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Z (4200)
Z in ¢ vs B decays
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Charmonium Bottomonium
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%,(3P) @ LHCb

JHEP 1410 (2014) 88

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

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

Photons detected and
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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EPJC74 (2014) 10, 3092

First observation of the

radiative transition to
Y(3S)

Best measurement of

mass:
LHCB 10511.3+1.7

(mass of y, (3P))

Previous:

ATLAS 105304519
PRL108 (2012) 152001
DO 10551+14+17
(mixed y, (3P)+y, (3P))
PRDS86 (2012) 031103

More than 30% of the
Y(nS) produced at
LHC are coming from
xb(1,2,3P) decays
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Scan of the Y(55)-Y(6S) region: Babar

Phys.Rev.Lett.102:012001,2009
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ArXiV:1501.01137

Measurements of o(ete™ — Y (nS)nTn~) and o(eTe™ — bb) in
the Y (10860) and Y (11020) resonance regions

Y(5-6S) scans: Y vs R

Data samples:

-121.4 fb™ on Y(5S) nominal peak, at v's = 10865 GeV
- 61 points, 50 pb™, Vs =10.75-11.05 GeV

- 16 points, 1 fb™, Vs =10.63-11.02 GeV

- continuum data at vs = 10520 GeV Rb and Rb' are fitted in the range
, o Vs=10.82-11.05 with :

Selection criteria for Rb: F = |Aul? + |A; + Asgei®ss fug
N >4 (PT>1OO MeV); 4 Agget?es fes|?
N >1 (E>100 MeV) o 0.5r
Etot,ECL = (0.1-0.8)*Vs : 4:_
E >0.5%Vs T

V1S B
Fox Wolfram R <0.2 i i

2 o3 « . th

AR<1.5 cm; Az<3.5 cm - : B
Rb is calculated subtracting 0.9 lhﬂﬂ

the qq (q=u,d,s,c) continuum

1 N; Ney €qq,i 0.4 "‘-‘ '
Rb Z L. LoV i ; :
€bb Umu i ctTpupuct €qg,ct i RN ;'.
B . ’-!‘ .“"‘ T . -'“‘“": ".."-ln
Rb' after correcting for ISR i fﬁ:‘:;‘_-';';;;,‘;.'f_".'-;-‘-'-‘-"5'?-'?'.',;_‘_'_';_';;;';?
[ 11 | || | ] ‘ I ‘ | ] | ‘ | ] ] | ‘ || | ] ‘ I.I | -I-f-l--l--l | ‘ |1 ] | ‘
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ArXiV:1501.01137

Measurements of o(ete™ — Y (nS)nTn~) and o(eTe™ — bb) in
the Y (10860) and Y (11020) resonance regions

Y(5-6S) scans: Y vs R

Data samples:
-121.4 fb™ on Y(5S) nominal peak, at v's = 10865 GeV
- 61 points, 50 pb™, Vs =10.75-11.05 GeV
- 16 points, 1 fb™, Vs =10.63-11.02 GeV
- continuum data at vs = 10520 GeV
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7 — BB*+BB* B*B* ArXiV:1209.6450
b J

— preliminary ;

BF[Y(5S) = B™B™x]  pajle 121.4 bt significance ¢
BB <0.60 % at 90% C.L.

BB* + BB* (4.25 = 0.44 = 0.69) % 9.30 E

B*B* (2.12 = 0.29 = 0.36) % 5.70 2

Channel Fraction. % M (1), GeV/c
Zy(10610) Z1(10650) ® e M [B*B®]

T(1S)x+ 0.32+0.09 0.24+007 v w- 2 :

T(28)r+ 4384121 240+ 063 1

T(3S)x+ 2.15 + 0. 1.64 £+ 0.40 :a;

hy(1P) 7+ §

he(2P)m™ ol

10.6 10.65 10.7 : 10.76

B*B* + BOB*+
B*+B*
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High energy scans: bb vs cc

Differences: 80
- Y(5,6S) peaks are well resolved, i
Y(4.26,4.36) are NOT 60
= [
- Transitions to h, dominated by Z , = 40
. : . b
While only 20% of hC is reached via Z
20
g 22;:
f 1.5;
1
0.5? é +
o
' ‘ ik
5 s 80
“ ¥ 2 70
: £ o
i3 E
© 257 2 50
= 1B ;
= u.(s}f— E 30
st ® é 20
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Vs (GeV) 10
0
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BES-III high statistics results are from

exclusive analysis of data taken at
Ecm = 4.23,4.26,4.36 GeV

Cannot yet exclude ZC(3.9) — :rchC "

All Belle results on Zb are from the Y(55)
peak from inclusive analysis

Belle analysis on hb from Y(6S) much
harder: stay tuned
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The w transitions

Observed by CLEO in 2004
PRL 92,222002 (2004)

Xp1(2P) = @X(1S)
X1 (2P) = yY(2S)
Xp1(2P) — yI(1S)
Xp1(2P) = mmyy (1P)

1.63 1049 %
199 +.019
9.2 +0.8 %

9.1 +£1.3) x1073

X2 (2P) = wX(1S)
X2 (2P) = yY(25)
Xp2(2P) — yY(1S5)
X2 (2P) = mrmy, (1P)

1.10 *33% %
.106 +.026
7.0 0.7 %

(5.1 £0.9) x107>

In charmonium, o transitions
are observed from X(3872) and
Y(3915)

11000

M(MeV/c?)

10750

10500

10250

10000

9750

9500

9250

L=1 L:Z

| | | | |
sS=1 S=0 s=1 S=0 s=1 S5=0

What about a bottomonium analogue?

QNP 2015, Valparaiso March 2-6 2015
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Search for X]o at LHC

o T T T T T T T T
= CcMs [ = 10 Expected
= 10% [ Vs =8 TeV | = 20 Expected |
= 8% [ L =207t 6.56% - - - Median expected |
m O,
[=1 6%
= 1
S
4%
2%
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| | | | | 1 |
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m I T LS LS I T T T l T T T 'I T T LS I T LS T I T
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(=]
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S107E VS —8 TeV. 162 1o B +ic Band
- . []#+2c Band
= I
== —
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Ll ] 1§
= =
> T -
o> Iis
102 |—
e e fleege s e aliflen e RS T b e feesiie 5 spemalfeeay
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Parent Mas

olpp—=X, = YAS)x'7n")

T o(pp—= Y (28) = Y(AS)T )

M(MeV/c?)

