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* Introduction: From cosmic rays to hadrons
* The powerful Quark Model and QCD
* A selection of recent results at BESIII

» Supernumerary vector Y states

» Manifestly exotic Z; states)
» The X(3872) and other X states

°* Ongoing analysis at GlueX:
» Search for the Y(2175) in photoproduction
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PHYSICS LETTERS

Volume 8, number 3 1 February 1964

A SCHEMATIC MODEL OF BARYONS AND MESONS

M.GELL-MANN
California Institute of Technology, Pasadena, California

Received 4 January 1964

A simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following
properties: spin 3, z = -}, and baryon number l%

The successful Quark Model

1964
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8419/TH. 412
21 February 1961

AN SU3 MCDEL POR STRONG INTERACTION SYMMETRY AND ITS BREAKING

™)
G. Zweig
CERNw-eneva

«
) Version I is CERN preprint 8182/TH.401, Jan. 17, 1964,

We then refer"to the n'z'een)lbers ul, d-3, and s~3 of ) In general, we would expect that baryons are built not only from the product
the trnplet as an;‘kauarksqqmgau:eo:xn:?:ne:so:fl::e of three aces, AAA, but alzo from IAAAA. HAAAM. ete,, where K
asagti-q y denotes an anti-ace, Similarly, mesens could be formed from A4, AAAA
constructed frond quarks by using the combinations
(@qq), (@qqqq)] etc., while mesons are made out etc. For the low mase mesons and daryons we' will assume the simplest
of q q) (qqqq) etc. It is assuming that the lowest possibilities, AA and AAA, that is, "deuces and treys",
) gurdtion (gqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
Frank Nerlin Hadron Physics — Spectroscopy and search for exotic XYZ states 8
g



HFHF  Hadrons beyond the Quark Model ==

Helmholtz Forschungsakademie Hessen fiir FAIR “
’ ‘ : UNIVERSITAT

FRANKFURT AM MAIN

PHYSICAL REVIEW D VOLUME 15, NUMBER 1 I JANUARY 1977

Multiquark hadrons. I. Phenomenology of Q0% mesons*

R. J. Jaffe'
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
and Laboratory for Nuclear Science and Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 15 July 1976)

The spectra and dominant decay couplings of Q>Q? mesons are presented as calculated in the quark-bag
model. Certain known 0" mesons [€(700),5*,8,«] are assigned to the lightest cryptoexotic Q*Q? nonet. The
usual quark-model 0" nonet (QQ L = 1) must lie higher in mass. All other QQ? mesons are predicted to be
broad, heavy, and usually inelastic in formation processes. Other Q’Q? states which may be experimentally
prominent are discussed.

Antisymmetric in:
color
flavor
spin (S=0)
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Simple Quark model
* Mesons: Color neutral qq systems

O Conventional (qQ)
QCD

* Meson states beyond qq

Alternative 4-quark configurations:

Hybrid (qQ) g //’ GO Molecule (q9)(qQq)

4

8 Tetraquark (9gqQg) <:/ o Hadro-quarkonium (QQ)(qQq)

A

Glue-ball (gg) or (ggg) \\\ @ Di-quarkonium (gq)(qQ)
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Simple Quark model o
 Mesons: Color neutral g systems * Baryons: (9qq)/(qqq)

O Conventional (qQ)
QCD

* Meson states beyond qq

Lead to further alternative
multi-quark configurations:

Hybrid (qQ) g //' 60 Molecule (qq)(qq)
0 Hadro-quarkonium (QQ)(qQ)

Glue-ball (gg) or (ggg) \\\ e Di-quarkonium (gq)(qQ)

Tetraquark (qQQQ) <
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Simple Quark model -
* Mesons: Color neutral qq systems * Baryons: (9qq)/(qqQ)
O Conventional (qQ) ’
QCD W Ay -

* Meson states beyond qq

Alternative 4-quark configurations:

Hybrid (qQ) g //' 60 Molecule (qq)(qq)
0 Hadro-quarkonium (QQ)(qQ)

Glue-ball (gg) or (ggg) \\\ @ Di-quarkonium (gq)(qQ)

Tetraquark (qQQQ) <
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+ relativistic corrections! JPC OF I 1 gft % o b= g 75 nl
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[Godfrey & Isgur, PRD 32 (1985) 189] L, 'S,°S/D, P, °P, °P,°P/F,°D,°DIG, — -

[Barnes, Godfrey & Swanson, PRD 72 (2005) 054026]
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* Before 2003: % NN
> Good agreement between theory S,
and experiment, particularly € 45 e —
beneath open charm thresholds
e Y(25) % (1P).
E (ZS)J he(1P): 5Z01fﬁ_)é?£2%(----)§
3.5 —— -
2;-.--1---3
§£°°( === Experiment
Potential model: ‘ | |
4 32710 JIy(1S) : 0
c_ 4o 5 (NS B i — - [] Quark model '85 - 13
Yo By A 9m2 9t)Sedr 3 ~I‘.°.(~.1;§.)
1 20, b\ - = 4das
Vspin—dep. = @ |:< P = Z) -S4+ 73 T:| |
€ | | i | | | | ! |
+ relativistic corrections! g O T 1 O 17 o o g Z7 o
(28+1) a3 1 3 3p 3 3 3
[Godfrey & Isgur, PRD 32 (1985) 189] L, &, %0, P, "R, P, PIF, D, D/G3 - -

[Barnes, Godfrey & Swanson, PRD 72 (2005) 054026]
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* Before 2003:

» Good agreement between theory
and experiment, particularly
beneath open charm thresholds

* After 2003;

» Severe mismatch between predicted

and observed spectrum

Potential model:

1 20 b\-> = g
Vspin—dep. = m_g_ |:< e 27’> L-S+ =

+ relativistic corrections!

[Godfrey & Isgur, PRD 32 (1985) 189]
[Barnes, Godfrey & Swanson, PRD 72 (2005) 054026]
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Charmonium spectrum (cc)

e 4l
JOHANN WOLFGANG 4

UNIVERSITAT

FRANKFURT AM MAIN

“E S i §exotic§ 2
[ ] . =~ : H : : g
Before 2003: > ( (4700_;
> Good agreement between theory S, ;“:‘.‘3?.?9{
. . E f %.,(4500)
and experiment, particularly 45- lagmp|
beneath open charm thresholds N PR ‘?‘(4430)xg4350
st ] mow— X@2soy
i 1, (4274 —
W(H-G-ﬁ)‘ | : 'Z.(4200) 92(&.1.@9
* After 2003: . To X(4100y =X 4055y
_ _ 4+ "\'v<40407 X(3915) """"""" K(aozop 408071 DD
» Severe mismatch between predicted :
and observed spectrum | | | . -
- | 1P§
35 m.(@S) he(1P) 521}_1__"_);- -----
* Several supernumerary vector states™™| | gx...(.ﬁ.)
(4260), (4660) <0 = Experirrient
Ju(1S) - New states '
—n (1S) pee— . Quark model '85 13
3 .__c_____g : H H
| | | I | | | ' I
J¢ 0T 0 e
(2S+1) e 3 1 3 3p 3 3 3
L, 5,%I0, P, P, "P,"PIF,"D, DG~ =~
Frank Nerling Hadron Physics — Spectroscopy and search for exotic XYZ states 17



HFHF Charmonium spectrum (cc)

Helmholtz Forschungsakademie Hessen fiir FAIR

UNIVERSITAT

FRANKFURT AM MAIN

(6}
T
GE]

 exotic |

* Before 2003:

» Good agreement between theory
and experiment, particularly

beneath open charm thresholds £ (4360\)” 4390)§
| — |
il 27

yiateo) | mmmmm %

o After 2003 8 . X@iodremaossy

I e et L - e =L m=men)d 40507 D*D*
4 "’(40407 (3915) ? ; pas DD

'5) "za'é;é)‘éé(”3?)"“'“““'g'g.:*.'.';'.; j'g“"’"""""“‘; ',('(?‘%Q)‘ DD*

; (4700;

k202 'ISH 'vezZIQE

m [GeV/c?]

