New experimental results on light and heavy hadrons

Chang-Zheng Yuan
( yuancz@ihep.ac.cn)

IHEP, Beijing

22nd @dition

PANIC Lisbon Portugal

Particles and Ng@ﬂ

i

el International Conference




Hadrons: conventional & exotic

Conventional hadrons
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Meson

Molecule Tetraquark

Hybrid

Glueball
Pentaquark SU(4) multiplets of mesons & baryons
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Lots of states with heavy quarks observed since the discovery of the X(3872) in 2003!
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New spectrum emerges although more effort is needed to
understand the nature of them.
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how many efforts must we make before we understand a particle?
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nscovery of the X(3872)
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Mass of the X(3872)

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT
3871.65 + 0.06 OUR AVERAGE

3871.64 +0.06 +0.01 19.8k 1 AAL 2020S LHCB Bt — J/¢ym T KT
3871.9 +0.7 +0.2 20 ABLIKIM 2014  BES3 et e — J/pmtm Ty
3871.95 +0.48 +0.12 0.6k AAL 2012H LHCB pp— J/Yntn X
3871.85 £0.27 £0.19 170 2 CHOI 2011  BELL B — Kntn= J/4
3873 T ;g 1.3 27 3 DEL-AMO-SANCH.. 20108 BABR B — wJ/yK
3871.61 +0.16 +0.19 6k 4.3 AALTONEN 2009AU CDF2 pp— J/yrtn X
3871.4 +0.6 +0.1 934 AUBERT 2008Y BABR BT — K" J/Jyntn
3868.7 £1.5 +0.4 9.4 AUBERT 2008Y BABR B — K¢ J/ymn~
3871.8 £3.1 +£3.0 522 5.3 ABAZOV 2004F DO pp— J/YrTn X

M,,, + Mp.,= 3871.69 & 0.11 MeV

E,=-0.04 =+ 0.12 MeV _ —1/2
rx = (8u|Ep)) ™% > 5 fm
E (deuteron) =—2.2 MeV 6
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Width of the X(3872)

) [a.u]

VALUE (MeV) CL% EVTS DOCUMENT ID TECN COMMENT
1.19 = 0.21 OUR AVERAGE Error includes scale factor of 1.1.
1.39 +0.24 +0.10 BW width! 15.6k L AAD 2020AD LHCB pp— J/Yyr T X
0.96 *0-12 +0.21 wiath: 4.2k 2 AAU 2020S LHCB Bt — J/yrtn KT
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Production of the X(3872)
CMS, arXiv: 2102.13048 ;' ososoore
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Production of the X(3872) in B*=2>K*X

PRL 124, 152001 (2020) PRD 97, 012005 (2018)
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Decay of the X(3872)

Snap! DD*%? Threshold?
D'DO7t% (non DYD0)
Open charm 8_} @Y DDY% (non DD*0)
_ DDy

Transitions
IC((({& nndly, nnnd/y, Ty,

alie MY cys TNy - - -

— Hadronic transitions

— Radiative transitions

- vy, yyp(2S)

Hadronic decays

New measurements
Radiative decays from BESIII & Belle.
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Index (i) Parameters Values Experiments

XG0 77776 (a0 Global fit to X(3872) decays

1 BT - X(3872)KT 8,61+ 0.82 + 0.52 Belle [14]
2 84+15+07 BaBar [15] =0 Toc
3 BY— X(3872)K° 43412404  Belle [14 * _ o)
4 oA 3.5+ 1.9+04 BaBm[[l].S] ° B(X(3872) - D™WD" + c. C-) — (52_14)A)
X (3872) — 7/ (xl(j;‘i}s ) +1.9
5 BT - X(387Q)KT 178705 1012 Belle 22 — —_
6 B 2.8+0.840.1 BaBm[ [2]3] ° B(X(3872) — T ]/l/)) (4'1—1.1
1] - ] +0.76 elle
| porems pEzian WeE | B(X(3872) - w) /i) = (4.4123)%

