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Strong Interactions

e Quarks and gluons not isolated in nature

Confined in Hadrons
* Spectroscopy gives insight into QCD in the non-perturbative region
 Complex exotic hadrons can reveal new or hidden aspects of QCD dynamics

Higgs mechanism
N\
a4
Quarks &

Mass =1.78x102%% g

QCD dynamics

Proton
Mass = 168x10<° g

~ 99% of proton mass

(~ 928 MeV)

~ 1% of proton mass

(~ 10 MeV)
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Hadron Type

Conventional Exotics

Tetraquark
Meson B _
INFN i Molecule qqg hybrid meson Glueball =DEGLISTUDI
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An Ever-Rising Fiela
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Analysis Techniques
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Phys.

Rev. Lett. 118 (2017) 182001

Direct Production

* |dentify particles via their prompt or secondary production by
reconstructing two-body decays

* Angular properties determined by
- production mechanism

N
-
-

| | | | | | | | | | | | | | | |

LHCb

| | | | | | | | | | I |

Candidates / (1 MeV)
I
S
S

- decay chain
200
Advantages "
* Relatively simple to model the signal Y

e Large datasets

| | | |

Disadvantages 973000 3100 3200 3300
* Need optimal knowledge of the combinatorial and physical m(E7K ") [MeV]
backgrounds ’
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https://doi.org/10.1103/PhysRevLett.118.182001
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Multibody Decays
S o Phys. Rev. Lett. 126, (2021) 122002
* Model the decay and highlight the contribution of known and new | |
resonances _ _ > 21F St LHCb =
* Often study resonances in the decays of heavy flavored particles O oE FaET -
- WL A —
(D, B, baryons) N job Wl a 3
I 2o | :
Advantages S I A - E
o oy 17F . =
* Complete description of the decay with interference among the 3 | E
amplitudes E i ) 3
Disadvantages 14 e
. . . - 6 8 10 12
* Require pure signals an.d good understanding of detector efficiency mAD K1) [GeV?]
* Model-dependent description
* Computationally intensive for complex decays
Efforts to standardise and document partial wave analyses frameworks < DEGL STUDI
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https://pwa.readthedocs.io
https://doi.org/10.1103/PhysRevLett.126.122002

Project Collaboration Since Latest commit C++ Python Julia Cuda
AmpGen CLEO / LHCDb 2018 04/2024 v
AmpTools BESIIl / GlueX 2011 05/2024 v v
BruFit CLAS12 2020 07/2024 v
ComPWA (C++) 2012 01/2024 v
ComPWA project 2020 10/2024 v
ORiilles
cFit 2012 05/2018 v
FDC-PWA BESIII 2000 v
GPUPWA BESIII 2011 v
HAMMER 2016 05/2024 v v
l[panema 2017 03/2019 v v
Laura++ LHCb 2013 v
Mint2 2016 01/2020 v
Pawian BESIIlI / PANDA 2010 10/2024 v
PyPWA JLab 2014 05/2023 v
Rio++ LHCb 2016 v
ROOTPWA COMPASS 2009 06/2020 v v v
TARA Crystal Barrel 1999 v
TensorFlowAnalysis LHCb 2016 10/2023 v
AmnliTF
TF-PWA BESIII / LHCb 2019 10/2024 v "& DEGLI STUDI
bt w),
I N F N ThreeBodyDecays.|| LHCDb 2019 10/2024 v C',_Q ',;
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https://github.com/GooFit/AmpGen
https://www.classe.cornell.edu/Research/CLEO
https://lhcb.web.cern.ch/
https://github.com/mashephe/AmpTools
http://bes3.ihep.ac.cn/
http://www.gluex.org/
https://github.com/dglazier/brufit
https://www.jlab.org/physics/hall-b/clas12
https://github.com/ComPWA/ComPWA
https://compwa.github.io/
https://github.com/ComPWA/qrules
https://github.com/ComPWA/ampform
https://github.com/ComPWA/tensorwaves
https://github.com/cfit/cfit
https://www1.ihep.ac.cn/wjx/pwa/index.html
http://bes3.ihep.ac.cn/
https://sourceforge.net/projects/gpupwa
http://bes3.ihep.ac.cn/
https://gitlab.com/mpapucci/Hammer
https://gitlab.cern.ch/bsm-fleet/Ipanema
https://doi.org/10.1016/j.cpc.2018.04.017
https://lhcb.web.cern.ch/
https://github.com/jdalseno/Mint2
https://gitlab.ep1.rub.de/pwa/Pawian
http://bes3.ihep.ac.cn/
https://panda.gsi.de/
https://github.com/JeffersonLab/PyPWA
https://www.jlab.org/
https://www.dropbox.com/sh/ydpg4xj4n817ppk/AACLohbJW2JDkFwlfiF2MlBva?dl=0
https://lhcb.web.cern.ch/
https://github.com/ROOTPWA-Maintainers/ROOTPWA
https://home.cern/science/experiments/compass
https://doi.org/10.1016/S0010-4655(98)00194-5
https://www.cb.uni-bonn.de/
https://gitlab.cern.ch/poluekt/TensorFlowAnalysis
https://github.com/apoluekt/AmpliTF
https://github.com/apoluekt/TFA2
https://lhcb.web.cern.ch/
https://github.com/jiangyi15/tf-pwa
http://bes3.ihep.ac.cn/
https://lhcb.web.cern.ch/
https://github.com/mmikhasenko/ThreeBodyDecays.jl
https://lhcb.web.cern.ch/
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Continuously Developing Field

