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Introduction

Particle zoo vl = Quark model; Particle zoo v2?

Exprimental measurements required to determine the nature
of particles & calibrate LQCD
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86 new hadrons at the LHC
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Candidates / (1 MeV/c?)
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Introduction

* Today’s discovery, tomorrow’s precision tool

— B?) state, used to tag B*, E ;s reconstruction
— xp(3P); Y (35) NOT free from feed-down
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Doubly charmed baryon (ccq)

* Unique system to study QCD
e Mass [eg. S. Fleck, J.M. Richard, Prog. Theor. Phys. 82 (1989) 760]
— M(E..):3.5-3.7 GeV; M(2}.): +0.1-0.2 GeV
e Production at LHC [c.H. changet al., PRD 73 (2006) 094022]
—0(Z..) =40 nb @ 13 TeV
e |Lifetime leg., VV. Kiselev et al., PRD 60 (1999) 0140~
- T(Ec") > 1(Q2ee) > (&g

* Decays leg., F-5. Yuetal, CPC42 (2018) 051001]
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Beauty/charm production

* Large production cross-section @ 7 TeV
o ¢
— Minibias ~60 mb \*!l
All b-hadrons:

— Charm ~6 mb }
Flavour factory!
—Beauty  ~0.3 mb cf 1nb @r(4s) B*, B BS, A, BY, ...

* Predominantly in forward/backward cones

Parton 1 \ Parton 2

b
LHCb MC X4 X5
eIy CE{ E@)




Beauty/charm signature

Beauty Charm
M~ 5 GeV M= 2GeV
Sy A 7o

- 9"
B

e 4 [P
[P

 Compared wifh minimum bias (background)

— Relatively high mass =2 high transverse momentum
— Relatively long lifetime - large impact parameter (IP)

* Requires excellent vertexing, tracking, particle-identification



The LHCb experlment

5m — SPD/PS (1At M2 =
RICH2 | ~CA
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sl O/ LT :
/
! / h ik T
[ R R B L1 >
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Vertex Locator Opy x/y ~ 10 um, opy , ~ 60 um

Tracking (TT, T1-T3 Ap/p: 0.4% at 5 GeV/c, to 0.6% at 100 GeV/c
RICHs £(K — K) ~95%, mis-ID rate (7 — K) ~ 5%
Muon system (M1-m5) e(u — i) ~97%, mis-ID rate (x — u) =1—-3%
ECAL oe/E ~10%/VE®1% (E in GeV)

HCAL oe/E ~70%/VE®10% (E in GeV)

Recorded integrated luminosity [fb™']

Total recorded luminosity — pp — 37.0 fb™!
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Runl-2 (2010-2018)
— Luminosity: ~9 fb~!
Yields, complementary to ATLAS/CMS

* Muon modes: Down to zero pt
e Hadronic modes: Unique



The LHCb Upgrade

Total recorded luminosity — pp — 37.0 fb™!

* Detector mostly upgraded to achieve enhanced
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The LHCb trigger ;5
* 10, Hardware

o 0 I :
LO Hardware Trigger :|1 MHz — DPT (.ul) XPT (,le) >(15 GEV)

readout, high Er/Pr sighatures — D (/.t) > 1.8 GeV
— ET(e) > 2.4 GeV
 Software High Level Trigger ; — ET (y) > 3.0 GeV
[ Partial event reconstruction, select ] B ET ( h) > 3.7 GeV

displaced tracks/vertices and dimuons
Buffer events to disk, perform online . 1 :
detector calibration and alignment * H Ig h Level Trl gge I

450 kHz 400 kHz 150 kHz
H/Hp

:[Ful offline-like event selection mixturej — Stage 1, P, P

of inclusive and exclusive triggers

3 I — Stage?2, full selection

12.5 kHz (0.6 GB/s) to storage
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The LHCb trigger ;.3
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xclusive kinematic/geometric selection
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. Software High Level Trigger

[

Partial event reconstruction, select
displaced tracks/vertices and dimuons

)

detector calibration and alignment

Buffer events to disk, perform online

(

Fulll offline-like event selection] mixture
of inclusive and exclusive triggers

~ > >
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Buffer events to disk, perform online
detector calibration and alignment

r 1.

