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Hadron Spectroscopy -- Recent Highlights -

Meson Spectroscopy Baryon Spectroscopy
BESIII, arXiv:1303.5949 LHCb, arXiv:1507.03414
100 Z,(3900) = Data

— Total fit
===« Background fit
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unexpected, pentaquarks
manifestly exotic! -- revival (1?)

Frank Nerling Hadron Spectroscopy — Methods & Techniques, pg. 2 25/08/2015



‘HIM
Hadron Spectroscopy -- Recent Highlights  w=iu

Meson Spectroscopy American Physical Society:

BESIII, arXiv:1303.5949
100 Z.(3900) = Data

— Total fit
===« Background fit
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Viewpoint: New Particle Hints at
unexpected, Four-Quark Matter = Highlight 2013!

manifestly exotic!
[http://physics.aps.org/articles/v6/139]
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Hadron Spectroscopy -- Recent Highlights S

After 4 quark state, now 5 quark state Baryon Spectroscopy
Quark interactions inside pentaquarks, .
two possibilities - LHCDb, arXiv:1507.03414
© 800
=
£7OO
-02;600
Meson-baryon Pentaquark state, .
molecule:

tightly bound:

pentaquarks
-- revival (1?)

[http://Ihcb-public.web.cern.ch/lIhcb-public/ Welcome.html#Penta]
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Hadron Spectroscopy -- Recent Highlights -

Focus in this talk

e
@n Spectrosco) Baryon Spectroscopy

BESIII, arXiv:1303.5949 LHCb, arXiv:1507.03414
100 Z,(3900) = Data

— Total fit

===« Background fit
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-.=« PHSP MC

Events / 0.01 GeV/c?
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3.7 3.8 3.9 4.0
M. (tJAy) (GeV/c?)

unexpected, pentaquarks
manifestly exotic! -- revival (1?)
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Mesons and (Spin) Exotic States e

Constituent quark model .

* Color neutral qq systems §1$ L §2¢
* Quantum numbers /G JPC

° P = (_1)L+1 C = (_1)L+S G = (_1)|+L+1

* JPC multiplets: 0++,0~*, 17,1+, 1++,2+* ...

* Forbidden: 0-—,0*~,1°+,2+7,37, ...
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s . ﬁHlM
Mesons and (Spin) Exotic States e

Constituent quark model .
* Color neutral gq systems §1$ L §2¢
* Quantum numbers /¢ JFC

° P = (_1)L+1 C — (_1)L+S G — (_1)|+L+1
* JPC multiplets: 0++,0~*, 17,1+, 1++,2+* ...

* Forbidden: 07,0+t~ ,1°+,2+7,37+ ...
Meson Conventional (qq),

QCD: Meson states beyond
* Nowadays definition: Meson = Hadron with B = 0
* In contrast to simple gqQ allows for => huge variety of states:
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Mesons and (Spin) Exotic States e

Constituent quark model .
* Color neutral gq systems §1$ L §2¢
* Quantum numbers /¢ JFC

° P = (_1)L+1 C — (_1)L+S G — (_1)|+L+1
* JPC multiplets: 0++,0~*, 17,1+, 1++,2+* ...

* Forbidden: 07,0+t~ ,1°+,2+7,37+ ...
Meson Conventional (qq),

QCD: Meson states beyond
* Nowadays definition: Meson = Hadron with B = 0
* In contrast to simple gqQ allows for => huge variety of states:

Hybrid (qq)s9
Tetraquark (qqqq),
O Glue-ball (gg)7 or (ggg),
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s . ﬁHlM
Mesons and (Spin) Exotic States e

Constituent quark model .
* Color neutral gq systems §1$ L §2¢
* Quantum numbers /¢ JFC

° P = (_1)L+1 C — (_1)L+S G — (_1)|+L+1
* JPC multiplets: 0++,0~*, 17,1+, 1++,2+* ...

* Forbidden: 0=-,0*~,17+,2+7,37*, ...
Meson Conventional (qq),

QCD: Meson states beyond
* Nowadays definition: Meson = Hadron with B = 0
* In contrast to simple gqQ allows for => huge variety of states:

Hybrid (qq)s9
Tetraquark (qqqq), <:\ f p Hadro-quarkonium (QQ),(qq),

Further 4-quark-configurations:

P ittt Rl e i e i

Molecule (qq),(aq),

Glue-ball (gg)7 or (ggg), \\\ 00 Di-quarkonium (qq)3 (qq);

[e.g. Braaten, PRD 90 (2014) 014044]
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Properties and Dynamics of Mesons ==

o
o Phase
motion

?[rad]

' M

0 ——L I P L

. . o | P Y TP TR
0.8 1 1.2 1.4 1.6 1.8 0.8 1 1.2 1.4 1.6 1.8

m [GeV/c?] m [GeV/c]

* Main properties: Mass m, width [", Spin-Parity J°¢, decays B(M—f)

/2 .

* Complex dynamics, e.g. T(m)= / —=A-e” 1=|TP
m,—m—iv,

* Multiple resonances T, interfere => | = |>¢T,|? (strength c))

=> Typically: Amplitude Analysis (or Partial Wave Analysis) needed
to disentangle signals and determine resonance properties
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Light quark sector
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Light Meson Spectrum S

Light mesons (u,d,s quarks)

— : :
* Many states observed % 254 exotic
= é é : é : 2510}
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Light Meson Spectrum

(
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rks)

* Many states observed

* Predictions not perfect,
some predicted states not
(yet) observed
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Light Meson Spectrum S

nght mesons (u d ,$ quarks)

* Many states observed % 254 | | | exotic
~ * : ; : : : —
.y ] £,(2510)
* Predictions not perfect, 2 Lo )
. ) T : (01701 1,(2330) {2300 5_22 - 11,(2300) ip,(2350). : é
some predicted states not = e “_’= = = e ez
4  p(2150) g £1,(2150) : : -
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4 7800, | if 110 (1870) X(1835
. . ﬁﬁ%lﬂw&)} 3(1700}L1810) “2(1670 9(1590)5 H : e
=> Strong overlap & mixing 1M = p(1700) fomwn e B0 e
] ‘o(1650): a,(1640) ;T) ,(1670); 1 i%,(1600)
15 n(1475) | pU1570) h(1595 (1500) n2(1645) : i
Rohn (1450) f,(1510) 1(1525) 5 5 5
e | — (1450) ; s 5 : :
| n(1405) . (1920 FrEery ao— ?ﬂ% e (1320)
{ — 1,(1370) | —C 7,(1400) :
_1:(1300)?“295) by(1235): © a_'_“ 'f2(1270)‘2 ? : ok
: E— 1
_ hy(1170).
e i £1,(980)
14 £ 0(1020) { —
] (958 : | (380)
|  0(782) 5
i (770 : : :
T ;p( ) P Experment 5
1— L — Need eonflrmanon
054 n — : e
i  1,(500)
1T KGoetzen, PDG 2015
0 [ e B B e B B T
PC —+ - +— ++ ++ ++ -+ - ++ - ++ -+ 77
J 0 1 1 0 1 2 2 3 4 5 6 1 ?