11000

10750

10500

10250

10000

9750

9500

9250

- Y (6S)
BB Y{55)
B —
BB . ;
R Yas) o h,(3P)
L Y6
e mewR
S YD) YD)
- Y2S) 25)
. 0P h, (1P)
— Y 4
ST
Y(1S)
N, (1S)
i L=0 L=1 1=
s=1 S=0 s=1 S=0 =1 =0

In charm, M(D*)-M(D") = 4.73 MeV — large isospin violation: BR(J/yw) =BR(J/yp )
In bottom, M(B*)-M(B’) = 0.32 — no isospin ViolationeBR(Xb%Yp ) =0

Belle has searched for X —Yw in Y(5S) decays, as suggested in PRD91,014014 (2015)

QNP 2015, Valparaiso March 2-6 2015
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Observation of Y(5S) — (nxb(lP)

Sample=118 fb™ at Y(5S) peak
szdecays to yee,yuu

Significant 3n contribution observed T il
) >
also from outside w peak, stronger at 2
the X <08
B
Mode oy (pb) B (1073%) Eo6-
xata a0 =31 <= 6.3 =
mata~mly 0.90 ==0.11 +=0.13 1.85 4+ 0.23 4= 0.23
AT 0.57 +0.13 4+ 0.08 1.17 + 0.27 = 0.14 0.4—
DX bo < 1.9 < 3.9 9.6
X b1 0.76 +0.11 = 0.11 1.57 + 0.22 =+ 0.21
@Y 5o 0.29 +-0.11 +=0.08 0.60 = 0.23 + 0.15
(A% pon-wX b0 <23 < 4.8
(7 7)o ontp1  0.25 & 0.07 & 0.06 0.52 +0.15 + 0.11 60
(w72 pp s> 0.30 £0.11 +=0.14 0.61 + 0.22 + 0.28
The total contribution of wxb(lP) to BR is 0.3%, = |
. . . e D 40
comparable with the larger hadronic transitions ="
to lower bottomonia &
: ) £20
alete-—w &
R= 2o2) _ () 38.+0.16(star.) 0.09(syst) :
olete-—=wy,,) i
+ -0
ole+te-=> (1’1 ®
= T w0 Xs2) | 20,20 55(stat) £0.63(syst)

~ 0
ole+e-=> (T 1), X
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PRL 113,142001(2014)

PRL 113, 142001 (2014)

PHYSICAL REVIEW LETTERS

week ending
3 OCTOBER 2014

T
M(yY(1S)) (GeV/c?)

—4- Data

— Total
Background
n¥ sidebands
m

- non-m

Efficiency

08

0.6 o
M(r*m n°) (GeV/c?)

R.Mussa, Hadron physics at B-factories

30

B
o

w
o

Events/(10 MeV/c?)
)]
o
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The o transitions

in charmonium

BES-III study
ArXiV:1410.6538

e'e’ — wy
With »  —KK, mur
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Search for X]o at Belle

> I
S 11000 |
No evidence of a signal of X is observed s [
in the region between 10.5 and 10.6: the 10750 B
broad peak at 10.4 is actually a reflection B
from the ooxb(lP) transition. B
Also, no evidence of radiative transitions 10500 » h (3P)
to %, (2P). !
Upper limits : i
BR(Y(55)—X )BR(X —7Y(1,29))<2.9*10° 19239 hG2P)
' YD) Y(I'D)
PRL 113,142001(2014) 10000 -
A S L B B B -
i +-Data ] i _(1P) h, (1P}
e __.yXbMC - 9750 | /7 Ao
§ C _wbe MC ] : / /
[0) r b L
s 15[ [ ] sideband — I
5 : 9500 - rr
3 10F ] [ Y(IS)
§ r ] : M (1S)
oo + ﬁ + ] 250 T 1.=0 L=l L=2
oldinll g4 P p 9T ] S=1 S=0 S=1 S=0 S=1 S=0

10.2 10.3 10.4 10.5 10.6 10.7

M(@Y(18)) (GeV/c?)
Analysis of Y(1S) transitions on Y(4S) dataset is under way.

Results will be available soon
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The n transitions

In 2008, Babar found out that

transitions from Y(4S) to Y(1S) are 11000
MORE INTENSE than 7t
transitions. 10750
Babar prp7s,112002 (2008) -
B(Y(4S) — nY(1S)) 10001
= (1.96+0.06+0.09)x 10™
= 2.5 x B(Y(4S) — anY(1S)) 10250
Belle (preliminary) 10000
B(Y(5S) — nY(1S))=(7.3+1.6:0.8)x 10™
=0.25 x B(Y(5S) — s Y'(1S))
B(Y(5S) — nY(2S))=(38+415) x 10* 9750
= B(Y(5S) — axY'(25))
9500
All measured r transitions
9250

are P-wave.

M(MeV/ch)

S wave
i Y(6S} P wave
§3 N —
BB 7
Y@S)y . oas b
P b, (3P)
: Y{(3S) ﬁ;@,‘g}
4, P 2P e
# ’ YD) Y(1'D)
- f@®aes
x_.,(lP} h, (1P)
I A
Y(1S)
M,(1S}
N 1.=0 L.=1 1.=2
s=1 S=0 sS=1 S=0 sS=1 S=0
16
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The n transitions

In 2008, Babar found out that
transitions from Y(4S) to Y(1S) are
MORE INTENSE than 7t

transitions.

Babar prp7s 112002 (2008)

B(Y'(4S) — nY(15))
= (1.96+0.06+0.09)x 10™
=25xB(Y(4S) = nxY(15))

Belle (preliminary)

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

B(Y(5S) — nY(2S))=(38+4+5) x 10™*
= B(Y(5S) — nxY'(25))

All measured r transitions
are P-wave.

Why S-wave transitions
are not observed?

