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Introduction

* Quark model: particle zoo v1

* Exprimental measurements required to determine the nature
Of pa rtiCIeS & Calibrate I—QCD K. Rabbertz, Aphas-2025 workshop
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tdecay (N3LO) +x— ]

low Q2 cont. (N3LO) '

Heavy Quarkonia (NNLO) e+ ]
HERA jets (NNLO) +a— ]

et*e jets/shapes (NNLO+NLLA) —v— ]
e*e” Z0 pole fit (N3LO) +o—

* Doubly heavy baryons

0.3 |

— Unique to study quark model ¢4 ;

. . Q ; LHC dijets (NNLO) —o—
& strong Interaction S o02f pp top (NNLO) +e— -
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The LHCb experlment

5m — SPD/PS (1At M2 =
RICH2 | ~CA
Vertey /‘_;" ) \__\\ \._\.. \ \\\.\ \
Locator/ _ [/
g NN
mmn ,“/ “‘,‘G‘/l", \\ : ..\\ g
sl O/ LT :
/
! / h ik T
[ R R B L1 >
Sm 10m 20m z
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™!

40
Run 3 - 27.90 / fb
3 060136 Tevy: 534/
———— 2025(13.6TeV): 11.81/fb
————— 2024 (13.6 TeV): 9.56/fb
30 ———— 2023(13.6 TeV): 0.37/fb
———— 2022(13.6 TeV): 0.82/fb
Run3
Run 2 -5.90/fb
25
———— 2018 (13 TeV): 2.19/1b
———— 2017 (13 TeV): 1.71/fb
20 2016 (13 TeV): 1.67/fb
———— 2015(13TeV): 033/fb
15 Run1-3.23/fb
———— 2012(8 TeV): 2.08/fb
——— 2011 (7TeV): 1.11/fb Upgr‘ade |
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/ LS1 -
00—
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M A C NG RO v v Y
O R R I N R MR G T

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

40

efe, o . . . . . ;_"9 Run 3 -27.90/fb
capabilities at five times higher luminosity = 35 e IS
- R I
Side View EcAL HCAL M4 MS s F T T e 130 2023 (13.6 TeV): 0.37/fb
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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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LHCb Trigger

Run /11

I A A WA

I AT
1 15 2
Luminosity (x 1032cm=2s71)

T AR
4 45 5

30 MHz inelastic event rate

(full rate event building)

Software High Level Trigger

xclusive kinematic/geometric selection

LO removed [ Full event reconstruction, inclusive and )
e s

. 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

~ > >

1>

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

[LHCB-FIGURE-2024-030]
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E* @ SELEX

[PRL 89 (2002) 112001]

* SELEX claimed £}, - AfK " (6.30) %] ©
— M: 351941 MeV 2
— 7: <33 fs @90%CL g
pmd 20% Af from E7, ’ i

° AISO “CC N pD"‘K_ :_3.42 347 352 357 3.62

N~12 Wrong-sign (b)
3 pD K S 8
E F  peak mas 4-bin Poisson Prob % I
Sasf 3516Mev |, <64x10* E 4
g S ql L/c>1.0 ©v 0
ﬂ L
25 £12
;! [PLB 628 (2005)18] 12 |
W g
1.5 l
1 4
05 gl s N R R 0
%46 348 35 352 354 356 358 32 33 34 35 36 37 38 3.9 40

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



Z.- @ LHCb & others

. SELEX results not confirmed by FOCUS, Babar, Belle & LHCb
« 51 /1+K mt searched by LHCb with 2011 data

—
O

~ T T L IR ] &) L F ' ' |
L2 =+ LHCb 3 O LHCb ,: -100fs  150fs -250fs
fy C ~cc i o
% b E % i —333fs  —400fs
= L l’ ] = 102 & ».,'J-,#L‘- —
< - . < p S
~ 8 1 ~ % l'g:'"‘
oy ] =
2 6__ % T e 3
E F I 2 10°E ~
S af M‘d Mw 4 £
C )
10
0 dM“ gy S, T Y
40 700 800 400 600 800
dm [MeV/c?] dm [MeV/c’]

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...

