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The quest for parabottomonia

5 amazing years for N%
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h (1,2P) from Y(5S) QLG s
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PRL108,032001

h (1,2P) from Y(5S)

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 @ 7




The quest for parabottomonia

5 amazing years for
bottomonium
spectroscopy:

- 2008 Discovery of
M b(Babar) via M1

transitions from Y(2,35)

- 2011-2:Discovery of the
triple cascade (Belle):
Y(55)=Z — h—mn

- 2014: Discovery of the

Y (4S) — nhb transition
(Belle)
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The n transitions

In 2008, Babar found out that n E 11000 |
transitions from Y(4S) to Y(1S) are =t -
MORE INTENSE than 77t >
transitions. 10750
Babar prp7s,112002 (2008) i
B(Y(4S) — nY(1S)) L0
= (1.96+0.06+0.09)x 10™
= 2.5 x B(Y(4S) — nnY(1S)) 10250
Belle
B(Y(55) — nY(1S))=(7.3+1.6:0.8)x 104 "%
= 0.25 x B(Y(5S) — nxY'(15))
B(Y(5S) — nY(2S))=(38+4+5) x 10™* 750
= B(Y(5S) — nxY(2S))
9500
All measured 1 transitions
9250

are P-wave.
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The n transitions

In 2008, Babar found out that n
transitions from Y(4S) to Y(1S) are
MORE INTENSE than mrt

transitions.

Babar prp7s,112002 (2008)
B(Y(4S) — nY(1S))
= (1.96+0.06+0.09)x 10™
= 2.5 x B(Y(4S) — nxY(1S))

Belle

B(Y(55) — nY(1S))=(7.3+1.6+0.8)x 1
=0.25 x B(Y(5S) — nxY'(15))

B(Y(5S) — nY(2S))=(38+4+5) x 10™*
= B(Y(5S) — nxY'(2S))

All measured n transitions
are P-wave.

Why S-wave transitions
are not observed?
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The n transitions i

In 2014, Belle studied the ) hadrons
inclusive 1 transitions from (65) w
Y(5S)

lle
2500 5% iz
reliminary
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E, Jli ! }

S &

Residual / 5 MeV
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——
—
—Ir—
_.—"‘:
-—lr—

"985 99 995 10 1005 104 10.15 102 10.25
MM(yY) [GeV]

B(Y(5S) — nY(1D))=(28+7+4) x 10™ B(Y(5S) — nh, (2P))< 37 x 10
B(Y'(5S) — Y'(2S))=(21+7+3) x 10* B(Y'(5S) — T]hb(lp))< 33 x 10™
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The 1 transitions

In 2014, Belle studied the
inclusive N transitions from
Y(5S) and from Y(4S)

Babar prp7s,112002 (2008)
B(Y'(4S) — nY(1S))
= (1.96+0.06+0.09)x 10™
= 2.5 x B(Y(4S) — nxY(1S))

Belle
B(Y(5S) — nY(1S))=(7.3+1.6+0.8)x 10™*
=0.25 x B(Y(5S) — nxY'(1S))
B(Y(5S) — nY(2S))=(38x4+5) x 10™
= B(Y(5S) — nmxY'(2S))
B(Y(5S) — nY(1D))=(28+7+4) x 10™
B(Y(5S) — nY(2S))=(21+7+3) x 10™
B(Y(55) — nh, (2P))< 37 x 10*

B(Y(5S) — nh (1P))< 33 x 10*

Residual / 1 MeV

000F
. Dj sciaoanHa PRELIMINARY
_ subtracted ,:
BUUU_ l|||||
_ |'
4000 .'| |
i I
2000 [ e |
,' |
s hi |-n H" 1L
AR
F' IH“‘H '|||Ifﬂ' ||||| » |||I|| k |[ Hl
Aol ll |
FIRE g + ‘
-2000{ i ir A
1| I 1 1 I 1 1 I | | | | 1 1 I | L4 1 | |

9.84 9.86 988 9.9 992 9.94 9.95
MM(yy) [GeV]

B(Y(4S) — mh (1P)) = (18.3+1.6+1.7)x 10 > 9xB(Y(4S) — nY(15))
Compatible with theory prediction, Guo et al, PRL105,162001(2010) : ~107
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The n transitions