IS

o
e
2

| 3((4250)

» Severe mismatch between predicted
and observed spectrum

spe i
* Several superumerary vector states”®[ __—
i Experirﬁem

Y(4260), ..., Y(4660)
/ J_/_\EQ_S_) - New states

* Several charged manifestly exotics: 3 "“S) quark n.'lodel s; 13
Z,(3900)*", ..., Z(4430)*- o

L I I B NN\
J° BF T F o e e g 2o
0L, 's, s, P, %P, °P,°P/F,°D,°DIG, - -

Frank Nerling Hadron Physics — Spectroscopy and search for exotic XYZ states 18



HFHF Charmonium spectrum (cc)

Helmholtz Forschungsakademie Hessen fiir FAIR

UNIVERSITAT

FRANKFURT AM MAIN

5 2

 exotic |

* Before 2003:

» Good agreement between theory
and experiment, particularly

beneath open charm thresholds : (436&, 4390)% —
L W  —

i ‘K‘.‘i?.e.‘.’); 1. (4274)
After 2003 yaes)| | | 2TEE00)

[ ] " I : o : i —
ter ' 45 i ] e S | e L e | meen W 40B0) D*D*

» Severe mismatch between predicted — _ ""'" LE530)..... V(384 e (3940) pp

and observed spectruy— i e e e Dﬁ

* Several supernumerary vector states™™
m— Experirﬁent

Y(4260), ..., Y(4660) i |
/ ] J/w“S) - New states
. ’ r S— : Quark @odel 8? 13

* Several charged manifestly exo
Z(3900)*-, ..., Z(4430)*"-

Ie0e IS 'uezigy M

; (4700;

m [GeV/c?]

AN
(&)
T
§
S!

| 3((4250)

I A S S R
* The X states — the x.,(3872) 251':0 0" 1 17 0 {1 2" 2 37 Z¢ 77
was the first observed in 2003 'L, s, ®sip, P, °P, °P,°P/F,°D,°D/G, - -

Frank Nerling Hadron Physics — Spectroscopy and search for exotic XYZ states 19



HFHF Production mechanisms of hadrons

JOHANN WOLFGANG 1 !4‘ GOETHE
eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee N
’ ‘ ’ UNIVERSITAT

FRANKFURT AM MAIN

Formation or production with recoil _ _ _ _ _
* Formation & Production with recoil particle(s)

(ISR)
7 » CLEO(-c), BaBar, Belle(ll) (E.ye < 12 GeV)
» BESI-III (E, <4.9 GeV)

recoﬂ ~
B meson decays Z’ * B meson decays
X
» CLEO, B <
/. N , BaBar, Belle(ll) (Eqms < 12 GeV)
RO~ > » LHCb: pp (7 TeV/c)
T = = recoil

Hadron/photon beam on fixed-targets * Diffractive, photoproduction

X
P,y >o<£ > GlueX: y p (9 GeV/c),
» COMPASS: 11/K/p p (190-270 GeV/c)

target /g =

=~ > recoil

Formation or production with recoil _ _ _ _ _
* Formation & Production with recoil particle(s)

.< » E760/E835, PANDA (Eqns < 5.5 GeV)
» No running experiment presently

recoﬂ ~
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eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee Eiﬁ%?f&ﬁ i
pPpanda BES]]I
FAIR / GSI
Darmstadt IHEP
L} Beijing
JLab ——CERN -
Newport News W Geneva - —
foner KEK
LUEX. 3 Tsukuba
"77

D

O

Belle II
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panda B'GS]I[
FAIR / GSI
Darmstadt IHEP
Beijin
JLab ks
Newport News _-_ Magnet yoke = Emagnet 17

Be beam pipe

FUTURE MDC, 120 um

A

oo Csi(TI) calorimeter, 2.5 %@1 GeV

RUNNING
(since 2008)
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pPpanda B'GS ]]I
FAIR / GSI
Darmstag IHEP
Beijin
JLab Jing
Newport News ! Magnet yoke 5. E‘:magnet, 1T

FAIR

Mid-term MDC, 120 um
FUTURE o

Csi(TI) calorimeter, 2.5 %@1 GeV

RUNNING
(since 2008)
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ONERRTAT
GL% FAIR / GSI BGS]]I
e DAMStaM IHEP
J | -_ Bel
N Jing
JLab |
Newport News ! A Magnet yoke magneL 1T
RUNNING

(since 2016)

MDC, 120 um

A

oo Csi(TI) calorimeter, 2.5 %@1 GeV

RUNNING
(since 2008)
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BE\PC "

* Multi-purpose 4m detector with
» good tracking
» calorimetry
» PID and muon detection

* Operating since March 2008

Frank Nerling

BESIII at BEPCI I =30
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* Symmetric e*e" collider:
> Vs =2.0-4.6 GeV
* Design luminosity:

> 1x1033 cm2s1 (at Y(3770),
achieved in 04/2016)
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The Y(4260) and further
supernumerary vector states
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Some history:

efe” — J/ymn ete” - Y(2S)min-
[PRL 95, 142001 (2005) ] [PRL 98, 212001 (2007) ]
‘1,40_ | | LM S S N O * . L L .
% | 1 3z [ & -
—~ 2 i = | :: i
S 30+ 2 B e ]
3 i ;T*’ ””"ﬁf" 't"f" “t"ﬂﬂ it gl g B 7]
8 [ o 2 .
LE 20— 36 38 4 42 44 46 48 5_| Rl ' -
3 5
10 - I
] - Nl |
, il ’ . | r AR LA
98 46 48 5 4 45 55
m(n*nIy) (GeV/c?) m(2(n+n YIy) (GeV/c?)

* Discovery of the Y(4260) using ISR * Discovery of the Y(4360) using ISR
by BaBar in JApmtm by BaBar in y(2S)m+m-
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JApnm, hon and Y(2S)tn
BESIII result, published
efe” — J/ymn ete” - Y(2S)min-
[PRL 118, 092001 (2017)] [Phys. Rev. D 96, 032004 (2017)]
100 ~ 120~ T
o : BESII 1
~ F 4xvz BSI | S 440k BEST B
.8 80 : c i ‘ Belle .
b I Fitl 2 - 4 -=- BaBar -
g g0l ==Fitll % | .
+: : ?
40 - o
;aTJ : O
© " ¢ 5 ¢
0-.|...|...|...|...|, _2an.i.l.|....|....|....|....|....'
3.8 4 4.2 4.4 4.6 90 41 42 43 44 45 46
Is (GeV) (s(GeV)
* Cross-section inconsistent with the * BESIII: Much higher precision (5.80)
single resonance Y(4260)! e Coherent BW fit: Y(4230) and Y(4390)

» Two favoured over one by >70
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HFHF What happened to the Y states?