(23+1)LJ ISO 38/01 lP] SPO 3P1 BP/FZ ID2 BD/GS 3F/H4 3G/|5 3H/J6

Frank Nerling Hadron Spectroscopy — Methods & Techniques, pg.14 25/08/2015



Light Meson Spectrum -- Multiplets

* Many states observed

* Predictions not perfect
some predicted states not
(yet) observed

* Broad states
=> Strong overlap & mixing

* Eightfold way, Gell-Mann:
=> JPC multiplets

Sa KO Kt 0~ *t
T4
04 ™ nt
7 K~ KO
-1
0 I3
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m [GeV] 2 n=2 1"
a,(1700) a,(1640)
n=3 K,*(1980)
n(1800) £,(2010)
K(1830) £,(1950)
n(1760)
0 1—
0++ 1+—
] 2++ L:i 1++ |
a,(1320) || a,(1260)
n=2 K,*(1430) || K,,
7(1300) p(1450) 1,(1270) f,(1285)
K(1460) || K*(1410) f,'As25) || f,(1420)
A RO (20) a,(1450) || b,(1235)
n(1405) 9(1680) K,*(1430) || K,,
0 1— £,(1370) h,(1170)
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n=1 0+ 1+
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1'(958) 9(1020)
0 1—
0 1

I 1l

3 n=1 2—
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0,(1670)
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n,(1645) 0(1650)
n,(1870)

2 1—

L
Q20—
L
2 [Amsler, 2007]
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Light Meson Spectrum -- Multiplets o p
A GeV 21 1
m e o 2+ L=_ ++ ] 3— i=_ 2— |
* Many states observed [ :L a,(1700) || a,(1640) | | ps(1690)
T n= K,*(1980) K,;*(1780) || K,(1820)
* Predictions not perfect T £,02010) ooy ||
some predicted states not 'ig’fg(f)) £,(1950) ¢(1850)
t b d B m,(1670) p(1700)
(yet) observe - - K,(1770) || K*(1680)
* Broad states :zgggg ®(1650)
=> Strong overlap & mixing 0+ 1+ 2+ 1-
. | ++ L=i 1+ |
* Eightfold way, Gell-Mann: ) 2,(1320) || a,(1260)
. n= K,*(1430) || K,,
=> JPC multiplets 21300) || p1450) £(1270) || £,(1285)
. . % f,'(1525 f,(1420) 7,(1400)
* Search for spin-exotic states w205 || sriaaan) e 7,(1600)
. .. . —_ 5 0,(1235) 2
=> avoid mixing withqq 7 K,*(1430) || K, '
— 0 1— £,(1370) h,(1170)
£,(1710) h,(1380)
S A KO K+ O_+ n= 0+ 1+
.
m(140) p(770) n L
_ + K(495) K*(892)
04 ™ T < 1| n(s48) o(782) <_. <2 ‘_>
n'(958) 0(1020)
0 1—
-1 K~ KO L
—t—t—+—» >
-1 0 A 0 1 2 [Amsler, 2007]
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Dalitz Plot Analysis &,(1400) -- Crystal Barrel ==u

[PLB 423 (1998) 175]

. — 3000
* 3-body reaction: pn —» 1N (at rest) T Dalitz Plot
Q2500 -
?J L
* Dalitz Plot Analysis: =2000 - . a,(1320)
: : : : = Ty
» 2D intensity study in 3-body reactions 1500 L
» 2 variables describe complete dynamics Siooo |-
» reveals 2-body resonances in the system = oL . |
a,(1320)p7(77
* Find set of resonances T, and coefficients c, 0 5500, 7000 1500 2000 2500 3000
5 ) mz(nn_) | (MeV/cz) 2] «10°
such that | = |>¢T,|? describes the data J—
&
~
éz.s - ¥ (fit—data)

* Fitdemands X — nm (both 07*) with L="1
(my = 1400+30 MeV, I, = 310+70 MeV) E
€

=> The so-called 1t,(1400), with J°¢ = 17+

-> flat X2 distributions
r 1 P L el A 1 1 "

’ 0 0.5 1 1.5 2 25 3
m? (n™)  [GeV?/c"
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Dalitz Plot Analysis &,(1400) -- Crystal Barrel ==u

[PLB 423 (1998) 175]

. — 3000
* 3-body reaction: pn —» 1N (at rest) T Dalitz Plot
Q2500
?J L
* Dalitz Plot Analysis: =2000 |- L a,(1320)
: : : : Z <
» 2D intensity study in 3-body reactions 1500 L
» 2 variables describe complete dynamics Siooo |-
» reveals 2-body resonances in the system = oL . |
a,(1320)p7(77
* Find set of resonances T, and coefficients c, 0 5500, 7000 1500 2000 2500 3000
5 ) mz(nn_) | (MeV/cz) 2] «10°
such that | = |>¢T,|? describes the data .
O
N
':%52_5 g - X’ (fit—data)

* Fitdemands X — nm (both 07*) with L="1
(my = 1400£30 MeV, Iy = 310+£70 MeV) i‘é/
€

=> The so-called 1t;(1400),with JP¢ = 1+

-> bad fit without m,(1400)
r L 1 - I i |- " L
e Y B W R YR
m? (nn”)  (GeV?/c"
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Partial Wave Analysis w,(1600)-- COMPASS - m==iu

® Observation of hybrid candidate r,(1600)