NE S wave
In 2014, Belle studied the o -
inclusive N transitions from %11000 Y(65) P wave
Y(5S) ey 7
10750 [P SN
Babar prp7s, 112002 (2008) BB \\
B(Y'(4S) — nY(1S)) ose L Y€ x\b =35,
= (1.9620.06+0.09)x 10™ ‘ SR D)
= 2.5 x B(Y(4S) — nnY(1S)) S S AN A
10250 - bfﬂ’) pﬁ) ———
SN YD) Y(I'D)
Belle I
B(Y(55) — nY(18)=(7.3+1.6:0.8)x 10* " [ YEIn@sy”
= 0.25 x B(Y(5S) — axY(1S)) xﬁ) h, (1P)
B(Y(5S) — nY(2S))=(38+4+5) x 10™* 9750 o
= B(Y(5S) — wtxY(2S)) : ’
B(Y(5S) — nY(1D))=(28+7+4) x 10" 9500 -
B(Y(5S) — nY(2S))=(21+7+3) x 10* Y 1)
B(Y'(5S) — nhb(ZP))< 37 x 10 9250 |- 10 11 I3
B(Y(5S) — mh, (1P))< 33 x 10 S=1 S=0 S=1 S=0 S=1 _ S=0
B(Y'(4S) — nhb(lP)) = (18.3+1.6+1.7)x 10™* > 9xB(Y(4S) — nY(1S))

The largest hadronic transition from 4S to lower states !!!
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h,(2P) yield, 10” / 10 MeVic®  h,{1P) yield, 10° / 10 MeV/c®

h,(1P) yield / 4 MeV

PRL109 (2012) 232002
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<-£'—“> h,(1P) decayw

.. and a new pathway ton (1S)
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The 1 transitions in charmonium

e+e- — 1y, nJ/y at Belle
PRD87,051101 (2013) Taking I' . ,— (¥(4040)) = (0.86 £ 0.07) keV from PDG —

B(1(4040) — nJ/v) = (0.59 £ 0.11 £+ 0.14)% or
B(1(4040) — nJ /1) = (1.44 + 0.18 + 0.18)%.

Taking .., (1(4160)) = (0.83 + 0.07) keV from PDG —
B(1(4160) — 1J /1) = (0.50 %+ 0.07 =+ 0.11)% or
B(1(4160) — 1J /1) = (1.83 + 0.21 + 0.24)%.

Search for X(3872) — n J/y at Belle 0 ——s

PTEP 2014,043C01 (2014) R U
w 120 ’ z ~
s F Y S, e
E 100:— £, g
E‘: - a 20
80:— E L
60— E
b X(3872) a |
B B E -”:' 1
20— iR { = '
N % ¢ I"F-F ; JJr T PR i - |
i T R SR B R 48
M(3/wn) M, (GeVic) I i
n C W Shtre _..... Tl T 25 x 4-?5
BES-III ? MimJiy) (GeVic)
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1P-1S splitting

The spin averaged
1P-1S splitting
does not depend
on the hard scale:
only 1% ditference
between bb and cc.
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1P-1S splitting

The spin averaged
1P-1S splitting
does not depend
on the hard scale:
only 1% ditference
between bb and cc.
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HF splitting ratio

Charmonium P PDG13
Bottomonium | & . Belle
P T | | i i i i -
1.2 0.3 0.4 0.5

AM,.(2S) / AM,,(15)

In green: the pNRQCD prediction (quote)
In yellow: the Lattice QCD prediction (quote)

The experimental error, dominated by the 2S splitting, is still large , but ... what
if ... also this does not depend on the mass scale?
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From Oka's talk
Charmed and Beauty hadron spectra [EEEASISSSIA

1335 _ I=1baryon 312+
(qqh Ew 1321 E"'—\ “Teav 2496 - Tpav 5826 203833
192 MeV t B 2453/ e R e— ?
¥ 1193 | Eﬂq \"IE'v ~210 MeV
Q-(qq)o - I=0 baryon 1/2° 1
Strange Charm Bottom
323 MeV ~310 MeV
i V mesons 1°
oD 2009 ;
= W Day 1974 - Bav 5313 .
Q-q B 5279 ¢
46MeV
aiM r.j'r.} < ] & r.}, S c r.}, cefeg CF. PARTE)
.-in.ﬁ MeV (A-IN) 204 (X)L9l iX.) 66 (Ze) 69

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




Strange Charmed and Beauty hadron spectra

R i I—I baryon 3/2°

=c' 264
]32] =c 266 ='cav 2623 E'b 5938? Z='b 5945
fflfl}l Zav _\‘— E'D ;

= Gy
192 MeV* t Ec' 2577 e =
" 69 MeV " I=1 bar Hon 1/27° missing

~205 MeV 150 Moy |

=~ 1193
A 1116 =c 2469 =b 5790
Strange Charm Bottom
323 MeV ~ 390 MeV
V mesons 1-
Lges o Ds* 2112
"\ Dsav 2076 y Bsav 5403 Bs 5415 }
"""" Bs 5367
144MeV \"'—'—"
48 MeV

!
Ds 1968 ...