Events / 20 MeV/c?

o(e'e—n*nJ/y) (pb)
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ete” — J/ymtn- e'e” — Y(2S)mtn-
[BaBar, PRL 95, 142001 (2005)] [BaBar, PRL 98, 212001 (2007)]
40 T I I | I T 4 [T~ "~ T T T
i W ST "
= a g -
i 2 |
30 . 1 B -
. L a'm» "t"t"" n,ﬂm,”m,n'i N’@ ] § i ' :
20' 36 38 4 42 44 46 48 5] m £ i
1042113 Wl
ol 1 1L S
i l —qu?_rT| b DY BT fregeeanpee
9% 6 a8 s 5 5 55
m(n*nIAy) (GeV/c?) m2(wn)Iy) (GeVich)
[PRL 118, 092001 (2017)] [Phys. Rev. D 96, 032004 (2017)]
100 ~ 120777
: @_ : BES]]I = BESIII ]
. - 100¢ ~+ Belle ‘:
- -8 80 ‘ . -=- BaBar
L 8 C ]
60 ~ (7))}
- )
- 7))
40 - o
i (@)
20 =
o B " " M " " " " 1 " " " M " " "
3.8 4 4.2 4.4 46
Vs (GeV)

Two structures now resolved: Y(4260) - Y(4230), Y(4360) - Y(4390)
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o(e'e—n*nJ/y) (pb)
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ete” — JAPmtm ete — Y28 ete” — h.m'
C
[BaBar, PRL 95, 142001 (2005)] [BaBar, PRL 98, 212001 (2007)]
40 T T T T T T T T T T T T T o T T T T T T T T T T T T T [~
- [ ' e | L [ P ! : ] b e Belle:mndi PRL110, 252002 (2013)
C ] 2 L " i 80 o PRL111, 242001 (2013)
C % ] = L " & [ »==-BESHLGE PRL107, 041803 (2011)
30__ r." _" . 1] § 10— B ? 60:— CLEO-c: w*mh, lll
i 4 ':'""m"':'ft""' “g} 1m'ﬁ'rﬁln’r'l{1"ﬂ1r§ ] § i '§ - I f l
200 36 38 4 42 44 46 48 5 ] oL | @ 40+ r H
_ ] o
K ] i 1 8 L }
- N sl gl g
= i
! TR e oL gt
LT I & gttt Yy
liﬁ_f’hllﬂl SR Y7 I IR a1 bl b 2 i Bk :||..ll..|.|..‘.l‘...\.,..x..ul.l..|.‘..|
. e — = = 39 40 41 42 43 44 45 46 4.7
9 48 3 2 45 5 55 Ey (GeV)
m(n*nThy) (GeV/c?) mQ(wn)Iy) (GeVic))
[PRL 118, 092001 (2017)] [Phys. Rev. D 96, 032004 (2017)] [Phys. Rev. Lett. 118 092002 (2017)]
100: :.g 1205' D ""I‘élEélillz 250;* -+ BESIII R scan data sample
o \E 100 BGS]]I —+ Belle = 200i =BESII data sample BGS]H
80 S C ‘ = BaB 1 = = —Fit curve: Total
i 5 80f | 3 B8 B 1s0f  Fit curve: Y(4220)
60 - S eoF y g oo b Fitcurve: Y@390)
K » C S 2 100— b
P (D —— E r o
40 o 40 3 S0 i
: S 2o il
20— o = % = 11+ '
- 0 :‘ jpns T 50 4 *
o-.l...l...l...l...l. _2'.;’%’.T.T.I....|....|....|,...|....‘ ST - P R B
3.8 4 4.2 4.4 46 %0 21 a2 23 44 45 46 39 40 41 42 43 44 45 46
Vs (GeV) {s(GeV)

Two structures now resolved: Y(4260) - Y(4230), Y(4360) - Y(4390)
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The Z(4430) and further (charged) Z. states
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HFHF Experimental review of the Z(4430) . k-
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[Belle, Phys. Rev. Lett., 100 (2008) 142001] ° Flrst Observed by Be”e In 2008

> B — KT7(4430)* — KT n%’
» relatively narrow state, 6.5 ¢

> first charmonium-like state with a non-zero
electric charge

=> Minimal quark content [ccud] = manifestly exotic

Events/0.01 GeV

* BaBar searched for it, however, does not
confirm

8 4.05 43 4.55 4.8
M(rn"y') (GeV)

wo
T T T T

* Decay to J/y/n seen in B decays by Belle

45F [Belle, Phys. Rev. D 88 (2013) 074026]
& , and not seen by

BaBar

Toy MC experiments

* | HCb confirms and showed resonant behavior
in argand plot

; * Spin-parity constrained by Belle: JF = 1*:
0 40 20 0 20 40 Positoy confirmed by LHCb
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Events/0.01 GeV

Experimental review of the Z(4430) S

[Belle, Phys. Rev. Lett., 100 (2008) 142001]

N D
<o
Belle IT

43 4.55
M(x"y') (GeV)

T T T T T T T

UNIVERSITAT

FRANKFURT AM MAIN

* First observed by Belle in 2008
> B — KT7(4430)* — KT n%’
» relatively narrow state, 6.5 ¢

> first charmonium-like state with a non-zero
electric charge

=> Minimal quark content [ccud] = manifestly exotic

* BaBar searched for it, however, does not
confirm

* Decay to J/y/n seen in B decays by Belle

———— ,
o2 LHCb
; , and not seen by
N AN BaBar
o0
=
ok * LHCb confirms and showed resonant behavior
: in argand plot
04+
3 | oo s MR EEPR | IS M N H i - |IP=1+,
R ° Spln_ parity constrained by Belle: J" = 1
Re AZ confirmed by LHCb
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HFHF  Two z_ triplets established at BESIII =5

UNIVE STAT
FRANKFURT AM MAIN
[PRL 115 (2015) 112003]
[PRL 110 (2013) 252001] o
i — - 4230 MeV
% E seee ::l:(l round fit :
3 o 8 %
g soi— | “ == g o
g o L ‘ i
2 oy ity B
0 L= e e e e e Y (f)‘,(v ],‘X 4.0 2
T i) VI M(T'J/y) (GeV/c®)
ete™ —» n-ntJ/p ete™ — nPnlu/y
Charged Neutral
L J
|
Z:(3900)*0?

* The charged Z,(3900)*, and meanwhile also the neutral partner Z,(3900)°
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HFEHFE  Two z_ triplets established at BESIII

[PRL 115 (2015) 112003]

UNIVERSITAT
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[PRL 110 (2013) 252001] S [PRL 111 (2013) 242002] [PRL 113 (2014) 212002]
100F 4 Data g 423() MCV < 120 . 45
% F Toial fi = 100 > st ~
S a -+ Background fit ~ 80 E 100| .| L 35
8 \t mes 3 S » s
3 % o = 2 ) S 5
g 4of LU . “ 2.
€ < ¥ 40 M, (cwr) §
:>.|’ 20} T ‘ 20 G = l:
0==37 m:.(?:*dl) ?56/40 h M J/\Il) (GeV/c) o5 400 405 410 “5\4 42& s B (e/c)‘
ete” —» n—ntJ/yp ete™ — nPnlu/y ete™ = m nthe ete™ — nPnlh,
Charged Neutral Charged Neutral
L ] | J
Y Y
Z.(3900)%0 ? Z,(4020)=07?

* The charged Z,(3900)*, and meanwhile also the neutral partner Z,(3900)°
* Two isospin triplets of charmonium-like exotic states established
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HFEHF  Two Z_ triplets established at BESIII =5
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[PRL 115 (2015) 112003]

[PRL 110 (2013) 252001] R [PRL 111 (2013) 242002] [PRL 113 (2014) 212002]
£ ok — g 4230 MeV o .
m % b — Total fit vl()(l > ,.: B
: E 80: «+=- Background fit §100 E ;o
(&) 2 S g S
- g % 2l 7 S
[(¢}] % 40; T : 40 s \35’
S & | o | Z
I O 3.8 3.9 4.0 h = 0 % o5 400 405 410. iy 420 425 TS 39 385 4

Muax (/) (GeV/c?) M(n"J/y) (GeV/e) M, (GeV/c) M (GeV/c)
ete™ — n—ntd/y ete™ — nOnlJ/yp ete™ —» mnth, ete” — 197°h,
PRL 112 (2014) 022001
J (2014) ] [PRL 112 (2013) 132001]
= O i e [PRL 115 (2015) 182002]
© [PRL 115 (2015) 222002] & | - oo~ — total fi A i T ML
P - - 3% ~ Piep signel :
(&) %80} ¥ Globai i - mws . %
c = ... Signal o 40 5
q, 260: =l In:l. skg = i ++ w
(o Baof i %20.
@) M & |
. 7} . pmrxl olesabictl T 402 404 406 _ 4.08 e
M(D°D*) : : : e R RM(r) (GeV/c?) " RM(x%)(GeV/c?
ete” — i~ (DD*)* ete” — n— (D*D*)*
Charged Neutral Charged Neutral
\ J l J
| |
Z.(3900)%0 ? Z,(4020)=07?