* Predictions of D and Ds mass eigenstates performed
in 1985 from QCD potential models?

* BaBar and Belle experiments pioneered the search
for previously undiscovered D mesons

e Excitement since the discovery of the Dso’(2317)* and

3400
3200
3000
2800

D _(2860) D (2860)

Mass [MeV]

D _,(2700)

ol bbb b b b b

Ds1(2460)* resonances 2600 =724, —_
: s0 e ——— I)\ltl.\?(n/)\\(EhT») D K
* Fresh results from the study of B decays 2400 DK
o TRI”/)
Phys. Rev. Lett. 90 (2003) 242001  PPYs- Rev. D68 (2003) 032002 2200 |-
H— 2000 e "
400 E ; D,
% o 3 G 10f 1800
= 300 E i 3 |
= = |
2228 3 ++* g * 5 of- 1600 1 A N . . .
C = } t o |
%128 E_++++* } } H++ +*++++++**++++++*+ Ezo;— S() Sl P() P] Pz D] D2 D3 F o) F3 F4
50 [ :
0 Bk v v v e 10
2.1 2.2 2.3 2.4 2.5 i _ “ DEGLI STUDI
. h ..................... - >
INFN 1Godfrey and Isgur, PRD32 189-231 (1985) 100 20 300 400 500 600 % =
Istituto Nazionale di Fisica Nucleare M(DS Y . ) ) M(DS Y) (MeV/C ) u>-] E
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.90.242001
https://doi.org/10.1103/PhysRevD.68.032002
https://doi.org/10.1103/PhysRevD.32.189

Masses much smaller than expected

e Ds0(2317)* and Ds1(2460)* resonances below DK and
DK mass thresholds, respectively! (cs)

* |nterpretation as tetraquarks2?3 ([cq][sq]) or
DC)K molecules4s

Not only cs

* Further states compatible with [cs] observed recently
in B—DDK decays raised additional interest

1Godfrey and Moats, PRD93 034035 (2016)
2Maiani et al, PRD71 014028 (2005)

3Browder et al, PLB578 365 (2004)

4Barnes et al., PRD68 054006 (2003)

Svan Beveren and Rupp, PRL91 012003 (2003)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.034035
https://doi.org/10.1103/PhysRevD.71.014028
https://doi.org/10.1016/j.physletb.2003.10.067
https://doi.org/10.1103/PhysRevD.68.054006
https://doi.org/10.1103/PhysRevLett.91.012003
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B—-D*mrm