® Diffractive pion dissociation into 37 final states,
(190 GeV/c nm-beam on Pb (proton) target)

Bachelor

7T

Partial-wave analysis (isobar model): Target Recoil

* All possible isobars, J < J.: 41+1 (87+1) partial-waves
* Acceptance corrections included (normalisation integrals)

o 16 o2
2 [ COMPASS 2004 wPb— P B850 2 | gf COMPASS 2004 TPb - T Pb !
G L4 0.1 <t < 1.0 GeVed 3 1‘6:* G 01<t <1.0Geve® | =
g 1.2; 200 g ]:4;
z s & 12 -
& o8 0 B B
k08 : -
5 06F 00 5 98¢
% o4 0%
= f 50 = 04f =
025 |m, - 1318]<0.107 GeVic) 02F  Im,,-1.6721<0.259 (GeV/ic))
G524 06 08 1 12 14 16 0204 0608 1 12 14 16183
T "+ System (GeV/c?) ass of TEESystem (GeV/c?)
x10°
—~ -
“{) 3 5 - 1 % wo
= - a,(1320) I:I event distribution
> -
3
E - +  background wave
> 2.5 a,(1260)
B £
> 7
z m,(1670)
L.5F
|y
0.5
Qb T R o =
0 0.5 1 1.5 2 2.5 3
Mass of T System (GeV/c?)
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Partial Wave Analysis 7,(1600)-- COMPASS  ssi

® Observation of hybrid candidate r,(1600)

® Diffractive pion dissociation into 37 final states,

2++ contribution
(190 GeV/c nm-beam on Pb (proton) target)

1++ contribution

Partial-wave analysis (isobar model):
* All possible isobars, J < J_ ... 41+1 (87+1) partial-waves

max-*
* Acceptance corrections included (normalisation integrals)

e Step 1) PWA in 3n-mass (and t') bins (new data) :. )

» Extract production amplitudes and interferences '3 Sn-'tnéés bin

1
1 e
x10° v x°
3.5E i I

thution

=13
==
T
=
=

hagdketonynd wave

Events / (5 MeV/c?)

2= M:
15F l’ I

0.5F il
AR 15 VS S U o
0 0.5 1 1.5 2 25 3

Mass of T System (GeV/c?)
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Partial Wave Analysis w,(1600)-- COMPASS - m==iu

® Observation of hybrid candidate t1(1600)

T | 1++ A

® Diffractive pion dissociation into 37 final states, /’ \
(190 GeV/c nm-beam on Pb (proton) target) / \\

. . _..‘/ =
Partial-wave analysis (isobar model):
* Al possible isobars, J < J,,,,: 41+1 (87+1) partial-waves g+ a
* Acceptance corrections included (normalisation integrals) 7 N

/ AN

* Step 1) PWA in 3n-mass (and t') bins (new data)
» Extract production amplitudes and interferences

* Step 2) x2 fit of mass dependence of spin-density matrix
» Main partial waves chosen, parameterised
by Breit-Wigner fctns. fit to first step result
» Non-resonant background for some waves

Events / (5 MeV/c?)

thution

=13
==
T
=
=

d wave

=
4
—

0
[ o)
=
—

= |
“r TI: /
1 q:_ [J M"w

0.5F il
AL T
0 0.5 1 L5 2 25 3
Mass of T System (GeV/c?)

Frank Nerling Hadron Spectroscopy — Methods & Techniques

, Pg.21 25/08/2015



5 HIM

Helmholtz-Institut Mainz

Partial Wave Analysis m,(1600)-- COMPASS =
(2004 Pb target data)
_ x10° —_
“ 3.5F 0 900B 1T
;: - a,(1320) D event distribution Z 800 I IpmP “ (d)
E 35_ + background wave E 7005_
S 250 a1260 < 600
s L 2 500
o] 2_— % C
S e 5 400
1.5 = E
- 300
I 2007
0.5:_ . 100;_ { H
0:| [ T adaal 1“|‘ATA|‘TAAL‘AAAAIAAK“'AAIAAIAAAAAIA.‘AA I OI;hA‘m;l ! _' |/\K| T B IR I L1 - T_‘.l‘i}
0 0.5 1 1.5 2 2.5 3 06 08 1 12 14 16 18 2 22 24
Mass of Tnm” System (GeV/c?) Mass of Tnnt” System (GeV/c?)
N fd(i - mass independent fit| > _59—
= 161 1770°pre S mass dependent fit | 3 = (a)
2 14F resonances 2-100F {
= c non-resonant terms |7 -
T 120 21500 “
g 10 = 200 {
5 8E - -
E F 250F ik { l
6 - e }
= -3005— ;
e -350 AGYT T'pe PHIT0 pr S
056*6.“6-8"—'”“1 _____ -1”-2:“14 1_6“"1"'8I 2 22 24 _400:IllllllllllII|III|II1|III|III|1II|III|I
) ) ) ) . ) ) ) 06 08 1 12 14 16 1.8 2 22 24
[PRL 104 (2010) 241803] Mass of Tt System (GeV/c?) Mass of Trt” System (GeV/c?)
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Partial Wave Analysis w,(1600)-- COMPASS - m==iu

(2004 Pb target data)

_ x10°
© 350
% C a,(1320) D event distribution
E 35_ + background wave
= 250 a,(1260)
5 o
z ,(1670)
1.5
-
0.5;—
0:' 11 aalaadsal 1AA|‘ATAA|‘ATAAVAAA.““uuAlA.uuAm.1“ 1
0 0.5 1 1.5 2 2.5 3
Mass of Tnm” System (GeV/c?)
N fd(i - mass independent fit
= LOE[r"0pr S mass dependent fit
§ 14F resonances
= E non-resonant terms
=+ 12
z 105
5 8-
o6
4
2
OEh*d.I-P -----------------
0.6 08 1 1.2 14 1.6 18 2 22 24

[PRL 104 (2010) 241803]

Mass of T System (GeV/c?)

Intensity / (40 MeV/c?)

800
700
600
500
400
300
200

100E

ODhA‘ ‘ L [ I - T_-l‘i}
06 08 1 12 14 16 18 2 22 2.4

Mass of Tnnt” System (GeV/c?)