* Two isospin triplets of charmonium-like exotic states established
* Different decay (hidden vs. open charm) of same state observed?
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HFHF Two Z_ tri
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Hidden Charm

Open Charm

[PRL 115 (2015) 112003]

plets established at BESIII

JOHANN WOLFGANG GOETHE

UNIVERSITAT

FRANKFURT AM MAIN

[PRL 110 (2013) 252001] S iof [PRL 111 (2013) 242002] [PRL 113 (2014) 212002]
s - 4230 MeV S 19 : 5
% 8ol e S 100 : "§
o == = £
s [ 2w i g
% 405- + tLhr = E g
& 20f R
0 3.8 41) ’ s
37 " m:(?:t o ?éewcz)' M(°)/y) (GeV/c ) fos 400 405 410 usM 4zow:z) Mz Gevied
ete™ = n—ntJ/yp ete™ — nOn0Uu/y ete™ = mmthe ete™ — nOnOh,
PRL 112 (2014) 022001
[ (2014) | [PRL 112 (2013) 132001]
g [PRL 115 (2015) 182002]
[PRL 115 (2015) 222002] N — total fit g , ; . . —
= > — - Z,(4025) 2
L e 4 Data g - - - PHSP signal é
an:— — Global Fit © i ws 8
601 e B = &
5405— AT % H
7 X 15 nE 4.04 4.06 J g
M(DOD ) M(DB" (GeV/c) RM(r) (GeV/c?) M) Gevic:
( ] o ] — ( D* D_* ) +
Z.(3900) Z.(3900) Z.(3900)
harged Neutral
J
|
Z.(4020)%0?
es established
\ state observed?
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[BESIIL Phys. Rev. Lett. 126 (2021) 102001]

46 o * Search for strange partner of Z,(3900)
SN \[E =4.681 GeV S— ;gzgnﬂ » Containing s quark in open charm decay
% 30 L BESTI S »ete” - KT (D,D*/D*D)~
= 50"?;’ e > Narrow threshold enhancement (5.3c)

% 20 > M (3982. 5+ +2.1)MeV/c?,

PR = (12.8753 L3 0)MeV

E’ BF | “m% . Manlfestly exotic charged hidden-charm
‘ ' tetraquark candidate with strangeness

"1.{///44/:7:‘_ ’7%;//28 . .
4 405 41 415 » With a non-zero electric charge

RM(K™) (GeV/c?) > Thus, minimal quark content => [cCsU]

N

replace a d-quark
C. Q by an s-quark

Z.(3900) Z..(3985)

Frank Nerling Hadron Physics — Spectroscopy and search for exotic XYZ states 38




I First Z. candidates Z(3985) reported oo i

G
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[B4].EOSHL Phys. Rev. Lett. 126 (2021) 102001] — ° SearCh for Strange partner Of ZC(3900)
Total fit

S \[§ = 4.681 GeV — e Zuloses) » Containing s quark in open charm decay

>30f BT e | »efe” - KN(D.D*/DiD)

> ale > Narrow threshold enhancement (5.3c)

o | comb.

v 20 | > M = (3982.57 ;8 £2.1)MeV/c?,

P I = (12.8153 + 3.0)MeV

2 | .

é’ 10¢ * Manifestly exotic charged hidden-charm

tetraquark candidate with strangeness
» With a non-zero electric charge
» Thus, minimal quark content => [ccsu]

|||||||| T T T T T T

[LHCb, arXiv:2103.01803]
, LHCb

* LHCDb reports a Z.,(4000) in B — ¢(J/wK)
> M = (4000.3 &+ 6%, )MeV/c?,
I' = (131 £ 15 4 26)MeV

> JP=1* hidden charm final state
» 10x broader

=> Same state observed in different decays

3.6 3.8 4 mJ/.,K[%*eV] (open/hidden charm) at two experiments?
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HF ,,,,, First Z_.. candidates Z(3985) reported .-
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“ZI;SHL Phys. Rev. Lett. 126 (2021) 102001] — ° SearCh for Strange partner Of ZC(3900)
Total fit

S \E = 4.681 GeV — e Zuloses) » Containing s quark in open charm decay

>30f  BESH Tl > ete” = KH(DD"/DiD)

= o o’ » Narrow threshold enhancement (5.3c)

o : comb. BKG

v 20 f > M = (3982.57 ;8 £2.1)MeV/c?,

PR I = (12.8153 + 3.0)MeV

E ) .

é’ 10¢ * Manifestly exotic charged hidden-charm
f tetraquark candidate with strangeness

S 4.1 4_15 » With a non-zero electric charge
RM(K") (GeV/c) » Thus, minimal quark content => [cCsU]
| [BESIIL Phys. Rev. Lett. 129 (2022) 112003]
S40 \s =4.699 GeV
> BESIT * Search for neutral partner of Z_(3985)
§30 - + » Containing s quark in open charm decay
%20 i * % % % > ete” — KDiD*~ +D:*D")
P + *} ?% thy » Narrow threshold enhancement (4.6c)
510F | + > M = (3992.2+1.741.6) MeV/c?
a0 F ) 'Q I' = (7.7135 £ 4.3) MeV
Y R 3.8
F 74 2 i M ST ST 21 ST _ . .
_9_95 4 405 41 415 4~ => Seem to be isospinpartners

RM(Kg)(GeV/cz)
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The X(3872)
and further X states
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HFHF Experimental review of the X(3872) :
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[Belle Collab., PRL 91 (2003) 262001]

IR * First observed by Belle in 2003

> X(3872) — J/ymtw
> very narrow state with JP¢ = 1++

300 v — It

* Belle & BaBar report signal in
> X (3872) — D'D*Y

200

100 * Mass m[X(3872)] — m[D*°] — m[D"]

X(3872) — JAp :
i =(-0.07 £ 0.12) MeV/c? (LHCb 2020)

oY ’“"J' 1 * Width measurement:
0.40 0.80 1.20 > Txa@srz< 1.2MeV (2011, Belle)

M(z 1T - M(I'T) (GeV) > Tyasrz) = 1.13 MeV (2020, LHCDb)

Analogy to deuteron:

For clarification:

=> Precision measurement with
sub-MeV resolution needed!
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BESIII: First observation of ete™ — v X (3872) — yn 7~ J/p
First observation of e e™ — vX (3872) — ywJ /1

[Phys. Rev. Lett. 112 (2014) 092001] [Phys. Rev. Lett., 122 (2019) 232002 ]

— & T § £ ® §F ¥ % ¥ & ! aV]
12 —_B'ES]]I —+- Data | § I B'ES]]I _: Ei?ta
i Rl TR : — X(3930
% [ X(3872) Total fit _ é) 20_ - X§3960;
% - 6.30 - == Background N o [ f =50 ..
=) ' i g Bac(i(ground
PR - %) - Sideband
: ol EI-
= Tk . >
H[H L €
o LI i :[:[_ l | P 0 0 i W T , A ) B o o (o6 AR AR
3.8 3.85 3.9 3.95 85 3.9 3 95 4 4 05
M(rcJ/y) (GeV/c?) M(wJ/y) (GeV/C )
e m = (3871.9 £ 0.7 4+ 0.2) MeV/c? * Fit with three Breit-Wigner resonances
o I' < 2.4MeV (90% CL) => Evidence for two more structures
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HFHF First observation of ¢+c— — vX (3872) =S
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BESIII: First observation of ¢te™ (4260)\~> vX (3872) — ywJ /9
First observation of eTe™ —\Y (4260}~ vX (3872) — yntn— J /4

cross section

a [Phys. Rev. Lett. 112 (2014) 092001] e [Phys. Rev. Lett., 122 (2019) 232002 |
2 0.8 Q :
— T BESTI —+-Data £ o[BS —+-Data
3 I A B-ESIII 2014 = I — Fit of Y(4260)
> 0.6 nniny — Fit of Y(4260) < C o)y N E T
B i line shape 3 1.5
= 0.4 T '
I & I
Y. 5
0 0.2 ® 0.5F
<X | = l
< OF——F] —Le— v 0 —— : ¢
o) 4 4.2 4.4 4.6 4 4.2 4.4 4.6
I's (GeV) \'s (GeV)
e m = (4200.6773'; £ 3.0) MeV//c? * Shape consistent with production
o ['= (115138 + 12) MeV/c? via a Y(4260) state

[Subm. to Phys. Rev. Lett., arXiv:1903.04695 [hep-ex]]
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Again a Zoo of (exotic) hadrons ...

