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Why Hadron Spectroscopy?

.. | E—
Remember the hydrogen atom... Y "
- \ 25, __ F=1 015 MHz
25y 2, 2P : 2P, TR B
Shift:
— -43.5 GHz 8.2 GHz 1.é=G1Hz - 1.2 MHz
E=nR._/n? e~ spin QED proton-spin prot;n size
V~1/r relativity HYSs ~ i) i, Vo 1/r
0.5
Similarly: study QCD through the excitation spectrum e et
of strongly interacting particles 04 " Hacron Collons
- Strongly coupled theory o
03}

 Models, effective theories, L-QCD
* Which are the correct degrees of freedom? 02
 \What are the effective forces?

0.1+t

=QCD oy (Mz) =0.1189+0.0010

[S. Bethke, Progr. Part. Nucl. Phys. 58, 351 (2007)] 1 Y 0[Gevy
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Light Meson Spectrum
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Quark model:
* SU(B)ﬂavor:

g7 =33=8d1

e color singlets

e Ground state 0~*, 1
nonets ok

* Many predicted radial and
orbital excitations missing /
unclear

[Amsler et al., Phys. Rept. 389, 61 (2004)]
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Light Meson Spectrum

('\/I\
§2.5 ] . — - _— J—
8 Bl u i _ —e330) | 703 1 B34 . Pl FEEI O FEIREEEN — p.(2350)
= —] - p(2278 — | [— s | - | — o o | 1 ) -I
- Q| =1 L £,(2300) Tol— <ol x o a7 C =
* =4 08| = =] 1 F(.T—’Z‘)g) L P | m—05 i PO ——oagf ¢ o150 | = i I
S { __6(170 £,(2100) 1| =100 T(’H?) i — —_
- (o] 0@ <l — —
-nmo‘ L) [p— I £ : _ : [4(205(2 20299
— - O(196()| ==— Oy — — | = K | 0,(197 - — °
2 i % - : = & . i 2005 u | N l 2,(2040 o.
- - n(losg (19500 $ [— ——1945) 6.(1850) | — s
X(1835) | p190d) 0 '1 L9100 7,(1880) o — e £,(1810)
- 1 (»(’ nz(lxm — I
et £,1710) [ — 2U690) /\
- n(1760) [ 2UO89) [ == a,(1640) | _ a (1708 (1670 | w(165¢) — m,(1600)
| — e [ s ° — o "e
hgw%y —I_ u?m - . (1670
. p(170( 510y | ¢ otss > n,(1645 %
: (15250] - —
1.5 — 799 | _gasdf __ L1309 1 4 ) 5570
: (1408 3 1 (1380) [ 4 (14 é 2‘20 £,(143)
— o o(1420) (o] a,(1420 1320 n,(1400)
] _7\:(]3.0( £,(1374 f](llXS.) °
2
n(1295) =Rl 23 _m((* £ 1270)
= a,(120
h,(mg) \_) 2
- ~
— £,(980 S
|- ° \( ) 5
o «J\ﬂ' é
&
«
. — @ O
_ p
° PDG established, QM assigned
11— 1 ° PDG established, QM not assigned
0.5 — o PDG not established, QM assigned
: £,500) o PDG not established, QM not assigned
= PDG further states, QM assigned
- Quark model, PDG assigned
Quark model PDG not fully assu,ned
. n
_ e . . .
= Relativistic Quark Model: [D. Ebert et al., Phys Rev D 79 114029 (2009)]
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[V. Santoro, Hadron 2015]

B. Ketzer
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Quark model:
* SU(B)ﬂavor:
g7 =33=801

e color singlets

* Many new (narrow)
states discovered in
recent years

» Assignment not clear

* Some definitively not
charmonium-like

[N. Brambilla et al., EPJ C 71, 1534 (2011)]
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Exotic States

Volume 8, number 3 PHYSICS LETTERS 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, 2z = -7, and baryon number 3.
We then refer to the members u3, d-7, and s-3 of
the triplet as "quarks" 6) q and the members of the
anti-triplet as anti-quarks q.| Baryons can now be
constructed from quarks by using the combinations
(aqq), (@gaad), etc., while mesons are made out
of {(qd), (qgdq), etc.|It is assuming that the lowest
baryon configuration (qqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (qq) similarly gives
just 1 and 8.
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Exotic States

@@o QDs@Ds @Po(@Po  (99)sg (99)0
Tetraquark  Molecule Hybrid Glueball
+ ...