" PS mesons 0

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




The unexpected success of

constituent quark model

Using a very simple mass formula for the ground states,
Karliner and Lipkin (hep-ph/0307243) calculated

constituent quark mass ditferences and ratios in baryons
and mesons with 2-3% differences: why such a precision?

g; - 0 hyp
m; - mjl

M= Zm £y

l'“‘-‘_i'

Ya.B. Zeldovich and A.D. Sakharov,
Yad. Fiz 4(1966)395;

(T —TTty) Bar = Mowa— Md = Ma— My = 177 MeV
My —My )+ Mp —Mp Mycs— M)+ Mr—M,
{ﬂla_mu}ﬁr]'ea = { Ve pudj;_[ Pad Pud] = 3[-1:{;{ 1&;1]—'_ h‘}{ M = 179 MeV
(]‘ﬂ:r_) - 11;\" == :lr.f's gpge (E) = ﬂf’fﬁ; == J.;.'r'.ff{ _ 98]
Mgt Bar J\'IT'* B 1:{‘."' Mzt Mes ﬂr‘f}]t = l'lr'."lrj}
M, - My — M, an [ T B M, — M, -
(mﬂ)gar N F”EE = 1'1'-.1-5 430= (THU)M:E = _'1"!;]-1- — Jifjj =il
1 B 1 1 - 1
m2 _mame |_ My =My, o | m2 mume | (Mp=Mx)—(Mp—Mp) _,
1 . 1 2= _11':IE o J_"l-fh e 2 1 _ ]' - (Jﬂu‘fp_i1':fw}_[i1':ff{t _J;.Irfj{'] i
.'I"H-E My T, Har mft AL TEL Mes
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Charmed baryon ¥

! —0.8
spectra: I’ waves hc;h
In blue: J=0 diquark ; L=0 i , 7? |
] q IJL;/—\EEJ i
In red: J=1 diquark ; L=0 297 Tsr L 0.6
HF splitting: ri -
M(3/2%)-M(1/2) = 47 1B R I
ud]c = 65MeV - |
gs]c =69 MeV 2 3
ss]c =71 MeV E =) | :{’ 0.4
E 3/2- i 2+ Y =
In green: J=0 diquark ; L=1 E 4I =] . r/ By
LS splitting: 2 i —T° I
[2*M(3/2)+M(1/2)]/3-M(1/2%) "\ Y
o * 1/2% ¥ —0.2
[ud]s = 366.3 MeV 0
[lud]c = 329.7MeV | 7
[gs]c = 339.8 MeV / i
[ud]b = 297.8 MeV /
HQL14, Mainz 25/8/2014 R.Mussa, Heavy ( 33*"_ 1/2+) I s | L 0.0




Heavy-light meson spectra: tensor-vector splitting

[ ]
-
Il
o
-

Mass (GeV)
3
o0
Mass (GeV)
[
i

2.2¢

] ] -3
t\f Ja (=3
o
- 8
AN —

._.U-
[—
)
-
|
MU-:{-
.D
[ b2
BRRSE Rt
1w
= 1a
-
'::.| :
i
[
|
v
i

T *) N
2fj:)cr B z;—D_s_.
1.3_ S ' ' - : - : N 1.3_ : : : : :
0 I O ¥ 1 2 P o0 I O 1" ° 2+JP

The heavy light mesons are the QCD counterpart of hydrogen atom, with a light quark orbiting
around the heavier one. As the motion of the light quark is relativistic, the total angular
momentum is properly described as J=jq+sQ. P wave D mesons with jq=1/2 are very broad, and

cannot be used for doing averages. Therefore we study the 271 splitting.

If Q=c: cq: 450 cs:461  cc: 458
If Q=b: bqg: 418 bs:424 Dbb: 452
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%,(3P) @ LHCb

Excellent resolution,
perfect separation
between the three Y(nS)
states.

Amazing statistics from
a total of 3 b (7+8 TeV)

Photons detected and

Candidates/ (12 MeV/c?)