JOHANN WOLFGANG

UNIVERSITAT
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GOETHE

iBaryon
Meson
I Lepton
need some scheme
- ification...
- for C\aSSIflca a, (1318) [ E 3 B ]
o ST LHCB-FIGURE-2021-001
- f (980) | 1 L ] ]
n_ (956)
K® (498) K (882)
K (494) o (782) 55 new hadrons at LHCb
K" (494) p (770)
T (140) n
Ol uz :
X(6900) “T
| | | | W—— | | | ®
1930 1935 1940 1945 1950 1955 1960 1965 Q,(6350) =,(6333)0
B Ao(6152)° Qp(6340)2 (o0 Z,(6327)°
=p(6227) " Ay(6146)° =nl ) =
- +.,0
6000 - Ap(5920)° =5 B,(5970) O [
./\D(sglz)o 'y .‘3,(5840)+-° I,(6097)* No(6070)°  B.(6114)°
3,(6097) " B.(6063)°
§ 5000 A -
(] X(4700) X(4685)
2 P-(4450)* .X(4500) P (4457)* .X(4630)
v
n : .X(4274) P.(4440)* Z..(4220)*
z ® bd P.(4380)* Pc(4312) Z.(4000)*
- o (a7
4000 1 @ cclqqg) X(3842) @ ° -
"+
@ cccc e @ T
® <« "
L Q.(3119)
® <qqq D,13000)*° ) " 0(3090)° Z(2939)°
3000 4 W bag D,(3000)° %1(2860) A.(2860)* Q(3066)g X1(2900) -
D,12760)* Q.(3050) _ X,(2900)
cqq ) @ : 0 z(2923)° :
- D)(2740)° g D;(2760)°  (3000) = P +
B c<cqqq D,(2580)° D:x(2590)
I I 1 I I T 1 1 Ll
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Date of arXiv submission
[Polyakov, EPS-HEP-2021]
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Search for the Y(2175) in photo-
production at GlueX
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CHIGAN Toronto
O

Detroit : NEW YORK
0’ MASSACHUSET

PENNSYLVANIA

CEBAF at JLab

VERMONT 5 = 5

NEW
HAMPSHIRE

L LETEL

CONNECTICUT

\ OHIO
IS MARYLAND
T DELAWARE
VIRGINIA
CKY Jefferson Lab
VIRGINIA
NORTH
CAROLINA
nta SOUTH
CAROLINA
5EORGIA
Jacksonville
O
Orlando
(- —~pre e o

Frank Nerling
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HEHE  GlueXin Hall D at CEBAF, JLab ="
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Forward Calorimeter
Time of Flight

Barrel Calorimeter

Hall D
(GlueX)

Start Counter

Target

Photon Beam

Taqggin
Mggne?c Forward Drift
_ Chamber
it Electron o
Chamber

Solenoid

Radiator

12 GeV electron beam from CEBAF accelerator
Coherent Bremsstrahlung on diamond radiator
Linear polarization in peak at ~9 GeV: Py ~ 40%
Energy tagged by scattered electrons

Beam intensity: 1 — 5 - 107 y/s in peak
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HFHF  GlueX in Hall D at CEBAF, JLab
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Hall D Forward Calorimeter
(GlueX)

Time of Flight
Jeffe: Barrel Calorimeter

Start Counter

Target

Photon Beam

——
|

Linear polarization in peak at ~9 GeV: Py ~ 40%
Energy tagged by scattered electrons
Beam intensity: 1 — 5 - 107 y/s in peak

o
—

'
prettitigg

95 10 105 11 115
Photon Beam Energy (GeV)

2 S50E- D d: PARA E Tagging
= = —— Diamond: = _
5 3001 — Diamond: PERP - Magnet Forward Drift
£ 250F — Aluminum = Chamber
< = 1 Electron _
$ “oF 9 Beam Central Drift
' 150 = Chamber
g : § Solenoid
§ 1005_ E Radiator SN
50

% 05? (b) ; ¢ * PARA _
N 04F § o + = PERP E * 12 GeV electron beam from CEBAF accelerator
8 0.3F = : :
= ook B 4 E * Coherent Bremsstrahlung on diamond radiator

| :

o

N T
(6]
m_
(o 0]

(¢]

(o]

[
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HFHF The Y(2175) — strange partner of Y(4230)§£§§Igg5§££

[Phys. Rev. D. 74 (2006) 091103] [Phys. Rev. D 99, (2019) 032001]
LI I L I LI I LI I | LB ’ L l | PR ) I LI I LI l
- . —4— BESIII
Ir ‘ 51 SIS S 6-- BABAR
03Fte e i Fit
i ‘ Y(2175) s [ LA m = 2239.2 + 7.1 MeV/c?
~ 075 ! 4 2 5 2— AL
.-\% E ‘b’ = § G) [=139.8 +12.3 MeV
B i ‘o
S 05 L :
[ i { L
0.25 B i | ] 2 it 2.4 2.6 2.8 3 3.2
“r - (s (GeV)
---------- + Ty, t 7 e*e” — K*K~ cross section at /s =2.00-3.08 GeV
Pl + ]
- J_..-l“‘l‘ l - l - l = == l L1l l - l Ll 1 l Ll ﬂ M _— 2239-2 :t 7.1 :l: 1 1.3 MeV/C2
14 16 18 2 22 24 26 28 3 |
E_ (GeV) I = 139.8 + 12.3 +20.6 MeV
First observed in ISR, BaBar PDG: Larger spread in individual resonance

parameter measurements, e.g. above
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Bl
HERF The Y(2175) — strange partner of Y(4230)§£§£§£§§§g

$(2170) mass measurements [Phys. Rev. D 99, (2019) 032001]

No

16} PDG average _: —3$— BESII

- PR D104 032007 B 2O - -
14 PL B813 136059 035;;? R ? B.ABAR

; PR D102 012008 LR Fit

- PRL 124 112001 BT
L Lopbeileier = [ i\ m = 2239.2 + 7.1 MeV/c?
10} A “}l % 02 o I =139.8 + 12.3 MeV
8k PR D91 052017 i @

i PR D86 012008 F :
6 R D80 01 0.1—

i PRL 100 10200 =
4+ PR D7 I I BRI S i TR o

_ 2 2.0 24 26 28 3 3.2
2 1 074 091103 fs (GeV)

soatfis WMo sV cms s ete~ — K*K~ cross section at /s =2.00—3.08 GeV

2%00 2100 2200 2300 2400

m, [MeV/c?] M =223924+7.1+11.3 MeV/c?
= 139.8 + 12.3 +£20.6 MeV

PDG: Larger spread in individual resonance
parameter measurements, e.g. above
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HFHF =

S Prediction for photoproduction
[Phys. Rev. D 99, 114014 (2019)]
20 . . . :
Y ) T-1.3 = ==
| — T-1.0 —
® 15} B —-
. O o 1
1 o
<
g
=
s
| @)
| ©
p - | " D - s oy b e Sl S
e 1.8 2 22 24 26 28 3
My, (GeV)