I"1'prc P “ (d)

TTTTTT[TTT T[T T T[T T T TTTT[TTTITI]T Ilj
| | | | J | |

BW parameters for the rt,(1600):
* M= (1660 + 1072, )MeV/c2
* [ = (269 + 21" )I\/IeV/c

Leakage negllglble (< 5%)

Frank Nerling
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Partial Wave Analysis 7,(1600)—- COMPASS  ssi

(2008 proton target data)

x10°
0 0.12— .Ia-,uszm 4107 1° 9P M= = |-(1-+)1+ rho pi P
- B ( m —
2 [ e et g e’ COMPASS 2008
e 0 w/o acceptance mrr‘cclinH ] E o atie A . T+p — (3n) +p
E a,(1260) st = " o e mass indep. PWA (53 waves)
? (21% of 2008 data) g 25 ~50% of 2008 data
D 0.08— [ = [ 53w after Acc. Corr.
- f (2] B
g J £ f L
0.04 \ 151 *1_ + ++ Hf
; \ | of * ’r’?"-".i }
0.02 { \ f - 4-} '
: j \\ - 2 + ﬁ‘:"
o e 51~ $ ‘q#..
0 I 2 3 4 5 6 r 3 1 e
Mass of T T & System (GeV/c') P Rl S
_I|III|III|III|III|IIIIII|III|IIII|II|[
. 8 4% Me = (FTFOF RO TS 06 08 1 12 1.4 16 1.8 2 22 24
~ R . @ ({<(1-+)1+ rho pi P| -- 1f(1++)0+ rho pi s))
Lo7Lennn COMPASS 2008 5 T
3 [ aaesd THp = (3n) +p g stz COMPASS 2008
= C o mmtp- ‘t* mass indep. PWA (53 waves) ~ 53w after Acc. Corr. nm+p — 3n) tp
© 0.6 Tnon b +_ mass indep. PWA (5
L ey g rr i
3 | LA £ 100 ot uzmnens, n!
c 0.5 - % @ II| ¢
g L LA 8 50 i
- - - 6
0 4_— +, b4 * I
0.3:_ +’ . I* ++ A ++
- : * -50 ot t
0.2 i . +++ i | L 1 |
- # A -100 e f !
0.1F - el I |
C - “n
C - -150
O_II IIIIIIIIIIIIIIIMI I lIllllllllllllllllllIIllIlllIlllllllIl
06 08 1 12 14 16 18 2 22 24 06 08 1 12 14 16 1.8 2 22 2'42
[Nerling et al, Proc. MESON 2012] Mass (GeVic)
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Partial Wave Analysis =,(1600)—- COMPASS s

(2008 proton target data)

x10°
S o2 1,(1320) e t wob 9P Me= [{1H)T+ tho pi P
= B ( np AN —~ €
3 0 i . P ’ & forn COMPASS 2008
w 0.1 E 16000F a,(1320) COMPASS 2008 o UF S w+p - (3n) +p
_f Gl(lz()o) Y L ] = " o e mass indep. PWA (53 waves)
3 = 140001 g 250 ~50% of 2008 data
i) 0.08‘ [ 9_ C (38% ol 2008 data) = - 53w after Acc. Corr.
B f "o 120001 2f1260) no acceptance correction "2 L l"
- | c - 0.1 GeVrd' < t' < 1.0 Gevic* e 20F
0.06/— . § 10000 “F H +
8000— 15 ;' Jf
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) - ,{1870) C by
| 6000] 10
0.02 i - - } . T
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% | 20000 I M H o
E / “‘“% s .
- 0 -
_||||I|||||III|III||||I||||II||||I||||[
’ ) : 02 06 08 1 1.2 1.4 16 1.8 2 22 24
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10° 1 3P M= = 1f{7++)0+ rho pi 9| _ .
—~ F s @ ({-(1-+)1+ rho pi P| -- 1F(1++)0+ rho pi S))
S o7be wnn COMPASS 2008 S Tos
3 [ et THp - (31) +p P | 1 CQMPASS 2008
= C o —— b mass indep. PWA (53 waves) ;’ 53w after Acc. Corr. TE-' +p - (3n) +p
SO0 mnqzmass 3 g ik B
3 LA s 100 [feremecte. 44
£ 051 o 2 I'| | ¢
o F : . s 50 il
0.4F N Y * | |]
: . ’ ot lﬂl |
03F + ) Y # ‘4
n . - -50 ’.. * +
0.2 i . +++ e ,«'-7*4 1 |
L . ; -100 Y :
Fd = e
0.1 : R ' |
r _ *-."H_ -150
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[Nerling et al, Proc. MESON 2012] Mass (GeVic?)
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Partial Wave Analysis =,(1600)—- COMPASS s

(2008 proton target data)
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[Nerling et al, Proc. MESON 2012] Mass (GeVic)
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A new axial vector resonance found? o p
x10° _x10°
& 4T pa0) 7 G v, ORI [*0* £(980) 7 P
% 75 0.1<7'<10 (GeV/c) p (C) % i /\ 0.1 <t < 1.0 (GeV/c)
> [ (1) Mass-dependent fit f\* = 20__ \ (1) Model curve
g ?0:_ (2) Resonance "‘,4 \+\ 8 I | | (2) q,(1420) resonance
= - - (3) Non-resonant term A \ — i A (3) Non-resonant term
2 T A 2 15 {
% 15 g i )| I,‘f New axial vector state:
E = lob | > a,(1420)
10F ; ! Mass = 1412-1422 MeV/c?
- - ) Width = 130-150 MeV/c?
sk S N
- L 'i:»'i'f . O e
OT b J[I.LJT‘? TN AN N T T N N T Y MO A A — n—;:l:!\]‘:(‘l’,‘_;.«f‘/ll i\;u P .\T-~.~,4..f—\[::.’f“. “I :I ||| :Ilrl :
1 12 14 16 18 2 22 o0+ 170" £(980) = P — 471" p(770) 7 G
my, [GeV/c?] 52001 0
O P - 5S t ch
g [
& 100
* 2nd step analysis result overlaid i
(charged mode only presently) OF
* New axial vector state observed _100:_
: = : —+-0.100 < ' < 0.113 (GeV/c)
. Cogpllng_ to KKn, and not seen in pm —200F C 0164 < 1 < 0.189 (GoV/cY
- isospin partner of f,(1420)? - | 04d9<r< 0.724I(GeV/lc)2

