Hadron Spectroscopy
Roberto Mussa
INFN Torino

heavy baryons
heavy-light mesons
heavy quarkonia

* running coupling constant?

*'old' exotics
* new exotics on thresholds

*Bc
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Why hadron spectroscopy ?

* Quark-hadron duality :
investigate the role of spin and quark masses on : hadron masses,
hadron magnetic moments.

* 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 ... (but also glueballs, hybrids , multiquarks)

* Last 15 years taught us that all hints of new physics in the quark
sector (and not only : See L2L 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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QED example n.1: hydrogen atom

Proton-electron bound state

Non relativistic system
velocity ~ B ~n agpp

Mp / Me =938/0.511 = 1836

EM Transitions between energy levels
Stable ground state

25-1S splitting ~ 10 eV

Fine Splitting : 45 ueV(2P)
Hyperfine Splitting : 5.9 ueV(1S)
0.7 ueV(2S), 0.2 ueV(2P)

25-2P degeneration broken by
Lamb Shift : Am ~ m, a’qgp ~ 4.4 ueV(1S)
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QED example n.2: positronium

Dissociation POSITRONIUM
Bound state e+e- 2k energy

Non relativistic system
velocity ~  ~ agpp 6 -

2 3151 2 ]Fi"

J,.L,S are good quantum numbers

=

[}

B
® 10,000

215 2"F1
L] F

S5=0 : parapositronium
Decays to 2 photons
short lifetime

Relative energy (eV)

S5=1 : ortopositronium
Decays to 3 photons 2|
long lifetime

25-2P degeneration

Hyperfine Splitting : 1 meV (15)
0.1 meV (25)
Fine Splitting: 0.03 meV (2P) 'SStates  SStates  'PStates P States

=
X 1,000
Ld
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From Oka's talk
Charmed and Beauty hadron spectra [EEEASISSSIA
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Strange Charmed and Beauty hadron spectra
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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?
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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= 65 MeV = |
gs]c =69 MeV g I
ss]c =71 MeV E =) | :{’ 0.4
E 312~ ; L2k + =
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) e Y
| i Toodl & k2
[ud]s = 366.3 MeV .
[lud]c = 329.7MeV | 7
[gs]c = 339.8 MeV / i
[ud]b = 297.8 MeV /
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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
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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 = 11000 -
spectroscopy: z

- Y, /Y(55):0bservation 10750

of large dipion transitions

to Y(1,2,35) from 20 MeV '
above 55 peak

- 2008 Discovery of 1020

nb(Babar)

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

10000

h —mn,

. 9500
Belle discovers 4 Y(1S)

parabottomonia, and 2
4quark states in one shot!

n,(1S)
9250 - P L=1 L=

S=1 S=0 S=1 S=0 S=1
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h (1,2P) from Y(5S) QLG s

Inclusive search : e'e” — Y(5S) = w'm + ... © mf
o P . : Y(2S)
> F Simultaneous discovery of h (1,2P) o ! N
< 40000 ; D . BT Ty
o - New pathway to Y(1D) states : ', v
w L . ]
; s ' '
§ 30000 s 5 ny(2P) 25— 15
L , :
20000 | WP N ¥(35)
[ . Y(1D) }
10000 ;
| | | } | | I
0 | i | . |
W LI O VL B L L L 8
9.4 9.6 10.2 10.4

MM(x*x), GeV/c?

Hadron 2013, 4/11/2013 R.Mussa, Bottomonium(-like) spectroscopy 13



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 spih—flip @ 14




Parabottomonia
vs theory

n,(25) vs m,(19)

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
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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




Parabottomonia

vs theory PNRQCD@NLL
PRL92,242001(2004) BaBar Y(3S)
Lattice QCD =
PRD82,114502(2010) BaBar 1(25)
n,(28) vs n,(15)
Godfrey-Isgur,
PRD32,189 (1985)
s . 10 MeV discrepancy
w/ earlier Babar i Bals (18)
22 03 04 05 g‘ﬁgﬁjf&:i‘;ﬁz -« BEREE T 80 nb
AM,£(2S) / AM,(18) I A AM, (1), MeV/c
i I F770y """
Spin averaged 1P-1S v n(25) viST70y
splitting seems not to [ —
depend on scale: 3500 - x.(p) h(P) A

only 1% difference with

charmonium: similarly, 3250 L . 2
the tensor-vector - Charmonium 457.5+0.3 MeV/c

5 2
splitting remains i Bf)iomomum 453.3+1.3 MeV/c
constant also in D,Ds. 3000 0 NS

