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How It's going
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Content

* Huge progress in hadron spectroscopy in past decade

- Mostly due to new states with heavy flavours discovered by LHCb
* Important contributions also from BESIII, Belle, BaBar, CMS, ATLAS, ...

- Manifestly exotic, potentially exotic and conventional states

» Selected highlights (impossible to cover everything!)
- Xa(3872), P states, =..** and partners, Te*, Tes & Tes

* Future outlook | |
Will follow PDG naming scheme as

updated for 2023 RPP

https://pdg.Ibl.gov/2023/reviews/rpp2023-rev-naming-scheme-hadrons.pdf


https://pdg.lbl.gov/2023/reviews/rpp2023-rev-naming-scheme-hadrons.pdf

The LHCb experiment

* Huge charm and beauty production cross-section in the forward direction in
pp collisions at LHC energies

- Essentially all hadrons produced

* Require superb detection capability to separate signal from potentially
overwhelming background
- LHCDb strengths in vertexing, tracking and charged particle identification

— Capabillity for online selection (trigger) also crucial

* Two main production mechanisms
— prompt: highest cross-section, but high backgrounds; only for cleanest channels
- via B decays: lower rates (cross-section + BF + acceptance), but very clean
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The LHCDb detector

(2011-18 edition)
The LHCb Detector P
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Candidates / a[m(up)]/ 2

PRL 120 (2018) 061801

Prompt vs. B decays
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Xc1(3872) In B* - J/P1t*TrK* decays

PR D108 (2023) L011103
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Xc1(3872) In B* - J/Y1t*TrK* decays

PR D108 (2023) L011103
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Xc1(3872) In B* - J/Y1t*TrK* decays

PR D108 (2023) L011103
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Xc1(3872) production in pp collisions

JHEP 01 (2022) 131 PRL 126 (2021) 092001
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Studies of production in other environments (pPb, etc.) ongoing 12



Xc1(3872). other results and open guestions

 Mass : 3871.64 + 0.06 + 0.01 MeV/c?
— obtained from Breit—Wigner fits
- c.f. DD* threshold 3871.70 £ 0.11 MeV/c?
* Lineshape in J/Prt*mt- studied in detalil

- Improved knowledge of DDt & DDy couplings
needed for further progress

* Disagreement on B(Xc1(3872) - Y(2S)y)
- Seen by BaBar & LHCDb; not by Belle & BESIII
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Studied in different experiments,
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Unique in this respect among
exotic hadrons (so far)



Charmonium pentaquark discovery

LHCb 'ﬂ
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https://doi.org/10.1103/PhysRevLett.115.072001

Importance of particle identification

LHCDb; PRL 115 (2015) 072001 ATLAS-CONF-2019-048
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https://doi.org/10.1103/PhysRevLett.115.072001

Charmonium pentaquark discovery

PRL 115 (2015) 072001

Fit without J/Yp resonances Two P states needed to get
cannot describe data reasonable fit 16


https://doi.org/10.1103/PhysRevLett.115.072001

Charmonium pentaquark discovery

o PRL 115 (2015) 072001
But fit is not

> perfect ... always
more to learn '
with additional
and better data

Fit without J/Yp resonances Two P states needed to get
cannot describe data reasonable fit 17


https://doi.org/10.1103/PhysRevLett.115.072001

Latest on charmonium pentaquarks

PRL 122 (2019) 222001
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https://doi.org/10.1103/PhysRevLett.122.222001

Latest on charmonlum pentaquarks

E*D D PRL 122 (2019) 222001
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https://doi.org/10.1103/PhysRevLett.122.222001

Charmonium pentaquarks — open charm?
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P. states : open guestions

Determination of quantum numbers
- Amplitude analysis required

Decays to final states other than J/p
- Potential to study ncp, Xa1p but larger samples needed
— Similarly, good long-term prospects to study A.D™, 3.D® decays

Other production mechanisms?
— Other b decays? Prompt production in pp collisions? Photoproduction?

What is the relevance of the proximity to 2.D® threshold?

21



=t discovery

PRL 119 (2017) 112001
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Observation of the Doubly Charmed Baryon Z}*
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(LHCb Collaboration)
(Received 6 July 2017; revised manuscript received 2 August 2017; published 11 September 2017)
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A highly significant structure is observed in the A7 K~ 777" mass spectrum, where the A baryon is
reconstructed in the decay mode pK~z". The structure is consistent with originating from a weakly
decaying particle, identified as the doubly charmed baryon Z7". The difference between the masses of the
E:+ and A] states is measured to be 1334.94 + 0.72(stat.) + 0.27(syst.) MeV /¢, and the E/;" mass is 80
then determined to be 3621.40 + 0.72(stat.) & 0.27(syst.) = 0.14(AF) MeV/c?, where the ld\l uncer-
tainty is due to the limited knowledge of the A mass. The state is observed in a sample of proton-proton 60
collision data collected by the LHCb experiment at a center-of-mass energy of 13 TeV, corresponding to an
integrated luminosity of 1.7 fb~', and confirmed in an additional sample of data collected at 8 TeV. 40
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hadron discovered at LHC


https://doi.org/10.1103/PhysRevLett.119.112001

Lifetime measurement

PRL 121 (2018) 052002
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https://doi.org/10.1103/PhysRevLett.121.052002

Candidates / (5 MeV/c?)