Add offline precision particle identification
and track quality information to selections

Output full event information for inclusive
triggers, trigger candidates and related

primary vertices for exclusive triggers
. J

<3 I O

TOS efficiency, eros
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E* @ SELEX

« SELEX claimed 5. » ATK ™ (6.30)
— M:3519+1 MeV
— 7:<33 fs @90%CL
pmd 20% AF from EF,
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Z.- @ LHCb & others

. SELEX results not confirmed by FOCUS, Babar, Belle & LHCb
« 51 /1+K mt searched by LHCb with 2011 data
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However, LHCb already had lots of B} events,
and double-charm events...



[PRL 119 (2017) 112001]

« ATK n*m™ identified as the most promising channel

Observation of =7

[F-S. Yu et al., CPC 42 (2018) 051001]

* First observation, in 2016 (>120) & Run1 (>70)

Candidates per 5 MeV/c?
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[PRL 121 (2018) 162002]

Observation of =7

T
[F-S. Yu et al., CPC 42 (2018) 051001] S
« EXT - EXmnT expected to have large BR - ‘ 3
— Rule of thumb: 2 less tracks, 10 times higher eff. =" @ f Q =

e Re-discovery with 2016 data, 5.90

‘ 'Upstream Track

T Track
 BR ratio measured /// T
) ) ) ) %looal LHCb iDam ‘ ||”'Hﬁ:|:l:/——m
BEXT > Efnt) - B(EF - pKn™) Z 80f s — \\\
BEL — ATK-mm™)  B(AF > pK™1%) faf e IR ———
= 0.035 + 0.009 + 0.003 S sof s : T Y
205— 91420 H» +—: Not very good at hyperon...
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[PRL 121 (2018) 052002]

ETT lifetime

* Control mode, A} = A}3m
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» T(EL) = 0.2567503;

* Weakly decay nature established!
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[CPC 44 (2020) 022001]

Relative to /1

E1F production

,ind <pr<15GeV, 2 <y <4.5:mm

* Accompanying c¢ dominates in trigger O

Candidates / (6 MeV/c?)
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[JHEP 02 (2020) 049]

Precision measurement of M(E2.F

* Preparing to search for excited states, selection re-optimised
* 5-6 times signal yields with a factor of 3 data

800 ————— —

S .| LHCb - Data N
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- 400 =
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M(EXt) = 3621.55 4+ 0.23 + 0.30 MeV/c? taken as WA by PDG



[SCPMA 63 (2020) 221062]

=+
= .. search

« Updated w/ AFK~m™ using all Run1-2 data
« T(E£X.): (0fs, 80 fs) X (hnon)observation

 Evidence at 1", w/ local (global) significance 3.10 (1.70)
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[SCPMA 64 (2021) 101062]

_|_
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Candidates / (5 MeV/c?)
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Candidates / (5 MeV/c?)

Candidates / (10 MeV/c?)

Doubly heavy baryons w/ Runl-2 data
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First searchcpc 45 (2021) 093002]

Q7. (bcs)

First search, Hint{scpnia 64 (2021) 101062]
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EX. (ccd)

Hint/Evidence

[SCPMA 63 (2020) 221062,
JHEP 12 (2021) 107] .,
4

Ef, (bew)

First search
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2 SCIENCE CHINA :
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First search
[JHEP 11 (2020) 095]
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Observation(pry, 119 (2017) 112001]
Massj1iep 02 (2020) 049]
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Cinese Py
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Why =7 still interesting after observing .72