* Investigation of reaction yp = ¢np @ E, = 8 GeV
* Assumption: '(Y(2175) = ¢n) = 6.6 MeV (quark model)
* Peak integral: 0, = 885 pb (with 0.« = 7nb, ' = 83 MeV/c?)
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HFHF Study (I)n'n' photoproduction
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K+K- [Phys. Rev. D 99, 114014 (2019)]
X 20 : : . :
v $(1020)
A o 15}
Q
— > - £,(980) e
0 N £ 10!
A e g
2
| © of
| ©
P " | - p i S R oy R A s
16 18 2 22 24 26 2B 3
Mo (GeV)
* Investigation of reaction yp = ¢np @ E, = 8 GeV
* Assumption: '(Y(2175) = ¢n) = 6.6 MeV (quark model) Timeline f£1
* Peak integral: g, = 885 pb (with 0., = 7nb, [ = 83 MeV/c?) 204——(-;7;;)\
* [(Y(2175) = @fy(980) / I'(Y(2175) = on)) = 1.37 (2018 103 >
~2020— 32—
> For Y(2175) =¢fy(980): 0y = 1212 pb 2023
2024
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HF | Event selection -
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* Apply loose PID selection (dE/dx, ToF)

* Form y K*Kn*n~p candidates

* Perform 4C of K*K "™ p t0 ypareer System together with
* Vertex fit of K"K n*n~ p system

L event candidates

) * Apply beam energy cut E, > 8 GeV .
* Apply momentum transfer cut —t < 1 GeV?/c* (fiducial)
* Apply veto cut for A*(1232): m > 1.35 GeV/c? I event selection cuts
* Require [IMM?| <50 MeV?/c*for missing mass squared
* Require 3¢y <70 -
1)

* Determine ¢(1020) yield using a Voigtian fctn.

[K. Goetzen and F. Nerling, behalf of GlueX,
Conf. Proc. HADRON2023 & MESON2023]
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Event selection (ll): MC vs. Data

%1072 E, distribution
3 i) — Data
30 § — MC
25¢
| GLUE%
20r [ =
Preliminary
15T
|
10 I
—>
5f |
|
0 ] 1
8 10
E, [GeV]

* Photon energy:

E, > 8 GeV

[K. Goetzen and F. Nerling, Conf. Proc. HADRON2023 & MESON2023]

t distribution
3 (b — Data
— MC
0=k :
|
«
|
|
103} I
[
! GLUEXW
: Preliminary
—4 | 1
1% 1 2 3
-t [GeVZ/c?]

* Momentum transfer:

-t <1 GeV?/c?

—
©
o

JOHANN WOLFGANG $38 GOETHE

UNIVERSITAT

%107 m(pn*) distribution
30 —MC
25}
Gu’

201 —> Preliminary
15}
10}

5 L

14 16 18 2
m(pr*) [GeV/c?]

* Veto A(1232)**:
m(1T*p) > 1.35 GeV/c?

Frank Nerling
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. xig® x? distribution IMM?| distribution
8 30 s (a) — Data 3 (D) — Data
20+ «—
- ] 10 |
15}
10 “ 10—3 L
5] G’
! Preliminary E 10-4 s Preliminary :
00 10 20 30 40 50 60 70 80 90100 0 20 40 60 80 100
X IMM?| [MeV?/c*]
* 4C and vertex fit quality: * Missing mass:
y2 <70 (ndf=11) < eV2/c
2<70 MMZ?| < 50 MeV?/c*

[K. Goetzen and F. Nerling, behalf of GlueX,
Conf. Proc. HADRON2023 & MESON2023]

Frank Nerling Hadron Physics — Spectroscopy and search for exotic XYZ states 56



HFHF @(1020) signal in different data sets 8

JOHANN WOLFGAN Qt‘ GOETHE
eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee N
rrrrrrr UNIVERSITAT

FRANKFURT AM MAIN

%10° Invariant KK~ mass x10° Cumulative inv. K'K™ mass
€ lG@ — Sosi0)
32 q0L —— 2018 Spring | 3 25;
° —— 2018 Fal 2
8:— 20:-
4:_ 10}
of 5F
: GLUEXW : GLUEXW
i Preliminary i Preliminary
f98 "1 102 104 106 1.08 1.1 098 1 1.02 1.04 1.06 1.08 1.1
m(K'K") [GeV/c?] m(K'K") [GeV/c?]

* Fit signal with function (V = Voigtian):

f(m) =V (m;mo,Lg, Ores) + |m — m P.o—Am
y 1105 L 0y Ures t

* Fix @-shape parameters to extract distributions slice-wise (K. Goetzen and F. Nerling, behalf of GlueX.
Conf. Proc. HADRON2023 & MESON2023]

for m > my,
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MC 17: m(K*K") vs m(K*K™nt*w)

Preliminary

22242628 3 3.2

+1/— 2 —

m(K'K*m) [GeV/cT] o\o

>

(&)

o

2

O

[5)
[K. Goetzen and F. Nerling, behalf of GlueX,
Conf. Proc. HADRON2023 & MESON2023]

Frank Nerling Hadror

reconstructed MC evts.

Slice-wise efficiency determination

@
JOHANN WOLFGANG (A

UNIVERSITAT

FRANKFURT AM MAIN

GOETHE

o generated MC evts.

" | — 2018 Fall

— 2017
—— 2018 Spring

9.4 1.61.8 2 2224:2.62:8 3 3.2

. x10® .
g eol — 2017
:; Bacs ."". —— 2018 Spring
50 :......’_ — 2018 Fall é 1.4f (a)
40t :o. ‘-:0 o 1.2}
sof T Es ! -
e N 0.8} S
10 :zf’: ..°':E:!:. Nl .._‘.
.Ef.l. 1 1 1 1 1 I...% e o... o..
41618 2 22242628 3 32 02} 2oe”
m(¢n*r) [GeV/cT] !3':'.
reconstruction efficiency
7+()
[ #mnmw"o‘
6 ,}+ .
[ Coe =
R i ot
¢ “o,
L “".ﬂ
4 [ .‘.wm.. ++#
| & o
Sk Soe,,
; ‘."‘m
2 L
— 2017
1|— 2018 Spring GL%
2018 Falll ~ Preliminary
Loyl g [ e S peg gt ooy pey
9.4 1618 2 84224 2628 3 32

m(on*n) [GeV/c?] s

m(on*n) [GeV/c?
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HFHF Slice-wise fits & @ signal shape parameters ...--g..
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s el Data 2018 Fall _ x10® Inv. K'K” mass (2018 Fall)
2 s - € [(c)
= i 4 S |
31.08 !500 g 101
®, _
1.0 0 8
E |
1.04 . 6r
1.02 e 41 /
1 GLUE% L 2 ’ GLUE%
Preliminar [ - Preliminary
098 0 8...1...1...1...1...1...
141618 2 22242628 3 32 98 1 1.02 1.04 1.06 1.08 1.1
m(K'K ') [GeV/c?] m(K'K") [GeV/c?]