Need:

« Large data sets with small
statistical uncertainties

« Complementary experiments

Where are they?

How to identify them?

 Spin-exotic: J7¢ = 0,07, 1°",... - production mechanisms
* Supernumerary states — final states |
- Flavor-exotic: |Q|, |I3],|S],|C| > 2 « Advanced analysis methods

— reaction models

« Comparison with models, lattice _ theoretical constraints

B. Ketzer Exotic Mesons in COMPASS
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The COMPASS Experiment

HiskP
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The COMPASS Experiment A
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The COMPASS Experiment

Two-stage spectrometer
B Dipole magnets

B Tracking detectors
CIRICH

EEl.-mag. calorimeter
Hadronic calorimeter
B Muon identification

[COMPASS, P. Abbon et al., NIMA 779, 69 (2015)]
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3 Final State
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[C. Adolph et al., Phys. Rev. D 95, 032004 (2017)]
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What is a Resonance?

* “Not every bump is a resonance, and | 2 o s i st o2 avmy
not every resonance is a bump”

What 1s resonance?

« Resonances have complex properties By R.H.Danirs, FRS.
. . . Department of Theoreltical Physics, Oxford University,
like mass and width, which do not sxD R.G Moosmouss

Department of Natural Philosophy, Glasgow Universily

depend on the experiment or the
specific model

« Resonances correspond to poles in the
S-matrix on unphysical Riemann sheets

e S-matrix: S=1+IiT
* unitary
* analytic

Transition (reaction) matrix:

= (2m)*6\ . o
T mZ:1 p 7;1 D ﬂl—zll 1;[ \/7
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Partial Wave Expansion

For a 2-body reaction: expand scattering amplitude in partial waves

oo

My = A(s,t) = > (20 + 1) Ay(s)Py(cos )
£=0

* P, Legendre polynomials = angular distribution
* A, transition amplitudes = dynamics
» General parameterization for elastic scattering through resonance

21 k

2i00(8) __
Ay(s) — 87Tk\/§ me(s)e 1 87T\/§Tg(8>

« Forisolated, narrow resonance: Breit-Wigner parameterization

mOF

m2 — s — imol’
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Partial Wave Expansion
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Partial-Wave Analysis

Total intensity 1** Waves
80 000 i Tf_p—)fT_TrJTl'+p (COMPASS 2008) ....... 12 000 ' Tf_p—n'r'rr'y"r*p (COMPASS 2008) ------- _
" 0.724<t'<1.000(GeV?) — total ] 0 rrPowave Al
| ] L 0.724 <t'<1.000(GeV?) ]
1+ All _ 10000} — 10 () s TP -
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© e
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mgn(GeV)

« Largest wave-set to date: 88 waves
« Independent fits in 100 bins (20 MeV) of m5, and 11 bins of t’
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New a,(1420)
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New a,(1420)

[C. Adolph, et al. (COMPASS Collaboration), Phys. Rev. D 95 (2017) 032004]
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Freed isobar analysis (model-independent isobar amplitude):

« Replace fixed parameterization of 2-body amplitude J£¢ = 0t* by set

of free (complex) parameters in 2-body mass bins 1
* No separation into several isobars
« Amplitude for J£¢ = 07" isobars determined from data for three

J£rc _ 0——|—7 1-1—-}-7 2—-|-
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New a,(1420)

-

Exotic Mesons in COMPASS

dv=n+L-1 g
Issues to be clarified:
3 ++ 3 _ .+t 3 - 3 g
* Does not fit to radial excitation
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Chen et al., PRD 91, 074025 (2015
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Press Echo

