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Facts:
@ QCD Js part of the Standard Model
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unfortunately perturbative only at small distance
@ precision tests of Standard Model rely on controlling QCD corrections
@ the primary observable of QCD is the hadron spectrum

@ level splittings = probe the region between long and short distance

[Spectroscopy is a tool to test understanding short and medium range dynamics ]

)
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A flashback: heavy quark

Mesons:

The quantum numbers are determined from the relative angular
momentum L and the quark spin relative orientation 5; and $:

o P=(-1)tH
o |L-S|<JLI|L+ S|
o C only defined for flavor-less mesons

Quarkonium: charmonium and bottomonium

Heavy quarks — non relativistic
relativistic corrections in bb smaller than in cc (?)

o Potential models: Cornell (Coulomb +linear term)
but also

o Lattice NRQCD, pNRQCD: ay, mp/mc, lattice spacing, ...

€ or bb bound states: spectroscopic notation: n?5*1L,

fermion-antifermion: P = (—1)/' € = (—1)4+S

¥(nS),Y(nS) = n*S;
Xau(nP) = n*P;

1o(nS) = n'So
he(nP) = n'P;

spectroscopy circa A.D. 2000
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Quarkonium physics

Decay widths:
above open DD or BB threshold dominant decay to heavy mesons unless
forbidden by quantum numbers  broad states
below open DD or BB threshold, QQ annihilate to gluons (or virtual
photon) OZl-rule — narrow states:
o 9(nS)Y(nS) = geg, 788 [~ %] or yx [0~ ~ %]
@ other states decay to ggg or gg depending on J odd/even
nq(nS), xqo(nP),xq2(nP) = gg
hq(nP). xq1(nP) — ggg or gqq
o very few exclusive hadronic modes observed especially in bb
Radiative and hadronic transitions:
o photon or gluons radiation from QQ state
multipole expansion if radius < wavelength

Spectroscopy
o fine and hyperfine splitting (spin-dependent terms)

mass splitting between n*S; and n'So depend strongly on o

Focus: precisely understand spectrum [below open charm/bottom threshold]
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A.D. 2003: X(3872) — now x,(3872)
just the first in a new kind of hadrons

Unexpected mass&Unique properties.
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[ 0) doto 3ot " E
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s = . Ever since the discovery of X(3872), we have a
L 1 golden era in the discovery of the exotic states.
% [ I - No solid explanations for these exotics.
i 1003 ] 10
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Phys.Rev.Lett. 91 (2003) 262001 Most cited Belle paper!
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From Junhao Yin's talk, (Tue,15)
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Standard and Exotic Hadrons

Mesons and baryons with other Standard Hadrons Exotic Hadrons

than gg or qqq configurations not
forbidden by QCD (as long as they O a
remain colour-less) ~

eson Rar \,AJ 1

[possibility admitted as early as the quark model was introduced]

Volume 6, sumber § PRYSICS LETTERS 1 Pabruaey 1964

A SCHEMATIC MODEL OF BARYONS AND MESONS * 8419/Ti1,412

21 February 1964
M.GELL- MANN

AN SU, MODEL FOR STRONG INTERACTION :SYMNLETRY AND ITS BREAKING
California Inslitute of Technolegy, Pasadena, Califovnia | )
*
Received 4 January 1964 11
5 #E)
A simpler and more elegant scheme can be G. Zweig

constructed if we allow non-integral values for the

CERN~-Geneva
charges. We can dispense entirely with the basic

baryon b if we assign to the triplet t the following ) Version I Ls GERN preprint 8162/TH.401, Jeu. 17, 1564

properties: spin }, z = -}, and baryon number }. 6

‘We then refer to the members ui, d-3, and §73 of In general, we would expect that baryons are built not only from the product
the triplet as "quarks' 6) q and the members of the

aniliriniot an satisoquaies 8, Baryoos ean now bo of three aces, AAA, but also from AAAAA, ARAAARR, etc., where _A
constructed fron} quarks by using the combinations denotes an anti-ace, Similarly, mesons Could be foried from Af, AAAA
(@qq), (@aaqq)] etc., while mesons are made out etc. For the low mass mesons and baryons we will assume the simplest

of (qd), (qqqq), etc. It is assuming that the lowest =

barvon ion (qqq) gives just the represen- rossibilities, AA and AM. that is. "deuces and treys".

tations 1, 8, and 10 that have been observed, while

| no undisputed evidence yet in light hadrons]
[pretty well established by now in heavy hadronsl

INFN
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Multiquark states

N.Brambil, . Edeman, . Hanhar ta./ Physics Reports 873 (200) 1-154
compact tetraquark From Junhao Yin's talk, (Tue,15)

multi—quark states

hadron spectroscopy

i@U ball
arrorion . +  New knowledge feeds back to theory.
3 * Perfect ground to test theoretical models.

: gluonic
! excitations . .
@ ; * New viewing angle towards QCD.
o hybrid
hadronic !
molecule
cc baryons
charm mesons ¢ pentaquarks
uds mesons charm baryons b baryons __ R
ccCC mesons?
uds baryon
Aoco \ charmonium b mesons Bc mesonsi bottomonium
\/ I
0 1 2 3 4 5 6 7 8 9 10 11

l Theoretician's take on this: l . Mass [GeV/<']
l Need to understand the role of nearby thresholds ]

not always easy, plenty of thresholds...

A [Need to understand the relevance of diquark approximation]
INFN
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Experimenter’s take on this:
measure as many multiquark states as possible

[What are we looking for?]

[Manifestly exotic ]

@ quantum numbers not allowed for @ mass/width not fitting in meson
=/ ! n
qq orqq q or baryon spectra
@ > 3 valence quarks required @ overpopulation of the spectra

@ production or decay properties

Undisputed incompatible with standard

mesons/baryons

[many possible exotic states would not fit]

[identification can be disputed ]

[possible mixing with conventional states]

CAVEAT :Peaking structures can also be due to rescattering / threshold effects,. ..