QNP 2015, Valparaiso March 2-6 2015
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10750

10500

10250
10000
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9250

11000
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S wave
.
¥ Y(6S) P wave ;
BB, TOR)
BB—— o >
1(4?3,{ . \\ x!b!I !F] H'b-{j:-[;} b
Y(2D)
R TN S A
ozo) Bel2P)
o‘:Q‘\ '0' Hﬁ% ""1--
RN Y({i'D) Y(1'D)
- Y@S SR
“—— h (1P
) xb(]‘P} b( :}
Y(1S)
1,18}
5 L=0 L=1 )
S:]_ S:O :]_ S:O S=1 S=0
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The n transitions Feonsnctd
hadrons
In 2014, Belle studied the inclusive m transitions from Y(5S) to e
search for S-wave and P -wave
@ =
o 2 preliminary i
i E hp(2P)
- hy(1P) . “(
S 1500 H i ¢
@ —
oC 1000 E= { + { } } )| l
— *
500 5—
’ N is._ L Wi
g Il I TT & “l ¥ +
H &
-500 = [ _ +
-1000 {. }l H
"15002_||||||||||||u|-||||||u|||-||||||-|-|-||||||||n|
9.85 9.9 9.95 10 10.05 10.1 10.15 10.2 10.25

B(Y(5S) = nY(1D))=(28x7+4) x 10™
B(Y(5S) = nY(2S))=(21+73) x 10™

B(Y(5S) — nh, (2P))< 37 x 10*
B(Y(5S) —nh, (1P))< 33 x 10*
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The n transitions

Then, the search for inclusive
transitions was extended to Y(4S)

M(MeV/c?)

Babar prp7s,112002 2008)

B(Y'(4S) — nY(15))
= (1.96+0.06+0.09)x 10™
=25x B(Y(4S) = nxY(1S))

Belle exclusive analysis:
B(Y(5S) = nY(1S))=(7.3+1.6+0.8)x 10™

=0.25 x B(Y(5S) — nnY(1S))
B(Y(5S) — MY(2S))=(38+4+5) x 10™*

= B(Y(5S) = mxY(2S))

Belle inclusive analysis:
B(Y(5S) = nY(1D))=(28+7+4) x 10™*
B(Y(5S) — nY(2S))=(21+7+3) x 10™*
B(Y(5S) = mh, (2P))< 37 x 10

(

B(Y(5S) — nh, (1P))< 33 x 10*
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11000

10750

10500

10250

10000

9750

9500

9250

S wave
i Y(6S) P wave
BB, L
BB NG
Y s RS
b\ )
' s Y(2D)
Y343 ___,_!‘
i NP hE,(ZP}
b'ZP) '0' ‘ALLLLLLLLLL ---.1--
Y SN Y(l%} Y(1 D)
B 5] ——= '/'
( )nb(gs), .
/- —— h (1P
A WP
- Y b
Y(1S)
M, (1S)
i L=0 L=1 L=2
sS=1 S=0 s=1 S=0 s=1 S5=0
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The largest Y(4S) transition to lower states !!!

Then, the search for inclusive
transitions was extended to Y(4S)

Babar prp7s,112002 2008)

B(Y'(4S) — nY(1S))
= (1.96+0.06+0.09)x 10™
=25 x B(Y(4S) = nxY(1S))

Belle exclusive analysis:

B(Y(5S) = nY(1S))=(7.3+1.6+0.8)x 10™*
=0.25 x B(Y(5S) — nnY(15))

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

Belle inclusive analysis:

B(Y(5S) = mY(1D))=(28+7+4) x 10*

B(Y(5S) — nY(2S))=(21+7+3) x 10™*

B(Y(5S5) = nh (2P))< 37 x 10"

B(Y(5S) = nh, (1P))< 33 x 10"

B(Y'(4S) — nhb(lP)) = (18.3£1.6+1.7)x 10™* > 9xB(Y(4S) —=nY(1S))

Residual / 1 MeV

8000

6000 |

4000

2000}

_ subtracted ,:
al
L
d
| I o [
t T 1 | f Ii lli |
| III :" ] HF” |III _'.| | ) ||l|||I v o “ [ |||]|| I
"t i 4 'l||“ﬂ"" ||||II vl i
il' ||I i | Tt ' 5 ||!|
L1l | 1 1 I | - | | | | | | | 1 1 1 | L2 | | |
9.84 BS 988 99 992 994 9.96

MM(yy) [GeV]

Only one theory prediction: Guo et al, PRL105,162001(2010) : ~107

QNP 2015, Valparaiso March 2-6 2015

R.Mussa, Hadron physics at B-factories




The /M transitions: TH vs EXP

i transitions

% 10° & ) 4
X, coml Y(2,3S) Y(4S) Eal CREY
® F 4
(F 10 o
- -T- o B PDG 2014
1 E T =T: # ——«—— Simonov PRD79, 034024 (2009)
1 0_1 L o Kuang Front.Phys.China 1, 19 (2006)
= — e Meng PRD77, 074003 (2008)
10—2 %_ A Simonov PLB 671, 55-59 (2009)
10—3:IIIIIIIJIIIIIIIIlIIIIIIIIllJIII
n transitions
> 10°F
7 2 O
< 10%} _ ? T i
— 10 = i -
1 - _T_ il .
E Ee PDG 2014 / Belle preliminary
10_1 ; | ——»—— Simonov PLB 673, 211-215 (2009)
= L . Kuang Front.Phys.China 1, 19 (2006)
102 == ——e—— Meng PRD78, 074001 (2008)
10°® _ i ———— Guo PRL105, 162001 (2010)
10—4:III||III||IIIIIIIIM|III|||III

Yiag) Yi3g) Y13 Yag) Yag, Y4 Y5, Y5s) Y15 Y55, Y15, Y5
) (IS S, S) (48 S) S) (98 S) _[°8) S)
e YAS) }’Aéj y(QS) = X 7§j y(é'é:f ,;;(TP) it ?éj y/E‘éj y(3s) 2 ’?)(y;,jhb(ep) 3 }’(;D}



A new pathway ton,

5 amazing years for

bottomonium ’g

spectroscopy: 3
=

- 2008 Discovery of

M b(Babar) via M1

transitions from Y(2,3S)

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

- 2014: Discovery of the
Y(4S) — nhb transition

(Belle)