Science Ticker

Particle Physics

New particle may be made of four quarks
By Andrew Grant 4:48pm, February 2, 2015

Das Wissensmagazin

B Rubriken | 3 Freitag

Exotischer Teilchenzustand gibt Ratsel au
BN Neu entdecktes Zerfallsprodukt ldsst sich nach ga
Physik nicht erkldaren

N Physikalisches Ritsel: Forscher des CERN |
e im Teilchenbeschleuniger ein unbekanntes

Y Teilchen entdeckt. Noch ist unklar, ob es si
eine exotische Kombination aus zwei Mesol
. ein Partikel aus vier Quarks handelt. Klar is
CERN's COMPASS i dagegen, dass bisherige theoretische Erkla
das Verhalten dieses Teilchens nicht ausrei
beschreiben. Ein Physiker bezeichnete es d
"neues Mitglied im Club der bisher unerklan
Zustande”.

Das Physikportal

Exotischer Teilchenzustand gibt Ratsel auf

01. September 2015

COMPASS-Kollaboration am CERMN entdeckt newes Meson aus leichten
Quarks

Eine exotische Kombination von leichten Quarks haben Wissenschaftler der
COMPASS-Kollaboration am CERM beobachtet. Die Entdeckung gelang bei

CERN entdeckt neues Teilchen fiir
den ,,Club der unerkldrten
Zustande"

| SeEprEmbar 2015 ¥ 0931 AM CET

A
CHRETIND KEWATE
DAL

. w

152 @8 recht #chie, wenn msn mech jaheelargss Parnerichal noch unbeksnnte
avfregencs Seten an seinem Lobersgefdhrien ontdecka? 5o Shnlich muss e den
Proysfioern des CERM, peganpen sein, die in sinem schon wehr gut untersuchten

Massehereich Oberraschenderweiie ein neves Teilchen ey

000009

Dem Standart dnll de Fot stk pufglge, weiches alle belanmien

Teslchiar ul"dlﬂf‘ﬁ'ﬂi'&('l&ﬁiwnflul‘ﬁﬂ_auﬂlmrl. girdl Quiarks dee fundamentalen
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Interpretations

» Tetraquark state [z.-6. wang (2014), H.-X.Chen et al. (2015), T. Gutsche et al. (2017)]

(495 (@Ds
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Interpretations

» Tetraquark state [z.-6. wang (2014), H.-X.Chen et al. (2015), T. Gutsche et al. (2017)]

« K*K molecule [T cutsche et al. (2017)]

pwg (@3)0(qq)o
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Interpretations

» Tetraquark state [z.-6. wang (2014), H.-X.Chen et al. (2015), T. Gutsche et al. (2017)]
« K*K molecule [T cutsche et al. (2017)]
» Interference of Deck pm S and f,m P-wave [J.-L. Basdevant et al. (2015)]

T P, fo
T
R
D ~ J4
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Interpretations

» Tetraquark state [z.-6. wang (2014), H.-X.Chen et al. (2015), T. Gutsche et al. (2017)]
« K*K molecule [T cutsche et al. (2017)]
» Interference of Deck pm S and f,m P-wave [J.-L. Basdevant et al. (2015)]

* Triangle singularity (m. mikhasenko et al., PRD 91, 094015 (2015), F. Aceti, PRD 94, 096015 (2016)]

&

K * (892)

fo(980)

— Decay of a,(1260) - K*K above threshold
— Final-state rescattering of KK to f,(980)
= logarithmic singularity of amplitude if particles close to mass shell

Exotic Mesons in COMPASS 23




Triangle Amplitude

« Similar shape as Breit-Wigner

* No free parameters

 Intensity estimated to be ~1% of a,(1260)

« Confirmed by [Aceti et al., Phys.Rev. D94, 096015 (2016)]
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Comparison TS - BW

S " T massindependent i o L
g - 'y t'=0.100-0.113 (GeVic)® T 200
- . ' | - -—- BW-model s -
& 2500 — a-model o
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3 - z [
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1500— -
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i -100F
500 B
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oo Do o b e b b b b | ol b b b b b b e |
11 12 1.3 14 15 16 1.7 18 1.9 2 11 12 13 14 15 16 1.7 18 19 2