[for heavy constituent quarks the mass itself is a clue! ]

INFN
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Outline

... too many results!

disclaimer: just a personal selection

And be lenient if | misunderstood your work :)

INFN
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Heavy (exotic?) mesons

INFN
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Xc1(3872)
In nearly 20 years we have learnt a lot:
e JFC =17" (LHCb)
@ absolute branching fractions (BABAR) albeit with large errors B
~ 90% to D° D*® and D° D° 7°
@ lower limit on the natural width (LHCb)
still not able to test the expected deviation from BW shape

@ mass determined with increased precision B
but still compatible with D® D*° threshold

@ sizeable I-spin violation in xc1(3872) — Jpnn~

@ large prompt production in pp and pp high energy collisions

[yet, we are far from understanding its nature]

plenty of recent and new results, as well as future perspectives presented in
Thursday 17th session by

- Tomasz Skwarnicki (LHCb)

- Daniele Fasanella (CMS)

- Jens Séren Lange (Belle,Bellell)
_ - Frank Nerling (PANDA)

INFN
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A few picks on x.1(3872): Proximity to threshold & width

close to threshold BW is not appropriate; decay dominated by D° D** —-

Flatte inspired amplitude parametrization

quasi-virtual Z"
D°D*° state 2
- o OF
quasi-bound =
DD state ol
04
0.6
-0.8
-1
04

LHCb

\hccl lV 1

sheet 11 ]

1

(F. Nerling) PANDA

0.2 04
Re E [MeV]

should be able to pin down the correct
lineshape and achieve a sensitivity
/AT > 5 for I 2 50 + 120 keV

provided B,5 not too small...

INFN

- (T. Skwarmckl) quaS| bound state preferred over quasi-virtual state

excellent LHCb resolution gives
sensitivity to natural width, yet it's not
enough (nor will likely be..)

10°

- Breit-Wigner
— Flatté

Flatté — BW
£ " T5ANDA HL mode
afsollVese __ P1 mode
indistinguishable HR mode
40
30
20
10
:LHCb fit ILHCB it | HL mode
& ! P1mode
— HR mode
-9 -85 -8 775 -7 65 6 55 -5

At least ~10x better than
indistinguishable (full range)

L5785 -8 75 7 65 6 55 -

5
E [MeV]

0dds = (1 = Prg) / Pris.

C. Patrignani
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A few picks on x.1(3872): I-spin violating decays

- (T. Skwarnicki) Determination of sizeable w contribution in
Xc1(3872) = ntn~ SR

[Decay NOT completely dominated by po]

¥2/NDF = 24.7/34 w, which is small on its own, but is enhanced to
~ 400 : . . a sizeable contribution via p — w interferencel
- E
Y 350 —=-data i £ B ¢
= 3005 total fit THCH 9 i Significance of w contributions is 7.1
vy 3 - -
= J— preliminary
; 250F P p~79%
2 200F w
N p°-w interference
h“wé_ pow~19%| (214123 +2.0)%
sof ”
E . @ ~2% (1.9+0.4+0.3)%
0% T i < I = In agreement with the expectations from the
400 500 600 700

T(X(3872) = @ ]/, @ — ntn )/ T[(X(3872) —» nta~] )

m [MeV measurements by Belle, BaBar and BESIII

phase space effects on resonance masses in decay chains NOT simulated in EvtGen
Implications for I-spin violating contribution:

g —p? Sl
2X@E872)2p I _ () 5g +0.04 Gy(25)-ms /1 _ 0.045 + 0.001
Ix(3872)-w] /P vs Gyp(28)-nj
INFN
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A few picks on x.1(3872): prompt production

Compare to ¥(2S) — n 7~ Jhb; prompt/non-prompt via tranverse distance
from primary vertex

INFN
(./'

- (T. Skwarnicki) event-multiplicity dependence of prompt production in pp
markedly different from (25)

‘,lf +Prompt b decays

3 Comover Interaction Model, Esposito ef al.

1 E 5 Molecule Compact gy Molecule ]

a  (conlescence) tetraquark 1 (geometric)

£ E 3

2Q ——

§ g oo 3 3
£ 00 50

F
VELO
Niscis

seem to support compact tetraquark
(comover interaction m.)

- (D. Fasanella) PbPb collisions (CMS, first measurement) and pp

1.7 nb” (PbPb 5.02 TeV)

CMs

1.8 prompt

Y@ Jyn
= NS IR

Pp,POPb
P

o o o o

10 20 30 40 50 60 70

m PbPb (5.02TeV) ﬁ

Iyl < 16, 0-90%

W pp (7TeV)

Iyl < 1.2 (CMS)
" pp(8TeV)

vl < 0.75 (ATLAS)

S C—

p_(GeV/c)

X(3872) less suppressed
than (2S) in PbPb

CMS also measured the
strong suppression of P(2S) »
in PbPb collision

2
z
I
<
<
o

Indication of R enhancement in PbPb w.r.t. pp

Better precision and accuracy needed to draw conclusions

T
1.4F Gent. 0-100%
Iyi<16

120

PbPb 368 b, pp 28.0 pb” (5.02 TeV)
IAMRBRARARY MRS

CMS

© Prompt (25) |

06 IS EurPhys.J. C 78 2018) 500 [

[

e o
~0.1 iR

10 15
p. (GeVic)

L
20 25y 30

C. Patrignani
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A few picks on x.1(3872): b-hadron, ~~ production

- (J.S. Lange) First evidence of x¢1(3872) in 7y (Belle)

o022
g = 2977

t.) £ 0.1(sy

X(3915)

at least one photon is virtual
DXO82) % B(X(3872) — J/vmtn™) = 55144207 eV
Belle, Phys. Rev. Lett. 126 (2021) 122001 (825 fb 1)

Q2 / GeVic?