M(1P) - <M(1S)>

cil cd cs ce bb
M(2%)-M(1 ),iHMEVJ’CE 452 + 2 44944 46142 458.34+0.1 4523406




Holy Grail: nb(ls)% VY

Search for n (1S)—yy ”§ _
via exclusive channel: 7wt y(yy) !! < 11000 |
NRQCD NNLL prediction: = [
Penin et al., NP B699(2004),183 10750 |
I(n (1S)—yy) = 0.66£0.09 keV |
With T'(n,) = 10 MeV, 105001
_ * -4
BR(nb(1S)—> vy) = 0.66™10 10250 |
i e U ST TRy D B gt 10000:
- et S 750 |
&5 | _j o | 9500 |
L & a | 1
: L(n (18)—=>y/T(Y(1S)—e'e) = 9250:— —0 f\‘ L=1 1.=2
05 | 1/%,=0.502+ 0.068(th)+ 0.014(3cr,) | S=1  $=0 S=1 S=0 S=1 S=0
0

I L5 2 25 3 35 4 45 5
v (GeV)
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Why the van Royen-Weisskopf formula works so well?

5 B e T

v/ad Y(2S)
B v w
o A
.23 =
a ] 1 1 I 1 I 1 I 1 1 il I 1 1 I I 1 1 1 I
0 2 4 & 8 10
M/ GeV

LTS1, WhatNext, Biodola 23/5/2013 R.Mussa, Spectroscopy review 18



Bound states in QCD

Nucleon

... What else?

Tetraquark
Tightly bound

diquark & .; ;
anti-diquark
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H di-Ba

Tightly bound
6 quark state

Molecule

loosely bound
meson-
antimeson
“molecule”

R.Mussa, Spectroscopy review

Glueba

Color-singlet m
gluon bound gt

qq -gluon hybrid
mesons

19



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
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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 Yx° with 4.9 S|gma significance
52nd Bormio Meeting, 29/1/2014 R.Mussa, Hadron Physics at Belle II 21



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

4750 |- R
_ ¢ 11000 F <&
oo % I Y (65}
4500 | i
i (4415) _ g _Y(S)
I 10750 [ sBs
4250 b ‘BB
- 7 1oso0 YW
oS NHAOAOy T T T I
4000 0" " — 2Py TR o
D,D, o — : Y(3S)q (3S)
D - mmmmmmemmmmemm e seesmmiommeseesmmmnn e sees s 10250 - b
[ —  X3872 i
3750 DD =============Ei=s=)=====================1E(377&)=========
i ; [
Y — 10000 F S35y —==
_ L : @) a@s)
3500 1.1P) 0P
i 9750 |
3250 |
T 9500 [
i Jh [ Y(IS) ——
3000 [ vonds) N
i L=0 L=1 92350 - 1L.=0
S=1 S5=0 =1 S5=0 S5=1 S5=0

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? Further studies are needed to build a

model of these states.

LTS1, WhatNext, Biodola 23/5/2013
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Future: Bec spectroscopy

: (7577 7588 7 57 i
Most precise mass measurement 7600 22— e g7 7565 7571 7568
- 455 4S5 7563 q
= by studying B_* -~ J/YD_** decays I 7472 7365 7376 7380 i
- - 7250 7272 7372 7269 7276 7271
60 First observation p————— e S1en T164 786
C < [5: — 100D | ' ; ] 7200 F 7122 J150 716 &chil 7
T F—JApDr LHCD A | - ~ e i
50z 2 ] . - 7145 Toos 7041 7045 |
= B ; 15 lnn ] :'rl.-lj{\l A
,-.,:_ L ; : ||_ II i % : E - {15‘:3?
%"' 4{) —_ 5 ok ||I II' ] BC == J':lst _H _[]E:‘S i Z ] -
8 FEH \] ; ] I —— 6741 i
5 r%&i;-i- j{ &L\ - I ] _
:-Zi 55 '_ ] D) [Gevye?] _i I :
R ] t 1 6400 F 6338 B_. Mass Spectrum ]
¢ £ B -JyD* ! ] L L ; i
C L 1 627

10—~ o — e 1
N e e o dedidd [T ;

e 5'8 D) e 0000 B= 'S P, P, P, °D, D, 'D,’F, F, F
brn 1 0 I 2 | ==kl : s 3 4

m,.=6276.28+ 1.44( stat ) +0.36 (syst) MeV /¢’

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

. | Photon and dipion transitions
In agreement with world average:
m(B,") = 6274.5 + 1.8 MeV/c? to study the Bc spectrum : a
Polyakov Ivan, Moriond QCD, 24 March 2014 gre at opportunity fOI' LHCB!
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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.