BN e @ &
8 g

|§| T

Igl T

[=a]
o 8
TT1T

II§III

II§III

MeV/c?)
g g

= 60000

1

t) 1 = 50000
E 3 3 v

s/

40000

1at

= 30000

Candi

roliee ool

——r—r] 90000 ———

T

9 10
Myt

| éler ]

Signal yield +/s=T7TeV

10
Ty -+~

V5 =8TeV

measured in ECAL: high
stats but low resolution
(analysis with converted
photons in progress)

Goal: quantify the
fraction of Y(nS)
produced from decays
of y, states.
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Nrs) 326 300 £+ 638 747610 £+ 969

Ve 100620 & 395 220950 + 576

Nr(as) hibl3d £ 312 129450 4 459
Decay mode v/ 8 =TTeV vs=8TeV
N aroras, 1008 £71 4608 115
N, iy iy 300 441 004 + 68
Ny, (3P} T(18)y 1433 31 196 £+ 50
Ny (2P T(28)y 265+ 30 660 + 46
N, . (3P} T(28)y 48 + 17 3 25
< A W 126 + 20

[ éleV/ £



5

LHCb
V5 =8TeV

LHCb
/5 =TTV

:

Candidates/ (20 MeV/e?)

Candidates/ (20 MeV/c?)
o 8 8 B 8 & 8

First observation of

10 105 10 10.5

DY 10551+14+17

the radiative — (Gav/c?] S [Gev/e?]
transition to Y(3S) i , iy 0
- IHOD ] 3 LHCb  :
Best measurement : < V5 = 8TeV:
of mass: $ 5 R =
= 150f 4 & E
ATLAS 1053045+9 = 1 o4 -
g ED £

(mixed ¥, (3P)+x,,(3P))

LHCB 10511.3i1.7i?? 102 104 iﬁms” 10.8 [Gé‘i,i.'f,-l;‘l] 102 10.4 lﬂ-.ilezs}Ylﬂ.E [Ge'l‘_';;ﬂ]
(mass of y_(3P)) I S S R
 mb LHCb 3§ % = LHCb
T xof Vs=T7Tevy E ¢ V5 =28TeV
More than 30% of g = 1 B JF
the Y(nS) produced  § *E 1 F oaf |
at LHC are coming T in: ER- . S i
from x, (1,2,3P) g 1 8 F AT A
deCayS A 1::||:. e Y i i - 135 ikl Y I
MY (38)y [Gev/e? mr(as)y [Gev/e?]
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D waves
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Bottomonium D waves

Y(1D) discovered by CLEO in 2004
PHYSICAL REVIEW D 70, 032001, 2004

Events / 2.5 MeV

Events / 1.0 MeV

1 E | | | |

2540610-s013

i |
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o M o O 00

21—

() T B

10100 10125
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Bottomonium D waves

... and confirmed b
Phys.Rev. D82,111102 (2010

;f Babar in 2010

25406 f=s0 4

S

Events / 0.0025 GeV
o

s
* Data

— Fit

10,15

- I-IT {1 S}

---- Signal Y (1°D) 7
—— 7%, (2P )=y (1S5) _
| R —— =Y (18)

H
" -
- rr_rl rre 1

7Y ()Y (25)

B(Y(1D) —» mm Y(1S) ) = (6.6+1.6)x107°

(*) The two peaks at 10.26 and 10.28 are due to:
%,(2P) — 0Y(1S) with w — nw (1.5%)

HQL14, Mainz 25/8/2014

M(MeV/c?)
S
[—]

10750

10500
10250
10000
9750 |

9500 |-

9250

S=1 S=0 S=1 S=0 S=1 S=0

10.20 i &5 ) Eventyields Significance (w.syst.)  Fitted mass value
+5.7
m (2 (GeV) 1 106, 20 (1.8)c
2 19 6.5 (5.8) ¢ 10164.5£0.8£0.5
3 | 94,82 17 (16)o
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. -~
Bottomonium D waves B
= 11000 V()
E g ITIISS(T[ ] 10750 |
wn 16 | P
a Y(1D :
g 14—Y{25} D) 10500 |
0 i ' =Te I
12 I
E i 10250
10 - & ;
: o ;
8 [ 5 10000 |
6 @ _
B e : %p
: @ 9750 |
ot 11 k= [
: |- : //
e ‘L . 1 9500 _ » l
| L Hll 18 _ Y(1S) ___
%.9 9.95 10 10.0510.110.1510.210.2510.3 10.3510.4 j n,(15)
MM(z" 1), GeV 9250 L=0 L=l L=2

, , §=1 S=0 S=1 S=0 S=1_ S=0
Belle observes 1D both inclusively (PRL108,032001) and

exclusively (Proc.EPS-HEP 2013) from Y(5S). Assuming that:  Belle obtains the production rate of