* Fit yields in 45 MeV slices in 4-body mass with fixed signal shape
* Signal shape parameters m and o, determined from data (coarse scan)
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HFHF »olice-wise @ fits“, data
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18

o 01] [03] 180 [05]

14 160

12 140

10 120

8 ‘ 1 }

6 80

4 o

4 2t

0

-2 * 1 20

0.@ 1 162 1.& 1.% 1.63 1.1 . 1. 1. 1. 1E 1.1 A 1. 1.1 & B 1 102104106 108 11 fptji @ N m U'§ L | A 1. 'R i1 . s L L [ £ 1. 1. 14

m(K'K") [GeVic?] m(K'K') [GeVic?] kK )[GeV ic?] m(K*K') [GeVic?] miKK) [GeV c? m(K'K) [GeV ‘c?] m(K'K') [GeVic?]
[09]] &0 [10] 1] soof 12E 500 3] 450 [16]
500 500
o t ]- 400k | 400
400 4 400 | i / 400 800
00 ¥ } R 300 ! L 300 o
200 "\’ 200 200 200F 200
100; * 100 # 100 t’ 100} # 100
b ' A ‘«
&ﬁ 1 16? Lm ‘Lw 1.@ 1.1 (Ptjﬁ 1 1,&2 1,& 1,% 16§ 1.1 &Q‘g F O 14 104 1% 1. c o o - N - . D o .5 l.m Lw 1U§ 1.1 W ‘LM 1.& Lw 1.1'55 1.1 i ) 1 L - E § L 1. 1. 1l
m(K'K") [GeVic?] m(K'K') [GeVicT] K) G m(KK) [GeVic7] m(K'K') [GeVic?] KK )[GeV c7] m(K'K") [GeVic?]

500 400

g
g

g

17]] *° 18]] 450 21 ] 24
U7 oo [18] it [21] 2 i [24]
| 350 L U I \NN\NS 300 250)
300 {‘ 300 250
250 V| 250 V 200 o |
200 | ?Osg : Zgg 3 i 150
1 1
1000 - 100 i 100p |, g~ 100 ‘:g =
i 50} o 50 . . 50 )

' ' Preliminary s o '
Tz s Toe Toe 11 d% T T2 ToAT6 108 11 (%8 7 102104106 1. TT0s 106708 11 008 T 102704706108 1.1 098 1 1027047106 108 1.1 (08 1 102 104 1.06 108 11

m(K'K) [GeV/c?] m(K'K) [GeV/cT] miK'K) [G m(KK") [GeVicT miK'K) [GeVicT] m[KK)[GchZI miK'K) [GoV/e?]
=
5] 28] 300 28] @2 & @Oy 220 . B2
300 300] 250k 250 200
250 200 180
250
200 200F 200 160
20 “ 50 o 120
150} 1
150 i . . | 100
100 100 100} } 100 | 0
60
50 50 50t - 50 50 e 40
I & & L 0)
Pog itz ioa 0608 11 B9 T2 702106108 11 TR TR ORI AR TR TR T T 08T 06 108 11 Q08 T 02 T04 106108 11 098 1 102 104 106108 11
miK'K) [GeV/c?] mK'K) [GeV/cT miCK) [GaVic] miK'K) [GeVicT] m(K'K") [GoV/c] miKK ) [GeV/c?] miK'K ) [GeVic?] miKK-) [GoV/c?]
)
160 [33]| 140 [34]| 120 [35]| 100F 80 [B7]| 70 70 | [39] [40]
140 120 100 sot 70 60
120 100 60 50
100 - 80 60} 50 40
= 60 i 40f c 20
80 40 30 20
% 40 5
i - 20 20F 10
20 20 m a;ll 10
' L4f Ry 0
fog T s s 11 098 T T TR 08 108 1 &g T TR T 08 11 008 1 TO T4 0608 31 0% T 00 08 06 108 31 098 1 TOT IO TR TO6 T 008 i 107100 T8 11 088 T 102104 (B8 it i
miKK) [GeV/c'] mK'K) [GeVic] KK GaVich miKK) [GeVic] m(K'K) [GeVic?] mK'K ) [GeV/cT] kK [Govic miKK) [GeVic]

* Single slice fits data (here for 2018 Fall) o R ONa0 &Moo
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* Determine mass-dependent cross section:

dO’ N¢ (mz)

x10° #(1020)-yield do/dm(yp — &(1020) n*mp) do/dm(yp — #(1020) t*np) (comb.)
8 .f (a) — 2017 o — 2017 < 20-(0)
s Op ++ 4 |—2018Spring = 20} (b + — 2018 springl > 1af “ﬂ
Z | # — 2018 Fall & 18} * — 2018 Fall 3 o ++ +++
% W#i“ # 2 16 #ﬁ 2 w5
; # +4,++¢ = 2 1 r\ 5 s + +¢‘
§ oy + . = 40 % e ; A
: h ti% 8t 8F ¢ R
1r # ++++++ ¥ #’, “# st .t 6r : +
[ T N 4 . 4’
&,. ., Preliminary | '0.:21 2&:# | Preliminary 2 ;’.‘ | Preliminary 4
41618222242628332 416182222426283322 941618222242628332
m(on*n) [GeV/c?] m(om*n) [GeV/c?] m(om*n) [GeV/c?]

* Combine results by bin-wise via ,weighted average“ method:

> W i
D i Wi
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HFHF Mass-dependent cross section result

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

=> Take differences in cross section of
default vs. varied fit as systematics
Source dsys,avg | /0]
¢»(1020) branching fraction 1.0
\? requirement 0.9
MM? requirement 0.4
Accidentals 0.5
KT K~ binning 0.7
A(1232)*T+ veto 2.8
»(1020) fit model data 0.8
»(1020) fit model MC 0.7
¢»(1020) fit range 1.6
»(1020) veto range MC 0.5
»(1020) integral range MC 0.1
®(1020) param. interpolation 0.5
Total systematic uncertainty 4.7

[K. Goetzen and F. Nerling, behalf of GlueX,
Conf. Proc. HADRON2023 & MESON2023]
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do/dm(yp — ¢(1020)t*np)

oo S

3 iiii iii

; Hiﬁ F

- " it i

- : H

- §

iy :

. i;

_ !! !5;,
i :
41618 2 0004 2628 3 82

m(¢m*n) [GeV/c?]
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* Fit signal + background in combined spectrum
> 1 Res.;: f(m)=V(m;:m1.T'1,0vs) + Ta(m)
» 2 Res.: f(m) =Vi(mimq,I'1, 0res) + Vo(m:mo, I's, Ores) + T4(m)
> V = Voigtian, T, = 4" order Chebyshev polynomial

* Use weighted mass resolution from MC (o,.s= 24.6 MeV/c?)

do/dm(yp — ¢(1020)*mp)

== N
o O
EEmm

* Repeat for each systematic variation

- -t
~ O

* Systematic uncertainty: Difference to nominal result

do/dm [nb / GeV/c?
N

—
© O

* Additional systematics are:
» m(¢nn) fit range
» m(¢nm) fit model (degree of bkgd polynomial)
» $(2170) mass mg (by +/- 10)
> $(2170) width Ty (by +/- 1)

-2
14 16 18 2 22 24 26 28 3 32
m(¢n*n) [GeV/c?

AppONAO N A O

pull [o]

* And we take the (larger) difference as systematic uncertainty
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. . iI=55 1L
JALLIELLE Fixed Y(2175) parameters - fit a,) ——
- do/dm(yp — ¢(1020) " np)
- (a) +4
18¢ ?rell% R1: Fixed PDG parameters Y(2175)
16 - Iminar
14k m¢(2170) = 2162 £+ 7 MeV/cz
129F F¢(2170) — 1001_31 MeV/c2
10F
8F 4
5
+
4r + ’-o-.
21 -
O _." Ry | 1 4_/1\ ] 1 1 5)
4 ....................................................
8 T+ """"""""" . -H++ + ¥ 5, ot
_i ........ E TN o ++ .|....._]_......'.I.' Tl
1416 18 2 22 24 26 28 3 B2

[K. Goetzen and F. Nerling, behalf of GlueX,

m(¢n*T) [GeV/c?]

Conf. Proc. HADRON2023 & MESON2023]

0 g(2170) = 174 £ 69 (stat.) == 218 (sys.) pb
0%(2170) < 499 pb (CLQO) [Z = 1.60 (210’)]

Frank Nerling
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do/dm [nb / GeV/c?]