Significance 3.20°
(background .
0.11-+0.10 events) 2 S\

TS GevE
compatible with quarkonium prediction

- (D. Fasanella) B; — xc1(3872)¢ from CMS

confirms that formation mechanism in P e Bl-ia8T2)¢ | BowES)s  —
B(s) mesons different from ’QD(2S) ; —. B“ﬁX{BETZ)K'”. B = pi25)K™ .
consistent with 4 compact tetraquark o BlX(3872)K - L C—
+9 i
states X, Xq, X™7 g . — 5
(no charged Partner..) oy i gy ipiati s g
BB—X(3872)h)<B(X(3872)=Jyz'x-), 10°° B(BAI,V(2S)h}. 10.4

T
BB 5 ¢ X ¢ Jfpnta ) ~B(B" - K°X — KV Jfprtm™) = 5rs’(BJr S Kt X s Kt JfgpataT)

INFN
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date of e*e~ - m*m~1(25) with improved precision

ofe'e—>n*r'y(3686)) (pb)

Vector states: 1(4230); 1(4360); 1)(4660)

a(e'esr i) (pb)

PRL 95 (2005) 142001

i) (GeVic)

PRL 118 (2017) 9, 092001

+xvz e
aof- <
—Fl L
i i,
wf --Fitll 0,

3 aaas

2
1 (Gev)

*  Y(4260) first observed by BaBar, we find two states 1)(4230) & ¥(4360)

—§— BESII: pp
—&— BESIII: n°n%/y
s —§- BESII: nd/y
] BESI: %,
=4 BESII: 7°D°D " + c.c.
g I- BESIII vx,(3872)
BESIII: n*nJ/y
BESIII: w*xh,
0h . , || - BESII: w'xy(25)
4200 4250 4300 4350 4400
mass (MeV)

« different channels show (slightly) different masses and widths

Recent: A new vector state in ¢*e™ — D} D,,(2536)", DyD%(2573)

~BESIII (This work) s T ==.. =
+ BESIII (2017) s 30 ® hsos =5 3w
- BaBar PRD 104 (2021), 052012 H é o
+ Belle § §a
S 2
LA H

o

Junhao Yin and Nils
Huesken's talks, Tue 15th

Phys.Rev.Lett. 110 (2013) 252002

Entries/20 MeVic?

Entries/20 MeV/c®

45 5
Mir'zw(28)) (GeVic?)

Y(4620) = Y(4660)?

+ f Belle, AL, 4634181 92143410
F = al o :-,;,.,@ o Bele, /) 465251048 6BE1141
i 1 § } % Belle, D D,,(2536)" 46259154 + 0.4
17 Nils Hiisken H H Belle, Df D, (2573)"  46198%1+23  47.0'1ii+46
“‘l‘ll“““‘“”A‘A‘“‘d‘S”Hh““‘“J M;0,(25%)) (GeVic) ‘,,Gsﬁif(ig:\?;é,”“
e Prys e 100 019 1, 110 Py w101 020y, 00101
[CAVEAT: lineshape is not always a BW ]
INFN
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XcJ(2P) candidates around 3.9 GeV

Many candidates: assignment as 07" or 2*" not clear

Y I
|

&

Weight/ (001 Gvie)

M "I

a4 s 4
wica)

[T

o) GaviE)

X(3915) from Bele:
© M = (3915 %3 £2) MeV:
o I'=(17£10%3) MeV

4 |
PRL QR,DHMHME)

X(3015) From BaBar:
o M = (3010.4 %224 1.6) MeV /c*
= (136+ 3) MeV:

Wenjing Zhu, Thur 18;
Ruiting Ma, Wed 16

not seen in 0/ Jttacery not seen in DD* Probably the .."
X@940) - . Y(3940) 2(3930)

e'e- > J/y DO* B3K oJ/y ¥ > bd

N )

o 7m0
Mierdhs) (MeV)

M(DD)
M=3427, s oMy | [ M~3943411413 MeV

[+ 35295552 Mev
I =37, t12 Mev| | Ti~B7£22526 MeV || Ty = 2941042 MeV

And one more result: two
overlapping 0" or 2" in

plus another candidate at lower mass: is this a B — DDK
better 0777 e : :
) q, l4o0p 1,,(3930) D" D E
) = b l:mm i LHCb
sty o7 v 2 ﬁ PRD 102, 112003 (2020)
e 3 =
¥ X(3860) observed at Belle 3 o~ E
Experiment only. 2 =
[Phys. Rev. D 95, 112003 (2017)] ] E |
JE Mas, MeV/E Wdh, MeV Significance § r
0 38623 0174 650 =1 i
o
o
m(DD") [GeVle?]
Need to clar
INFN
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Charged hidden charm candidates: Z=0

see Yuping Guo's talk,

Thurs 17
+
Z: (3900
—Phys.Rev. -
120 s
1 Z,(3900)/Z,(3885)
H
2
g PRLTIO, 252001(2013)
Ee o 0F et s ataty T
L Meiabeitall H 7 g0 e ry
984 2244 46 48 § 5354 055738 a9 4 a1 4z O b eeomally
W) (GoVic) N i) (GOVIE?) 5 H
] E
2 3
= ] e
3 © T 740204 & I et 20DP
3 & g -
ER E 350 i i 2
H g T ST T H i
2 3 Mas(2d1y) (GeV/C) 5 93
£ 1o £ N H
& } §° S b e*e” — x* DD in
) . o @ 70 T T
5 s o p ] 3 e
Mz 7w y(2S)] (GeVic?) M, ry(29)] (Gevict) E gg oD (Gove
I PRLS, 222002 2015)
.'é’ 30 0 r 3
g 20 W (VD
2
[ PRLS, 12003 (2015

3.85 3.90 3.95 4.00 4.05 4.10 4.15
M(D°D*) (GeV/c?)

PRLI2, 132001(2014)

Many more observed in the large BESIII datasets
in a variety of final states

C. Patrignani Experimental summary MITP 14-25 March, 2022



Charged hidden charm strange candidates: Z.(3985)

—

K*(D; D*° 4 D;~ D0)

see Yuping Guo's talk,
Thurs 17

Observation of Z_ (3985)

—+— Data
Total fit
——— Zutoonr

@

Events/ 5.0MeV/c*
o S

°

1

=

Events/ 5.0MeV/c*

5

o

o

INFN
(./'

X 5
o) (e

a

Events/ 50MeV/c’

S

o o

a1 415
RM(K) (GeV/e)

PRL126,102001(2021)

. Assume JP=1"

- Simultaneous fit to five data
samples

- Signal component:
VT -

M2— mig + imo(fT,(M) + (1 — )T M) ' PRLIZZ, 082001(2021)

|
f= 0.5 represents the fraction
of the two decay modes
« Pole position:
M = (3982.57}8+ 2.1) MeV /c?
= (1284
. Slgnlflcance

+3.0) MeV

- At least four quarks (ccsit)

same state?