1 1.2 14 16 1.8 2 22
[Acc. PRL; hep-ex/1501.05732] m;, [GeV/c?]
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. . leM
Search for spin-exotics — GlueX / JLab SR

Goal: Map the spectrum of spin-exotic hybrid mesons . T\;\/\/r/ X

Method: Photo-production of spin-exotics (proton target),

Y+p —> X+p,where p/\ 0
[courtesy C.Meyer]
X —> blTc forward calorimeter
X—> flTC G X barrel  time-of
y /\/\/\/\/ calorimeter -flight
_— tart
X->nmn LUE e

target

Polarised photon beam:
* 108 tagged /s

(8.4 -9.0GeV)
* Exploiting polarization

photon beam

diamond forward drift
wafer chambers
tral drift
> /K PID for 2017, "~ chamber
> KL beam proposed electron superconducting
for future upgrade electron ~ taggermagnet beam magnet

tagger to detector distance
is not to scale

beam
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Heavy quark sector -- Charmonium
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. . ﬁHlM .
Charmonium region A

| Charmqnium (C_{:)

(&)

* Advantages:
» lower level density
» longer lifetime (small width)

 exotic

AN

(6]
1 I 1 1
[

h

m [GeV/c?]

=
* Charmonium predictions fitted well =
rmonium p " a- BF® =
until 2003 -

1 . Experirrient

: : : : . [ éluark n§10del 85 -'13
37 T . [1] LQCD Dudek '12
.

: K%.Goetzén, PDG 2015
[ [ | [ [ I
JPC 0—+ .1—— 1+— O++ 1++ 2++ 2—+ 2—— 1+ ???

@0, s, °sip, P, °P, °P, °PIF, D, °D,
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Charmonium region A

Charmonium (cc)
* Advantages:

» lower level density
» longer lifetime (small width)

($))

 exotic

m [GeV/c?]

P
6}
[

* Charmonium predictions fitted well : Ficain) E DD ' . |
‘ X(4350);

, 1 xdobo) — e
until 2003 | >§<(4230) ?%Eﬁ%é{

* Since 2003: = 20 new states D[f*__ Qoo = g B2 =

.............. KEO0 ... e P KD
not fitting well the patterns D" - WEF0) Xeof2P) X(3872) Ko F) B B 2(3900)")

=

* Five (almost) 15t order exotics 3_5__ e e-h°-— !é_
Z(3900)" ... Z(4430)* | @ |

—_— Experirﬁent

. 1w . —Newstates
* Some suspiciously close to . _—  [7] Quark model '85 - '13

X(3872), Z(3900), Z(4020), ... | ? : ? ? : ?

: KGoetzen, PDG 2015
| [ I [ [ [ [ | |
JPC 0—+ 1—— 1+— 0++ 1++ 2++ 2—+ 2—— .1+ ???

@, '8, *spD, P, °P, °P, *PF, D, °D,
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Charmonium region

/ HIM

Helmholtz-Institut Mainz

* Advantages:
» lower level density
» longer lifetime (small width)

m [GeV/c?]
()]

.
6}
[

* Charmonium predictions fitted well
until 2003

* Since 2003: = 20 new states
not fitting well the patterns

DD*
DD*

* Five (almost) 15t order exotics

3.5
Z(3900)* ... Z(4430)* -

* Some suspiciously close to
DD-like thresholds
X(3872), Z(3900), Z(4020), ...

15)5
436

XJ_)

| Charmqnium (cC)

i exotic

ED E435)IZIE
4230) é

Fi

—_— iExperirrient

— New states :

B Quark model 85
B g_QCD Qudek 122

13

: Ké.Goetztzan, PDG 2015
I I I I I I [ [

J°e 0+

(2S+1) 1
L S0

-
°S/D,

1+— 0++ 1++ 2++ 2—+ 2 .1+ ???

P, °P, °P, °P/F, D, °D,
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Events / 0.01 GeV/c?

Charmonium-like exotics: Charged Z states

* All Z, states decay to cC t*"
* Manifestly exotic: tetra-quark or molecular nature
- Charged and too heavy for excited light meson => Minimum quark content ccud
NB: First proof of exotic matter!

100

0

80f
60f
40F

20 3

[PRL 110 (2013) 252001]

[PRL 111 (2013) 242001]

a0 T | TWE | Z(0z0):
i 2(3900) — Total fit % L ( 0839)
==ax Background fit O 100 L
B wmi PHSP MC § B
+.Smeband § 80:
£ 60
2
eaRdi/iie
20
37 38 39 4.0 .‘9.95 400 405 410 415 420 42.25
M, o (nJly) (GeVIc?) MGV

I [MeV] m closeby DD Am to DD [MeV]

Events / 0.024 GeV/c?

PR D78 (2008) 072004]

40F Z(4050):  Z(4250)*

35 F I

30 F ’

25E +

205 : *

15 .." 3 +
10E e Tt
s i : f
N I '4'2“ '414’ Yy

Jeot
(an: ), GeV/c?

Events/0.01 GeV

/ HIM

Helmholtz-Institut Mainz

PRL 100 (2008) 142001]

Z(4430)*

43
M(z*y') (GeV)

Z(3900)* 35+7 )y (DD") DOD"+ 9.3+34 @
7(4020)* 10+6 h. mt (D*'D")* D*0D*+ 6.7+ 24 for
Z(4050)* 82 + 40 Xc(1P) |+ ? DOD*+ 34 +2.4 ‘ @
Z(4250)* 177 £ 100 X(1P)|mt 2 DOD*+ .38 + 50
Z(4430y° 200+ 50 02S) |t 2 D*+D, 12 + 40 2
S o
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The mysterious X(3872) ;sn

L L L

N ]
Already known: R Belle 1
w | B decays
= | ]
* Observed by (in) 7 (6) experiments (decay channels) ﬁ °r ]
(JIyp, Jyo, Jyy, y'y, DDn0, D*D) 2
8 o[- + -
* Quantum numbers JP¢=1** charmonium potential model: x.,' i+ . | . +
- predicted mass = 50 MeV larger °ﬁ Tl o
[Barnes, Godfrey, Swanson, Phys. Rev. D72 (2005) 054026] i e

m(J/yn+n—) / MeV

* Not produced in e*te- -»y*— X(3872)
(e*e- - y*y* — X (3872)possible but suppressed)

