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Introduction

* Doubly charmed baryons, unique system for testing QCD

* Properties not-well known before systematic studies by LHCb
— as shown in the 1t HAPOF talk [29/05/2020]

Predicted mass Predicted lifetime Production cross-section

* Production similar to B,
— Accompanying ¢¢ = Trigger

« M(E}.) =~ M(E})~3.5-3.7 GeV » Large ambiguity...
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Why =7 still interesting after observing .72

« 51 (ccd), isospin partner to Z7." (ccu), like neutron to proton
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Beauty/charm production
* Large production cross-section @ 7 TeV

— Minibias ~60 mb

— Charm 6 mb } Elavour factory! All b-hadrons:
— Beauty  ~0.3 mb cf. 1nb @Y (45)

* Predominantly in forward/backward cones

b

Parton 1 \ Parton 2

LHCb MC X X,
L CE{ E@)

B*,B% BY, AY,BF, ...



Beauty/charm signature

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

- 9"
B

e 4 [P
[P

e Compared to 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
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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)
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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
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The LHCb Upgrade

Detector mostly renewed to achieve enhanced
capabilities at five times higher luminosity

Side View Ecar, HCAL Ma M5
M3

RICH2
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— Luminosity: ~27 fb~!
— Yields, compared to Run 1+2
* Muon modes ~3.5
* Hadronic modes ~7 (higher trigger eff.)



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




The LHCb trigger ;.3

w

= LHCb Trigger - -

=S | 30 MHz inelastic event rate
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E* @ SELEX

[PRL 89 (2002) 112001]

* SELEX claimed £, » A¥K "t (6.30) 53] ©
3
= 6 |
— M: 351911 MeV @ 5|
@ 4l
— T:<33 fs @90%CL 5 3l
1]
— 2 =
— Gpmd: 20% A from £, 1
+ - O ["342 347 352 357 362
« Also £, > pD*K et 2
3 . pD K § 8 -
%3.5- ];511(()r;/1ev 4b<Pﬁ.4 10PrOb é 4
:% sk i Lic>1.0 3 0 :
[PLB 628 (2005)18] 512 |
& W g _
1 4
a;@- : 3.'4? Y ” _4 '"'"' 03.2 33 34 35 36 3.7 38 39 4.0

o 0 ) M (AKT") [GeV/c?]



. SELEX results not confirmed by FOCUS, Babar, Belle & LHCb
/1+K m?t searched by L

Z.- @ LHCb & others

Eﬂw i WM W»w

However, LHCb already had lots of B} events, and double-
charm events...
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[PRL 119 (2017) 112001]

c ATK ™

Observation of =7

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

T identified as the most promising channel

* First observatlon in 2016 (>120) & Runl (>70)
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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
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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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Decay time [ps]

+ 0.014 PS, at lower side prediction: 0.2-1.05ps
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[CPC 44 (2020) 022001]

Relative to A,

E1F production

in4d <pr<15GeV,2 <y <45

& o0

* Accompanying cc dominates in trigger Jp—
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[JHEP 02 (2020) 049]

Preparing to search for excited states, selection re-optimised
 5-6 tlmes 5|gnal ylelds W|th a factor of 3 data

800

Candidates / (5 MeV/c?)

Precision measurement of m(5;.")
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taken as WA by PDG
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[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 (1.7 o)
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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]
0r. (ccs)

o+ —~+
'—'cc (Ccu) ~cc (CCd) ~bc (bcu) “bc (de)
Observation prr 119 (2017) 112001]  Hint/Evidence First search First search
Mass|j1ep 02 (2020 049] [SCPMA 63 (2020) 221062, Hint [JHEP 11 (2020) 095]
Lifetime[pRL 121 (2018) 052002] JHEP 12 (2021) 107] \“ [CPC 47 (2023) 093001]

Chinese Physics C [ SCIENCE CHINA

Production(cpc 44 (2020) 022001] o Physics, Mechanics

— ' & Astronomy =
Decay =rnm™ N

Y S¢ [PRL 121 (2018) 162002]

I+ +

Z¢ TU [JHEP 05 (2022) 038]
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19