« 51 (ccd), isospin partner to Z7." (ccu), like neutron to proton

| e | + + [ ] [] [ ] [ ]
. < ED t mpetit th QCD
m(=x) m(ucc ), QED wins the competition wi !
2 / I
A N\e\’ Mass splitting [MeV] ‘ QCD [MeV] ‘ QED [MeV]
AN=n-p 1.51(16)(23) 2.52(17)(24) -1.00(07)(14)
physucal point AZ=3 -3 8.09(16)(11) 8.09(16)(11) 0
1 .............................................................................
AZ=z-20 6.66(11)(09) 5.53(17)(17) 1.14(16)(09)
SN AD = D* - D° 4.68(10)(13) 2.54(08)(10) 2.14(11)(07)
I AZe = Sect - et 2.16(11)(17) -2.53 (11)(06) 4.69(10)(17)
0 Acg = AN - AZ + AS 0.00(11)(06) -0.00 (13)(05) 0.00(06)(02)
[14] C.-W. Hwang and C.-H. Chung, Isospin mass splittings of heavy baryons in heavy
L quark symmetry, Phys. Rev. D78 (2008) 073013, arXiv:0804.4044.
O 1 [15] S. J. Brodsky, F.-K. Guo, C. Hanhart, and U.-G. Meifiner, Isospin splittings of
OL/O(, doubly heavy baryons, Phys. Lett. B698 (2011) 251, arXiv:1101.1983.

phys [16] BMW collaboration, S. Borsanyi et al., Ab initio calculation of the neutron-proton
mass difference, Science 347 (2015) 1452, arXiv:1406.4088.

[17] K.-W. Wei, B. Chen, and X.-H. Guo, Masses of doubly and triply charmed baryons,
Phys. Rev. D92 (2015) 076008, arXiv:1503.05184.

[18] M. Karliner and J. L. Rosner, Isospin splittings in baryons with two heavy quarks,
Phys. Rev. D96 (2017) 033004, arXiv:1706.06961.
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® Present work
L—J C C 10 1 Kiselev, Likhoded, Onishchenko (1999)

* Theoretical predictions updated following =

T(EX) by LHCb

° T(Eg_c)

PHYSICAL REVIEW D 98, 113005 (2018)

Lifetimes of doubly charmed baryons

Hai-Yang Cheng1 and Yan-Liang Shi*’
'Institute of Physics, Academia Sinica Taipei, Taiwan 115, Republic of China
’C.N. Yang Institute for Theoretical Physics, Stony Brook University Stony Brook, New York 11794, USA

® (Received 25 September 2018; published 13 December 2018)

The lifetimes of doubly charmed hadrons are analyzed within the framework of the heavy quark expansion
(HQE). Lifetime differences arise from spectator effects such as W-exchange and Pauli interference. The 2"
baryon is longest-lived in the doubly charmed baryon system owing to the destructive Pauli interference absent
in the £/, and Q... In the presence of dimension-seven contributions, its lifetime is reduced from ~5.2 x

Guberina, Meli¢, Stefancié¢ (1999)
Chang, Li, Li, Wang (2008)

Karliner, Rosner (2014)

© Cheng, Shi (2018)

Berezhnoy, Likhoded, Luchinsky (2018)

]
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45 fs, used as the baseline " 7

Revisiting lifetimes of doubly charmed baryons

Lovro Dulibié, James Gratrex, Blazenka Meli¢ and Ivan Nisandzié

Ruder Boskovi¢ Institute,

Bijenicka cesta 54, 10000, Zagreb, Croatia

E-mail: 1dulibic@irb.hr, jgratrex@irb.hr, melic@irb.hr,
ivan.nisandzic@irb.hr

ABSTRACT: We present updated predictions for lifetimes of doubly charmed baryons, within
the heavy quark expansion, including available NLO «a; contributions and newly-computed

terms in the 1/m, series. Our improved results confirm the expected hierarchy

10713 s to ~3.0 x 10713 s. The Z/, baryon has the shortest lifetime of order 0.45 x 10~"% s due to a large

contribution from the W- exchange box diagram. Itis difficult to make a precise quantitative statement on the
lifetime of Q... Contrary to =, baryons, 7(Q.) becomes longer in the presence of dimension-seven effects
and the Pauli interference '™ even becomes negative. This implies that the subleading corrections are too large
to justify the validity of the HQE. Demanding the rate "™ to be positive for a sensible HQE, we conjecture that
the Q0 lifetime lies in the range of (0.75 ~ 1.80) x 10~!3 s. The lifetime hierarchy pattern is 7(E%*) >
7(Qt.) > 7(E{.) and the lifetime ratio 7(E/;")/7(E/.) is predicted to be of order 6.7.