50 1.=0 L=1 =2

S=1 S=0 S=1 S=0 S=1 S=0
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PRL109 (2012) 232002 A new Pathway to le
<-£:> h,(1P) decay

. [PRL101, 071801 (2008)

PRL103, 1561801 (2009)
Y(2S) — ynp(15) = ,

Belle Y(5S) — mmy np(1

E 10 %]

2 from Y(5S) | :

Cl i pNRQCD LQCD g

. )

T 5 =]

> BaBar '08 Y(2S) — ynp(19)

=25

s ﬂ' - e S

T s BaBar '09 Y(3S) — ynp(1S) —&— 1T xp(1P) ]

é h)d,(zp) decay ( ) Tnb( ) ’{Hl; BT SA TR  E—
E, (GeV)

2 from Y(5S3)

§

B8 9 &ﬁﬂ{”} TE+TI )

’ —i
% 0 h,(1P) decay 1 Belle Y(4S) — nyn, (1S)
z - from Y(4S) Il
> 4000 il > e — ®
= 3000 Prellmlnary | 1 d||||||| il 30 40 50 60 70 80 3 ISR n,(1)
< - I . 1 ] b
sl 02l i | AM,(1S) [MeV] o
1000 4. .l' | |1 iy n|| | o
‘ |II 2! T
':".1" 0 e A1 — 3] e
-10[!{1 ! ! ! ! ! -
08 07 06 05 -04 -03 -02 4

QNP 2015, Valparaiso March 2-6 2015 R.Mussa, Hadron physics at B-factories . | 23



The 1 transitions in charmonium

-BESIT

- Preliminary

+ .

c(e e - nJ/y) (pb)

__+ 1

— Belle

—4 BESIIN(2012)
—— This work

| &H* ﬁﬂﬁh by by

W
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e v v by b v b v b by by
39 4 41 42 43 44 45 4.6
\s (GeV)

e good agreement with previous results and more precise
e cross sections peaks at ~ 4.2 GeV
e higher energy points’ analysis on going

R.Mussa, Hadron physics at B-factories




A new Z from Belle
c PRD 90, 112009 (2014)
7 (4200) — P

e Searchin B — JiK* 1~

M?(JIy.r), GeV?/ct

e 4D amplitude analysis for (Mz_, Mf/w, O35 @)

e decay model includes 10 states of K*
(K2 (800), K*(892), K*(1410), K¢ (1430), K3 (1430),
K*(1680), K3(1780), K5(1950), K3(1980), K;(2045))

and Z.(4430)"

051 152 B8NS A E
M2(K ), GeVZ/c*
= new decay channel Z.(4430)" — JA)m™

e and a search with additional Z J'=1", sig=6.2 ©

M = 4196750712 MeV/c*, T = 37012070, MeV

M*(Kr) < 1.2 GeV?/c* 1.2 GeV?/c* < M(Kx) < 2.05 GeV?/c* 2.05 GeVZ/c* < M2(Km) < 3.2 GeV2ic* M?(Kx) > 3.2 GeV?/c*
+, 900 +, 200 W T +, 60
T < 180" < 120 <[
> 800 > 180¢ > L > r
%) & 160: S F 3 5%
+ 700 < F < 100r < C
re] © 140 w L el F
N 600 N r o [ N 40
o o r o 80 =} N
e 2 120¢ S 80 o
a 500 @ £ @ F % F
T £ 100: E oof £ 30
T 400 @ E @ 60 [ r
i o 80: o f o f
800 60 a0f ,
i r C
100} i :
O : AR A rebrre eFrrierd ottt o] : KRR RN, B 07 : : e : e 0: & : : sty
1214 16 18 20 22 1214 16 18 20 22 12 14 16 18 20 22 12 14 16 18 20 22
M?(Jhy.m), GeV?/c* M(Jly 1), GeV/c* M?(Jhy ), GeV?/c* M(Jhy ), GeV?/c*
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Z 's in B decays 71 | s
C [ ] >
| & [ LHCb ;
< aof ] g 200H.0<m}, <18 GeV? —
) Zc(4430) - IP-FE E 20 ot HI+ | lllll | It é 100:— _:
Belle:PRL 100(2008)142001 | JHTT} Ty ]
LHB:PRL 112(2014)222002 "} fh.to . 117% : ]
01;1 I‘1‘6‘ 1‘8‘ ‘2‘0 ‘2‘2‘ o~ ' *
m? (nt y (29)) (GeV?) 16 18 20 m\gy ?2[G6V2]
40;"Hw”'\”w“'2740‘610"S§
-Z (4050) > x H
- — s °b | | E
Z (4250) — % _m N } w
Belle:PRD 78, A | + g
072004(2008) o el ! +' ;
o Ed e b g g
3.6 3.8 4.0m (n_;j (Gevt‘)LA 4.6 4.8
o0 M2(Kr) < 1.2 GeV?/c* 1.2 GeV?/c* < M(Kx) < 2.05 GeVPlc* . s GeVic* < MP(Km) < 3.2 GeVlc* s MP(Kr) > 3.2 GeV/c!
‘“%300— ' %1202 Né
-7 (4200) — g i
PRD 90, 112009 (2014)  =of "

< | ]
16 18 20 22

o SRR 1 o i
QNP 2015, Valparaiso March ! W), GolVict My, GoVict
, :




Z :y(nS) vs B decays

Z..(3900)*

Z.(3900)°

Z.(3885)*

Z..(4020)*
Z.(4020)°
Z.(4025)*

Z.(4050)*
Z.(4200)*
Z.(4250)*

Z.(4430)*
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3899.0+3.6 +4.9

3894.8+2.3+2.7

3883.9+1.5+4.2
[single D tag]
3884.3+1.2+1.5
[double D tag]

4022.9+0.8 £2.7
4023.9+2.2 £3.8

4026.31+2.613.7

4051122

31417
419675513

42481190

4485130

46+10 £20 o AV
29.6+8.248.2 Iy
24.8+3.3£11.0
[single D tag] D'D*-
23.8+2.1+2.6 D-D*?
[double D tag]
7.9+2.7 £2.6 nth,
fixed 1'50hc
24.845.617.7 D*'D=*-
82159 TEXe1
7T0+70
370t70t132 Tt J/w
1771320 T Xe1
200720 Y
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BES-III results
ete—ninJy
ete—n'n'Jy
e'e -t DD*-
efe—naDD*Y

e'e—n'mh,

ete—n'n’h,

efe—nt(D” i)*)'