* D*m states allow natural and unnatural spin-parity

Except 0+, forbidden by angular momentum and parity conservation
* Pioneered by Belle (560 signal candidates)
* Studied in details by LHCb with 79k signal candidates

B—DDK1r

* Selection of KT S-wave gives access to unnatural spin parity in DK system

B—DDK

* Limit to Dsy mesons to DK: natural spin parity
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Phys. Rev. D 101 (2020) 032005
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I élE 1 | I I | I 1 | I

LHCb

Dalitz Plot 25

e Clear presence of D1(2420) and D2(2460) E

* Further weak bands at higher masses EE“
a
S

* Background model from subtraction of high-purity sample
from low-purity one
o Efficiency from simulations

I T I T | | B I |
I L1 1 | | L1 1 1 I 1 1 | | |

10

Amplitude Analysis — P

o Study of the four-body decay
Bt — (DzH)pentn™
 Amplitudes: Breit-Wigner + Zemach Tensors
* Alternative amplitudes parametrisation: Quasi Model Independent

D*m mass range divided in 31 bins with different complex coefficients
(magnitude and phase in each bin) free to float (1 bin fixed — 60

(@) oo
T T [ T T

Magnitude
I

[\
T T

o
T

floating parameters) - lterative process on one JP amplitude with the (D7) (GeV] T I

INFN others fixed % =

s o
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.032005

* ||
B—D'mn Fit Result
Phys. Rev. D 101 (2020) 032005

4000 — (ﬁl‘) Sy LH C]') | —
Mixture of QMI and BW 3 3000 - " —
v - D,(2420) -------
* Nominal model made of a combination of QMI (1*S and 0-) states and £ 2000 by
BW amplitudes -
1000 Projection
Resonance JF Fraction (%) Phase (rad) ot e 25 ~ .
D,(2420) 1*D  59.8+0.3+29 0 S ererence mge;’ ;ﬁ (GeV]
1*SQMI  1+S 2834+03+19 -1.194+0.01+0.15 | - ool
D’ (2460) 2t 153+02+03 -0.71 £0.01 £ 0.48 500 —
D,(2420) 178 2.81+0.2x+0.5 1.43 +0.02 = 0.31 S i S Total  —— |
0~ QMI 0~ 106+£024+07 19440014019 = = 400 ot
D (2600) [~ 60+£01+£06  120£0.02+005 7 [ H oicio0) -
D2(2740) 2-P 1.94+014+04 —1.57 +£0.04 £+ 0.15 -'é - % 200 i % .. 03(2750) .
D2(2740) 2°F 324+02+1.1 1.11 4+ 0.04 4= 0.29 S S I ¥
D; (2750) 3= 0354+004+£005 -1.17+0.07+0.31 - ; - A s
~500 - : . l . - - . ! - 0 . e N Ry
41 1 2.5 3 2.5 3
Sum 128.2 £ 0.6 £3.8 (D) [GeV] (D) [GeV]
"ﬁ DEGLI STUDI
INFN % E
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.032005
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Results

e Quantum numbers established for

I A A A A A A A A5 A4/

D1(2420), D1(2430), Do(2550), D17(2600), D2(2740), D3'(2750)
* |ndications of presence of higher mass D1 and Do’ resonances above 2800 MeV
* Mixing between D1 and D1’ resonances found marginally compatible with 0 (2.30)

Phys. Rev. D 101 (2020) 032005

B(B~ - R°z7) x B(R® - ) x 107*

Resonance JP This analysis Belle collaboration
D,(2420) 1t 8.42 4+ 0.08 0.40 £ 1.40