M, (GEV/C) m,, (GeV/c)
- Similar x4 for both fits (slightly better for triangle)
* No new free parameters for a,(1420) signal by triangle mechanism
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Comparison TS - BW

« Phase motion of pure triangle diagram is only ~ 90°
» Observed phase motion close to 180° produced by shift due to background

Triangle Resonance
Ty TS o™ g™ T po T COMPRSS 2000, Sl
L 1%*0" fy T P-wave — Fit Model - '1770* fy T P-wave — Fit Model
[ 0.100<t'<0.113 (GeV?) —— Backgound | 300 0.100<t'<0.1 113§(§e %) — Background-
300~ 143+ 1.35(GeV) = M3 : ' 5(GeV) = Ms
.47 1.47vH
i 200+
2 =
_ 00 151 L 1.51
< - <
E ] £ .
100 B - i 1 00 L 1 .59
0 0 -
100 v — “.T--"'“" — 10— v ..
-200  -100 0 100 200 300 %00
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Comparison TS - BW

 Phase motion of pure triangle diagram is only ~ 90°

« Observe{ Summary for a,(1420) to background

« Peak and phase motion are not unique sign of
a resonance!

400

TTpoTC | _ _ _ — Signal ]
1oprl o a4(1420) signal can be fully described with — FitModel |
%<t a,(1260) as source and rescattering via — Background
300| 35 (GeV) = M 4

triangle diagram
« Old theoretical concept, now data allow to

1.47

200+

z [ clearly observe this!
E : : . .
ol OH e Intens_lty of signal ~1%, in agreement with
[ 3  experiment
ol 1. Cannot completely exclude additional pole
I %77 —
4 duetoK*Kresonance |-
—1OD;|....|..L... ~~~~~~~ ’.'.....- lllllllllllllllllllllll
200 -100 0 00 200 300 "% oo 0 100 200 300
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B. Ketzer

Hybrids: Lattice QCD

m = s B

—— —+
] 2 2
7 — @

w___

1-— negative parity

" Structure of states: study (meson|O|q, g]|vacuum)
i 3 3 1

with e.g. (’)[q,g] ~ Sl, Dl, hybl

[J. Dudek et al., Hadron Spectrum Collaboration, Phys. Rev. D 88, 094505 (2013)]
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1-* Partial Wave

%10° I"*1* p(770) = P x10’ 1" p(770) 7 P
I 0.100 < ¢' < 1.000 (GeV/c)* 17 0.724 < ' < 1.000 (GeV/c)*
i Model curve . Model curve
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> 20* > - |
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> I > I
- S
S S 05
2 | > I
Z 10"
3 i 3 i
= . A=
[ i H
0.5 1 1.5 2 2.5 0.5 1 1.5 2 2.5
m,_ [GeV/c?] m,_ [GeV/c?]

« Resonance-model fit to spin-density matrix: 14 waves

« EXxploit t” dependence to separate resonant and non-resonant contributions
[R. Akhunzyanov et al. (COMPASS), Phys. Rev. D 98, 092003 (2018)]
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1-* Partial Wave

x10° "1 p(770) & P T
i 0.100 < ¢' < 1.000 (GeV/c) o
i Model curve _
— I booh, Resonances g
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q) -
E Precoil
S | :
Z [ « Background shape in agreement
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g
2 i « Resonance parameters for
- m,(1600)
L _ +110 2
L T M, = 16007 ;," MeV/c
0.5 1 1.5 2 2.5

m, [GeV/c?] [, = 5807320 MeV/c?

Bad description of data without

resonance Component
[R. Akhunzyanov et al. (COMPASS), Phys. Rev. D 98, 092003 (2018)]
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1-* Partial Wave

107 1" p(770) 7 P L1 p(770) 7 P] — [17°0° p(770) 7 S]
I-0.724 < ' < 1.000 (GeV/c) - 0.724 < ¢' < 1.000 (GeV/c)
. Model curve 100
s Resonances I +
S " Nonres. comp. : Hﬂ*ﬂ
t | | AL
D [
> I = I
o i
T 05 <100
z | <
Z i
3 - i
A= i —200r-
/) i
A. - . 1)y | E N E O B B
0.5 1 1.5 2 2.5 8.5 1 1.5 2 2.5
m,_ [GeV/c?] m,_ [GeV/c?]