BaBar
B decays

* Pecularities:
» 50 - 100 MeV too light for x.4(2P)
> extremly close to DD* threshold: -> molecule ?!
my - Mpp- = 0.11 £ 0.21 MeV of

Candidates / 5 MeV

88352384386 3.66 39 302394395308 .

m(J/yn+n—) / GeV
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The mysterious X(3872)

Important knowledge missing & needed:

* Width, only upper limit (Bellel): I'<1.2MeV
- prediction for pure charmonium state x,":
I'=40keV [G.Y. Chen, J.P. Ma, Phys. ReV. D77 (2008) 034019]

- prediction for molecule, must be larger than width of D*:

I'>82.3+1.2+1.4keV [EBraaten, Phys. Rev. D77 (2008) 034019]

A word on statistics:

* Belle Il: ~1500 by the year 2020
* BESIII: ~20 per month

* PANDA: ~130 (1300) per day

in high resolution (luminosity) mode

Candidates / 5 MeV

Candidates / 5 MeV

ﬁ HIM

Helmholtz-Institut Main:

z

L L L

Belle 1

30—

B decays

20— —

or + ]
i ¢ L ] {

‘ T @ L] l

T

[ S I T A ST T A Y
2820 2R4AN 2RAN 2WAN

m(J/yn+n—) / MeV

0

L o

.

BaBar
B decays

087385384386366 39 392394395306 .4

m(J/yn+n—) / GeV
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¢H|M
The mysterious X(3872) :;51[

L L L

Important knowledge missing & needed: 2 Belle
w L B decays |
« Width, only upper limit (Bellel): T'<1.2MeV £ :
- prediction for pure charmonium state x," 2
I'=40keV [G.Y. Chen, J.P. Ma, Phys. ReV. D77 (2008) 034019] = °‘ + ‘
- prediction for molecule, must be larger than width of D*: + s - '
I'>82.3+1.2+1.4keV [E.Braaten, Phys. Rev. D77 (2008) 034019] o B AN FIRNT M

m(J/ym+n—) / MeV

=> Precise (syb-

of the wij
A word on statistics: indeed :2:3; of ﬂ"e.x(3872),

* Belle Il: ~1500 by the year 2020
* BESIII: ~20 per month
* PANDA: ~130 (1300) per day

in high resolution (luminosity) mode

BaBar

decays

087385384386366 39 392394395306 .4

m(J/yn+n—) / GeV
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What is the nature of the X(3872)? efsp
* For clarification: Measurement of width & line shape essential
% T T T
= —
Jigrr || ] . & - DD® — bound
E % [ ---- virtual
3 S =k _
peak —_cusp T
s 2 a2 0 5 10 152 -2 I -1 0 Il 2
E [MeV] E MeV] E (MeV)
virtual state

binding state [Hanhart et al, PRD76 (2007) 034007

[E.Braaten, M.Lu, PRD77 (2008) 014029]
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‘HIM
What is the nature of the X(3872)7? S

* For clarification: Measurement of width & line shape essential

400
> ! | |
2 _
Jigrr || ] . & - DD® — bound
2 2 i ---- virtual
9 $
£ s B }
§ 5 :
P A 3 ..L:] \ 4
5 : o
3 . = |
Fe] [
£
2 3
100 |-
peak cusp -
e W ..x.—b‘ —_— e —— — h L
-3 2 -1 0 1 2 3 0 5 10 15 20 -2 -1 0 ] 2
E [MeV] E [MeV] E (MeV)
virtual state
binding state [Hanhart et al, PRD76 (2007) 034007 [E.Braaten, M.Lu, PRD77 (2008) 014029]

=> Need pp scan experiment to access the line shape!
(NB: 1** state not possible in formation for e*e-)
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Anti-Protons — Resonance Scan Method e d
T
: C Secti P
. Cross Section \
e

Measured
Rate

|||||||||||||||||||||||||||||||||||||||||||||
[ I R R R T b e e e s L R R R TR N R S L R R R TR B TR R [ R I R T R TR ATy

* Cooled p beam: Excellent energy resolution!
* Production rate: Convolution of resonance and beam profile
* Principle has been proven to work ...
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Counts
- —_ -
S 8 3

-
=4
=

©
o

60

40

20

@?rﬂm

X(3872) — Energy scan at PANDA (MC study) ==
* Upper limit on branching ratio by LHCb:
BR(X—-pp) < 0.002"BR(X-»J/yrrnt) 2> 1'<1.2 MeV  EPJC73(2013) 2462
* And BR(X— Jiwnnt) > 0.026 (PDG 12) => o(Pp—X(3872)) < 67 nb
] X(3872) Resonance Scan MC Data | Fit with Constant Plus Convolution] {1 v T2 3 g wnene
of Breit-Wigner and Gaussian ) 4
L —4— MC Data v2/ndf 30.91/15 “
[ . s Mxs72) 3.872 GeV keV “1 ““““““““ uz ol e
C (s;’l;::;;:t Mx(s72) 86.9+16.8 keV[> s \/' ‘6 - -
L Background Level 2457+180| = i ] |
E [ Background fit A(V3) fixed @ 33.568 KoV if ” w
i T e =
; “i,mhs ,‘J‘EJWHV%,, 5AJL — ff,HJ,mw‘ 4444
P o3 Ve " 14 w115 P
e Al DOV .t AR Wi S0 e e e el
2 +E %3 ; | 1
- / ~ o o
T ;L_a--r-"r.’l 1 | 1 1\7‘1~-a-..1__1 - -
3.8716 38718 3872 3.8722 38724 3.8726 e e et e L SST———
Vs/ GeV

* Here: Input width = 100 keV, assume o = 50 nb, luminosity: 2x103' cm--2s-"
* Width resolution < ~20 keV, mass resolution ~5 keV/c?