Belle results

B decays
B decays
B decays

B decays
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- 2
Bottomonium D waves 2
First observations from Y(3S): % 11000
CLEO PRD?70,03200 (2010) .
BABAR PRDS82,111102 (2010) 10750 |
M T |
A miss(7C ) 10500 |-
= i
wnn 16
3 el Y(1D) |
e 1 X (25) o 10250
o G -
12 |- " F I
L | I
0 _ - 10000 |
8 [ -g I )
L % I // i)
6 - o= 9750 I //
af | L I Y
2 [ L | - 9500 - _ A
Al *. l |... i1 I8 Y(as) __
uﬂ.g 295 10 10051071 10.1510.210.2510.310.3510.4 le(ls)
MM(r*n), GeV 9250 - L= =1 L=2

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

eXCIUSIVGIY (PIOCEPS-HEP 2013) fI‘OIn Y(SS). Assuming that: Belle obtains the production rate of

- the J=1,2,3 state is produced with ratios 3:5:7, Y(1D): J=1 2 3
_ 37 s+ 13 10% :49% : 41%
B(1 D—v1 P],) from Kwong,Rosner PRD 38, 279 (1998) Neglecting the |1, Belle fits with
- B(13P],ey Y(1S)) from measured values (PDQG) double gaussian to obtain the upper

limit M(3D3)-M(3D2)<10 MeV
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bottomo ) wave — e
- ° Daa ---- Signal Y (1°D) -
" (1) s CF —— 7%, (2P)5Y0Y (15) _
T [ ITIIES @ _
N o b 1Y (1S) |
B oLy | Y(1D) S e MY (18) :
5 14l {25} o vy (7OO)Y (2S) .
m 9c w 10
12 — ' =
: | 2
10 [- — -
; - l O
8 [ =
[ O
s [ @ 0 s
: = 10,20 10,25
N . ﬂ o m (') (GeV)
__ ] 12 I I I . I I I I I I I251IUE1ID-EIIJ'IE
2 %MMM J L gof @ o3
p I I i [| I 2 sl B
99 995 10 10.0510.1 1D151ﬂ21ﬂ251ﬂ31ﬂ351ﬂ4 ﬂ L 4
MM(r*1), GeV 5 L 7
S 4 ]
Belle 10164.7+1.4+1.0 MeV G 2 k
0
BaBar 10164.5+ 0.8 + 0.5 MeV e[ © -
CLEO 10161.1+0.6+ 1.6 MeV N | -
Stay tuned on more Belle results on Y(1D) 5, MWM B
QNP 2015, Valparaiso March 2-6 2015 R.Mussa, Hadron physics at B-factg ol i1 1 a
10100 10125 10150 10175 10200

Mass (MeV)




Charmonium D waves PRL 111,032001(2013)

X(3872) yield : -0.915.1 events

Evidence (3.8 o) of the 3D2 state of

charmonium, in B decays!
M(3D2) = 3823.1+£1.8+0.7 MeV /¢

711 fb NEW

xclv

distribution B D XavK*

Narrow peak observed around 3820 MeV/c?.
No strong evidence for any discrepancy
between data/MC, except this narrow peak.

~18 MeV/bin
=
o

120~
100[— _

o s B*>W(»yx,v) K
I

C ::'}1}5 Narrow peak ??
60 __ :\:”
40 = Combinatorial background
0 & . 4

o oL RIHEE M RS ﬁ?@jﬁm%_l
38 38 4 42 44 78
M., (GeV/c?)
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Events { { 0.005 )

™
il

th

N
]

Projection

~|

| |

No hint of X(3872)

10—
s
9:’ 3. |75 IB BSI I 3.9 EC';OV-’C:;.]Q
2
}{cly (GEV/ C )
711fb B% axc VK:
‘ I I I | I xclzv dIStrllbluFI?rll I I I | I I T 2
£ 45; 1 No strong evidence for any narrow peak _f
S.oF between data/MC at current statistics. =
= = F -
R =
o b Evewie SR |
25 | { w,/X(3823) .
20—y X(3872) E
15 ':ﬁ:( H_W l } Combinatorial backgroun d-
10[ ﬁﬁﬁr\ 5 o ﬂ[ + '} { + |
S g 1T ey T
T HITERRGRSLLL M
3.6 38 % 4.4 4.6
Mx 2 (Gev/c?)
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Charmonium D waves

Exclusive evidence of e’e” —»n'n*y', w'w*y(1°D,) at BES-III

Ecm > 4.35

c:g 305 —4— Data
: . — Fit
2 25:-Dﬂta | ==
Al I sigeband
= w(2S)
L7 ] L
& 15| X(3823)
W 40
5|
___.__-v 4 = P L LTI ;
3.6 37 38 5
M=) (GeV/c)
E 30: —4- Data
- 253_Data-| e
g L 7 —— Background
."2 20— vz | . | Sideband
ﬂ : L ]
c 15L
2 :
W 4of
:
ol
3.6 37 28 B0

M () (GeV/c?)

Events / 5 MeV/c?

Events / 5§ MeV/c®

Ecm = (4.23-4.26)

25

Data-ll BESIT =="

0 s
3.6 3.7

25

Vv ey - -« Background
J’ X.Cl pr“mlna{'y s.lﬂEt i

3.8 : 39
M=) (GeV/E3)

4

WO
m‘,'||| TTl
w

~

15

10F

—$- Data
Data-l| — Fit
P - - - Background
fﬁc2 | Sideband

38 39
M=) (GeV/ic?)