Bad description of data without resonance component
= 11, (1600) needed to describe data

[R. Akhunzyanov et al. (COMPASS), Phys. Rev. D 98, 092003 (2018)]
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nn- / n’n- Final States

N 2000 a -
Q ~ C
= 1600 < > 00O <
> X C 500F =
E 1200 12§ = 400F 16 2
——  —10} & ™ 3 141 =
™~ 800 st 2 ~ 300 1205
z 9 2 200F E
5 400 < = 100
LTCJ O 1 1 5 O-...I....I....I....I....I....I....I....
1 1.5 2 25 3 3.5 4 4.5 1.5 2 2.5 3 35 4 45 5
m(nm ™) [GeV/c?] m(n' ") [GeV/c?]
1 1
0.8 0.8
0.6 0.6
— 0.4 ) 0.4
U 0.2 U 0.2
> 0 E > 0
2.0.2 F 2.0.2
© -0.4 F 0 -0.4
0.6 E 0.6
0.8 F 0.8
-1 E -1
1 1.5 2 2.5 3 3.5 4 4.5 1.5 2 2.5 3 35 4 45 5
m(nmT ™) [GeV/cQ] m('r)"ﬂ'_) [GeV/c2]

[C. Adolph (COMPASS), Phys. Lett. B 740, 303 (2015) ]
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nn- / n’n- Final States

< 4000 i o s Nﬁ
% ' I Tt'g —)E’T}lﬁ(scaled) %
= 3000 =
= AN 3
Zzoook LAl |I1|*I“|*| B
£ 1000 W iy | E
g O i_ QI: M 1 1 [ B | fltﬁij]*t**‘ g
= 1.2 1.6 2 2.4 2.8 =
m(n'w ") [GeV/c?]
250F .
T 200k | * N waves scaled according to
¢ MR :
© 150 '-I*{ +*i|*‘ L phase space and BR to final state
o« 101 p— ;..,.” ‘ l » D, G waves very similar
|
o O |:||||| ||“|| | * P wave very different in nm and n'n
B T .|.. * Breit-Wigner model fit unstable

[C. Adolph (COMPASS), Phys. Lett. B 740, 303 (2015) ]
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Extraction of Poles

« Analytical model based on S-matrix theory ™ 20 ‘ ‘
120 | 1
« Testcase: nm D-wave ,
100 | - -
. . . ~ L ’\* ~
« Unitarity: TIma(s) = p(s)f*(s)a(s) — ]
- y T . " fi 60 L 01.4 6 18 20 |
i \‘
, - : | s, L, M 40 |- .
Im = Z : )
B n ; 20 L i
P ™ P i ™
0 1 |
0.5 1.0 1.5 2.0 2.5 3.0
Vs [GeV]
0.0 |
T oE e m(ay) = (1307 £ 1+ 6) MeV,
0.2 - ~.-0.100
- [(a) = (112+1+8) MeV,
E 0.3 - \;.‘;10 - ¢ - @Q}\ al, .
N 04| —— sp=10Ge ol S m(dh) = (1720 10 £60) MeV,
! —_— ir=15GeV? -0.120° | ,
T 05 b e sg=20Gev? 1302 1.306 1.310 ['(a5) = (280£10+70) MeV,
_06 S-RI -G | | | | | | | |
1.0 1.1 1.2 1.3 1.4 L5 1.6 1.7 1.8 1.9

m = Re /55 [GeV]
[A. Jackura et al. (JPAC, COMPASS), Phys. Lett. B 779, 464 (2018) ]
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Events/40 MeV

Events/40 MeV

nn—n'n Coupled Channels

Events/40 MeV
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[A. Rodas et al. (JPAC), Phys. Rev. Lett. 122, 042002 (2019)]
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nn—n'n Coupled Channels