Mass measurement & productlon rate
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Looks suggestive, but with look-elsewhere-effect [in 3.5-3.7 GeV/c?]
global significance is 2.9 o
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Search for Q.."

SCPMA 64 (2021) 101062
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global significance is 1.8 o
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Double charm baryons : open questions

* Discover partner states and measure their properties

- More data, but also better vertexing capability important to improve
sensitivity

« Capability to separate decay position from production vertex crucial to reject
potentially overwhelming background

* Can we study the spectrum of excited states?

e Can we observe other doubly heavy hadrons?
— Main focus on =y

- =" could become a tool to discover heavier multiquark states

e Similarly for T ...
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Yield/ (500 keV/c?)

Double charm tetraquark Tcc*

Nature Phys. 18 (2022) 751
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T . open guestions

* Tt observed just above threshold for strong decay

- Does it imply Ty and Ty, are below threshold, and hence weakly
decaying?

- How can we observe these states?

* Properties of production and decay to be studied in detall

— Narrow width should help theoretical interpretation and understanding
of binding mechanism

* Can we study the spectrum of excited states?
— Is assumption that observed T.* is a ground-state justified?
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Exotic structures in B* - D*D-K*
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Exotic structures in B* - D*D-K*
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Candidates / (17.3 MeV/c?)

Exotic structures in B* - D*D-K*
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Candidates / (17.3 MeV/c?)

With additional cut to remove cc reflections

Exotic structures in B* - D*D-K*
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Candidates / (17.3 MeV/c?)
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Exotic structures in B* - D*D-K*
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Exotic structures in B — Ds'TtD decays
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Exotic structures in B — Ds'TtD decays

PRL 131 (2023) 041902
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EXxotic structures in B - Ds'tD decays
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Exotic structures in B — Ds'TtD decays
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https://doi.org/10.1103/PhysRevLett.131.041902

To the future, and beyond!

* More yet to be learned from the Run 1+2 data sample

* But fundamental limits due to sample size and detector performance
— improve both in Runs 3 (2022-25) & 4 (2029-32)
— reasons to be optimistic for further discovery of multiquark states

* No reason to think that should be the end of the road
— ambitious plans for LHCb Upgrade 2
— aim for the ultimate LHC flavour experiment
— reasons to be optimistic for even more discoveries of multiquark states
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LHCDb Upgrade |
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Identification of displaced vertices crucial to identify B decays at hadron colliders
Commissioning ongoing!
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Data processing at 30 MHz

Traditional HEP trigger model:
— select interesting events with loose criteria for
later offline analysis

At high luminosity, every pp bunch-crossing
contains a potentially interesting event

Need a new paradigm

— full software trigger

— first level trigger (HLT1) implemented in GPUs
— offline quality reconstruction: calibration and
alignment performed before HLT2

— select relevant information in each event to
store for offline analysis

n.b:
data rate from LHCb detector (32 Th/s)
global internet traffic 2022 (997 Th/s)

32Tb/s

Comput.Softw.Big Sci. 6 (2022) 1

200G 1B

100GbE

10GbE

: 173
Event Builder
servers
Three TELL40

readout boards
per EB server
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Crucial to use
precision timing

information to
separate primary
vertices in same pp
bunch crossing
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http://cdsweb.cern.ch/record/2776420

The need for timing

Run 3: pile-up ~5

, Y (mm)

8850288

, Y (mm)

W= =
8800088
T

Upgrade II: pile-up ~40

z (mm)

High LHC luminosity achieved by increasing number of pp interactions per bunch crossing
Large detector occupancies — many possible fake combinations

But LHC bunches are long (~50 mm); collisions in each bunch crossing occur over ~0.2 ns
Detection with ~20 ps resolution per track gives new handle to associate hits correctly
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The need for timing
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High LHC luminosity achieved by increasing number of pp interactions per bunch crossing
Large detector occupancies — many possible fake combinations

But LHC bunches are long (~50 mm); collisions in each bunch crossing occur over ~0.2 ns
Detection with ~20 ps resolution per track gives new handle to associate hits correctly
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Summary

e Hard to predict what new discoveries will be
coming

— But certain that new discoveries will be coming
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Back it up
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LHCDb Run 1+2 Integrated luminosity
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HL-LHC schedule
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Last updated: January 2022

to be followed by LS5 (1-2 years) and Run 6
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:CC++ N EC(‘)+T[+

PRL 121 (2018) 162002
JHEP 05 (2022) 038

* =" - =¢'T1" appears as partially reconstructed peak in m(=c"1t*) spectrum
— missing photon from =.* - =¢"y decay

* Reconstruct =." - pK-1t* decay
— Cabibbo-suppressed but good efficiency (3 tracks)
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CC++ N EC(‘)+T[+

PRL 121 (2018) 162002
JHEP 05 (2022) 038
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Charmonia decaying to Ds*Ds™
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Charmonia decaying to Ds*Ds™
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