- the J=1,2,3 state is produced with ratios 3:5:7, Y1D): J=1 2 3
_ 3 3 10% :49% : 41%
B(1 D—y1 P],) from Kwong,Rosner PRD 38, 279 (1998) Neglecting the -1, Belle fits with
_ B(13P]'*>'Y Y(1S)) from measured values (PDG) double gaussian to obtain the upper

limit M(3D3)-M(3D2)<10 MeV
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bottoma ) wave — S el
= ® e ---- Signal Y (1°D) “
20— —Fit .
- 18 (T[ T{ ) ::T} =S le {EPJ}_}T‘WT{-‘E} _
2 0 Miiss < b =Y (18) ]
(T od
B oLy | Y(1D) S e Y (18) :
5 e {25} & S VY)Y @S)|
L _ ' G w 10 ]
12 ; ﬁ EE |
10 [ - o i
- | .EE ' ﬂir
- N -‘5 ‘ 4 .
6 F = ° 10.20 10,25
il i & m (m 22 (GeV)
4 - [ || ) 12 : ———— ] Izsntluzui1I|:r-aeul:|1:5|
[ - : 1 >101— (a) —
p il | 1l | = ]
9.9 995 10 1U'ﬂ51|3'.'| 1D151ﬂ21ﬂ251031ﬂ'351ﬂ4 ﬁ L 4
MM (), GeV P j_— .
Belle 10164.7 + 1.4+ 1.0 MeV e N

BaBar 10164.5+ 0.8 £ 0.5 MeV
CLEO 10161.1+0.6+1.6 MeV
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Charmonium D waves V.Bhardwaj, CHARM2012
X(3872) yield : -0.9+5.1 events

Tetraquark model : C-odd partner of X3872 decays in yy_ , 5 [ 1 Pprojection
No signal of “X(3872)” —yx_, 3 ] No hint of X(3872)
Evidence (4.2 o) of the long sought "D, state of charmonium! i' [

Preliminary: M('D,) = 3823.5+2.8 MeV/¢*
90% CLUL on (D, — yx_)/T(CD,— yx_) <0.42 (Th: ~0.2)

-
(=]

;.]IIII|IIII|IIII

711 fb NEW Bty vkt
distribution KotV N o< 2
xclv , LS
iz M, 1y (GE‘V/C )
5160: o Narrow peak observed around 3820 MeV/c?. M, > 5.27 GeV/c?
E’MO_‘ t o No strong evidence for any discrepancy
o " between data/MC, except this narrow peak. | ™" Mycay distribution B DXk
¥ 120 — i E U I B
= A a5 No strong e\ndence for any narrow peak |
- ; g _ %40: between data/MC at current statistics. =
00— 4 0 | E
- T BW(ex,y) K Rask. [ B -
=B P L evine S
80— % = 3
- X Narrow peak ?? 25| }{ Wigniene) :
60 — X0 G 20 X(3B72) E
| i : // - = ':;f:’l.": 1 o
= o . . = t Combinatorial background 5
P Combinatorial background 5 . M _
. $. £ f 1Ty ;@( =
o BORS i %{* oEL BReins: Hhﬁ* &Mﬁ’ b4
— = XOOOKKNRYY %m 4&* @ 4 - ‘ ' Mm(sev/c) *
0:‘1“1 OO .-!, KOO |"§I1 YOO X @% %l .IJE‘ !1 %_‘
3.6 3.8 4 42 48
M)(Cl‘l" (G EV/CE) 17
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Future studies at

Belle-11

M(MeV/c?)

11000 - Y(6s)

Spin triplet D waves (°D__): 10750 [

1,2,3

o(Y(5S) »mm Y(1°D) ) = 0.3 pb BB
J - YOSy mm. s 7
With (3:5:7) ratio for J=1,2,3 105001 LoD By (3P) / b

o(Y(3S) —yy Y(1I'D) ) = 18 pb - YOG __ A
(045 o] 0 @p) hCP) -
With (2:5:3) ratio for J=1,2,3 ; Ao Ty YD)
10000 - Y(38) . —5e
With 200 fb Y(35) data we can S N —
study the multiplet splittings 9750 | Xp(IP)
using a total of 3.6 M decays of 1D

states 9500

Spin singlet D wave ('D,):
Reachable from Y(5,6S) via mr
to h (2P) and E1 transitions to 1D2

(peak in ynw recoil spectrum).

9250

h,(2P) yield, 10° / 10 MeVic?
%]
o

L R S T, ST R
Belle-II will probably need more than 1 ab™, at Y(5§) 97 98 89 10 10.1

. 1 3 M{mni]ss(n+”-"|'): GeV/ CE
or above, to observe the elusive states D2 and D3
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XYZ
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X(3872) news

(ArXiV:1309.0250) sets 95%
CL limits over all the
expected mass range (close 2000
to the BB and BB~

thresholds): no smoking gun!

