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LHCb(@CERN: heavy flavor quarks factory

One of four large experiments at LHC

LHCb has the largest production
cross-sections of b- and c-hadrons ever

a(bb) = 600ub @ 14TeV
o(cc) =20 x a(bb) in pp collisions

High track multiplicity

b-quark product
cross-section

LHCb MC
s =14 TeV
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[detector, performance, event display]

The LHCb experiment

b//vpr:)ton

proton

VeLo RICH1 Tracker Magnet RICH2 Tracker Calorimeters Muon station



https://inspirehep.net/literature/796248
https://inspirehep.net/literature/1335135
http://clangenb.web.cern.ch/clangenb/

[LHCDb, JINST 19 (2024) P05065]

UpgradEd dEtECtor Software only trigger

New RICH2 optics
new sensors and readout for RiCH

New Velo
Pixel detector

|
\\
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https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05065

Upgraded Trigger

REAL-TIME
ALIGNMENT &
CALIBRATION
t 6%
4 TB/s E\C/::$S
30 MHz non-empty pp ' : OFFLINE
0.5-1.5 PROCESSING
— TB/s |PARTIAL DETECTOR| "\, <> FULL DETECTOR
' RECONSTRUCTION . ' RECONSTRUCTION . 26%
IID?E:EIDC;S: & SELECTIONS & SELECTIONS 10 FULL
(GPU HLT1) 70-200 (CPU HLT2) EVENTS
GB/s
GB/s
68% ANALYSIS
TURBO \mpengdl PRODUCTIONS &
from 4TB/s to 10GB/s EVENTS é; USER ANALYSIS
; S

GPU partial reconstruction for High-Level-Trigger-1 (HLT1)
CPU full reconstruction for High-Level-Trigger-2 (HLT2)
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2022-2026 LHCb data taking campaign

— 10
' — 2024 (13.6 TeV): 9.56 fb’
Run 1: (2011-2012): = — 2023 (13.6 TeV): 0.37 fb™
Liny =11 @7TeV = gl —2022(136Tev): 0.82 0"
Liy=2fb1T@8TeV 3 — 2018 (13 TeV): 2.19 b
g — 2017 (13 TeV): 1.71 fb~!
—2016 (13 TeV): 1.67 fb™
Run 2: (2015'12018): 3 67 o128 Tevy 208 1o
Ling = 607" @13 TeV § —2011 (7 TeV): 1.11 b
o) |
Run 3: (2022-2026): S :
rapidly growing @ 13.6 TeV o
nominal u=5.5 g ol
©
>
9
. . . £ o :
Target of 10 fb~! is archived in Mar May Jul Sep Nov
September Month of the year
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MM, Midjourney 2023
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Spectroscopy

CP violation | Rare decays | Electroweak |30 ALLER SNl R ¢-L A I 1) E-Ta o) BEETs [Fe1 o1 (e
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Possible configurations of hadrons

L
: S1 n
Conventional Quark Model: (qq, qqq) L g \5_2@)

Bigger Quark Model (9494, 99947, ---)

Conventional Hadronic Molecules = Nuclei: (qqq)(qqq)

Heavy-Flavor Hadronic Molecules: (Qqq)(Qqq), (Qg)(Qqq), ...
Admixed Molecules: qg — (qq)(qq)

Nominal 71(1600) position
nrx

L

2
Hybrids: g~g~{ |
y cqd~g~q 5 ,/]rr%""'\q (770)7
<
2 b(1235)x
Glueballs: g~g ) A4
=
E wwwmw
S - o, 18000 = -
g ;MIRS)E 3 ' E{Ry6-analysis s . J/Y-oya(—> nm)
= E . 8! i
7700 w 20 £ JPAC analysis] R R .
0 @ 8000 E- K ;l‘*;;":” g
T _{r-’ T T g e E o ;’F & ﬂ,uifz@ J o Solution 1
w E PRI 2! 7 TR olution
1 ’111)? [GCV2/C2] 2.5 Zoog ;_; ........... —— o 5{.:5? 0 . o&o° ettt iy, Solution 2
0.5 1 1.5 2
[contesy D.Spiillbeck, COMPASS data] Mass(xn®) [GeV/c?]
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https://inspirehep.net/literature/1373915
https://arxiv.org/pdf/2110.00027.pdf
https://inspirehep.net/literature/1852069
https://indico.rcnp.osaka-u.ac.jp/event/2402/contributions/14767/attachments/9369/12558/spuelbeck_hadron2025.pdf
https://indico.rcnp.osaka-u.ac.jp/event/2402/contributions/14767/attachments/9369/12558/spuelbeck_hadron2025.pdf
https://indico.rcnp.osaka-u.ac.jp/event/2402/contributions/14767/attachments/9369/12558/spuelbeck_hadron2025.pdf

“Compact pentaquark” “Hadronic molecule”

In fact, quark-model states are coupled to continuum (hadron-hadron),
and have ~100% of wave function as a molecule if near threshold.