PRLI26, 102001(2021)

4 405 41 415
RM(K®) (GeV/c®)

C. Patrignani
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Exotics in Bt — J/9¢K decays = < el

o . - T 5 r
F MO Tidon LHCb LHCb LHCb
— X(4500)

S 600E x:tmi New Model + New Model § New Model
3 500F— xnm E.
E jooE— xom + E
2 — X274y

I00E — yiaens) E

200F— Xuise E

= Z,(400)
S00E+ £ E 3 ] E
] LHCb LHCb Wy
K1

gﬁ’DU‘ i Run 1 Model ¥ Run 1 Model E
isna Ft x2 i ) 3 E
2400F T X2 E
2 UF - - Background
G300F - muta st E

200 FDatas v’ E

100F 17

o 15 2 y r e s ) ; 2
i 4.2 44 46 48 3.6 38 4 4
gy [GeV) iy, o [GeV) My (Gev)

Counfirmed states: X (4150), X (4500), X (4700), X (4140), X (4274)
New states: X (4630), X (4685), Z.5(4000), Z.,(4220)
First observation of exotic states with ccus content in the J/¢ K™ final state

[PRL 127 (2021) 082001]

orenzo Capriotti - Spectroscopy at LHCb: experimental overview and prospects

INFN
g C. Patrignani Experimental summary MITP 14-25 March, 2022 19



)
" INFN

o(Y(18)n') (pb)

o(Y(2S)n'n) (pb)

o(r(38S)n'r) (pb)

Y,(10750)

Seven scan points below Y(5S) at Belle, each =1 fb !

® New structure observed in Y(nS)mn

IS

E Y, (10753) H (55)  Y(6S)
2r { }1
| AN
i I Yb(10753)l Hl (5S) ;‘(GS)
| i, I8

. j{'ﬁ* i e .
0 ‘—ﬁ%
s I Yb(1ol753)l ‘ 1I‘(55) ;‘(GS)
1 b
N iH“l'Lm EPMN

JHEP 10 (2019) 220

T(10860) T(11020)

(New structure \

5 +2.2
9 -0.9

M (MeV/c?)
I (MeV)

10885.3 £ 1.

+4.5 +0.5
36‘673.9 -1.1

23.8180+0.7

80401 35.5117.6+3.9

3 —3.3

11000.0+39 14 lesz 7591

)

Further evidence in destructive interference
Re t of BaBar and Belle scan data

Dong et al., Chin. Phys. C 44 (2020) 8, 083001
Parameter Y(10750) T(SS) T(6S)
Mass/(MeV/c?) 10761 +2 10882+ 1 11001 £1
Width/MeV 485+30 495+£15 35.1£12

T T T T T i

IS

=3

3
T

~——Y(10750)

c¥®(e*e” — bb) (pb)

n
=1
=1
e

\."~~ '/1 1
109 11 12

O,
10.8

105 106 107 708 08 T 10:6 ; St
E,, (GeV) s (GeV)
Bottomonium search at Belle and Belle Il | MITP Mainz, 24.03.2022 1
[No competltlon!!] talk by J.S. Lange, Thur 24
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> 12000
BOTTOMON'UM é 10000 hp(1P) &3
g %% >18c¢
® Y(5S) never observed at LHC ~ 6000
ﬂ 4000
® Branching of Y(5S) Y(nS)mx is g am
factor =1000 larger than Y(4S)  Y(nS)an w 2002
Y(5S) exotic itself? 104 105 106 107
® Charged Z, states observed in Y(5S) decays Mumiss(7%) / GeV

Belle, Phys. Rev. D91 (2015) 072003 Zp(10610)%  m=10607.242.0 Me\
(not seen at LHC either) 2.6 MeV above BB* threshold
peculiar properties: 7,'(10650)* m=10652.2+1.5 Me\

spin ip in decays not suppressed 2.0 MeV above B*B* threshold
P P Yy PP confirmed in 5 decay modes

* New state observed: Y},(10750)

Ng 1‘210 - (b) uprr candidates in the Y (28)y " region K gg" F () runn candidates in the Y (15) i region

° 38 Y(48) Y (58)” E 1 (58)"
8 10 ) (4s) IY(58) 8 mE Y(25) (38) Y (48) Y (58)
g 8 2 200F

Sl

5 WF >

5 S _. . : E

g %97 0.6 0.8 1 12 T § 007 0.6 038 1 12 14—

AM = M(uprr)-M(up) (GeVic®) AM = M(upnn)-M(up) (GeVic?)
Belle Phys. Rev. Lett. 100, 112001 (2008)
Bottomonium search at Belle and Belle Il | MITP Mainz, 24.03.2022 1
A [No competition!!] talk by J.S. Lange, Thur 24
INFN
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) see talk by Ruiting Ma,
Charged charm strange candidates?  wed1s

Model independent and model dependent analysis

Need two overlapping D~ K components

Very large significance for both

o f

® Results after add D™ K* resonances: 3 LHCD 3

f
% Two DK ¥ resonances are added: E
O X,(2900), J* = 0+
+ Mass: 2866 + 7 + 2 MeV/c?
+ Width: 57 + 12 + 4 MeV
O X4(2900), J* = 1~
+ Mass: 2904 + 5 + 1 MeV/c?
* Width: 110 + 11 + 4 MeV

f
wf
wf

Candidates / (17.3 MeV/c?)
Candidates / (17.3 MeV/c?)

25
miD K [GeV/e]

w(3770) - D' D
- 7,,(3930) - D" D
7 ,,(3930) - D' D
v(4040) — D* D
— — - y(4160) - D' D
¥(4415) — D* O°
X,(2000) - DK*
X(2900) - D K*
Nonresonant

> Also test other models, this model gives
the best description.

Candidates / (17.3 MeV/c?)

PRL 125, 242001 (2021); PRD 102, 112003 (2020)

would be the first meson with 4 different flavours..
INFN
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talk: Capriotti, Tue 15““
Structure in J/v-pair mass spectrum

MATER STUDIORUM
RSITA DI BOLOGN.