=
© Y (2S) Y (3S) CMS barrel |
< 8000 | | E=8TeV —
© L=207fb" -
w p > 13.5 GeV |
Search for bottom @ 6000 Iyl < 1.2
counterpart of X(3872) at L
LHC: CMS e
c 4000
@
-

1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 I 1
10 10.2 104 106 108 11

Fas) T 1 | T T T | T 1 | LI | T T

LHCb: observation of the > M .. [GeV]
radiative decay X(3872) to Y(iS)r'n '
psi(2S)
Final determination of < cmMs [+ 1o Expected
X(3872) quantum numbers g 10% ys=8TeV [ ]+2cExpected
JPC=1++ 5 e BLZ20T e % Median expected
% 6% —— Observed 7
2
BES-IIl observes the 4% |-
radiative transition Y(4260) to -
X(3872) yor |
See Kupsc talk
1% — —
Hadron 2013, 4/11/2013 R.Mussa, Bot 10 1['1'.1 1[:.2 16.3 1ﬂ|.4 1DI.5 16.5 1{;.7 1EI|'.B 1{;.9 11

My [GeV]



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)

w
B

12000
10000

ield / 10MeV

Y
o
=2
=2
=

(1P)

s
L=
[ =)
(=]

8000 F

h,(1P)

1

Z VA

ik 1

105

106 107
M(hy), GeV/c?

17500
15000

o
12500
2

=10000
E 7500

=
25000

OMeV

2500
o

h, (2P)

104

105

106 107
M(h,7), GeV/c?

g

8

116

10.05 GeV <MM(x*m) < 10.10 GeV

10.33 GeV <MM(x'm) < 10.38 GeV

115

114

St I.: W
i il

-

Y(3S)a -




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 (UnpUbliShed) S=1 S=0 S=1 S=0 S=1

Evidence of neutral partner of lower

Zb in Yx° with 4.9 sigma significance
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DD* D* *D* ArXiV:1209.6450
Zb —> BB +BB y B B 50 M{BB*] —

BF[ Y'(5S) — B*IB(*Ix |

BB
BB* + BB*
B*B*

Channel

preliminary ; ® =
Belle 121.4 fb! significance &
<0.60 % at 90% C.L.
(4.25 + 0.44 + 0.69) % 930 i
(2.12 + 0.29 + 0.36) % 570 ¢

10.75
rMim) ., G-‘l.i",-"cz

M{Btﬁﬂ:] porae ey

Fraction. %

Zpl LOG1O)

Zy(10650) .. ERED A,

T(1S)xt

0.32 = 0.09 0.24 £ 0.07

T(28)x™
T(3S)r™

he(1P)=™
hy(2P)=™
B*B*Y + BYB*+
B*+p*

Hadron 2013, 4/11/2013

1.38 + 1.21
2.15 £ 01.56
2.81 4+ 1.10
4.34 + 2.07

s6.0 £ 3.6

2.40 = 0.63
1.64 4+ 0.40
431+ 2.70

14.58 + 6.2

Hevants/5 !-Inun"ﬂ’.-"ul.".=

10.TG

See P.Krokovny's talk this afternoon,
in the Heavy Hadrons session.
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The neutral partner Z,° ArxIV:1207.4345

s Wil ees  Winow Not enough statistics to confirm
- Z °(10650): only 2 sigma
“,E L b RS R nS RSl Bl R RAN RARRE BRREE
o 20 - : .
§ B | G wf .
Sﬁ " WL hL, | ' L % i
£ woF I + J{ | g 20
> f 2
. S o Ty
- ]
J04 1045 105 1055 105 1065 107 105 e
H{Y{EEII]MI; {Gﬂ?fﬂzj M(n"n®)y, (GeV/c?)
Final state Signal region, GeV /c? Signal vield €, % B, 107 Events Purity
T(18) = p 0.41 < Myie(797%) < 953 261415 11.2 2.2840.13 247 0.95

)
(18) -3 ete™ 041 < My (7%7°) <953 123+13 561 2.15+0.23 140 0.78
T(28) — ptu~ 0.99 < Moo (7°79) < 10.07 2414+18 804 3.77+028 253  0.87
(28) - ete™ 0.99 < Myo(7°79) < 10.07 108413 358 3.84+046 151  0.66
T(25) — T(1S)a+ta— 10.00 < M(Yrt7~) <1005 24+5 227 285+0.60 28  0.86




Zb . BB*+BB*, B*B* ArXiV:1209.645(;)Er .