[K. Goetzen and F. Nerling, behalf of GlueX,

_4 T e T T S B e e B e s Bt
14 1618 2 22 24 26 28 3 B2
m(¢n*n) [GeV/c?]

Conf. Proc. HADRON2023 & MESON2023]

. . =5 I
BLALE Fixed Y(2175) parameters — fit a,) -
- do/dm(yp — ¢(1020)t*np)
- (a) +
18k + cje:n% R1: Fixed PDG parameters Y(2175)
:‘61: m¢(2170) = 216247 MGV/C2
12 T 4(2170) = 1007357 MeV /c?
10F

R2: Possible structure at m ~ 1.8 GeV

0 X (1800) < 615 pb (CLQO)

04(2170) = 232 £ 68 (stat.) = 91 (sys.) pb
0 (2170) < 379 pb (CLQO) [Z = 1.50 (180’)]

Frank Nerling
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Fixed Y(2239) parameters - fit b,)

do/dm(yp — ¢(1020) "1 p)

N
T

T 2 o)
S {8f GLuE
< = Prelin‘wg
9 16 ST . e
=R
_E 12;—
2 10
8F +
of *
C 4
4 - "‘,..
2k » A o
2". A ] ] oI oo g Y 1 ] J
g %_+++-l++ ..... : +.++..-I-+-I—|-|-. .+
s o —— % S 1 = o "L e M » sl
= oo
]

m(or*) [GeV/c?]

[K. Goetzen and F. Nerling, behalf of GlueX,
Conf. Proc. HADRON2023 & MESON2023]
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R1: Fixed parameters Y(2239)

My (2239) = 2239.2 & 13.4 MeV /c?
Ty (2239) = 139.8 £ 24.0 MeV/c?

[Phys. Rev. D 99, (2019) 032001]

—$— BESIII
...... o BABAR

Fit

m = 2239.2 + 7.1 MeV/c?

o (nb)

02— o4 §.:  =1398+123MeV

SR T o ~PS
P TR R Il A LE rs
2 2.2 2.4 2.6 2.8 3 3.2
{s (GeV)

Oy (2239) = 641 + 82 (stat) + 181 (sys.) pb
Oy (2239) < 896 pb (CLQO) [Z =9.To (600’)]

Frank Nerling
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HFHF Fixed Y(2175)‘ parameters — fit b,) 8
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do/dm(yp — ¢(1020)*np)

- -
- s

LI L L

do/dm [nb / GeV/c?]

Gu

Preliminary

| — — b N b |\)
NonA~EO N A OO 0O O N A OO O O
R R [

_E T, Tyt atdE o4, -|-..-|-+_-|-++_ s
I S, THRLLULLLLL AT - sk i 7 S i 2 L
a + &

N

[K. Goetzen and F. Nerling, behalf of GlueX,
Conf. Proc. HADRON2023 & MESON2023]

14 16 18 2 22 24286 28 3 B2

m(om*n) [GeV/c?]

JOHANN WOLFGAN Qt‘ GOETHE
UNIVERSITAT

FRANKFURT AM MAIN

R1: Fixed parameters Y(2239)

My (2239) = 2239.2 & 13.4 MeV /c?
Py(2239) = 139.8 + 240 MGV/C2

R2: Possible structure at m ~ 1.8 GeV):

UX(18OO) < 701 pb (CL90)

Oy (2239) = 629 & 83 (stat.) £ 130 (sys.) pb
Oy (2239) < 826 pb (CLQO) [Z =4.70 (510’)]

Frank Nerling

Hadron Physics — Spectroscopy and search for exotic XYZ states 67



HFHF Summary E%_][

Helmholtz Forschungsakademie Hessen fiir FAIR U N I V E RS I T A T

FRANKFURT AM MAIN

* Analysis of reaction yp = K'K ' p
* Measurement of differential m"n production cross section o(yp = ¢n'np)

* Search for Y(2175) + other resonances gives

Co oo seton oo v b 2

Fit a;: Y(2175) fixed 174 + 69 + 218

Fit a,: Y(2175) fixed 232+68+ 91 379 18 15
Fit by: Y(2239) fixed 641 +£82+181 896 6.0 57
Fit b,: Y(2239) fixed 629+ 83+ 130 826 51 47

* Fit with Y(2175) PDG parameters = no evidence (Z < 30)
* Alternative fits with Y(2239) parameters (fixed) = evidence/observation (Z > 3)
* Signal strength of Y(2239) in ball-park of predicted o = 1200 pb

* Find 2" structure at around m = 1.8 GeV/c?
> UL(CL90): o < 615 pb (fit a,) and o < 701 pb (fit b,)
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HFHF Summary

Helmholtz Forschungsakademie Hessen fiir FAIR

UANIVEEQSTAIT
* Analysis of reaction yp = K'K ' p
* Measurement of differential m"n production cross section o(yp = ¢n'np)

* Search for Y(2175) + other resonances gives

Co oo seton oo v b 2

Fit a;: Y(2175) fixed 174 + 69 + 218

Fit a,: Y(2175) fixed 232+68+ 91 379 18 15
Fit by: Y(2239) fixed 641 +£82+181 896 6.0 57
Fit b,: Y(2239) fixed 629+ 83+ 130 826 51 47

* Fit with Y(2175) PDG parameters = no evidence (Z < 30)
* Alternative fits with Y(2239) parameters (fixed) = evidence/observation (Z > 3)
* Signal strength of Y(2239) in ball-park of predicted o = 1200 pb

* Find 2nd structure at around m = 1.8 GeV/c?
» UL(CL90): 0 <615 pb (fit a,) and o < 701 pb

Under internal review for publication
- paper submission to journal soon
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* New era of charmonium-like exotic states started two decades ago,
and more than 20 unexpected XYZ states have been discovered

» Supernumerary vector Y states consistently resolved (statistics)
= Two structures consistently resolved in all three systems
" Y(4260) and Y(4360) =2 Y(4230), Y(4390)?

» Charged Z; states are manifestly exotic states
= First complete isospin triplets established
= First strange partner(s) reported, incl. neutral partner

> The first of the XYZ states discovered, the X(3872), still not understood
= Consistent picture in B decays and e*e” production
= [ine shape to be measured precisely 2 pp annihilation experiment
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HF Summary and Prospectives
’ UNIVERSITAT
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* New era of charmonium-like exotic states started two decades ago,
and more than 20 unexpected XYZ states have been discovered

» Supernumerary vector Y states consistently resolved (statistics)
= Two structures consistently resolved in all three systems
" Y(4260) and Y(4360) =2 Y(4230), Y(4390)?

» Charged Z; states are manifestly exotic states
= First complete isospin triplets established
= First strange partner(s) reported, incl. neutral partner

> The first of the XYZ states discovered, the X(3872), still not understood
= Consistent picture in B decays and e*e” production
= [ine shape to be measured precisely 2 pp annihilation experiment

* New production mechanisms important to be explored
» Further understand the nature of these exotic states
= Strange partner candidate of Y(4230) first adressed in photoproduction
= Further important other processes = pp annihilation experiment
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* New era of charmonium-like exotic states started two decades ago,
and more than 20 unexpected XYZ states have been discovered
» Supernumerary vector Y states consistently resolved (statistics)
= Two structures consistently resolved in all three systems
" Y(4260) and Y(4360) = Y(4230), Y(4390)?
» Charged Z; states are manifestly exotic states
= First complete isospin triplets established

IS

" First strange partner(s) repQuied—iset Xartner

» The first of the ¢ ‘ 2), still not understood
n ConsistentXThank you = ation

m [ ine shape eoret precisely = pp annihilation experiment

* New production mechanisms important to be explored
» Further understand the nature of these exotic states
= Strange partner candidate of Y(4230) first adressed in photoproduction

= Further important other processes = pp annihilation experiment
Outlook: ,QCD at FAIR" initiative D

at
= Synergies between hadron physics and heavy-ion communities F _\I R
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