D(2430) 1*S 3.51 £0.06 £0.23 £+ 0.57

D’ (2460) 2 2.08+:0.03 £0.14 = 0.34 1.84+0.34+£03 0.2
D((2550) 0~ 0.72 £ 0.01 £0.07 == 0.12

D*(2600) 1~ 0.68 - 0.01 £0.07 £ 0.11

D, (2740) 2~ 0.33 £0.02 & 0.14 4+ 0.05

D3(2750) 3~ 0.11 £0.01 £0.02 £ 0.02

D, 1t 7.95 4+ 0.09 £0.34 4+ 1.30 6.8+0.7x13+£0.3
D] 1+ 2.96 +0.30 £0.41 048 50+04+£10+04
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.032005

B E nnl(" Phys. Rev. Lett. 126, 122002 (2021)

]
-
R

IIIIIIIIIIIII T T T T '=

E LHCb () :

DK System o cof Sl B
] ] ] Ssof 000 D50(2590): . S -

* Access states with unnatural spin-parity (0-,1*,2-,..) Sl M DaOs30" |2 4
Assumes K system in S-wave (J°=0%) below K*(892)% resonance 3 5| PE

» Amplitude analysis for data with mkn<0.75GeV 2 %) S 0}
Three Ds* components: § 10 5 o

0t 0

- Ds1(25306)* (17)
- Dsy at ~2.6GeV
- Non-resonant (0-)

-~
S

. S 35F S el
K as JP=0* Ko'(700)° Sl h
8 25} 2
: : = 20F ~ 30F
Fit fraction (x1072) g g b
D,,(2590)* 63 = 9(stat) & 9(syst) E “S’é E
D, (2536)* 3.9 + 1.4(stat) + 0.8(syst) ° o
NR 51 &+ ll(stat) T 19(syst) 2
D{-NR —18 + 18(stat) £ 24(syst)
D} /D}, 6.1 + 2.4(stat) 4= 1.4(syst) DEGLI STUDI
INFN

Istituto Nazionale di Fisica Nucleare
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.122002

Ds0(2990) In B—DDK
SO In 'I Phys. Rev. Lett. 126, 122002 (2021)

Ds0(2590)* Properties
o Mass = 250167 MeV o e e e
e Width = 389116112 MeV § 3200 — =
* Tested Spin-Parity — JP = 0* favoured ~ 3000 TR
%) - e — .
S 2800 :_ D _(2860) D (2860) —:
120 120 120 2 o) - D ,(2700) -
R T e 600 — S =
- LHCb (a) - Data : - LHCb (b) : - LHCb (c) : - D _(2590) . 056D (2573) 1p'x
100F . i - 100 : 100F . ; 2400 F D, ,(2460) -
~ 80: F=r D(2590)" 1 ~ [ ] N 80: J=2 : - —— 41 DK
=T D(2536)" 1 © o ol B - D _(2317) -
[ NR 1 & I | 2200 - —
g Bor | = = :
S ot T S ol At 2000k E
&) 20::__::jjj_;*_jjjjjjf‘_jfffﬁﬁf. el *_ @) O ZO-L_ ____________________ = 1800 _;
| S Sy 1600 -
Lo co%BDS " 1 Lo CO(;HDS " 1 ISO 381 3PO P, 3P2 3Dl D, 3D3 3F2 F, 31:*‘4
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.122002

B—DDK
Phys. Rev. Lett. 125, 242001 (2020)

An Unexpected Result o oy T o ——
. .. > 120f 1 5 Lk E
* Primary target of the analysis is the study of S 1oof E ] M (b)
charmonium resonances in the DD system = w| ] S b
* Found that the DK system could not be described £ 1 8 af
5 F 1 B 20F 3
properly 5 ol Oz :
0 0 2.5 .3 35
m(D"K") [GeV/c?]
‘;3 . 1 w(3770) — D* D
S b E S — %,,(3930) — D* D~
S N EI— - x,,(3930) - D* D"
PR : — ——— y(4040) - D* D
g 2k E _ _ . y(4160) > D' D
S 10} ~ +
O - v(4415) - D™ D
i

25 3 35 Nonresonant
m(D*K™) [GeV/c?]