o 40F 3
= preliminary >
BFLY(SS) = B*B™n]  pelle 121.4 bt significance § 4, L E
BB <0.60 % at 90% C.L. P :
BB* + BB* (4.25 = 0.44 = 0.69) % 9.30 E : 5
B*B* (2.12 £ 0.29 = 0.36) % 570 : Wil “
. : 1l.';.TE-
Channel Fraction. % eM(n), Gev/e®
Zi 10610) Z(10650) » e M{E‘-*E*] ——
T(15)=* 032+ 009  0.24+0.07 "o
%
T(29)x™ 138 + 1.21 2.40 + 0.63 .
Y(35)++ 2154056  1.64 + 0.40 3
hy(1P)x+ 281 +1.10  7.43+2.70 g
4.34 + 2.07 14.5 = .

hy(2P)w*
B*B* 4+ BB+
B+ g

=6.0 + 3.6

52nd Bormio Meeting, 29/1/2014

106 10.65 10.7 - 10.TG
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BQHQ-IIZ future prospects Neutral partners of Zb states

proposed by Bondar et al.

arXiv:1105.5829 12GeV = ==
| 1 Y(?S)
Z)= 75 04®15 - 71420, 11.5GeV ==
2,)- Lﬂ;ﬁ@];ﬂﬁ“}'—"lf@ﬂ_ o8
If-'llh II '[]._Fm @{]w 5 E]hﬁ ® ].;h,.
] Y(5S)
HrI.L:ll:' 20”@0”,‘. _lrf.@lg.;
W)= (1, @1,
Wea) = (1, @ 1)
]
; ” é=mmm B*R*
mm | YT LR R
Yn VYhyr fY{ﬂ
Mp®@ MNP MM %
i Y et t
EEEE .i:*’! ...l Yp =h
o IYm
.......... S BE
Zb EEEN wbﬂ x’“"‘ﬂ, wh1 whz
0(1) 117 0701 1107 0°(1) (19 0'(29) 1129) 0(1) 1°(UP)
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Open questions: B — K Z

Events/ 10 MeV/¢

52nd Bormio Meeting, 29/1/2014

T

E e Belle

® il i sgmd regm
B dotz in sideband region

EBUM BB

. PRL100,142001

" BaBarl: 455M BB

M8 (GeV/c }

Belle observed 3 charged
peaks in B decays to
charmonium + K

cc=¥' > Zc(4430)
cc=y,_, > £¢(4030,4250)

Never confirmed by Babar
R.Mussa, Hadron Physics at Belle II

Events / 0.024 GeV

200

events/24 MeV/c?

40
35
30
25
20
135

10

=T

_+_..I|
g

.-:—-|"1"'|' | | i

||II|||||
605 fb!

RD78 (2008) 072004

]

e

e 2 T PRI

4.0 42 4.4
m (- x.,) (GeV)

4.6 4.8

’a:.
@ e

i i i
4.5

LHCDb confirms Zc(4430) !
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Open questions: X(3872) — vy (J/w, ¢ ')

X3872 — v ]/ X3872 —y 1’
Babar [PRL 102 (2009), 132001]: sof 0 =3 |
evidence of radiative decay to $ L =2
both J/y and y': §.mf 2 20

= 10 Z 15
BR(X3872 >y W) _34414 &, 2 vy
BR(X3872 — v ]/v) Qi 5 Ses 55 5y 0 s e
- disfavors the molecular - _T___ff:'_'_fffj__T___ﬂ r
model, <"fe b gl
- favors J"=1"" = "‘f"ll Ihi J } E S f
SO i I S
- disfavors J"*=2" £ OFms *i+ . T 1 & of
Belle [PRL 102 (2009), 132001]: I “NRTTTT: S PR
Conﬁrms radiative decay to ]/w | m, (GeV/c?) my (GeV/c?)

but not to '

LHCDb confirms Babar evidence, finally !
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Bc
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Bc spectroscopy

Most precise mass measurement

= by studying B_"— J/YD_** decays

60 ————r——{ First observation p—————

[ 25 = . . .

C L [BI WD LHCh

502 ] - =

A C S ﬂ‘ 5

~ L = L g * |

.-:"' 40 -—% ik I|I \r E BC J]'.l.IJDs .

= L= | T > 90 ]

=i [ § ¢ '. E .

4'“:! . ?2 . E‘.w ] ta: ; :
2 F
] -

10 -
{} L 1 I 1 i i | .:I."-‘1 . \ T"I.!a 'l‘ LIJ l&
3.6 5.8 6 6.2 6.4 6.0

m{JAp D) GeV/e?

my.=6276.28+1.44(stat )=0.36 (syst) MeV /¢*

LHCb, 3 fb?, PRD 87 (2013) 112012

= In agreement with world average:
m(B_*) = 6274.5 + 1.8 MeV/c?