—cc

DOI: 10.1103/PhysRevD.98.113005

T(Ek) < 7(Q) <7(ELD,

while the predicted lifetime 7(E£t) = 0.32 + 0.5758 ps is consistent with the recent
LHCb determination. We prov1de predictions for the lifetime ratios of the =}, and Qf,
baryons relative to the =} baryon, namely 7(2%)/7(ELT) = 0.22 + 0.05 + 0.04 and

T(QL)/T(ELH) =052 +0. 13+g O
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Selection strategy

* Should we still use lifetime info when 7(51.) = 45 fs, which is
close to g; = 50 fs? Yes!

* n1.(15) — pp as an example, too many combinatorics in PV!
(2024) 1274]
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Preparing for Run3

Runl-2 re-visited, undergraduate thesis

of Danyi Zhang
ATK~m™ re-optimised

Movity Kivbach LA Dommer Shudent Prige 2021

as recognition for exceptional performance

1+ Given Ty

by the CERN LHCH Group

> 14 September

— pr cuts relaxed, w/ unparked A7
— PID added in BDT training
—1(E}.) = 45 fs as baseline

New decay modes added:
=+ HO

T ~cc T[ d > d d > d
— —0 u p
—~4 + — =lic > c =,
_5* - D*pK : u
cc ‘ g - ’ =t wt <—
w u —cc . A Z K-
et N
d pa—
d |+
D
c > c

Relative Fitting Error

31 EEAR =,

E2 - ATK xR s A A AR R R

Table 3.1 The efficiency of the the exclusive turbo line selections for =) — A7 K~ z* decay.

Particle Selection Events Efficiency
Proton py > 200 MeV/c 121589  (99.81 +0.01)%
Kaon pr > 200 MeVie 119526 (98.30 + 0.04)%
Pion pp > 200 MeVic 112556 (94.17 £ 0.01)%
Proton ,yrzp to own PV >6 63855 (56.73 £ 0.15)%
Kaon y3, to own PV >6 43976  (68.87 £0.18)%
A} daughters  Pion 2, to own PV >6 33402  (75.96 = 0.20)%
A? filght distance 2 to PV>16 33234  (99.50 + 0.04)%
A} pr > 1000 MeVie 33231 (99.99 +0.01)%
Proton particle IDDLL,, >10 29778  (89.61 + 0.17)%
Kaon particle ID DLLy, >10 24630 (82.71 +0.22)%
Pion particle ID DLL g, <0 20511 (83.28 £0.24)%
Kaon pr > 500 MeVie 18251 (88.98 +0.22)%
Pion pp > 500 MeV/e 13440 (73.64 +0.33)%
Kaon particle ID DLLg, >10 11797 (87.78 £ 0.28)%
Z} daughters Pion particle ID DLL, <0 10620  (90.02 + 0.28)%
Sum of py >2000 18296  (100.00 + 0.00)%
Kaon y3, to PV>1 15748 (86.07 +0.26)%
Pion 7, to PV>1 14010  (88.96 + 0.25)%
= ;{ﬁ, to PV>25 13584 (96.96 + 0.15)%
DIRA>0.99 13231  (97.40 £ 0.14)%
r -&- PIDGen
- —#*= PIDCorr

LHCb unofficial

0.2
BDT Cut Value
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Joined the efforts to understand new detector

e Linnuo Zhang, CERN summer student project
At in LHCb Run3 data

+ Number of A} events in 2018 data: 8.6 x 10
« Number of A} events in part of 2024 data (before including UT): 1.3x 108

