1P}

M(1P) - <M(1S)>
Charmonium 457.5+0.3 MeV/c?
Bottomonium 453.3+1.3 MeV /¢?

Y(1S)

M,(15)

cc 458.3
bb 452.3

cs 461
bs 425

451
418




Leptonic widths

Wavefunction in
the origin vs
hard mass scale
VS 0 running

Me*Qy /Q% / keV
-l
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Holy Grail: nb(lS)% Yy

Search for m (1S)— vy

via two exclusive channel:

=t y(yy) , from Y(5,65)
= vy y(yy) , from Y(4S)

| | | |
s=0 s=1 s=0 sS=1 s5=0

(n,( 1S)—=yI/IT(Y(1S)—e'e) =
i lfﬂib:U.SU?.i 0.068(th)+ 0.014(60&8}

NRQCD NNLL prediction:Penin et al., NP B699(2004),183
cepuramreael ['(n (1S)— vy) = 0.66%0.09 keV

3
v (GeV _ :
LeV) BR(1, (1S)=>yy) = 0.66*10* , with T(n.) = 10 MeV,
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Zb parameters PRL108,122001(2011)

Belle discovered two charged
bottomonium-like resonances:

11000 -

MMeV/c

Z(10610)

{ 5 85
M=10607.212.0 MeV ?/ 10750
I'=18.4+2.4 MeV é; BB
'\_ \_/ B

10500
Mg + Mg. = 10604.5£0.6 MeV

Z(10650) /éi/ 10250

M=10652.2+1.5 MeV

I=11.5+2.2 MeV &
(B2 10000
Mg. + Mg. = 10650.2 + 1.0 MeV o

Analysis of angular distributions

suggests J"=1" for both these states. L
Observation of Zb decays to BB* and
B*B* is consistent with molecular 9500
nature of the charged bottomonia.
(Voloshin, Bondar, et al) N, (18)
9250 - L= L=1 =
ArXiV:1207.4345: S=1 S=0 S=1 S=0 S=1

Evidence of neutral partner of lower

Zb in Yr° with 4.9 3|gma significance
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Zc(3900): tetraquarks or meson molecules?

BES-III
Significance Q‘B 100l Significance —+ Data
> 5. 20‘ BELLE NU > 85 — Total fit
o~ = 4= data E ===« Background fit
2 60F —Fi o 80 B
% 50 - — Background O i
S ==+ PHSP MC E 60 _
o 40- o
2 30F Aoice 5 &
%) . s Sl w 40
S 20— & 1
i 10+ _**' 4 LI}.I 20 w
£ o .'TL_-,._- A ._.._.".:"__-'-..;érs_.:_: ]
°"T37 38 39 4 41 42 Ve T i
Mmax (/) (GeVi/c?) | i : P
Mmax (/) (GeV/c?)
Belle: 927 fb™ of ISR data at Y(nS) energy BES-IIL: 525 pb™ @ Y(4260) peak energy
Phys.Rev.Lett. 110 (2013) 252002 Phys.Rev.Lett. 110 (2013) 252001

> Mass = (3894.5+6.6+4.5) MeV » Mass = (3899.013.614.9) MeV

» Width = (63+24+26) MeV » Width = (46+10£20) MeV

» Fraction = (29.0+8.9)% (stat. error only) > Fraction = (21.5£3.317.5)%
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Charged heavy quarkonia

M(MeV/e)

waP) 2P
b YD) Y(I'D)

Y(2S) 1.35)

%, (LP)

h, (1P)

In the last years , 2 (+3 in B decays) Zc states and 2 Zb states were observed: their nature is still
uncertain : tetraquark or molecules? More studies are ongoing to model of these states.
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DM candidate from QCD ? STAC-PUB-1828

October 1976

(T/E)

PERHAPS A STABLE DIHYPERON*

R. L. Jaife**
Stanford Linear Accelerator Center
Stanford University, Stanford, California 94305

and
Department of Physics and Laboratory of Nuclear ScienceT

Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

ABSTRACT

Y

L4

/
,0,P,w
@.