X (3872) — 1(3686)  (x10°°)

w R e e |* B(X(3872) - yJ/Y) = (1.1755)%

11 B X(3872)K" 1127337 £ 0.57  Belle [22] 42
12 114+£55+£10 BaBar [23] o _ 2\0
X(3872) — DD° + ce. (x10° %) B(X(3872) — T XCl) Il (3'6—1. /O
13 BT = X(BR)KT 0.77 =+ 0.16 £ 0.10 Belle [16]
14 1.67 + 0.36 £ 0.47 BaBar [17] ° B(X(3872) - unknown) = (32+18) /
15 B X(3872)K° 0.97 = 0.46 % 0.13 Belle [16] —32
16 2.22 4 1.05 & 0.42 BaBar [17]
X J(F3872} (—?- wu’)/ !ﬁ»‘+ (x10~°) [] Parameter index 1 2 3 4 5 6 7 8
17 BT - X(3872)K 6E2+1 BaBar [18 : : - ,
Ratios 2 1 0.79 0.71 0.56 0.74 -0.90 -0.77
19 pRmmetyy 0794028 BESII[19] 3 1 0.78 0.54 0.73 -0.88 -0.78
20 EXESDID el 14814380  BESII[19) 4 1 0.49 0.65 -0.79 -0.69
2 pREEEell 16'54402  BESIHI[20) 5 1 0.51-0.61 -0.56
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BT — X(3872)K+ (x1074) 1
24 291+06+03 BaBar [27]

o 12411401  Belle 26 Chunhua Li and CZY, PRD 100, 094003 (2019)




_B[X(3872)-y(2S)]

B[X(3872)-7) /9] X(3872) - yy(2S) puzzle
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It is still not clear if X(3872)=2>yy(2S) exists or not!



Z,(10610)

Z,.(10650)
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BESII Y (4260) is now Y (4220)

PRL118, 092001 (2017) e PRD96 032004 (2017) PRD99, 091103 (2019)
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. X. Y. Gao, C. P. Shen, CZY
Combined fit results o o
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Y (4630)=Y(4660)7? Are there other decay modes?
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PRD 100, 111103 (2019)

Recent measurements
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BESIII has data from threshold to 4.95 GeV, improved measurements are expected! 18
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Events/5.0 (MeV/c?)

BESII

Recent measurements
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BESIII has data from threshold to 4.95 GeV, improved measurements are expected!
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Z,(10610)

@ | Z(4430) I 7,(10650)
via260) | viaaso) [ viasoo) [4140)
Y(4630)

4630

v =

/
X(6900) 1 (2500 | Tol3875) R
X,(2900)

Charged quarkoniumlike states must have at least 4 quarks!

tetraquark

(0]

multi—quark states

molecule

q
O,
hadro— -
quarkonium !
hadronic
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Events / 0.01 GeV/c?

Events / 0.02 GeV/c?
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The Z_ states with u,d-quark
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Z (4020), 2013
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Z (4430), 2008

All are observed in

| m+charmonium (J/y, h,
| w(29)) final states,
| candidate cc du

\ tetraquark states

4.8

=» Existence of states

with d-2>s?

1 =% Search for states

decay into K*J/y,
D*D, + DD*,!
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M?(K*Jhy) (GeVic?)?

ete - KK~ J/w ete - K*(D;D"+D:~D") BT = J/w¢pK+

22

(o)}
N
o

T T ~40r % 700
5=44-55Gey 1l <, [Vs=4.681 GeV : "
20 — Ny [ . S 600 E
- " ER Zof BesT = ol
18| . - = | 2 3
L - "] C
- o 1] 220f S 400
16 | e g = | S 300 F
[ | 1132 n [ .
4k N ] = 10} 200 F
: R0 T 2 | 100 f
12 [ I I B B R A i 1) m 0 DL - A ‘: A " o
12 14 16 18 20 22 4 405 41 415 3.6 3.8 4 42
ME(K Jhy) (GeVic?)? RM(K*) (GeV/c?) M [GeV]
PRD 89, 072015 (2014) PRL 126, 102001 (2021) PRL 127, 082001 (2021)
No significant signal in Z.(3985)in D'D,+ DD* mode! Z.(4000) and Z_(4220)

K*J/w decay mode! in K*J/\y decay mode!
Y Mass (MeV) | Width (MeV) VR

Z.(3985) 53c 7?7 39825738 £2.1 12.8%33+3.0 | Widths very different,
7.(4000) 15c¢ 1+ 4003+ 677, 131415426 not the same state!
7.(4220) 590 1+ 4216424133 233+ 52177

(statistics low!)

Waiting for BESIII result on e*e->K*K-J/y from the same data sample! 23




PRL 122, 222001 (2019)
9 fb'! Run 1 & Run 2 data

246k selected Ay,—J/ypK™ decays

P(4312)
P.(4440)

Z.(3985)
Z_(4000)

P.(4457) Z(4220)

Pentaquark states close to charmed baryon-meson thresholds

Spin and parity not ®

determined yet.