No interference SPS-BW mtcrfcronco

-~ 220 -~ 220
2 200 § 200 o
w > — Tadic

180 2 180 N
ca 160 © 160 — - Iterference
8 etz 8 e
T oE = v I N s
s = = DPS*NRSPS tﬁ 1 N — NRSPS
S 1 S 100
5 i 5 =
8 3
£ £
=] =
D D
2 2

9000 000

Mgy [MeV/c?] Mgy [MeV/c?

@ Threshold enhancement described by @ Threshold enhancement described by
two resonances interference

One BW, interference with SPS
M x(6900) = 6886 £ 11 £ 11 MeV
T'x(6900) = 168 = 33 69 MeV
Significance >50

S-wave BW Xx 2-body phase space
mx (6900) = 6905 £ 11 &7 MeV
I'x(6900) = 80 £ 19 & 33 MeV

°
°
°
@ Significance >50

Further studies are required to investigate the nature of X(6900). If confirmed:
First observation of exotic hadron composed by heavy quarks of the same flavour

[Sci. Bull. 2020 65(23) 1983]

orenzo Capriotti - Spe scopy at LHCb: experimental overview and pros

INFN
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Double the charm? T2
Having observed doubly charmed baryons and hiddden charm

tetraquark, why not search for doubly charmed tetraquarks?

The first hint of the signal: D°D%+ and D°DO7x*

L INEN
(./'

Vanya, Misha, Ivan (LHCb)

Yield/(1 MeV/c?)

talk: Polyakov,

Mikhasenko,Wed 16

500~ ‘ ‘ ‘
= e DDt LHCb
400f— 0 D'DOxt .
E D**DY threshold 9fb
300 s D*D* threshold
B ﬁ LI
200/ i W’# @@ﬁw
F W&%aﬁ%w
100 Ed
2 %Mm%%%wa
80F
60}+ «_ A narrow peak near D*°D° threshold!
401~
Ft
20j w ) )
i N; adale m«w. Bt o esdin i
4

388 39 3.92 394 396
MpDn

Discovery and study of T,

398
[GeV/?

March 16, 2022

3/14

C. Patrignani

Experimental summary

MITP 14-25 March, 2022
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Introduction

Fit to the spectrum

Unitarized model

@ The signal shape does
not depend on |g| for
lg| = oo.

@ The lower limit:
lg| > 7.7(6.2) GeV at
90(95)% CL

@ dmy is the only
parameter

Parameter  Value

N 186 + 24
Sy —359 & 40 keV/ 2
lgl 3 x 10 GeV (fixed)

Yield/(500 keV/c?)

talk: Polyakov,
Mikhasenko,Wed 16

70— ‘ :

i LHCh 53 17
F ol Ex + i
0= + o i + ik

r 10 El|
40 T Tt ] 1

F 4 s T3 Lo s ]
30~ L o (697113
207 ﬁ t:émfi”f g .
10 *{ J%L +Jl ]

Oé_ujt ) ﬁ 4 Jf ++ Hﬂ# ﬁ Hﬁt £ E
ag7  3ss T 39
MpOpost [Ge\// 02}

No direct sensitivity to the width, the value is driven by the model

J

Vanya, Misha, lvan (LHCb)

Discovery and study of T,

March 16th, 2022

6/14

- INFN

C. Patrignani Experimental summary
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Future of T families talk: Polyakov,

Mikhasenko,Wed 16

Do other hadrons of the (QQ'qq’) family exist?

o Exists? Now, we are sure they do, all of them.

@ Can be observed? Certainly some. Some might be too broad.

- 2
o T,,(bbid) are likely stable wrt E o 1o L ) BB
QCD 3
o TY,(cbiid) is either stable or E oo
almost, like Tt £
? Radial and orbital excitations of ¢ oo
E
isoscalar T z t
7 QQ . . = ce be bb
? Isovector Tgq and its family e 0 oo o
Heep(QQ)  (MeV)
[Karliner, Rosner (2017)]
13/14

) Vanya, Misha, Ivan (LHCb) Discovery and study of T, March 16", 2022

INFN
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Baryon excitations

Also for baryons when at least one of the quarks is heavy the problem is
simplified by the decoupling between heavy and light quark’s spins

9499
baryon QQq

baryon =Joo+Ja

Heavy-light-light Heavy-Heavy-light
very complicated!

= light diquarks —heavy diquarks

Heavy baryon excitations provide a keyhole into diquarks
(2 and =7 have been observed ... hope in LHC Run3?]

INFN
(./'

C. Patrignani Experimental summary
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Heavy (exotic/excited) baryons

INFN
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talk: Capriotti, Tue 152

New excited =) states R
o Two narrow peaks observed in the AgK ~rt spectrum

Large significance wrt one and no peak hypotheses

m(Z5(6327)°) = 6327.287023 +£0.08 £ 0.24 MeV, I'(Z,(6327)°) < 2.20 MeV
m(Z5(6333)°) = 6332.6970 17 +0.03+0.22 MeV, T'(Z,(6333)°) < 1.55 MeV
Consistent with the predicted 1D Z) doublet, J¥ = 3/2% and JF =5/2*

o

N L L LU LY LA LA LA L |

{ Data
— Total fit
- Z,(6327)°
- 5,(6333)°
--- Combinatorial

© O
(=]

Candidates/ (1 MeV)
3

(=]

0 T 6360
M(AK 1) [MeV]

2

[arXiv:2110.04497], submitted to Phys. Rev. Lett.

orenzo Capriotti - Sp scopy at LHCb: experimental overview and prospects

INFN
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Candidates / 1 MeV

upto 140 1" (13 TeV)
+ Data

—Fit

— signals

- Comb. bikg
2 double-G with shape fixed from,
MC (mass & normlizaton free)
Threshold function: (x — xp)<

dRorcaes 1 v

}

m(a3mtn) — m(A8) + Mpog (A3) = ... [GeVI

Z - s
591 592 5% 594 5

New excited A9 states

Up10 140 (13 1eV)

5IGs : 2Gauss (MC: reso|.
% B-W (T"fixed to|LHCE)

BKG : (x = To)}fx pol1
foed?