00 —
01 E— _a,(1320)
02 E— a,'(1700)
< —  o.108f - @
3 03— oaof !
= = oa2f
5 “E- ol
= —  o.116f
05— o118k
0 E— 0.120f
B 12T T T
“ES A B B B N P R B
1.2 13 14 15 1.6 1.7 138 1.9 2.
Mass (GeV)
° Only a Slngle pole needed to Poles Mass (MeV) Width (MeV)
d b b th d ’ k a2(1320) 1306.0 £ 0.8 £ 1.3 114.4+1.6£0.0
escribe both nr and n'n peaxs |, -4 1722 + 15 + 67 247 + 17 + 63
« consistent with w,(1600) ™ 1564 + 24 + 86 492+ 54+ 102

[A. Rodas et al. (JPAC), Phys. Rev. Lett. 122, 042002 (2019)]
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Summary for w4

- Resonant nature of signal in J*¢ = 1~ * established from COMPASS 3x
data

« Coupled-channel analysis for nm and n'm using a unitary model only
requires one single pole to describe P-wave peaks at 1.4 and 1.6 GeV

« Fit allows to extract pole position of lightest hybrid meson for first time

Weighted Average Weighted Average
1660fg MeV/c? 260 + 40 MeV/c? (Error scaled by 1.6)
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x> x>
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----- ALE2010 COMP 0.0 — -\ - - - - - - - ALE2010 COMP 0.0

L LU2005 B852 0.1 — . - N\ - - - LU2005 B852 4.0
- KUH2004 B852 1.1 - - - - KUH2004 B852 1.0
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4.6 12.6
(Confidence Level = 0.469) (Confidence Level = 0.027)
| | I | | | J | | | | | J
1450 1500 1550 1600 1650 1700 1750 1800 1850 1900 0 100 200 300 400 500 600 700 800 900 1000
7,(1600) Mass [MeV/c?] 7(1600) Width [MeV/c?]
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[V. Santoro, Hadron 2015]

B. Ketzer

Exotic Mesons in COMPASS

Quark model:
* SU(B)ﬂavor:
g7 =33=801

e color singlets

* Many new (narrow)
states discovered in
recent years

» Assignment not clear

* Some definitively not
charmonium-like

[N. Brambilla et al., EPJ C 71, 1534 (2011)]
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Muoproduction of Charmonia

Deep inelastic scattering with muons: Beam (p/ GeV/c)

5 2002 u* (160) 6LiD
2003 u* (160) 6LiD
2004 u* (160) 6LiD
2006 u* (160) 6LiD

)

)

)

2007 u* (160 NH,

2010 ut (160 NH,
+
oy, =50MeV  _ 201 ™ (200 i
10 Olexclusive 2016 Ili (160) qu H2

2017 u* (160) Lig. H,

i m « ~50kJ/y — utu~ events (until 2011)

« corresponds to L;, ~ 14 pb~!

counts/0.01 GeV/c?

>

B 1 11 ‘ 11 L | 1 L 1 | 1 L 1 ‘ 11 ‘ 1 L 1 I 11 I L 1 L I L1
2 22 24 26 28 3 32 34 36 38,
M,..- [GeV/cT]
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X(3872)

Discovered by BELLE in B - K*n*n~J/y

C o Io)ldaltol | I:
300 [~ —
o . ]
O - .
S 200 - -
2 ]
@
C - .
Q 100 —
wr ]
R, Pt
0.40 0.80 1.20 B2 3.84 386 388 39 392
M@ TT) - M(T) (GeV) M(J/y 7in) (GeV)
Belle & Babar s [BELLE, S.-K. Choi et al, PRL 91, 262001 (2003)]
g
;,f_'u,q__.--' 'H—_-*"*“* £
M(3872) i, .
N Most-cited paper by BELLE!
o9
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Higher Charmonia in COMPASS

Exclusive reaction with neutral utN— ut XN = put(J/ynta )N

h

exchange . L ut (Tt N

w 4

X0 I = no sign of a peak at 3.87 GeV
Y _ < 0.9 ev. (90% CL)
C%\ZOO *
P P %122: My (2s) = 3687.1 + 0.8 MeV
100~ 31402_ O-Mlp(ZS) = 13.3 MeV

counts/(1 GeV)
counts/(
S
[
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Higher Charmonia in COMPASS