Analogy with Y(5S) transitions to Y(1D) and Y(2S)?
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Charmonium D waves

Exclusive evidence of e’e” —»n'n*y', w'w*y(1°D,) at BES-III

3
: BGS]]I —+- data
. —Y(4360
2.5 : prelimingry ., \p((441 5))

N

—_—

&
o

L L

1 ]. L Il Il i l L 1

PR S T T 1
4.4 4.5 4.6
E., (GeV)

0'3(7:*7:')((3823)—>n*n'"{xc1) (pb)
o
A RARAE RARAN

-

P(4415) or Y(4360) ? Need more statistics
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o I I I
N:_} o
Bc spectroscopy Reference Sl wricy _
g L
transition o 3 fh-1 e
E — Total
= --- Signal
. Z = === mislD )
Most precise mass measurement 5200 Hocigronind
=
- by studying B_" - J/YD_** decays =
60 ——————{ First observation p————— :
C s - : T , i A LTSRN M. Py
o 3 B WL ; L“E“ E 6200 6300 6400 6500
_E T N MyT) [MeV/c’]
.h"’ B -: ’ III. | + +
= wfi, I i B Iwb S N._=2835 158
= FE | > 90 - . g
== quﬁ ﬁL L 1 - First decay to
% 202_ - r‘_fu[.l,-'w:f?" [{j:dﬁ o _Z baryons { : EREEEELEEEREEEREERERES:
G : > 1°[" LHCb ﬂ + Data 3
10— - P g | — Total
4 \ 1 L ] = |} 3 tb --- Signal
0 ekt & . it ’l-l_-b — 10} * Background -
3.6 3.8 i) 6.2 0.4 6.0 e g
m(JAp D) GeV/e? I 1
% i ]
m,.=6276.28-+ 1.44( stat ) +0.36 (syst) MeV / * = 9 5
LHCb, 3 fb*, PRD 87 (2013) 112012 Il H‘ J- u -L-H :
% I, Y Tl e 81 i ]
= In agreement with world average: 6100 6200 6300 6400
m(B_") = 6274.5 + 1.8 MeV/c? M(JAyppm) [MeV/c?]
Polyakov Ivan, Moriond QCD, 24 March 2014
N, =239453(730)
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7563 7571

Bc spectroscopy 7600

7455 J475 1287 7563
TAT2 7365 7376 7380
7372 7269 7276 7271 m.-EsEr:.:u
5" ?2(]0 -ﬂ-n-ﬂj{l-ﬂﬁﬂ- ------------- ? EEE =
O 7145 7028 7041 7045
E m—1036
-, 6800 sr06 S750, 5765,
% [ — 741
= ool B. Mass Spect 3
6400 | o338 . Mass Spectrum ]
Previous results __ i I
e e S D L T,
CDF],&{JJ“E 0o 2 Fo by, DU, Uyl Py Fy
T | :‘
[
LHCb J ,hanf

A M(B}) = 6276.3 + 1.4(stat) + 0.4(syst) MeV/c?
LHCb 1/¢D+ | |

LHCDb f/lpppﬂ'

E

-._J_‘ M(B}) = 6274.7 + 0.9(stat) + 0.8(syst)MeV/c?

LHCb comblned |

: The most precise measurement
I L I PO [T T

L | —
EsEEnE E-E?U ﬁE'FZ 6274 6276 6278 6280
B¢ mass [MeV/c’] LHCb-PAPER-2014-039
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Flrst Observatlon Of B (ZS) EDEI T T T [ T T T T [T T 11 T T T T [ T T T T [ T T T T [T T |E
C 18_— ATLAS C}Ec:m =288 + 5 MeV 3
ATLAS detects the Bc decaying to J /¢ mode ~ 16F [La-som" Op e = 18 4 MeV E
Significance (7+8 TeV data) :5.2 sigma 147 E=7Tev + Ngme =22+6 =
12 :_ e [Data _:
. . L. - Wrong-charge -
Can be a combination of two transitions: g  comoinations -
B.(2'S,) — B (1'S )ar; af- E
B (238 ) =B (1'S Jwm+(y) 6F I
4 |
QQ = 288.3 £ 3.5(stat) £ 4.1(syst) oE %
[, 1 I I£I 1 1 | 1 1 1 1 | 11 1 1 I 1 11 1 | 1 1 1 1 :
6841 + 4(515(515) + 5(5:_1;815) MeV % 100 200 300 400 500 600 700
— — m(B_zx)-m(B )-2m(x) [MeV]
7600 _:?2 7388 S 7565 223' 7565 c c
[ 472 7365 7376 7380 4 i
:TESG ?2‘?2 T Tzﬁg ?’2?6 ?’2‘? I- -I].-E‘;:-_l-:':g ; 4{] : T T T T | T T T T I T T T T T T T T | T T T T I T T T T | T T T T :
< 7200 p==--- TRl e e i mmpmmnn ooF ATLAS Q. =288+5MeV 7
W 7145 7028 7041 7045 ] - B::m_ 18+ 4 MeV 3
Z. 5855 85T e I a0 det 192" Ogoen = 19 2 MG
o, 0800 F 6706 SIS0, y - Y {s=8Tev Ng .. =35=13
= o7l . 25 ® Data
: ' = Wrong-ch .
= 6400 6335 B, Mass Spectrum | o0 combinalions, 5
L6271 g - _
SERE 15 <
6000 Sy I - 3 2 E
So 'S, P, Py P, "D D, "D;°F, F; °F, 10E ] =
5E S =
Not Conﬁrmed (yet?) by CMS and LHCB D: . | 11 1 ;‘ 1 11 1 | 1 1 1 1 | 11 1 1 I 1 11 1 | 1 1 1 I?E[}U

0 100 200 300 400 500 600
QNP 2015, Valparaiso March 2-6 2015 R.Mussa, Hadron phys m(B_zwx)-m(B,) ) [MeV]

More results on B** at LHCB (ArXiV: 1502.02638): Williams in Tuesday Parallel §eSS|on



Heavy Baryons oo qun

DiscoveryoftE =
A _excited states 5.