T ifree

9 xRy
(Mgmta ) m(A3) + Mg (Aa) =m

63

A

6.4
[GeV]

~38Mev)

talk: Pompili, Tue 15

‘ First confirmation of A, (6146)° & A,(6152)°

Mass measurements:
M(A(6146)°) = [6146.5 £ 1.9(stat) + 0.8(syst) + 0.2(Mppg (A3))]Me
M(Ap(6152)°) = [6152.7 + 1.1(stat) + 0.4(syst) + 0.2(mppg (A3))MeV

2 .. in agreement with LHCh values

(but not as precise as theirs)

.and another broad bump later confirmed by LHCb

CMS upto 140 fo' (13 TeV)

> 140
() E ¢ Data
= j0f  —Fit H
f £ — Signals
@ 100 - Comb. bkg.
s _F
S 80p H H
Pol /7 &
(8]

40~ }

20 A~ \

L

060 6.1 6.2 6.3 6.4

0 b =) _ 0 0) =
n(Ajmtm) — m(A)) + Mppe (A}) = Mo [GeV]

600

400

200

Candidates/(2 MeV)

[ JHEP 06 (2020) 136]

T
At

=
E—— M.(hll(»)“ 4
== Ay(6152)"

Ay

A= Afme

T T T T
LHCb A

1’64— ﬁ

[ [GBV]

C. Patrignani

Experimental summary
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talk:Pompili, Tue 15
Observation of the excited beauty baryon ;" (6100)"

>> The invariant mass of the final state is build combining the fully reconstructed decays (left) with identical
mass resolutions and the partially reconstructed channel (right) with a 30% larger mass resolution.
The projections of the simultaneous extended UML fit (mass parameter is common due to Am definition):

CMS 140 fb™' (13 TeV) CMS 140 fb™ (13 TeV)
E = - JYE 5 — JYAK E i Daa g - Ik L
P i Data a2 i (local stat. signif. ~6.2-6.7
> — Fit >
Q Q
= 15 Signal s k=Y
§ Comb. bkg. é ' m(Z,"") =[6100.3
c =
8 1 8 10 +0.2(stat) £ 0.1(sys)
5 5 +0.6(E,) ] MeV
0 0 40 60 80 100 0 20 - 4‘0 6‘0 8‘0 100
M(E; 7 ) - M(E;) - 2m7°C [MeV] M(E; 7 ) - M(E;) - 2m?°C [MeV]
2 The natural width (signal model: ) is too small (consistent with 0) to be measurec

with the present data sample and experimental resolution. An Upper Limit I'(Z;"") < 1.9MeV @95%CL is
obtained (systematics included) through the scan of the profiled likelihood.

2 The low yield does not allow a measurement of the quantum numbers.
However following analogies with the established E, baryon states ...

—

... the new £,°(6100)~ resonance is the analogue of Z.(2815) and its decay sequence are consistent
with lightest the orbitally excited Z baryon with JP = 3/27 [L=1 between b-quark and (ds)-diquark]

HadSpec22@Mainz / 15-3-2022 A.Pompili (UNIBA & INFN-Bari) 1¢

INFN
C C. Patrignani Experimental summary
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Study of Excited Baryons via the E*AK™ Final State 2 220103852

= Baryon studies especially interesting at PANDA

K i . Py Reaction Rate (s—1)
due to high production cross sections (GeVic) at 103 em 257!
1.64 Pp— AA 44
177 24
= Knowledge in strange baryon sector very sparse 6.0 5.0
46 03
= All decay modes - charged and neutral -
) 7.0 0.1
accessible
46 0.2
= Feasibility study performed to determine the spin Eur. Phys. J. A (2021) 57: 184
and parity QN for specific = resonances AAIC values for Z(1690)™
_ _ . . . Fit — 1/2% 1/2° 3/2% 3/2°
= Z(1690)~ and =(1820)~ were simulated including Gen. |
1/2+ 0.0 2,550.6 2,310.6 2,706.8
detector response 12 316.7 00 3282 23322
. . 3/2* 4,973.9 5,228.0 0.0 584.6
= Model includes interference effects, proper 3/2- 53456 31186 8331 0.0

angular distributions and barrier factors _ _
A (AIC+BIC) values for =(1820)

= Fit was able to identify the correct spin and parity Fito | 127 12 3727 32
quantum numbers and resonance parameters Gen. |
o 1727 00 1399 158.7 2081
= Of course, the models used are a limited 1/2- 96.8 0.0 2111 8874
- ; ; 3/2* 7473.3 76045 0.0 1984
representation of reality and can be improved 32 6176 6900.8 4909 oo
17 Meike Kiiner Hadron Spectroscopy: The Next Big Steps RUHR-UNIVERSITAT BOCHUM
,N;? [Panda simulations also give hope See talk M. Kussner, Mon 21]
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Pentaquarks

INFN
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LHCDb observation in 2015

rHCh

= Two J/yp resonant structures are revealed by a full 6D amplitude analysis
o P.(4450)* <€ the prominent peak
o P.(4380)" < required to obtain a good fit to the data

o Consistent with pentaquarks with minimal quark content of uudcc

26k Ay signals PRL 115 (2015) 072001 (most cited paper at LHCb so far)

L1000} acata My, all
© = total it

\TT)] saof. —Packground

& (4450 H
2 “u-P,(4380) '
< 60 (1405) ]
o

(1520)
o0 88

ther
u un 1

200)

of

Tightly-bound

< P(Mso)*

Ay

Loosely-bound

Fit Fraction (%)

See talk Liming Zhang,
Thur 18
more in overflow...