Exclusive reaction with charge
exchange and additional %
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[COMPASS, M. Aghasyan, PLB 783, 334 (2018)]
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Production Mechanism?
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Di-pion Subsystem

12 | | | | 8
[} C
10 L Phys.Rev. D71 034025 (2005)/\ 1++1 S £ *
Phys. Rev. D71 099902 (2005).! | S r ATLAS
N o _ 6=~ W COMPASS (Myis > 3 GeV)
8 II ll 1+_ -
| Il e
° 2
4 I: - 3
5 : | 2"
0 S 1 - ‘ + {'* +
0 0.2 0.4 0.6 0.8 1 %~ 01 02 03 04 "05 06 07 08 09

m, [GeV/c ]
m_. (GeV)

COMPASS mass spectrum of di-pion system from y(2S5) consistent
with previous results

Mass spectrum of di-pion system from decay of X(3872) studied by
BELLE, CDF, CMS, ATLAS = favors high masses (J/y p decay)
COMPASS mass spectrum very different, consistent with J*¢ = 1+~
A neutral partner of X(3872) decaying to J /Y o is predicted by
tetraquark models (L. Maiani et al.
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Conclusions

@ Hadron spectroscopy is entering precision era
@ Extremely large data samples with 7 and u beams from COMPASS
@ Very small statistical uncertainties for dominating resonances

= systematic model uncertainties dominate

= multi-dimensional PWA in bins of my, and t’
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Conclusions

@ Hadron spectroscopy is entering precision era
@ Extremely large data samples with 7 and u beams from COMPASS
@ Very small statistical uncertainties for dominating resonances
@ Small signals and effects can be studied for the first time
@ Spin-exotic m,(1600): (re-) observed by COMPASS
= resonant nature established
= one single pole sufficient to describe peaks at 1.4 and 1.6 GeV
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Conclusions

@ Hadron spectroscopy is entering precision era
@ Extremely large data samples with 7 and u beams from COMPASS
@ Very small statistical uncertainties for dominating resonances
@ Small signals and effects can be studied for the first time
@ Spin-exotic m,(1600): (re-) observed by COMPASS
@ New axial vector signal observedin a,(1420) — f,(980)m
= has all features of a genuine resonance
= data can be described by triangle singularity
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Conclusions

@ Hadron spectroscopy is entering precision era
@ Extremely large data samples with 7 and u beams from COMPASS
@ Very small statistical uncertainties for dominating resonances
@ Small signals and effects can be studied for the first time
@ Spin-exotic m,(1600): (re-) observed by COMPASS
@ New axial vector signal observedin a,(1420) — f,(980)m
@ Muoproduction of X(3872) observedin uN — uX(3872)nN’
= mass, width, decay mode compatible with X(3872)
= two-pion mass spectrum in disagreement with previous results
= could be C = —1 partner of X(3872) in tetraquark models
= needs confirmation by other experiments
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Outlook

@ Strongly coupled QCD still far from being understood
@ ldentify (exotic) multiplets and measure decay patterns
@ Need large data samples for
« complementary production mechanisms
« different final states
@ Advanced analysis methods
« simple BW fits may be misleading
« reaction models satisfying principles of S-matrix theory
@ Advances in Lattice QCD (multi-particle scattering states)

@ A new QCD facility is proposed at the M2 beamline of CERN SPS from
2022 onwards
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COMPASS++ / AMBER

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH @\

Letter of Intent (Draft 2.0)
A New QCD facility at the M2 beam line of the CERN SPS  October 17,2018

Proton radius measurement using muon-proton elastic scattering

Hard exclusive reactions using a muon beam and a transversely polarised target
Drell-Yan and charmonium production

Measurement of antiproton production cross sections for Dark Matter Search
Spectroscopy with low-energy antiprotons

Spectroscopy of kaons

Study of the gluon distribution in the kaon via prompt-photon production
Low-energy tests of QCD using Primakoff reactions

Production of vector mesons and excited kaons off nuclei

arXiv:1808.00848v3 [hep-ex] 15 Oct 2018

https://arxiv.org/abs/1808.00848
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