Polyakov Ivan, Moriond QCD, 24 March 2014

HQL14, Mainz 25/8/2014

Nu -
Reference =400} LHCb -
g L :
transition s 3 fh-1 e
W)
i ' — Total
i --- Signal
‘EZD{} - = misID |
E Background
(
L e R I.‘ em
6200 6300 6400 6500
M(J/ym) [MeV/ic']
Nsig = 2835 + 58
First decay to
baryons ~ P
Lk
< 15[ LHCb ~ .
E F o - +1£j'a::al ]
— — 1 0la
=T 3tb T --- Signal
— 10 ' + Background 4
2 |
g |
2 s
Il. I ) T 5 R
6100 6200 6300 6400
M(J/yppr’) [MeV/cT]
N =239 £+5.3.(730)
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]
T565 T5T71 7565
T PP T T R S R LT

7455 _TA7S5 1487 7563

1472 7365 7376 7380 -

7372 7269 7276 7271} Wi:d

-ﬂn -'H,m- Uﬁ- ------------- ? - : -FE}-.C:-
7145 7008 7041 7045 .

7036

6768 4
6300 | 6706 5150 5768 _

Bc spectroscopy R

7200

Mass (MeV)

6400 b 6338 B. Mass Spectrum ]

=271

T 'S 8 PP R D, D DR, B R
CDF ]Mnr | =‘

LHCb f/lpﬂ»' :! M(BF) = 6276.3 + 1.4(stat) + 0.4(syst) MeV/c?

|g———

L = L
LHCb f/lpm |

L':_LHCb}/wpm
LHCDb comblned |

A M(B}) = 6274.7 + 0.9(stat) + 0.8(syst)MeV/c? ]

: The most precise measurement

6263 627[} 62?2 62?4 627!‘3 fﬂ?g 623{} .
B; mass [MeV/c’] LHCb-PAPER-2014-039
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FirstobservationofBC(ZS) 20 T

B (2'S,) = B (1'S Ju;
B (2’8,) — B (1'S )m+(y) :

not seen

18 ATLAS Qg .. =288+ 5MeV

ATLAS detects the Bc decaying to J/1x mode 16 det s’ O = 1824 MeV 3
Significance (7+8 TeV data) :5.2 sigma 147 E=7Tev + Ng .. =22+6 E
12 ® Data =

; . "y Wrong-charge .

Can be a combination of two transitions: 10 combinations 3

R o G o

NNE==: S5s

QQ = 288.3 4 3.5(stat) £+ 4.1(syst)

1 I Lgml 1 1 | 1 1 1 | | 1 1 1 | I 1 1 1 1 | 1 1 1
DD 100 200 300 400 500 600 700
6841 + 4(stat) + 5(syst) MeV m(B_zx)-m(B,)-2m(x) [MeV]
572 1588 —
?600 " 3?2 - ?455 ?4?5 ?43? W 4{] : LI | LI I LI T L | T T I LI T | L :
[ 1 P 1 L P 1 & - ATLAS Q, =288x+5MeV -
7250 22, B2 ;e 216 i) O 35F - * =
S 7200 Frrm e egmeiiiiuiismmennnmnannns T R Wit E (L1020 Og . = 18+ 4 MeV
0 I 7145 7008 7041 7045 ' S'I:I_—f — =1 N _35.13
[ 7036 | = 1s=8TeV Brx — +
E 'gss_ﬁ GRET ] o5
~ 6800 F 6750 6768 - - * Dam
w I 6700 emmm—— ] - Wrong-charge 8
o] G o0 - combinations e
‘2 - - - -
6400 :'537| . B, Mass Spectrum . 155 5
S f 10F- =
6000 = der=t =
b B 4 3y 3 T 3 l - =
By 0, By By R LD TR R, 55 _ ‘1 -
See talk by P.REZNIZEK this morning OF ¥ 00— 200 800 400 50O 600 00

HQL14, Mainz 25/8/2014 R.Mussa, Heavy Quarkor m(B._zex)-m(B.)-2m(x) [MeV]
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Heavy quarkonium reinassance , started by Babar and Belle in 2002,
seems not to be over yet: new results are coming every year.

LHC experiments are taking over, and largely contributing to fill the
missing pieces of the hadron spectroscopy puzzle.

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?

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.

Most progress is now expected from states above threshold, where light
quark degrees of freedom are originating a new spectroscopy.

HQL14, Mainz 25/8/2014 R.Mussa, Heavy Quarkonium Spectroscopy and Beyond
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Quarkonium working group www.qwg.to.infn.it

QWG Workshops on Heavy Quarkonium:

QWG1: CERN, November 8 to 10, 2002
QWG2: Fermilab, September 20 to 22, 2003
QWGS: 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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