In the quark bag model the same gluon exchange forces which make the

proton lighter than the A(1236) bind 6 quarks to form a stable,flavor singlet

(strangeness -2) JP = {.I+ dihyperon (H) at 2150 MeV. Another isosinglet di-

hyperon (H*) with JP = 1+ at 2335 MeV should appear as a bump in AA in-

variant mass plots. Production and decay systematics of the H are discussed.
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H-dibaryon Mass and Lifetime

Sakai et al.,Prog.Theor.Phys.Suppl. 137 (2000),121 Dover et al.,PRC 40 (1989), 115

WEAK DECAY LIFETIME T,
OF H DIBARYON
—M
3.0 _
] —D
H
H K E G
e [P B H F A .
I =] D O — —A
= F i (=)
.N—...i..EB Crisienmisn Dm!-" G % T.A' el {5 B SR
Ly = BC'**EF AT g [P =H |B =L LI
sdl) =ic__ s [ =By |
st 2 1 |—B E“ Klc
| =—— A F_]
2.0 N —G _ oy
_nn_ ic
—E
B —N
1.5 [~ — -
— 0
rT? ||! ll' Lk I NNw A ZN AN AN
w w1 w| Ch —D nn = An x
P arge ,@9{1. | B T e e 1
. . 1.2 1.95 2.0 205 2.1 215 2.2
Exp. Skyrme QCM Lattice SR Others

m,, (Gewc®)
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H-dibaryon as DM?

Kochelev 1999: JETP Lett. 70 (1999) 491, hep-ph /9905333
M =1.7 GeV for QCD induced instanton effects (even LIGHTER than deuteron? )

Farrar-Zaharijas 2003-4: Int.J.Theor.Phys. 42 (2003) 1211, Phys.Rev. D70 (2004) 014008
“If very compact (r, <r_/4), a H dibaryon would not lead to matter instabilities and

maybe candidate for cold dark matter. Data from Uranus internal energy exclude DM
made of equal amounts of H and anti-H dibaryons.”

Shuryak 2005: J.Phys.Conf.Ser. 9 (2005) 213-217, ArXiV: hep-ph/0505011

Deeply bound diquarks formed by QCD instantons

“However if one considers the quantum numbers of the famous H dibaryon,
one can also make those out of diquarks [...] The resulting wave function is
overall flavor antisymmetric with all diquarks in S-states. Thus there is no
need for P-wave or

tensor diquarks for the H dibaryon. Our schematic model would then lead to
a light H never seen”
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H-dibaryon in
PHYSICAL REVIEW D 75, ﬂlJUU‘-" bOttO mon | um d ecCa yS

Former observations by ARGUS (z.phys. c39 (1988)
177) and CLEO (Phys.Rev. D76 (2007) 012005 )

=
)
S
L]
=
=
o
=
b=
[wa]
o

- Inclusive production of (anti)deuteron in
Y(1,2S) decays :
BAr(Y(18) — dX) = (3.36 + 0.23 = 0.25) X 1073

1 1.5 :
Momentum (GeV/c)

B(Y(2S5)— d + X) = (3.37 = 0.50 = 0.25) x 10~

3031106-002

- Enhanced (3x) production of low momentum
hyperons in hadronic events from
bottomonium decays w/respect to
continuum.

ggg/qq Enhancement

BELLE has exploited the Y(1,2S) record samples to
search for the long sought H-dibaryon

0.25 0.50 0.75 5
Scaled A Momentum . Mussa, Dark Sector and Spectroscopy at Belle-II




| == Stat Emrar Onily

(Anti)deuterons in Y decays

| Stat+Syst Error

L L
— n
I

CLEO, PRD 75,012009

Y(1S)  12fb" 21.95M s A (8) T(28)
Y(2S) 0.53fb"  3.66 M I S,

Y(4S) 048fb'  0.45M bE 7 S
Continuum——0.67-fb B ;_

|—=— Stat Emor Cinly

[}
[ == N
I

Ba(Y(15) — dX) = (3.36 = 0.23 £ 0.25) X 1077

i— Stat+Syst Error
----- Spacirum Fit

B(Y(2S)—d+ X)= (337 £ 0.50 = 0.25) x 10~

10

vdp, (10°/GeVic) dB(Y(38)»dX)idp, (10"/GeVic) dB(Y(28)»dXydp, (107/GeVic)

BABAR , 1403.4409 :
o _s
Resonance| Onpeak  # of T Decays 50 _:::E;;?flf::r
T (45) 429fb~* 463 x 10° 40F i
7(35) 28.5fb™"! 116 x 10° goE % (¢) T(15)
1(25) 14.4fb~1 98.3 x 10° B b g
@ F ST T s
Y(1S) 9.67 M dipion tagged from Y(2S) §E ‘ |
Process Rate ;:T 10~ - zlar:r;rfnly
= a i — Slat+Sysl Error
B(Y(38) — dX) (2.33 £ 0.151055) x10~5 g e H+ v
B(Y(25) - dX) (264:£0.1132)x10° & of _i_+ | ++ i oot
B(Y(18) — dX) (2.81 4 0.4919:20) x 1075 3 F # S
olete” — dX) [/s ~ 10.58 GeV] (9.63+0.417117) fb i : |
= w 2 L .
ole’e” = dX) +0.37 sl T £ I ;
o(ete~ — Hadrons) 301 A0:1305) 10 o 00T EaOE 08 T 12 T4 TE 1B 357 74
& AntiDeuteran pEM[GD"-".-E:]