0 [ 1 L . 1 I
3500 3550 3600 3650 3700
m(EFnt) [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
(D) 800 N E-v:: —s A: K-m+mt — Total ] (D) B
= - - - Signal = 600
v 7] )
= 600~ -'-- Background N
%) ~ i
Q B » 400
= 3 -
- 400 =
g T 5 [ i ;
§ 200 T 2001 D ~
: 1598+ 64 O [ ST P 616447 ]
0- Jd 1 ) ) ) TR Y B ()- LlL'lf':{;..n_LL."\.JJ".‘» NP BT
3500 3600 3700 3400 3500 3600 3700 3800
—t+ —t++
m_,_(Z:5) [MeV/c?] m_,(Z:5) [MeV/c?]

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)

x10’
N sE T I'{S' r: r 1t 1 7 s d:)s 1 T .' I " T 1 I '._ T '. I‘ - -' ‘ a
B tws I 7LI;C12 TeV I = e A;}-:': e
S 4F T I | A VA I —
- Lt te eI evs T SN UPUL . PR = = 5 26 = 6000 ata
lg ?”'WMW w#‘“«»’“ﬂw”? A g e T e e § 02 \/ E iz‘:z: : 7 S,L lI-SI(’i“b
a_‘ 3 ] — § '.::.' iJ a4000 B:ckgmund 343i121
L r : . S E H | 2 Yy
S 2F : - 107 F LHCb ! Yoy /
.g - : ] F y ssssss {5=7TeV + {5 =8 TeV Ezooo 4
= N : . a0 \s=7TeV, L=1.11b I f
S IF E 07 E Gogtev, L=21m 777 s =13 TeV S - ////
: : . L (5=13TeV,L=59fb" —— All data O™ 3500 3600 .. 3700 ]
0 PR S - S S S S N S S S E S S S 10—5 ...................... (AcK %) [MeV/c?]
3400 3500 3600 3700 3800 3400 3500 3600 3700 3800
m(AZK %) [MeV/c?] m(ATK %) [MeV/c?]
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[SCPMA 64 (2021) 101062]

_|_
(). search

Candidates / (5 MeV/c?)

S e
< Z - .
~ —_— . o -
e« ZTK~m™ chosen for the first search using oz - . d |
w u
Run-2 data, as £2? lifetime WAS too short ‘ ’ SrE
—C > Cc _
* No significant signal after considering LEE\ ........................
ppG | & = A =
I;Cb A [os 5;
T T T 8 IE L S S 3 Semiponc [ Sl | :
200~ LHCD ol 18 B A, el o= e
]S?.Izgcrﬁground 1 a0 E 3 L % LHCb | =2 LR
150 — = i - £ dog  Hadronic
k IO‘ZE % 20| !
10_3 3o 0 — Il(I)OA = .2(1)()‘ - l3(1)0I .‘ I:Z:birlaltioll;oo
Lifetime [fs]
4E LHCb % [JHEP 09 (2025) 157]
07 F 54!
000 103660 ""F700 3800 3900 4000

m(E:K_JI"") [MGV/CZ] m(E+K_JT+) [MGV/ c2]
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Candidates / (5 MeV/c?)

Candidates / (10 MeV/c?)

Doubly heavy baryons w/ Runl-2 data

F—T T —— T3
w00 :_ LHCb -+ Data 3
L E—>AK mtn* — Total
r - - - Signal
600 |- - Background ]
400f
200 & it 1598+64
0 C ol i L" n “L " + 1 - - - ]
3500 3600 ?1100
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M ——7———7 7T
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i L_,I;IFb - — Total
E—=E Tt .
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200 — —
e 616447
O-LL1L T LT Pran L e PR ]
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P T e L o B B B
§ 30 —i—?ala ] LHCb _E
(5 — Total fit 54 fb! 3
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< BBt ]
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8 E
< 15 3
=2 * 83+11 7§
g 10 {
sEEAL LIS } i nﬂrh
0 lll‘L. P A ﬁ+l+l+lrr
3550 3600 3650 3700

mcand(_,cﬂ+ﬂ+) [MeV/c?]