Partial wave analysis

<
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— 3
> 22 o
of the full data S @
sample is in progress. £ 20} 5
- b
» (]
Good hadronic N S
. i 2
molecule candidates. [ g
, 16 el
More states may exist 2 25 3 35 4 4.52 5 55 6 65
my, [GeV?]
close to other
thresholds. State M [MeV] I' [MeV]
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Weighted candidates/(2 MeV)
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Z,(10610)
Z,(10650)

States with 4 flavors (T,,) or two heavy quarks (T.,)
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LHCD
! )

PRD 102, 112003 (2020) : : Wt
PRL 125, 242001 (2020) Evidence for Tcs states decay into DK

9 fb'! Run 1 & Run 2 data N

50 LHCbH
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Q 16 - et " - % . i — Xco(3930) — D U
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25 3 3.5
o : -------- Nonresonant
. m(DTK™) [GeV/c?]
Resonance Mass (GeV/c?) Width (MeV)

7e0(3930) 3.9238 & 0.0015 =+ 0.0004 17.4+51=+0.8 The significance of the disagreement in the m(D-K*) distribution 1s
72(3930) 3.9268 + 0.0024 + 0.0008 342 +£6.6 + 1.1 3.96 and 1s most apparent in the region m(D-K*)=2.9 GeV. This
X, (2900) 5866 - 0.007 - 0.002 5741244 discrepancy could be explained by a new, manifestly exotic,

0 . . .

X,(2900) 2.904 + 0.005 -+ 0.001 110+ 11 + 4 charm-strange resonance decaying to the D-K” final state. .




xivaimoi0ss  The T, (3875) state decays into D°DOr+ LEch

9 fb! Run 1 & Run 2 data

P (S . Fit with a unitarized three-body Breit—Wigner function:
= oo 186:424 evts |
T 60F . 2
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400i EI %Oggzi LH(‘l) "%ﬂ E # lat: : R&E E — = {.5 :t 0.4: flIl
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Tentative conclusions:

f)*OD*+

Zb(10610
Zb(10650

2900 m t

1. We do observed hadronic molecules close to the thresholds

2. There must be dynamics beyond molecule to explain many other states far from
thresholds of narrow hadrons

3. Similar states in light quark sector (u,d,s) may also exist
28
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z # h £ How : o : :
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previous partial-wave analyses addressing the J?¢=1—" amplitude.” =» 7,(1600) exists!
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Anomalous line shape of n'a*n- near pp threshold

X(1835) observed in J/¢—-yn'n* "

X(pp) observed in]/y-ypp

BESII

2000 —,

Phys. Rev. Lett. 106, 072002 (2011) 0.2B J/y events PRL 108, 112003 (2012); PRL 115, 091803 (2015)
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« Existence of a broad state with strong couplings to pp, or a narrow state
just below the pp mass threshold

« Existence of a pp molecule-like state or bound state?
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BESII

I27yv:

v First observation of 1(1475)/X(1835)2>v¢.
v’ Angular distribution favor J’°¢= 0",

v Sizeable s§ components in X(1835):

more complicated than a pure NN state

S
@]
(@]

200

¢ yield/(0.035 GeV/c?)

Search for X(1835)’'s other decay modes

Phys. Rev. D 97, 051101(R) (2018)

Jy=2ontnn’:

v No obvious signal of X(1835) is found.
VBR.<62x10° @ 90% C. L.
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More in parallel talk of Tingting Han on Sunday.
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Phys. Rev. D 99, 071101(R) (2019)
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- 4
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Summary

Lots of progress in the experimental study of hadron spectroscopy.
Spectroscopy of hadronic molecules to be further investigated.
States formed by other dynamics may have been discovered.

Study of similar states in the light quark sector (u,d,s) may reveal even
richer phenomenon of strong interaction.

More results to come (Belle I, BESIIl, COMPASS, GlueX, LHCDb, ...), and
lots of opportunities and challenges ahead.

Thank you very much!
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BCSII Y (4220) > v + X(3872) ?

PRL 122, 232002 (2019)

. 0.8
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[[Y (4200)] = 115758 4+ 12 MeV

Need data between 4 and 4.16 GeV to check if there 1s contribution from y(4040). 34



BGS]]I Y(4220)97‘C ZC(39()())97UU/\|, PRD 102, 012009 (2020)
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The near future

BESII
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