Interplay between theory and exp., an example

PDG
2018

LHCb
Semileptonic

LHCb
Prompt

LHCb
Hadronic

Belle 11
Q?—>Q‘Jr+

[JHEP 09 (2025) 157]
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
b & A; g
== == (L] ==
5 A o) B
B ® | s ™)
=Y oy
Cl-| B Cc
=0 o
C p| C
(o5
LHCb
combination
L L L L I L L L L I L L L L I L L L L I L L L L
100 200 300 400

Lifetime [fs]

[H.-Y. Cheng, C.-W. Liu, JHEP 07 (2023) 114]

BM ¢ NRQM Experiment

By | BFS“(%) T BFS“(%) T BFS“(%) T

A} | 4.57(54) 1.92(37) | 3.80702%  3.0475% | 3.95+0.35 2.029(11)
=0 | 4.40(61) 1.66(32) | 4317087 2.31+084 - 1.505(19)
=F | 8.57(49) 3.27(76) | 12.74725% 4257122 - 4.53(5)
Q0 | 1.88(1.69) 2.30(58) | 7.597253  2.5979% - 2.73(12)
A9 9.90(3)  1.48(22) | 11.013%  1.490%3178 - 1.471(9)
=9 9.94(6)  1.49(22) | 11.170¢  1.49370177 - 1.480(30)
=, | 10.38(9) 1.55(23) | 117137 16087033 - 1.572(40)
Q, | 10.76(14) 1.60(25) | 12.0714  1.6927923! - 1.647018

“Corresponding to the results in which the CMM is removed from the bag model.

Table 7. Comparison of our results with refs. [23, 24] obtained in the pole mass scheme for charmed
baryons and ref. [25] in the kinetic mass scheme for bottom baryons, of which the uncertainties are
added quadratically. The baryon matrix elements in refs. [23-25] are evaluated using the NRQM.
Experimental results are quoted from ref. [1] and table 1. The lifetimes are in units of 10735 for
B. and 107125 for B.

20



12

‘ ,. ‘ .I I I fe t I m e -
® Present work
H 10 A Kiselev, Likhoded, Onishchenko (1999)

* Theoretical predictions updated following 5"

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¢, Stefanéi¢ (1999)
Chang, Li, Li, Wang (2008)

sy Karliner, Rosner (2014)

o Cheng, Shi (2018)

8 4

*

Berezhnoy, Likhoded, Luchinsky (2018)

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.

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

(%}(/ﬁ/ﬂ/ (Z/(rmm(f//(/a//(///

as recognition for exeeptional performance

« ATK 1™ re-optimised

@(2///713 %ﬁy

bﬂkcx-:u.\'x.m'»%@ A
2 .fM«Sgp,tember 2@' .

— pr cuts relaxed, w/ unparked A/ X
— PID added in BDT training
—1(E}) ~ 45 fs as baseline

* New decay modes added:

_ =t 70t nk > @\ d g d ,
—cc —c Eric > c =, u
u
’_'+ + _ C » » S - {
—_ + =+ w -
A_ICC H D pK w u cc . A Z K-
_lat SR
d pa—
d |+
D
c > c

31 pERARE Z) - ATK ot R R AR R

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

Relative Fitting Error

e

Particle Selection Events Efficiency
Proton py > 200 MeV/e 121589  (99.81 £ 0.01)%
Kaon py > 200 MeVie 119526  (98.30 + 0.04)%
Pion py > 200 MeV/c 112556 (94.17 £ 0.07)%
Proton ;(IZP to own PV >6 63855  (56.73 + 0.15)%
Kaon 2, to own PV >6 43976 (68.87 £0.18)%
A} daughters  PionyJ, to own PV >6 33402 (75.96 +0.20)%
A filght distance ;(2 toPV>16 33234 (99.50 + 0.04)%
A¥ pr > 1000 MeVie 33231 (99.99 +0.0)%
Proton particle ID DLL,, >10 29778  (89.61 £ 0.17)%
Kaon particle ID DLLg, >10 24630 (82.71 £ 0.22)%
Pion particle ID DLL ., <0 20511  (83.28 +0.24)%
Kaon pr > 500 MeV/e 18251  (88.98 +0.22)%
Pion pp > 500 MeVie 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 7, to PV>1 15748 (86.07 +0.26)%
Pionyf, to PV>1 14010 (88.96 + 0.25)%
Ep 112[, to PV>25 13584 (96.96 + 0.15)%
DIRA>0.99 13231 (97.40 + 0.14)%
C -&- PIDGen
- —#*= PIDCorr