QNP 2015, Valparaiso March 2-6 2015

J?  SU3) (I,L) S B
content

Ay bud] 1/2+ 3° (0, 0) 0 1
=0 b[su] 1/2+ 3° (1/2,1/2) -1 1
= 12 F (1/2.-1/8) -1 1
) )4y buu 1/2% 6 (1, 1) 0 1

1/2v 6 (1, 0) 1
)Y bdd 1/2% 6 (1,-1) 1
=y b{su} 1/2* 6 (1/2,1/2) -1 1
Crl b{sd} 1/2+ 6 (1/2,-1/2) -1 1
Q, bss 1/2% 6 (0, 0) 2 1
} buu 3/2% 6 (1, 1) 0 1
Do bud 3/2% 6 (1, 0) 0 1
) bdd 3/2t 6 (1, -1) 0 1
=0 bus 3/2t 6 (1/2,1/2) -1 1
Z4 bds 3/2% 6 {172 1/2) -1 1
O bss 3/2t 6 (0, 0) -2 1
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Precise Z(*)C masses at Belle

PRD 89, 091102(R) (2014)

5 5 (2455)*
] — Fitmodel =000 — Fit model
4000 - I Background I Background
N B [ N(X.(2455)°) = 32484 + 291 4000 :— N(Z.(2455)™) = 35984 + 311
g - { N(Z.(2520)°) = 40796 + 851 E - N(Zc(2520)) = 43728 £ 511
o 3000 | x2Indf = 350/347 © 3000 y/ndf = 343/350
£ oot (25200 | £ © 3.(2520)
§ 2000 c S 2000 1 C
2 - = B
S B S -
1000 — 1000 — e
- — | | | I | L1 | 11 | 11 | 11 | | I | | I | |
g, 4 2| . 4r
o g 2 5§ 20
RER S S oihord bl
] S|” 2
4 , , , , , . . . A= . . . . . . .
140 160 180 200 220 240 260 280 300 320 140 160 180 200 220 240 260 280 300 320
M(pK T*r0)-M(pK ¥) (MeV/c?) M(pK *rc?)-M(pK *) (MeV/c?)
AM, ( MeV/c?) [ ( MeV/c?) My ( MeV/c?)
%.(2455)° 167.29 4 0.01 = 0.02 1.76 + 0.04109 2453.75 £ 0.01 + 0.02 £0.14
X (2455)+* 167.51 = 0.01 £0.02 1.84 + ().(Mfg_'% 245397 £0.01 2 0.02 £0.14
%.(2520)° 231.98 + 0.11 + 0.04 15.41 +£0.4110% 2518.44 + 0.11 + 0.04 +0.14
26(2520)++ 231.99 +0.10 £ 0.02 14.77 £+ ().25:“3_';3 251845 +£0.10 £ 0.02 = 0.14

(*) the mass of =™, which decay to A x’, was last measured by CLEO in 2001.
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Search for Z(*)bo at LHCDb

Charged partners observed by CDF with 6fb™ at 2TeV

PRDS85 (2012) 092011
3
=b{ud}
b0 J=1 350 [F e f
300 2 300f
LHCb is challenged to 250 g 250
make the first observation 200 g 200f
of the neutral state, which 150 £ 1sof
decays to A m’, and is 100 100f Cogm
s — ‘ogr:a r*»" roun
much harder to detect. 50 s0p e
Y R Y Y R K PR R R T Y Y R T R T R R R TR TRk
Stay tuned! Q(E, A7) [GeVic?) Q(E, A7) [GeVic?)
Notation Quark J” SU@3) (I,Is) S B
“(["2]““‘ / ( State Q value, MeV/c®> Absolute mass m, MeV/c* Natural width ', MeV/c?
As blu 1/2+ 3 0, 0) 0 1
= e 1203 (1212 1 b 56.215-2+0- 5815.5 108 + 1.7 49151 £1.1
= bsd)  1/2 3 (1/2,-1/2) -1 1 b —0.5-0.4 —0.5 —21
5 buu  1/2F 6 (1,1) 0 1 _
3 g 7 s G0 o i[e— %, 75.8 £0.6 10 5835.1 0.6 71 75132409
T bdd  1/2* 6 (1,-1) 0 1
=y b{su} 1/2* 6 (1/2,1/2) -1 1 ot 52.1 T0-9+0.1 5811.3 109 + 1.7 g7t3.8+1.2
Q bss 172t 6 (0, 0) 2 1
S R W h 0 bl 72.8 £0.7751 5832.1 +0.7+17 1152771
| b 0.6 8 5
50 bud ~ 3/2t 6 (1, 0) 0o 1 [— : __
S bdd 32" 6 (L) 0 1 Isospin mass splitting, MeV/c?
=30 bus  3/2 6 (1/2,1/2) -1 1
= bds  3/2° 6 (1/2,-1/2) 1 1 m(E[f) —m(X;)) —4.2715£0.1
o bes 32+ 6 (0, 0) 2 1
m(Zet) —m(Z;7) ~3.0T59£0.1
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PRL114 (2015) 062004

()
o
> b
E L E+]=62)
< 2 S e
-
H -
8. o 5 J'=(1/2")
N
2
g 450:— b{SE]}]Zl
a8
T G i I Y TR TTG Lo PN e - 400:— m ]P:(1/2+)
0 10 20 30 40 - blsql
Sm(Z)7) = 3.653 % 0.018 + 0.006 MeV/?, dm [MeV/ 62] -
Sm(ZF7) = 23.96 4 0.12 £ 0.06 MéV/¢?, -

m(=Z;") = 5935.02+0.02+0.01 +0.50 MeV/c?, I'(Z;7) < 0.08 MeVv at Y9% CL
5955.33 £ 0.12 4 0.06 & 0.50 MeV/c*,  T(Z;7) = 1.6540.31 £0.10 MeV,

More details : talk by Williams in Tuesday Parallel Session
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Ground State Splittings

—_
o
o
o

= 0469 0484 0458 0479 0457 0.423

Mass (MeV/c?)
o
o
S

600

400

200

-200

-400

qd/qqq sd/sqq sf/ssq cglcaq cslcsq csicss bg/baq bs/bsq bs/bss
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The intriguing success of COM continues ...
1000
E Db _ 0469 0484 0458 0479 0457 0.423
s :

400

200

200 R Ty O T — S— S S— S—

_400 ARy E V< - SR — — S W— A—

sO/sqq sO/ssq chfcaq cS/csq cS/css bg/bag bs/bsq bs/bss

AM(q — {qq}, ) =523(c) vs 512(b) MeV : -2% variation going from c to b
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—~1000

The intriguing success of COM continues ...