— . . . + — + .
A} (> pK~m*) mass distribution A¢ (= pK~m™) mass resolution (July 16)
T apvsean ) om(A?) VS y(42)
o ) .
% TR i - |3
Soooof |~ s ] £ ] =
L 10— o
= e |
Za000F ] o o of .
P ] o e | . L
5 £ A1 } A4
000 . E. P E WA
] [ e e o b ok
- I v 4 uJ ‘- B eesesrasssant s e s s m s ey » 5? [ ‘ T P 5: - ._7_ . >
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more A* — exbect more £ oy (A7) has stronger dependence on P;(A/) in Run3
¢ P =cc Shared this result to egroup for alignment work
Q 'msuN rn.ch>
@) Linnuo Zhang | (Re)discovery of the Doubly Charmed Baryon in LHCb Run-3 Data 29 August 2024 * “ - , : 7
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— Fit model Oy = 0.080 = 0.012 GeV/c?
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-.-.Background |
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Rediscovery of =,

* Extensive studies on =,

Summary

« Studied A} mass resolution as functions of P, y in 2024
sent to alignment group

» Studied and optimized event selection for:

« Bt > ATK mtm™, twice signals in part of 2024 data,

compared to signals in Run 2

« 51Xt » Erqpt better sig-to-bkg ratio with new MVA
model

B
ES

*in 2024 data

Counts
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« &X. > AfK n™, blind anaIyS|s more A} signal, expect =

mean « 2204565 <0019

1st observation of 5. w/ 2024 data = -

sgma2 - 1080 <026

a‘g 3
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@)
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Linnuo Zhang | (Re)discovery of the Doubly Charmed Baryon in LHCb Run-3 Data 29 August 2024

21

00

First Chinese Winner of the
LHCb best summer student
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BDT-based trigger for H,

e Shuyu Han, UROP student

| |

M~
D

— Keep 90% signal, while
suppressing bkg to its 20% =

| |

M~
D

— Keep all signal, while 5 e ®
suppressing bkg to its 10%
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=Y. search w/ 2024

* Shuyu Han, undergraduate thesis. E.g., clone removal

— Different distribution with new detector |
| Moriond EW 2026
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I nrun 2 WS | n 2024 WS Search for the doubly charmed baryon ¢,

— More detailed studies point to VELO
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~ o E
.20+ s Search for the Z+cc baryon in the A+cK-m+ final state with the LHCb Upgrade | detector
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[PRL 137 (2026) 021902]

Control mode: Z7." in 2024

Event-Selection (early measurement)

— Several iterations. BDT trained W/ AT in data,

included in BDT for ZXF (pr, X0, PID)
— BDT without PID as cross-check

Efficiency increased by a factor of 4,
compared with Run2

Mass consistent with Run2

M(EXt) = 3621.74 + 0.10 MeV/c?
cf,3621.55 + 0.23 + 0.30 MeV/c?

Candidates / (2 MeV/cZ)
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[PRL 137 (2026) 021902]

Signal mode: £ in 2024 %&&i&w

 Event-Selection, similar strategy to Z.*, many checks

— Effects of 7(£7.), no fake peaks in wrong-sign, A sidebands...

e After unblinding, first observation!

~3000 ————T————T T o 1E |
S LHCb RS 2N e s 3 1o
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-1 (P T N SO R .
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10712 gyt 17
L = AK -
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Megng(Zed) [MeVic?] m__(Z%) [MeV/c?]
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[PRL 137 (2026) 021902]

Precision mass measurement

Two examples of multiple scattering Credit: J. Tibu rg

Bias due to final-state radiation
Bias due to event-selection

Momentum scale, as funtions of
kinematics, multiplicity...

(| O [ .
— ‘:C | n th e Sa I I |e d ecay—tl | I le ra n ge » Opening angle larger 9 higher mass * Opening angle smaller .9 lower mass
» Reconstructed decay distance too long » Reconstructed decay distance too short
T S O T+ o
L : - 2/ 4 X i 1 .
04F LHCb simulation % (adt i > 5L LHCb unofficial 1 | Reconstructed decay distance and mass are correlated
p0 0.03311 + 0.003053 g . i
02+ pl -0.03259 £0.0004439 {1 & i e 2024 MC 1
. s ]
Ww 9 I 1
g
-0.2 _\V\\\_ : __ —_
—04F . i
4 6 8 10 12 0
G, (Ezo) MeV/e’] (&) [f] 31



[PRL 137 (2026) 021902]

=~
= .. Mass

* Mass, M(Z}) = 3619.97 + 0.83 + 0.26*13% MeV/c?

after correcting for the bias due to FSR and event-selection
* Mass diff. M(HCC) M(E}*)=—1.77+0.84 + 0.25%135 MeV/c?