While future spectroscopy studies will focus on Bc, PP waves, and

multiquark systems, more information can come from the studies of
hadronic and radiative transitions of known states.

LTS1, WhatNext, Biodola 23/5/2013 R.Mussa, Spectroscopy review
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The n transitions

R
Testing QCD multipole expansion E 11000
In low mass region: =
Y' —nY: M2*E1+M1*M1 10750
Y' — Y : E1*E1
X' = nY)/(Y' — arxY) ~(A__/m ) l
QD O 10500 -
70 D
oof * 10250
> 502— Y(1S)—ee,uu;
= wb
€ wof 10000
@ 205—
o 9750
'mn!m' 054 055 056 057
n candidate mass [GeV]
B(Y(2S) —>nY(1S)  theory(*): ~4x 10¢|
CLEOPRrL101,192001 (2.10+0.70+0.40)x 10™*
BaBarpross20032011)  (2.39 +0.31 +0.14)x10™ 9250
Belle rrps7,011104(R) 2013) (3.41+ 0.28+ 0.35)x10™

S wave
N Y (6S} P wave
BB Y(55)
BB 7
YESYy . i
£oP) 1, (3P)
RESERES
N : h (2P}
: 1,2P} b s e en e
: ’ Y'(l%} Y(1'D)
| Y(Z:S:} T]b(ZS} '//
: h, (1P
LD
Y(1S) y
M, (1S}
N 1.=0 L=1 1.=2
S=1 S=0 S=1 S5=0 S5=1 S=0

(*)Most theory papers are in the range 7-16x10*. Voloshin, Prog.Part.Nucl.Phys.61,455(2008), predicts 4.3x 10™
y pap g p

- The process Y(1D) — nY(1S) should be enhanced with respect to Y(1D) — nxY(1S) because of
Triangle anomaly in QCD Voloshin: PLB 562, 68(2003) Work in progress at Belle

KEK-FF Workshop, 15/2/2014

R.Mussa, Startup at Y(3S) for Belle-11
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The n transitions

QCDME does not apply on
higher states: coupled channel
effects proposed, need more
crosschecks.

Babar prp7s,112002 (2008)
B(Y(4S) — nY(15))
= (1.96+0.06+0.09)x 10™
=25 x B(Y(4S) — axY(1S))
Belle
B(Y(55) — nY(1S))=(7.3+1.6+0.8)x
=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 m transitions
are P-wave.

KEK-FF Workshop, 15/2/2014

N-E S wave
% C
E 11000 - Y (6S) P wave
I
i; (25}
10750 |- D5
BB 7
- 4ST — wwwmp. raas b
10500 - [ L3P} b (3P)
Y{3S) 1138
10250 + Np(35) h.(2P)
4 x,(2P} b sy o=
10 Y(iD) YA'D)
10000 - ilv—
I (25) 1,25)
—— h (1P
woap) MP)
9750 -
osoo - WV
I Y(1S)
Np(1S)
9250 1.=0 L=1 L=2
=1 S=0 S=1 S=0 S=1 S=0
R.Mussa, Startup at Y(3S) for Belle-11 27




The n transitions

NE S wave

QCDME does not apply on % S >
higher states: coupled channel 2, 11000 - Y6S) P wave >
effects proposed, need more = e Ry
crosschecks. 10750 - Bs
Babar prp7s,112002 (2008) BB -
B(Y(4S) — nY(15)) josoo L YOS TP 5.09) °

= (1.96+0.06+0.09)x 10™* i e

=25 xB(Y(4S) — nxY(19)) B Ty e RN ,
Belle 10250 [ My x‘t,(__u?"'ﬁ) 1.(2P)
B(Y(5S) — nY(1S))=(7.3+1.6:0.8)x 1( i YD) YD)

=0.25x B(Y(SS) - TCTCY(lS)) 10000 _ Y55) nﬁ) ,":. "'n ~"N .
B(Y(5S) — nY(2S))=(38+4+5) x 10™* ; 7 ;h a5

= B(Y(5S) — nnY(2S)) o750 | : ic'b(l ) b
All measured m transitions : ”
are P-wave. PO s y
Belle is now searching for ; M,(15)
all missing S-wave 0L L=0 L=l L2
transitions S=1 S=0 S=1 S=0 =1 S=0
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,<-£'-“> h,(1P) decay
: from Y(55) |
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(a8 ]

—
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