[M.Galuska, PhD thesis]
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X(3872) — Energy scan at PANDA (MC study)

* Upper limit on branching ratio by LHCb:

BR(X—Pp) < 0.002*BR(X—J/yrnt) > T'<1.2 MeV

] X(3872) Resonance Scan MC Data | Fit with Constant Plus Convolution
- of Breit-Wigner and Gaussian
2 N T Nc D v?/ndf 30.91/15
2 C " m 3.872 GeV keV
0 | |=— Global Fit .
© 10 |__ signal fit M2 86.9 + 16.8 keV
E Back dfi Background Level 2451 +1.80
120 IS ackground fit A(ys)  fixed @ 33.568 keV
100
80—
60—
40—
o L # 4 \
- ’ ~\
I ] 1_1_-4--1-"1'/| I L [ U L 1\7‘%-»..1__1 L1
3.8716 3.8718 3.8722 3.8724 3.8726

Vs/ GeV

5 HIM

Helmholtz-Institut Main:

z

EPJ C73 (2013) 2462
* And BR(X=Jiyn) > 0.026 (PDG 12) => o(Pp—X(3872)) < 67 nb

- I
/s = 3871.54 MeV 2
os

Future PANDA Experiment at FAIR

ev| 1 3 3871.64MeV| 4 4 3871.69 MeV/|
o ‘ oal ”

* Here: Input width = 100 keV, assume o = 50 nb, luminosity: 2x103' cm--2s-"
* Width resolution < ~20 keV, mass resolution ~5 keV/c?

[M.Galuska, PhD thesis]
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Models and Multiplets for XYZ s

[Drenska, Riv. Nuovo Cim. 033 (2010) 633]

(S

* need to measure complete multiplets

4. — - -
. CSCS [
; i cqlleq]
- to really understand XYZ nature 4.2¢ L = ]
—_ [ cscu cscd 1+
%) 4.1F cdcs cucs ]
: . — [ = = = =
* e.g. di-quarkonium [cq][cd] models @% At — X(3872)? —um .
provide predictions 2 . [4(3900)7? Z(3900)°? Z(3900)*?
s 39 == — 3 == |
2 Q[ cdca cuet cucd |
> Look for stranged partners 3.8 | cdtd —_——
> Look for light high spin states S T e
-1 =05 0 0.5 1
[Cleven et al., arXiv:1505.01771] I3
ol @ I f ® Y(3630) e.g. light J=3 statel]
Z,(4020) | o
> a0l — --e-- —— 1 a4l S — i
S Z.(3900 o CHl! (4290)
P X(3915) eI L& xabo) 1 7 RS — ]
2 38f 1 242 Y(4260) ]
| input I [ Y(4008) ]
361 prediction ] 401 Bl ’
0+ 1+ 1= 2+t Lo~ 12— 3~ ot 1Tt 2t
JPC JP(‘.
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= leM
Models and Multiplets for XYZ s

[Drenska, Riv. Nuovo Cim. 033 (2010) 633]

* need to measure complete multiplets 4.3 T papmer ' [Cq]-[cq]
- to really understand XYZ nature 4.2¢ e = = ]
—_ [ cscu cscd 1+
%) 4.1F cdcs cucs ]
. . —— [ =
®e.q. d|-quarkonlum [CCI][Cq] models % 4 /h-x(;;gnz)? e
provide predictions 30 1Z(3900)? Z(3900)°2 Z(3900)*? |
. E _ —_——— —h—
3 Q[ cdca it cucd |
> Look for stranged partners 3.8 | cdtd —_——
» Look for light high spin states
IS 1 -05 0 05 I
[Cleven et al., arXiv:1505.01771] I3
ol @ I f ® Y(3630) e.g. light J=3 statel]
Z,(4020) | o
> 40f — -8 T 1 B — e — — i
3 : Z.(3900 3 i (4290)
P X(3915) LIl L& xabo) 1 7 =S — _
2 38f 1 242 Y(4260) ]
| input I [ Y(4008) ]
361 prediction ] 401 R ’
0+ 1+ 1= 2t Lo~ 12— 3~ ot 1t ot
Jl( Jl’(‘.
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Models and Multiplets for XYZ

[Drenska, Riv. Nuovo Cim. 033 (2010) 633]

* need to measure complete multiplets 437 cscs [eqlleql
- to really understand XYZ nature 4.21 s = 1 ]
—_ [ cscu cscd 1+
> 4.1°F cdcs Cucs ]
. . . __ 3 /h — =
e.g. di-quarkonium [cq][Cq] models < 44 ——X(3872)7 —
3.9 —a— — =
3 8 cdci cggg cucd |
> Look for stranged partners R b —_——
> Look for light high spin states
S “1 05 0 05 I
I3

[Cleven et al., arXiv:1505.01771]

ol @ () Y(E30) e.g. light J=3 statel]
Z.(4020) o -
= 40r T i — ] > 441 o) L — -
) ; Z.(3900) ® &) r )
Py X(3915) eI --e--  X(3940) P R 3 —
2 38} 1 242 Y(4260) ]
_ input Y(4008) T — .
361 prediction ] 4.0 - .
0 | 17" 2+t 0™~ 1= 2= 3 0" 1= 2~
Jl’(‘. JP(‘.
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Running & future experiments
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. . i} 5H|M
Production mechanisms & experiments (l) =

* Fixed-target, hadron/photon beam on proton/nuclear targets
> GlueX: yp (9 GeV/c), COMPASS: n/K/p p (190-270 GeV/c)

recoil

» Light quark sector (mainly)
» Spin-exotics directly accessible @
» Always against target recoil particle (complicates analysis) @

Frank Nerling Hadron Spectroscopy — Methods & Techniques, pg.46 25/08/2015



o . . 5H|M
Production mechanisms & experiments (ll) ==

°* B meson decays
» LHCb: pp (7 TeV/c), Bellell: ete™ (= 11 GeV)

X ég % Status: Running
D

BO/+ _>/
\

recoil QD Status: Future

Belle I
» Charmonium & light quark sector
» Exclusive systems for Dalitz plot analysis @
» Suppression of higher spins J @
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Production mechanisms & experiments (lll) ==

°* Formation & Production against recoil particle(s) in e*e-
> BESIII: E_, . <4.6 GeV, Bellell: E_ <11 GeV

(ISR)
et 5 E Status: Running
S : D
ormation or recoi
Production with recoil @ Status: Future