@ éDEGLI STU[g
Yﬁc\’b Conventional Spectroscopy Maurizio Martinelli - Open Flavour Spectroscopy | 13.11.2024 18 @™ 1



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.242001

B—>Il|ll(
Phys. Rev. Lett. 125, 242001 (2020)
7777

77 NN
An Unexpected Result T e
N LHCb § =X ¢
. s > N - > =
* Primary target of the analysis is the study of S oF A 2 ok :
charmonium resonances in the DD system 3 = 0
* Found that the DK system could not be described g g sof
properly
. . " gn . . ngn @) @)
* Fit model significantly improves with the addition of 0 . 35
two new D-K* states around 2900 MeV with spin0and1 ™27 """ R T
Cannot exclude hadronic effects due to the vicinity of £ sfLuc A e
D*K* threshold > 40;-@ } 1 7.,(3930) > D* D
* Suppressing reflections from charmonium resonances = *| | o || {1 1t o' o
with m(DD)>4GeV glves further confidence 5 UF T e w(4415) > D* D"
o S wofF [N Hy S X (2900) — D'K*
2 25 LHCD E ST SR P AN e I I X ,(2900) — D'K*
S S 0 (b) *: 2.5 DK [G3V/ , 35 s - Nonresonant
% il 3;3 5 *(J % e H L=9/b < DEGLI STUDI
S m(D"K") [GeV/c?] cos(8(DK™)) 5 <
Istituto Nazionale di Fisica Nucleare % ;
%@ Conventional Spectroscopy Maurizio Martinelli - Open Flavour Spectroscopy | 13.11.2024 19 §| COC l:i



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.242001

Tetraquarks!
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Phys. Rev. Lett. 131, 041902 (2023)

Tetranuarl( |n tlle charm 8vstem

777 S S S S5 ¥ ;;k;

T l 102<r

Chase started with X(5568)

* Observed by D0' in Bstrt system [bSud] but not confirmed

Candidates / 0.10 GeV

Search in the Charm sector

* Similarly possible to search for [cSud] and [cSTid] in the Ds*m* system > ?. ”8 o .'.Il
* Xo(2900) and X1(2900) generated theoretical speculations? and predictions : D
e B°->D°Ds ' and B*—D'Ds"mr* are ideal candidates for this search

12 | 10° %,
Conventional contributions from excited D* resonances in D°m and Dr* E : ! =
e Signal Yields at LHCb (9/fb) & B
B°—D°D,"1r: ~4000, P=90.7% & EERE
B*—D D" ~3750, P=95.2% = 11 S
* Dalitz plots show similar structure as expected from isospin symmetry I —;I 1
Study them with a simultaneous fit 4l .
M*(D r*) (GeV?)
1Abazov et al., Phys. Rev. Lett. 117, 022003 (2016) D3(2460) DEGLLSTUD

INFN  2Chen et al., Rep. Prog. Phys. 86, 026201 (2023)
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http://Rep.%20Prog.%20Phys.%2086,%20026201%20(2023)
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041902
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012017
http://Phys.%20Rev.%20Lett.%20117,%20022003%20(2016)

7% 7% 7777 P
—~300FT ™ ™ "1 | LA L B L B L IR N I I | LR < | | N L L DL L LR BN AL L
> 1 5 >
O +4 Data ] O 100 - = O
O 250 - LHCb Background h O LHCb I 3 100 LHCb | i
g 9 fb-! — Total fit g 9 fb-! g 9 fb~! ,_| I
S 200 - - 22* (2460) D5 S T | | E S 80+ ] .
Z — D;(2600) Dy g g
&2 150 - 23: (2750) D" g oor . 8 60f -
S D (2760) D = ks
g | . D(3000) D} - B a0l 1 B L i
5 1 YR AL BN U D*(2010)- Dy g 5 ¥