First searchcpc 45 (2021) 093002]

Q7. (bcs)

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

EX. (ccd)

Hint/Evidence

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

Ef, (bew)

First search
Hint
[CPC 47 (2023) 093001]

2 SCIENCE CHINA :
Physics, Mechanics

“bc (de)

First search
[JHEP 11 (2020) 095]

oo™ (ccu)

Observation(pry, 119 (2017) 112001]
Massj1iep 02 (2020) 049]

Lifetime pry. 121 2018) 052002] —
Cinese Py

Production(cpc 44 (2020) 022001] o

=+ ___+ ' & Astronomy:
Decay = 17 pri 121 (2018) 162002]

I+ +

Z¢ TU [JHEP 05 (2022) 038]

:'On.+n.+

Ec [JHEP 10 (2025) 136]
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[PRL 137 (2026) 021902]

in 2024

"‘CC

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/c?)

2000

500

Al T(H,) ~ 1.5 ps
=++
PV 2 % -

1500

= 1000}

- LHCb

=136 Tev —+ Data .
C 6. 9 fb — Total fit -
i _ - Signal
- oot + 7t
[ E o> AK Tt Background

’
v .
*

L L% L PR | X L L L

{ % 871241604

3600 3650 3700
m_ (E.) [MeV/c?]

Mana(Ee) MeV/c?]
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[PRL 137 (2026) 021902]

EF in 2024 e

 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 "7 0o 1E |
2 . LHCb 5 +RS % Ny o
% \/E:l_?)16 TeV + WS ? 3 — — 20
S L. e R U
2000 et P HEATET . 5 F 340
> T 10k =
% — I i
_cg 9-_ —
> | : : | 1077 o e — 60
3 g B - LHCb =
5 oor 5 ] = (5=13.6 TeV .
' ' 10712 gyt 17
L 5L AK -
N R BT A B 107" T T T R
3500 3550 3600 3650 32700 3500 3550 3600 3650 3700
mcand(‘:’CC) [MCV/ c?] m.. d(E:C) [MeV/ 02]
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[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 -
> [ E=136TeV . Total fi ] Source M(Z}) [MeV/c?] AM [MeV/c?]
> 3000 - 09— -~ - Signal ] Momentum-scale calibration 0.14 0.03
< - E.—~>AK ot Background
I [ Energy loss 0.10 0.05
&32000 L e s % E Selection bias correction 0.10 0.10
=T ) 1 Mass fit model 0.10 0.10
§ i 1 A} mass uncertainty 0.14 —
1000 |- — :
L 915+120 : Sum.m .quadrature Ofg? Oilgi
EC_E llfetlme 1_1:30 1_1:30

N B RS S B
3500 3550 3600 3650 3700
(Hcc) [MCV/ C2]

cand 17



[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
3 [ "é - .
5} - : 8 00 -
1000 [ ] I ]
915+120 - L 304180
R BT R S S I T Tt S T
3500 3550 3600 3650 3700 3500 3550 3600 3650 3700
m_ (E) [MeV/c?] m__ (E%) [MeV/c?]
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[LHCb-Paper-2026-022]

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?

[E—

[E—

Candidates per 4 MeV/c?
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C Signal Preliminary
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3700
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Scan mass [MeV/c?]
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[LHCb-Paper-2026-022]

Local (global) significance of 3.20 (2.40)

07

~ In Run-2

Efficiency increased by a factor of 8!
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[SCPI\/IA 64 (2021) 101062]
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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 21
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The LHCb upgrades
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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