Db . 0469 0484 0458 0479 0457 0423

400

200

-200

-400

Mq sO/sqq sO/ssq chfcaq cS/csq cS/css bg/bag bs/bsq bs/bss

AM(s e{sq}H) = 547.0(c) vs 545.5(b) : independent of heavy quark mass
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1000

P-wave baryons:A* , A™

ct-l(..’ __ — Data
%; - — Fit Function
s L e A(2595)" s ATt T
L A(2625)" - ALt
A* :the result of CDF, PRDS4,012003, e
published in 2011, is still the best. § s00 ({2625 )= 6200
Neither Babar nor Belle updated it. 2 -
A*b:Bottom counterpart, observed by ?é 100k
LHCb with 1fb™* PRL104,172003(2012) S -
AM pro(s012) = 292.60 =+ 0.12(stat) & 0.04(syst) MeV/c? 200!
AM geo(s920) = 300.40 = 0.08(stat) = 0.04(syst) MeV/c” -
M psosgnzy = 591197 £ 0.12 = 0.02 % 0.66 MeV/c? 0
M g0 (5920) = 5919.77 + 0.08 £ 0.02 + 0.66 MeV/c?
~ - | | | I
soon after, evidence of 5920 at CDF § 30
5 ,F  (a) LHCb
Further studies underway with the = 25F .
larger samples at LHCb, to search for g 20 - . ra). |
higher excitations. = n A b(% ) '
- |
7o) L - 1l
= 1> : A (%) ¢ | 'E
= C )4
5 10p ] 8 LT
% N | N \ I-d l I | !
U 5 [ ;r e l"“," :- ( ' IhII . }
u Y e |
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M (A7) (MeV/c?)



Bottomonium and Charmonium bound state spectroscopy is approaching
completion: progress mainly on 1D and 3P states

Now it's time to study Bc excited states: go LHCb!

Close to thresholds , analogies and differences are puzzling:

- no X(3872) analogue in bottomonium

- Zb and Zc exhibit different BR patterns

- Upsilon(5S,6S) phenomenology is different from Y(4.26,4.36)

Since 2008, study of hadronic transitions between broad and narrow states have
produced an amazing variety of results, but a unified pattern is still missing

Many interesting results from eta transitions in bottomonium, hopefully
More results will come from charmonium

Heavy meson and baryon spectroscopy:
LHC-b has just started to show its huge potential
a plethora of results are still buried in Belle+Babar data , though

LHCB and Belle-II future data taking promise new and even more exciting results
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CDEF: PRD 84, 012003 (2011)

Charged 2. _splittings from CDF

cif 3000 - — Data 1’ 2500 L — Data
% B F — Fit Function % - — Fit Function
= 5500 ---EC(2455)2 N A% v s B 20(2455): - A% m
T - N 2.(2520)" - AL v 2000~ |\ 2(2520)" - A "
et - N(Z.(2455)°) = 15900 © B N(X.(2455)") = 13800
® 2000/ N(Z.(2520)°) = 9000 © - N(Z.(2520)™) = 8800
o B Q L
2 - § 1500
3 1500 S - )
-O — -O L :
c - c O it E
= u < 1000 P
O 1000} O I i
g -
[ e H
500 Rt
- LT ..
0 S 0 L L-:-:Tj R g I
1 150 200 250 300
Hadron M [MeV / c* ] [' [MeV/ c* ]

>.(2455)TT 245300 £0.13 £0.14  2.34+ 0.47
¥.(2455)° 2453.744+0.124+0.14  1.65 + 0.50
gggélf;g%gdoglgaz(R) o0 3.(2520)FF 2517.19 £ 0.46 £ 0.14  15.03 & 2.52
' ' 3.(2520)° 2519.34 +0.58 £0.14  12.51 +2.28
Ac(2595)F  2592.25 +0.24 +0.14 h3 = 0.36 + 0.08
Backup Ae(2625)" 2628.11 +0.13 +0.14 < 0.97 at 90% C.L.
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Phys.Rev.Lett. 109 (2012) 232002

Rediscovery of 1 _

X (1P)=y-(1S) GV
Y Y(1S)
Y(2S)—=m,, (15)

Entries / ( 0.005 GeV )

NU i
Babar 2008: = I
2 10
10000~ L L B = [
S b) - = I
O 8000 Xﬂ(2P)ey—(ISS . P £y
- B B o s
g 6000— YISRY(1 S) - s [
e . N T 5
g 40001 / Y(3S)>m, (—le) S
= ] o
oo et / — __,:52.5
0 o ; . i o=
B P
| ﬂ +H ] N&
"2000-...‘\....\....|1...|..,.|.‘.._— :;J
0.5 0.6 0.7 0.8 0.9 1 1.1 =
o
m"‘--.
=
o
Lih]
=
o
Ly
-:ﬂ

............................. y 'T|+++ ++ i
s
3 04 05 06 07 08
E, (GeV)
PRI 101,071801(2008)
PRL 103,161801(2009)
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Belle results on M (1A) Phys.Rev.Lett. 109 (2012) 232002

Yields from Y(3S) VIA Z states:

—
o

g
N, 107 Mass, MeV /e =
T(58) =+ ha(1P) | 703233707 98001 £0.4 = 1.0 e |
T(35) =+ T(18) 137 9973.0 g PO
T(58) -+ T(25) | 6L3=4.1 10021.3 4 0.5 o
T(55) — T(1D) 147 10169 + 3 ] of
T(58) — he(2P) | 805261757 102508 £ 0.5+ 1.1 i
T(25) — T(15) 07 + 12 10305.6 4 1.2 T
T(58) — T(38) S8 & & 10357.7 = 1.0 e
3] [
Measured nm(lS) parameters: E . i
Transition he(LP) = s he(2P) — s = |
Yieldx 10~ 23.5 + 2.0 103+ 1.3 D of
BRx 107 92+5773%  223+387%] s |
Significance Loa Oa 2 1L
My, (MeV/c?) | 94024+ 15418  (joint fit) o |
Amy ( MeV/c?) 57.9 + 2.3 (joint fit) =

First measurement I' = 10.8 *19 3 MeV

Tension with earlier Babar and CLEO results: asymmetric lineshape, like in charmonium?
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Doubly charmed bar VASARIN  Babar: PRD74,011103 (2006)
LHCB: ArXiV:1310.2538 (2013)
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Belle: PRD89,052003(2014)
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