4._&“}}1( < I/

b c
f—

[ | P4380) P,(4450)*
Mass (MeV)
Width (MeV)

4380+ 8 =29 44498 £1.7+25
205+ 18 + 86 39+5+19
84+07+42 410511

Kinematical effect:

> pentaquark? % pentaquark? triangle diagram?
z =
2 Hll £F (4450 3 K
3 o (4450) s
! =
+ N 8
a 15 I = n
= = ¢ 2 .
+ + = 2
= - " XeP =]/ I
S = L
Maiani,Polosa, Riquer, PLB Wu,Molina,Oset, Zou, PRL10S =
~7) 749(2015) 289 1 (2010) 232001 E1. g‘a‘;;‘;‘;‘;;’;’zw‘“‘v’"& 2
~ INFN _lebed, PLE 749 (2015) 454 2 Walvg,Huang,Z\.ang,Zou PRCB4 g Wy S 18 752 025,33
o Anisoyich, Matveev, Nyir, (2011) 0: ac
- L Pafeenagtanie aca Experitibsial surmnya ittt o s

MIkhﬂSﬁ"""WFﬂwﬁMarch 2022
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Fine structures from update

LHCD
See talk Liming

= Run1+Run2, x10 A} — J/ypK~ yield
o Inclusion of Run 2 data (x 5)
o Improved data selection (x 2)

m P.(4312)" is observed

m P.(4450)" peak structure is an overlap of two
narrower states, P.(4440)" and P.(4457)*

m Their near-threshold masses favour “molecular”
pentaquarks with meson-baryon substructure, but
other hypotheses are not ruled out

State

M [MeV ]

I [MéV]  (95% CL)

R [%]

P.(4312)*
P(4440)*
P (4457)*

4311.9 + 0.7455
4440.3 +1.3741
4457.3 +0.6711

9.8+2.75 11 (<27)
20.6 £4.9557 (< 49)
6.4+£20" 7] (<20)

0.30 £ 0.071934
1.11 +0.3379%2
0.53 % 0.16+013

Liming Zhang

INFN

Weighted candidates/(2 MeV)

Thur 6k A, signals

PRL 122 (2019) 222001

0 0
XD xiD*
1200F
—data LHCb
— total fit
1000F _ packground
800
600
ao0fff i
P Paad0) f P (a457)"
P(4312) I
2001 §
&

00 4250 4300 4350 4400 4450 4500 4550 4600
m,p0n M6V

1D my sy, is fitted, full amplitude
study is very advanced

C. Patrignani

Experimental summary

MITP 14-25 March, 2022
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surements

Experimental Approach and Results Spectroscopy of = Resor

Heavy-Flavor Resonances

J/v Photoproduction Near Threshold

Photoproduction of J/v (near threshold) 4
provides clean laboratory to study cc: i
. . . . 10 E : Cornell-75.
@ Probes gluon distribution in proton Pesuer ]
L : . i e
@ Sensitive to multi-quark correlations oL ya
@ Intriguing possibility of five-quark ‘ 7/
interaction . o 10
P, (4450) 0l /
g"soo / — | fitio hedaaa{11-2ZGeVE
" " “oF L ey f 0890 12 14 16 18 20 22
o P (4312) | E‘/ GeV
43603250 4300 4350 4400 4450 4500 4550 4600

My p [GEV] GlueX energy range

R. Aaij et al., PRL 122, 222001 (2019)

Volker Credé Baryon Spectroscopy: An Experimental Overview

INFN
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Structure of Nucleon Reson:

scopy easurements
Spectroscopy of = Resonances
Heavy-Flavor Resonances

Observation of J/v at GlueX

Experimental Approach and Results

A. Ali et al. [GlueX], Phys. Rev. Lett. 123, no.7, 072001 (2019)

2 |
S0 e
(=N 3
o ¢ P
2 X2 ndf = 084375 7 1
Q slope= -1.67 + 0.35 GeV? o L=
. ¢ Ve
§ ! ! 1 S S —— Gluex
A —&— SLAC
N —A— Cormell
- === Kharzeev et al. x 2.3

Ry

—— JPAC P(4440)
— — incoherent sum of:

L -Z S e 2g exch. Brodsky et al
10 1 i 3g exch. Brodsky et al|
0.8 1

“(tt ), GeV? 8 9 10

min’

E,. Gev 20

First observation of J/4 at Jefferson Labinvyp — pJ/¢ — pete~
@ First detailed look at cross section near threshold

@ Measurement of t slope (at 10.7 GeV avg. E,): (—1.67 +0.39) GeV 2
@ Limits on pentaquark production

Volker Credé Baryon Spectroscopy: An Experimental Overview

INFN
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Light mesons

INFN
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PWA —> resonance parameters See B. Ketzer; Tue 22

Kaon Excitation Spectrum

[B. Ketzer et al., Prog. Part. Nucl. Phys. 113, 103755 (2020))
Relativstic Quark Model: [D. Ebert et al, Phys. Rev. D 79, 114029 (2009)) 00 1-

«included into PDG
: « need confirmation

KOKKKCK K

+ 25 kaon states listed by PDG (M < 3.1 GeV), 13 of those need confirmation
+ many predicted quark-model states still missing
+ some hints for supernumerary states

AMBER

* PWAto be performed in full mass range Preiminary
+ n'm excluded

. . . . P/ O
« in addition: 7*7~ and nm isobars x10° COMPASS Kz
K69)
x10* ] ~
conpass : <
< =10
2 K3(1430),
=
£05
a
Dominant decays:
* X"-f(1285) + a7 0.0 0
<X a(1320) 40 1 2 3
L 0 © X an(980) +p i [GeV /] -0
X a(980) + £,(1270)

X~ a,(1320) +p



See B.J.Liu; Mon 21

exotic JFC = 17" in Jop — v/

Charmonium decays provide an ideal lab for light hadron physics Baseline set of amplitudes by adding the 1, state
it + Clean high statistics data samples Doy ot [Rewe NV T OMeY) Mo MeVI) Tros ) BE G0 S
TR TR 0 T
ik s + Well defined initial and final states ! O . ; )
. + Kinematic constraints ) wiosert wssory 92 Pt hegioiari
- ‘ o « 1) filter o W4T eski0rl,  mu baseline setis improved by 32
i « “Gluon-rich” process 1855290 1881810 and the number of free
e se o . parameterssreduced by 16
) ot o
o Phys.Rept. 873 (2020 1 77 116 ) a6
s 158

What's the role of gluonic excitation and Contributions from the f5(2100), h(1595)(yn') , p(1700)(yn’) , $(2170)(yn) , f2(1810), and f;(2340), in the PDG-

oDUleed set become insignificant (< 30), omitted
how does it connect to the confinement? G e e o460,
Scalar glueball candidate: production properties For comparison ot

need for the 1, (1855) P-wave .