LHCb unofficial

0.2
BDT Cut Value
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Joined the efforts to understand new detector

Linnuo Zhang, CERN summer student project
A} in LHCb Run3 data

Number of A} events in 2018 data: 8.6 x 107
Number of A} events in part of 2024 data (before including UT): 1.3x 108

At (- pK~rt) mass resolution (July 16)

~

2018

A} (- pK~—m*) mass distribution

ou(A) VS Pr(AL) ou(A¢) VS y(A7)
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ou(AY) has stronger dependence on P(Af) in Run3
Shared this result to egroup for alignment work — _ _

more A} — expect more =,

“ -

DDDDDDD
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— Fit model

LHCDb Preliminary 2024
Before alignment

0,s= 0.069 =0.005 GeV/c?
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Rediscovery of Z;." in 2024 data T

 Extensive studies on Z7." in 2024, old / new MVA e

Summary

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

o

» Studied and optimized event selection for:
« EXt > ATK mtn™t, twice signals in part of 2024 data,
compared to signals in Run 2
« 51Xt —» Ermt, better sig-to-bkg ratio with new MVA
model

« X > ATK nt, blind anaIyS|s more A¢ signal, expect
1st observatlon of £X. w/ 2024 data

/ g~/
/i

# @l

First Chinese Winner of the
LHCb best summer student

@) Linnuo Zhang | (Re)discovery of the Doubly Charmed Baryon in LHCb Run-3 Data 29 August 2024 21
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BDT-based trigger for H,

e Shuyu Han, UROP student
D)) MEHEAE o o o o

e Ef > pKnt .

Fe8), SARERTHEE, ERAAD)

P TRRE

University of Chinese Academy of Sciences

REBIMWES, AEEIKZE20%

0u= 6,362 20062
Nowy = 10136+ 40
Nyg= 33733 2209
Cop =-0.0014016 +0.000090
59 MoV

m,.= 2468841 +0

Z: SR -

,,,,,,,

« E) > pK K m*:
GEEFEIN—TK™

REEHBES, KEREEEL%

L s i n
2450 2500 2440 2460 2480 2500
M(p'K'Kn") (MeV/c?) M(p'KKn") (MeV/c?)

© MABIEIAN2024FBE; 2025 Z ik Rt—FiRS M, TATEMN T (REET) NER

fi RSk HWIE (kHz) 054798 (kHz)  ~EERBIA/N (kB) Al 98 (GB/s)

A: cut-based 0.374 0.0645 72 0.0269 [Update] Studies on bandwidth reduction for A, trigger lines in Run 3 (20'+15)

—t @A Shuyu Han

=e cut-based 0361 0.0774 484 0.0175 Lo2pKpi_TMVA_202. Charm WG meeting (2024.4.10)

=2 cut-based 0.142 0.0516 92.9 0.0132

AF MVA-based 0.181 0 64 0.0116 [Update] MVA-based trigger lines for charmed baryons (15 + 10')
4 A Shuyu H

Z}MVA-based  0.155 0 56.5 0.00874 S St

5? MVA-based 0.0258 0 101 0.00261 MVA based Turbo li Charm WG meeting (2024.7.17)




=Y. search w/ 2024

* Shuyu Han, undergraduate thesis Moriond EW 2026
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2 Studies of opening angle and clones in 2024 data (doubly charmed baryon) 5 ’ YS F I k d 1 O 5 )
o 40000 T T T 8 FE m
- g %‘ E #8®55 A Shuyu Han (University of Chinese Academy of Sciences (CN)) ta p ro pte to +
0 sl §F
:_ E Opening_angle_Shu... General Performance Meeting (2025.4.7)
LI 5000 4 S
o £
0 s Studies of opening angle and clones in 2024 data (doubly charmed baryon)
) 4é $8% A Shuyu Han (University of Chinese Academy of Sciences (CN))
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[arXiv:2603.28456]

Control mode: Z7." in 2024

Event-Selection (early measurement)

— Several iterations. One BDT trained w/ AT in
data included in BDT for ZXF (pr, x50, PID)

— BDT w/o 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/c?)
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[arXiv:2603.28456]

Signal mode: £ in 2024 %@éég

 Event-Selection, similar strategy to Z.*, many checks
— Effects of T(5/.), no fake peaks in wrong-sign, A sideband...

e After unblinding, first observation!
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[arXiv:2603.28456]

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...

r—~ O [} [}
— ‘:C | n th e Sa I | |e d ecay—tl | I |e 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 M- - T T
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 s ]
02} pl -0.03259 £0.0004439 {1 & i e 2024 MC ]
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[arXiv:2603.28456]

=~
= .. Mass

Mass, m(5%.) = 3619.97 + 0.83 + 0.26113Y MeV/c?
after correcting for the bias due to FSR and event-selection
Mass diff., m(Z}.) —m(EXY) = —1.77 £ 0.84 + 0.25713% MeV/c?