—— DxS-wave D} O O
U - 20 - y 20 } j
) 212 ******** 24 26 28 30 32 34 0 :Hhabend ik i () it 1P ..\
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23 (2870)0, width [MeV] 128 +22 +23 57 + 13
T%.,(2900)° mass [MeV] 2887 + 8 + 2904 £ 5
;E (2900) width [MCV] 02+ 16+ 16 110 £ 12
B[B* — T%.,(2870)°,D™)+] (4.5502 100 +£0.4) x 1073 (1.2 £0.5) x 107
B[BT = T%.,(2900)°D™)+] (3.81)¢ F19£0.3) x 1073 (6.7 +2.3) x 1073

{B[B* = T%.,(2870)°, D] /B[BT - T*.

cs0 csl

(29OO)OD(*)+]} 1.17 £0.31 £0.48 0.18 £ 0.05

Tension In the ratio of Branching fractions

DEGLI STUDI

INFN

Istituto Nazionale di Fisica Nucleare

rHCh.

©3 UNIVERSITA’
== ONVTIN Id

1N L (AN Tetraquarks Maurizio Martinelli - Open Flavour Spectroscopy | 13.11.2024 26


https://doi.org/10.1103/PhysRevLett.133.131902

Summary

DEGLI STUDI

INFN

Istituto Nazionale di Fisica Nucleare

Maurizio Martinelli - Open Flavour Spectroscopy | 13.11.2024 27

=
)
o
[
=
Z.
-
B

== ONVIIN 1d




y

I A A A A A A A A A S S A A A/

SIIIIIIIIEII'
/77

777

Exciting Times for Spectroscopy

* Thanks to the large datasets and ingenuity of colleagues from various
experiments, many new results being published in the last 10 years

* Spectrum of conventional excitations of D mesons being filled

* Resonances compatible with Tetraquarks have been found

Questions

 Still unclear why some conventional D resonances do not agree with theory
predictions

* Exotic states have been found and require precise accommodation in our
theoretical framework
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At LHC

 Combine promptly produced D mesons with T and K mesons from the same
primary vertex

* Very large combinatorial background

* Production of any JP state is permitted

 LHCh developed a strong program with Run1
Difficult to improve further in this direction even with new data

e*e-

* Needs large enough energy above cc threshold

o Better to avoid B mesons production (below 1(4S))
* Belle studied 1(2S)—Ds(*Dsy- decays

Knowing the initial energy, needs only to reconstruct a Ds() and a K to infer the D()
momentum from recoill
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B->DDK

TABLEII. Systematic uncertainties on the pole mass and width of the D ,(2590)" state, and fit fractions of the three D" components.
The individual sources are added in quadrature to obtain the total uncertainty. The notations are the same as these in Table 1.

Fit fraction (x1072)

Source mp [MeV] 'z [MeV] D}, DY, NR D}-NR D} /D},
D,((2590)" width model 6.1 8.0 4.7 0.0 15.0 19.6 0.5
D,,(2536)" mass shape 0.3 4.3 2.3 0.6 3.5 5.3 1.1
K7~ mass shape 2.7 2.6 3.0 0.2 1.2 4.4 0.1
Blatt-Weisskopf factor 0.7 34 2.8 0.3 1.3 3.0 0.2
Including cc¢ resonances 1.1 54 2.7 0.1 6.3 10.0 0.4
D™z~ resonance veto 2.4 2.1 4.6 0.3 9.4 4.6 0.2
Simulation correction 0.2 1.1 0.3 0.1 0.7 0.8 0.2
Momentum calibration 0.5 0.4 1.3 0.0 1.4 2.5 0.2
Total 7.2 11.7 8.6 0.8 19.3 23.9 1.4

"ﬁDEGLI STUI@

INFN % -

Istituto Nazionale di Fisica Nucleare u>-] E
Z Z

%@ Spares Maurizio Martinelli - Open Flavour Spectroscopy | 13.11.2024 33 i| CoC ci