» Bottomonium, Charmonium & light quark sector
» High precision mass & width resolution (formation) @
» Suppression of higher spins J && JPC limited to 1~~ (Formation) @
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Production mechanisms & experiments (IV) w=u

°* Formation & Production against recoil particle(s) in pp
» PANDA: E<5.5 GeV, E835: E<4.3 GeV

FERMILAB E835

p X L) CHARMONIUM
S o Status: Past
P Sa

Formation or recoil ( ﬁ:E' de =
P i ith il
roduction with recoi Status: Future

» Charmonium & light quark sector
> High precision mass & width resolution, all (qq) JP¢ (formation)

and also spin-exotic JPC (production) possibe @
» No running experiment @
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Summary and Prospectives e

* Hadron physics -- Spectroscopy
» Recent hot discoveries in (baryon and) meson spectroscopy
» Opportunity to understand and quantify QCD binding

* New exotic states observed during last decade
» Proof validity of fundamental QCD principles
» Light meson sector:
- New axial-vector a,(1420), r,(1600) re-adressed
» Charmonium-like exotics:
- Charged states manifestly exotic matter
» Precise knowledge of decay width and line shape essentiall

°* Running & new experiments
» Complementary production mechanisms and measurements needed

» Complete the exotic multiplets

* Quite some way still to go ...
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Summary and Prospectives e

* Hadron physics -- Spectroscopy
» Recent hot discoveries in (baryon and) meson spectroscopy
» Opportunity to understand and quantify QCD binding

* New exotic states observed during last decade
» Proof validity of fundamental QCD principles
» Light meson sector:
- New axial-vector a,(1420), r,(1600) re-adressed
» Charmonium-like exotics:
- Charged states manifestly exotic matter
» Precise knowledge of decay width and line shape essentiall

°* Running & new experiments
» Complementary production mechanisms and measurements needed
» Complete the exotic multiplets

* Quite some way stillto go ... ... stay tuned for further exciting discoveries!
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Last remark. citation of Paola G., ICNFP2014: &=u

The Phaistos Disc is a disk of fired clay from the Minoan palace of Phaistos of Crete
(2 millenium B.C.). It is covered on both sides with a spiral of stamped symbols.

Its purpose and meaning, and even its original geographical place of manufacture,
remain disputed, making it one of the most famous mysteries of archaeology.
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Last remark. citation of Paola G., ICNFP2014: &=

The Phaistos Disc is a disk of fired clay from the Minoan palace of Phaistos of Crete
(2 millenium B.C.). It is covered on both sides with a spiral of stamped symbols.

Its purpose and meaning, and even its original geographical place of manufacture,
remain disputed, making it one of the most famous mysteries of archaeology.

e,
,;{f-’(’;‘(’\ﬁ"it-:-"-‘l ' ‘l,;' ’ 0 ‘,,' oo
o v B000 " e N

PG B SRR PN

)
4
*-I‘L
/1
v
-
=
=
r:.:-
“%\
L

A

(

£

3

)

\

>

{ = ™ P

S e
a «d

CI6s X
g

e
s“.-—
1
<
R
L e
N
v
(J -
(s

f
|
|

Frank Nerling Hadron Spectroscopy — Methods & Techniques, pg.53 25/08/2015



- . leM
Facility for Antiproton and lon Research s

=~

5o

J R A},“:'..'
25151835

Antiproto ns
Prod uction

Ta rget

CZECH
REPUBLIC

Frank Nerling Hadron Spectroscopy — Methods & Techniques, pg. 25/08/2015



- . leM
Facility for Antiproton and lon Research s
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Facility for Antiproton and lon Research

Scientific pillars of FAIR:
X w| » Atomic, Plasma Physics and Applications — APPA
BESlF | > Compressed Baryonic Matter — CBM
— < » NUclear STructure, Astrophysics and Reactions — NUSTAR

antiProtons ANnihilation at DArmstadt — PANDA

X =]
A=

50 countries CR/RESR NUSTAR

FAIR
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12 June 2014

' Total area > 200 000 m?
Area buildings = 98 000 m?

Usablearea =135000 m?
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/ HIM

Helmholtz-Institut Mainz

High Energy Storage Ring -- HESR o p

Helix dipole q] Stochastic
magnet 1 kickers -
B i — —tiit alaia Ly l\,.
Pl __J iy, i
'\.\' Electron cooler %,  PANDA Experiment, Detector
!" B Dipole magnet é,
] ® Quadrupole magnet L
1 B Sextupole magnet S
! o Solenoid =)
. = spacer for skew quad
‘,‘ O spacer for snake solenoid
LY injection equipment
Y
§,~
"y -
p,pbar injection - — ' ’ e
’ RF cavities Stochastic
from CR (ESR)_ _ I~ ickups

0 50m
High resolution mode: High intensity mode:
* e cooling: p <8.9 GeV/c e Stochastic cooling
* 1070 anti-protons stored * 10" anti-protons stored
* Luminosity up to 2 x 103" cm2 s * Luminosity up to 2 x 1032 cm2 s
* Ap/p =4 x10° * Ap/p=2x 104
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AntiProton Annihilation at Darmstadt e

Detector requirements:

» 4T coverage (partial wave analysis)

» High rates (2 x 107 annihilations / s)

» Good PID (v, e, 1, &, K, p)

» Momentum res. (~1%)

» Vertexing for D, K%, A (ct =123 um for D%, p/m »2)
> Efficient trigger (e, u, K, D, A)

» No hardware trigger (raw data rate ~TB/s)

Frank Nerling
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AntiProton Annihilation at Darmstadt e
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AntiProton Annihilation at Darmstadt e
= 13 m
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AntiProton Annihilation at Darmstadt ;5,.

Clusterjet- or Pellet-Target
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Anti proton Interaction point
beam |
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AntiProton Annihilation at Darmstadt S
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AntiProton Annihilation at Darmstadt

Helmholtz-Institut Mainz

Straw Tube Tracker Luminosity Monitor

QL

Forward Tracking
Micro Vertex Detector GEM Detector

System
Frank Nerling
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AntiProton Annihilation at Darmstadt
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AntiProton Annihilation at Darmstadt i
= H '
l
I
l
PWO Calorimeter Forward Shashlyk EMC
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