L 4000 |- .
S L ety Fhw
S [ 697 - - - Signal i =7 5 5
Zof ok s | Source M(E%) [MeV/?] AM [MeV/e’
~ - . - Momentum-scale calibration 0.14 0.03
_% 2000 O i N Energy loss 0.10 0.05
= i Selection bias correction 0.10 0.10
S ool 1 Mass fit model 0.10 0.10
- 9154120 1 A mass uncertainty 0.14 —
B ) Sum in quadrature 0.26 0.15
3500 3550 3600 50 300 = + lifetime 130 130

m_ (E7) [MeV/c?] -



[arXiv:2603.28456]

=T
Zcc 1IN Run2

Signal w/ a local significance of 40, m(E}.) = 3620.8 + 2.2 MeV/c?,
consistent with 2024 m(5%) = 3619.97 4 0.83 + 0.26+199 MeV/ (2

Efficiency in 2024 increased by a factor of 2.5, compared w/ Run?2
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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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J[FIMAM3[3]AS[ON[D] 3] FIM[AIM]3[3]A[S]OIN]D| 3] FIMIAIM] 3] 3 [ATS[ON[D) 3 [FIM[AM[ 3 [ 3[A[S[OIN[D| 3] FIM[AIM] 3 [ 3[A[STOINTD| 3 FIMIAM] 3] 3 [ATS[ON[D) 3 [FM[AIM[ 3] 3 A[S[O]N]D| 3 FIMIAIM] 3| 3[A[S[OIN]D| 3 [FIMIAIM 3] 3 [A]S[OIN[ » - - o ™ e e 0 0 5o 350,;_—-
| < 1aF- o @ @ & B 4 5
Run 3 [ Long Shutdown 3 (LS3) J o 12F ; >
> E actual = / 250 ‘%
LT = 10 ———— o, 8
> - == m: expected with improved LHC optics at Run 5 -6 K /' 200 E
s SE : 3
° o ~ —
2030 2031 2032 2033 | 2034 2035 2036 2037 2038 £ 6 !/ 150 5
J[FIMAM]3[3]A[S[OIN[DY 3[FIMAM[3 [ 3]AIS[OIN]D] 3 [FIM[AIM] 3] 3 [A[S[OIN[D! 3 FIMAMI 3 [ 3]A[S[O]N[ M 3 [FIMIAIM] 3 [ 3 [ATSOINTD! 3[FIMIAIM] 3] 3 A[STOIN[ M 3 [FIMAMI3 [ 3]ATS[O]N]D| 3] F] A?JJAiSONDJFMAMJJASOND £ = y 100%
3 aF j 5
X C : o
Run 4 LS4 Run 5 3 2-_ . o .2‘,—9 50 g
e E /l.—l-— 1 1 1
ol 2 . . 9 2 2% ., 1 a I PR a a = 1)
2010 2015 2020 2025 2030 2035 2040
2039 2040 2041 Year
J[FIMAM3[3]A[S[OIN[D{ 3] FIMIAM] 3 3[A[S[OINID] 3 [FIMIAIM] 3 3A[S[OIN[D)
Shutdown/Technical stop
Protons physics
EYETS Ions (tbc after LS4)
Commissioning with beam
| Hardware commissioning Side View S
Last update: September 24 Slde View Zzn:;‘kn M4 M5
Magnet & R M3
Magnet Stations  g¢jfi TORCH Shielding
&Silicon , _RICH2

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 final
states increased by a factor 2-4!

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

« Z1.:First new particle observed w/ the upgraded LHCb detector

—~m(&EX) =3619.97 + 0.83 + 0.267139 MeV/c?
—-m(E}) —m(EXT) = —1.77 £ 0.84 + 0.25%130 MeV/c?

C
consistent with theoretical predictions

* Many thanks to your continued and strong supports