Searches for H-dibaryon at BELLE

Belle has searched for H dibaryon in the folllowing channels:
- Aztp (+€¢) PR, 110, 222002 (2013)

- AA (+co)
- Ep (+cc) [preliminary]

More to come from
Y(1,2,...S) decays
(+cont):

- Ap and AA (+cc)
correlations

- antideuteron spectra
(and more)

- antideuteron-
deuteron production
- searches for H in
missing mass

Belle-II Italia meeting , 9/6/2014
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Summary

A pretty consistent pattern is emerging in the spectra of heavy baryons, heavy-
light mesons, heavy onia, which shows little dependence on the mass scale, and
on the running properties of QCD coupling constant. Besides the large
developments of QCD based EFTs (NRQCD,HQET, chiral EFT,SCET, and lattice
QCD) the success of constituent quark model is hard to be explained from first
principles. Are we overlooking some hidden symmetry?

Annihilation of the bb pair is still a privileged channel for light higgs or DM
particle formation.

Spin anomalies in hadron transition amplitudes has led to nice surprises in the
recent years of heavy quarkonium spectroscopy, and may need to further
interesting developments.

While future spectroscopy studies will focus on P and D waves, and multiquark
systems, more information can come from the studies of hadronic and radiative
transitions of known states.
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e+e- — v + A'; A'to invisible

RE, Mardon, Papucci, Volansky, Zhong
Hidden Photon — 1mvisible (my > 2 m,y)

10 2-_ T T ltllllll |.1 IrII_;E_Il |.,-| ||||||| T 1 ||
: " F .-'.."
5 H "

|_~* existing data

|.--# potential improvement
from reducing 77
baCkgrOlJnd (private communication)

| E 2 —J {7~ projected Belle II
elle .
1074 VEPP-3 i 50/ab + better resolution

Planning single
photon trigger at
Belle-Il (threshold:
cal il il el depends on actual

0001 001 0.1 1 10
iy [GEV] backgrounds)
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Slow dipion trigger for Dark Matter searches

Control sample
Y(3S) 2 ntw"Y(1S)
Y(1S) =2 pHuw

Too low efficiency with usual condition (>135°)
-> Higher efficiency with looser condition
ss0  —2 Special trigger condition was implemented
opening angle on r-0 plane (degree) {:"'350 HZ, twice as usual cnnditir:rn}

Events / 3degree

Single track trigger was implemented, too
1 § with 1/500 pre-scale rate (pt>250 MeV/c)
Trigger eff. = 89.8% 2-track trigger & 1-track trigger
8, > 300 : 1-track trigger
ptiull > 0.30 GeVic 1 | for efficiency monitoring

ptshet > 0,17 GeV/c
other cuts (following slides) —

efficiency

40 (a1 80 100 120 140 160 180 -
opening angle on r-¢ plane (degree)
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BaBar '08 Y(2S) — y n(1S)
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BaBar '09 Y(3S) — vy np(15)
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PRL103, 161801 (2009)
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Scales, gluon densities

Low lying bottomonia are the i
mesons with the highest % asad
energy density! f;"w'
R =0.25-0.5 fm 2l
E/(4nR%/3) = 20-200 GeV / fm’ Quarkonm/
T Y YT
I+
Annihilate to light hadrons (4 ( n¥ an IE,\ ¥
flavors: u,d,s,c) via: o | LA l; S
- Y(1.239) - gee INIRLILU
= 88Y -l DO* K K* wBsp Azp0 h
- Y* Flavored Mesons
) Xbo,z(lP) - gig -2}
- %,,(1P)~ gqq

Main backgrounds from QED -3
processes: ee - y*- qq and
radiative corrections (ISR,FSR)
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Parabottomonia
vs theory

n,(25) vsm,(1S)

o

1 1 i al
0.3 0.4 0.5
AM,(2S) / AM,(1S)

Some tension with the
most accurate NRQCD
prediction, but very close

to lattice QCD (Meinel)
predictions.