/ \
BU/t = v£o(1710)) s x10 lrge than that of £,(1500)
i
L
8
Experimental results 2l W s
o N
#BUMNY D 1f(1710) > yKK)=(85253) x 107 _ ~ T k7
#BONY > 111710) > 1r)-(40£1.0)x 1074 L il EN H
By > F1710) > row3.1210 1074 i i i H
#BUMY S (1710) > 235233 1074 ® cibgbaciom o) 14 4 £+ . H
= B > 1£(1710) > 1.7x 10~ . S o) [
fo(1710) largely overlapped with scalar glueball
Recent coupled channel phenomenology analyses Baseline set of amplitudes PDG-optimized set of amplitudes

Phys.Lett B 816 (2021) 136227 EurPhys.L.C 82 (2022) 1, 80

* Anisoscalar 1-*, 1, (1855), has been observed in J/{r — ynn’ (>190)
M = (1855 + 9%9) MeV/c?, T = (188 + 1873) MeV/c?
B(/b - yn; (1855) - ynn') = (270 + 0411338) x 107°

C. Patrignani Experimental summary arXiv:2202.00621, 2202.00623 MITP 14-25 March, 2022
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. . . . . See A. Thiel; Wed 23
Exploit polarization to determine amplitudes

2 p - total cross section s TR T S N Structure obser
ot “"\...‘\.._‘r____‘ — A — frselesel dlagran: s ;
( " Resonan 71 ™~ o A v iz 2 pr invariant m:
different g2t et 8 o
s sy . "
5 Om0.25620.247 4 i
— Weal & S " Triangle singul:
= £, b w4805 ) - ) :
triangular diagram;
difficult g describe this st
i, T
H 2 = - :
i A(z32) Observation of
o500 oud o060 2000 2500" 000 . singularity in b
158 1.6 1.85 17 178 18 P 2
My, GoV] spectroscopy?

| wave analysis needed to disentangle the

[V. Metag et al. Eur.Phys.J.A 57 (2021) 12, 325]

ances.

channel

Baryon and Meson Production in the

Baryon production:

16 Polarization Observables in
photoproduction of pseudoscalar mesons

Target Recoil Target+Recoil
= = ¢ y' z' x' x' z' z"
ton x y Z - - - x z x z
larized | 0 | - T - | - P - [ Tw Ly Tz Lr
dypol. |E|H (P) G| O, (T) O.| - - - - -
flarly pol. | — | F - E | -G - -C - - - - : R

ental summary



See X. Yuan; Mon 21

Not just spectroscopy..
[10 billions J/%).... huge samples of 1 and 77']

some analyses just use 1.3 billions at present ...)
o 1 — mOx0x0x0
on =M
e s atrete
en watarptu—
@ Absolute Branching Fractions of i Decay Modes

n —ntn ete

solute Bra g Fractions of n

Branching fraction of ' — 7¥7 " e*e™: @ Step 1: Inclusive decays
@ Theoretical predictions:
Two different VMD models!®: (2.17 4 0.21) x 1072 and (2.27 + 0.13) x 10~%
- ChPT model™: (2.137%17) x 1073
@ Most precise measurement beforel®): (2.11 + 0.12;5¢. 4 0.15,,5.) x 102

N
B(J/ = ym) =

a and MC

Possible CP-violating contribution!®~11:

© An electric dipole type transition

© Manifest itself as an asymmetry of sin 2:

N(sin2¢ > 0) — N(sin 2, < 0)
o= Nen2o50) T Nsn2o <o) Y

Pull  Events / (10 MeVic?)

[ 5% o8
M,co€'€) (GeVic?)

@ Previous measurement of A,: consistent with zero Phys. Rev. D 104, 092004 (2021)

15 ooy ok (o, B(J/v — 1) = (1.067 £ 0.00555¢, = 0.02345r.) x 1072
ol ¢ o< B Gt A 1T 100 (2003 PDG: (1108 + 0.027) x 10~ (before this work)
i S ), w2007 costhar s

dies at BESII

Light Meson Studies at BESIII
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Summary

... too many results!

disclaimer: just a personal selection

INFN
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Overflow

... all other interesting things for which | had no time

INFN
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An intriguing coincidence?

significance not large

Events/5 MeV/d

Wenjing Zhu, Thur 18

arXiv: 2105.06605(2021)

)
S
T

>

5
T

2
T

47 = S 4 a4
M(yw(2S)) GeV/c
R: can be (any of) the states at 3.9 GeV
R *0
o, D™(2007) Resonant parameters =1 ‘ J=2
E ;,Li 39224+£65L£2.0
= = 22+17+4
;; ; I, B(R — 71(25)) 9.8 £3.6 + 1.2‘2.0 +0.7+£0.2
= - 40143+£40+15
X(3872) Do 2 44+114+6
Ty B(Rz = v1(25)) [6.2 +2.2+0.8[1.2+ 0.4+ 0.2
R, 77 2% partner of x1(3872)77
INFN
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Evidence of ]/II)A structure [Science Bulletin 66 (2021)1278%

See talk Liming

L INEN
(./'

Thur 18
m Hidden-charm pentaquark with strangeness P, is predicteué, and

suggested to search forin Z, = J/YAK~
[JJ Wu PRL 105 (2010) 232001; HX Chen PRC 93(2016) 064203]

. . o ~1750 E = J/WAK ™ signals (purity ~80%)
= Amplitude analysis with improved ’

s . = b T
helicity formalism Z )
o P,(4459)° found, significance >3.1c So6k
o T ‘ : ‘ T O
2 ' LHCb = 3 241
8 18 ----- Fit without P, | F
3 w0f m, >22Gev| | TR g 0k
> 1 ¥
5 201 T
i Y, [F(1690) “& ]
o 1 18 Z(1820) b
F T OTF ] PR B
‘ ‘ ‘ ] 4 6
44 445 45
;1 [GeV] Potential P structure? k- [GeV]
Liming Zhang 6
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Evidence of J/yA structure ‘M‘Mﬂ‘%

L INEN
(./'

m Hidden-charm pentaquark with strangeness P, is predicted, and

suggested to search forin Z, = J/YAK~
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