(\1\:4000 LHCb —+ Data -
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[PRL 137 (2026) 021902]

=T
Zcc 1IN Run2

 Signal w/ a local significance of 40, M(5}.) = 3620.8 + 2.2 MeV/c?,
consistent with 2024 M(E%) = 3619.97 £ 0.83 £ 026113 MeV/c?

 Efficiency in 2024 increased by a factor of 2.5, compared w/ Run?2

o L L O S e B B S S B B ~50—————T 7 7 T
% 4000 - LHCb 4 Data 7 %7 LHCH
N — ] L _ —+ Data
> Vs =13.6 TeV — Total fit > Vs =13 TeV _
[ = 1 . ) - 56 fb! — Total fit
Z 10001 ot s Avk- (ool = ot s oYK --- Signal .
N 3000 &}, - A’ K nt Background X 1000 Zec AKz L Background ~— —
- S~ -
8 b T g
- 2000 T e - I
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[arXiv:2609.21921]

07

- 1n 2024

* Observation using 227, global significance 8.7¢

« M(QF) =37259+1.0+ 0.2+ 0.4 (1) + 0.6 (ext) MeV/c?
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[arXiv:2609.21921]

.(2 - In Run-2

[SCPI\/IA 64 (2021) 101062]
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Local (global) significance of 3.20 (2.40)

107 F

Efficiency increased by a factor of 8!
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CERN Accelerating science

LHCDb Collabora}tl

The discovery helps physicists
better understand how the strong
force binds particles together

Read more —

@ o

) LHCb Collaboration

discovers new proton-like ...
Physics | News | 17 March, 2026

ABOUT  NEWSESNSGIENGE

=

»t,\

LATEST NEWS

) Final laps at the LHC
Accelerators | News | 7March, 2026

cm"?d S@@W@[’r‘@

Signin Directory

Town Hall
Thursday 23 Apr 2026, 10:00 — 11:30 Europe/Zurich

RESOURCESI@ESEARCH N ENI
@ Auditorium Sergio Marchionne (CERN)

2 Mark Thomson (CERN)

https:

Town Hall

by Mark Thomson

LHC and non-collider physics continues to excite

As ever, many exciting new results from CERN experiments, e.g.

LY
» e 5
1001012030405 66370 T80
m, (GeV)

“This major result is a fantastic example of how LHCb’s unique capabilities play a vital role
in the success of the LHC,” says Mark Thomson, CERN Director-General. “It highlights how
experimental upgrades at CERN directly lead to new discoveries, setting the stage for the
transformative science we expect from the High-Luminosity LHC. These achievements are
only possible thanks to the exceptional performance of CERN’s accelerator complex and the
teams who make it all work and to the commitment of the scientists on the LHCb

experiment.”

View more news
4 36
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[CERN-LHCC-2018-027, 2021-012]

The LHCb upgrades

Run 1 Run 2 Run 3 Run 4 Run5 Run6
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Upgrade II, 4D detector,
Timing, O(10 ps), is essential
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Prospects
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Summary

 Upgraded LHCb detector and trigger, efficiency of hadronic
modes increased by a factor 2-4!

« F1F:afactor of 4 sginal yield per fb~1, compared w/ Run2

« 51 .:First new particle observed w/ the upgraded LHCb detector
—~M(E}) =3619.97 +£0.83 + 0.261132 MeV/(?
-MEX) - MEX) =—-1.77 £ 0.84 4+ 0.251132 MeV/c?

e (1 : observation

-M(Q}) =37259+ 1.0+ 0.2+ 0.4 (1) + 0.6 (ext) MeV/c?
* Many thanks to your continued and strong supports