Spin averaged 1P-1S
splitting seems not
to depend on scale

Belle-II Italia meeting , 9/6/2014

PNRQCD@NLL
PRL92,242001(2004)

B Lattice QCD
PRD82,114502(2010)

Godfrey-Isgur,
PRD32,189 (1985)

10 MeV discrepancy
w/ earlier Babar

BaBar Y{35)

BaBar Y(25)

P e e P
50

60 70 80 nb(ls)

AM (), MeV/c®
and CLEO results
[ Y(3S) 17136
i APy B e ... -
Y(ﬁi) Y(1'D)
10000 - —_—
YOS5
0750 | %) PP }
- M(1P)-<M(1S)>
=453.3+1.3 MeV /*
0500 - v
Y(1S)
M, (1S}
250 ¢ 1.=0 L=1 L=2
sS=1 S=0 S=1 S=0 sS=1 S=0




Quarkonium working group www.qwg.to.infn.it \gc

QWG Workshops on Heavy Quarkonium:
QWG1: CERN, November 8 to 10, 2002
OWGZ: Fermilab, September 20 to 22, 2003
QWG3: Beijing, October 12 to 15, 2004

QWG4: Brookhaven, June 27 to 30, 2006

YELLOW REPORT :
CERN-2005-005,
ArXiv: hep-ph/0412158

QWGS: DESY Hamburg, October 12 to 15, 2007

QWG6: Nara Women's University, December 2 to 5, 2008

QWGY7: Ferrmilab, May 18 to 21, 2010
QWGS8: GSI Darmstadt, October 3 to 7, 2011
QWG9: IHEP Beijing, April 22 to 26, 2013

QWG10: CERN, November 10 to 14, 2014

2nd QWG Report :
Eur.Phys.J. C71 (2011) 1534,

ArXiv:1010.5827,
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The quest for parabottomonia

5 amazing years for
bottomonium
spectroscopy:

-, /Y (5S):0bservation 10750

of large dipion transitions
to Y(1,2,3S) from 20 MeV
above 55 peak

- 2008 Discovery of

M b(Babar)

- 2011-2:Discovery of the
triple cascade Y, »Z — 9750

11000 -

MMeV/c)

10500
10250

10000

hb% nb 9500
Belle discovers 4
parabottomonia , and 2

4quark states in one shot!

9250 - L= L=1 | [
S=1 S=0 S=1 S=0 S=1
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hb('] 2P) from Y(5S) GhllEEzg

'y
o
T w

= 1400
Inclusive search : e'e” — Y(5S) = w'm '+ ... © mf
© ey - : ¥(2S)
S F Simultaneous discovery of h (1,2P) - 1 b
g 40000 i i b | o5 o765 10 '1'022'5" ' iol.s2
o - New pathway to Y(1D) states : 0008
Z _ Y(1S l - .
E" 20000 e | h,(2P) f25-1s
L , :
20000 F hy(1P) N -
. Y(1D) }
10000 5
mm L ol ,
0 | W | . |
S T VR L vl | ki i
9.6

9.4

1 1 1 |
10.2 10.4
MM(x*x), GeV/c?
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PRL108,032001

h (1,2P) from Y(3S)

wV/ied)

Yield, 10°  Mass, MeV /¢ Higniﬁmn{-c-%moo’ L

T(1S) [1052+58+30 94594+05+1.0 < 1820 s B8

hi(1P) 504+ 7.873° 98983+1.171Y < » 620 BB
35 — 18 56+ 19 9973.01 2.90

T(2S) [143.5+8.7+6.8 100223+ 04+10 < 1660 10

Y(1D) 220+78 101662126 o, 240

ho(2P) | 84446872 102598+ 06111 o p 1240
28 = 15| 151.7x9.775 10304606+ 1.0 15.70 o0 T

Y(3S) | 45.6+52+5.1 103567£09£11 = B850
Significance after correpting hy(1P) 5.50 m WS)L_OW,(IS) H -
for systematics effects: hy(2P) 11.20 i so s4 s s

Masses very close to the

state COG of y states, as AM,_(1P) = 1.621.5 MeV/c* AM, _(2P)=0.5"15 MeV/c?
expected from theory. '
fﬂ‘*} Ratio of spin flip vs noflip dipion transitions totally
spin-flip N/ unexpected from theory....

teh +0.07

@ ['['1'{55].IJ'-_”F;_“(”F]?r"‘ﬁ‘] _ 0.46 £ 0.0875 5 for hy(1P)
[[Y(S) & TRS)a*a~] = | 0.7740.081032  for hy(2P)

no spin-flip @




Charged Bottomonia : Z's

The two charged
bottomonium states
are observed in single
pion recoil in 5
processes:

- inclusive Y(5S)
decays to h,(1,2P)
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