Q: does meson-exchange interaction provide sufficient binding? (molecules in absence
of contract QM seed)
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Pattern of meson excitation

Same patter for all mesons:
* Radial excitation
* Orbital excitation

* Hyper-fine splitting within
every multiplet

e 2line for S-wave,

* 4linesforL>0
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https://inspirehep.net/literature/1810330

New particles

2025 Breakthrough Prize

https://www.nikhef.nl/~pkoppenb/particles.html
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The LHCb collaboration has been awarded yesterday the 2025 Breakthrough Prize in Fundamental Physics, together with the three other

CERN’s Large Hadron Collider collaborations: ALICE, ATLAS and CMS, “For detailed measurements of Higgs boson properties

confirming the symmetry-breaking mechanism of mass generation, the discovery of new strongly interacting particles, the study of rare

processes and matter-antimatter asymmetry, and the exploration of nature at the shortest distances and most extreme conditions at

CERN'’s Large Hadron Collider.” The prize has been awarded to all current and former members of the four collaborations who have

authored Run-2 data papers by 15 July 2024.
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Exotic spectroscopy timeline

Anonalous properties of y.,(3872)
Pentaquarks P, -
Tetraquarks T, (Z,)
...other XYZ...
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Double-charm tetraquark T,
Charm-strange tetraquarks T,

Charm-antistrange tetraquarks T -~
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B — DDh studies

hisaK* orm® .
: Studies of

D*¥D~:D°D°: D} D;

5=0 0po i
D"D°K 2. /1 excited D states:
*Belle (2008) D*n~:Df K~

exotic T, ; states:
(like D4 but double charged | neutral)

DYK*:Df n™

_ _ 4. exotic T, states:
T.s: TS (c5du), TX(c5dd), Tt (c5ud) DYK-

T, : TS (CSﬁcZ) (unknow isospin)
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Charmonium

[PRD 102 (2020) 112003]
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Candidates /(18 MeV)
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https://inspirehep.net/literature/2794793
https://inspirehep.net/literature/2794793
https://inspirehep.net/literature/2794793
https://inspirehep.net/literature/1814324
https://inspirehep.net/literature/2690240
https://inspirehep.net/literature/2794793
https://inspirehep.net/literature/2794793
https://inspirehep.net/literature/2794793

D-meson spectroscopy

D m*: 0%,17,2%,3~

mass
4 D* m*:1%,07,17,27,2%
[JHEP 08 (2024) 165]
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[PRL 131 (2023) 4, 041902]
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https://inspirehep.net/literature/2682593
https://inspirehep.net/literature/2782517

Exotic T ., states
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m(D"K") [GeV/c?]

[hep-ex: 2406.03156]
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https://inspirehep.net/literature/1814324
https://inspirehep.net/literature/2794793
https://inspirehep.net/literature/2782517

Exotic T, states

[hep-ex: 2406.03156]
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https://inspirehep.net/literature/2794793
https://inspirehep.net/literature/2782517
https://inspirehep.net/literature/2682593
https://inspirehep.net/literature/1814324

J/Y @ states
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Reminder: J/1 @ states

Rich spectrum of previous-unseen states

Xc1(4140) (2017)
Xc1(4274) | four
Xco (4500) babies
Xc0(4700) _ ot &1*

"l wonder if they'll be a doctor or an artist.”

- some are probably

¥c1(4685) (2021)
¢ (4630) three more
X(4-150) 1"& 1 &2

Overall, 9 exotic states (7 X + 2 Z,)
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[PRD 95 (2017) 1, 012002]

LHCb

My [MeV]
[PRL 127 (2021) 8, 082001]
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https://inspirehep.net/literature/1472311
https://inspirehep.net/literature/1849524

New results on diffractive J/Y ¢ production

[hep-ex: 2407.14301]
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https://arxiv.org/pdf/1801.04281
https://arxiv.org/abs/2407.14301

m CERN/LHCC 2024-010
L [/ LHCb TDR 26

‘i“(:‘i\) 14 March 2025

Future of LHCb

LHCb Upgrade Il Scoping Document (public link)
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https://cds.cern.ch/record/2903094/files/LHCB-TDR-026.pdf

Upgrade Il —

2027 | 2028 | 2029
) e DEY,

NG B

=
>
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™

Long Shutdown 3 (LS3)

The current Run is prolongated by 1y (2022-2026) o g2t el sy 2002 el 20 e ] 2025 2036 (] 2037 (T 2038 ]

] ] ) AN)I;T J[FMAM)I A ) FMAM))) ) Di) ) ) )] )] Ar{ﬁ)] JIFM
LS3: no major changes at LHCb tuns & runs
Run4: 2030-2033 [ 203 T 2040 [ 2041
L.S4: Upgrade Il, 2036-2041 data taking i ﬁ E:"’Iﬁ'..-:m

Comparison courtesy Blake Leverington

I
LHCb LO Hardware Trigger 8 LHCb-U1l [FS0MHZ Software trigger m 30 MHz Software trigger

Muon

L=0.410% Goal: 10 fb L=21033 Goal: +45 fb? L

= 10-15 1033; +200-300 fb1
~40-50 fb-1 per year; mu =42

peak

1to2fblperyear; mu=1.1 ~7-9 fb1 per year; mu = 5.3
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Upgrade Il Scoping

1

— -

LS|

(LHCb-CDS)

Baseline  Middle
Lpear (1034 cm™2s71) 1.5 1.0

(kCHF) (kCHF)
VELO 16672 15906
UP 8077 7719
Magnet Stations 2592 2234
Mighty-SciFi 21767 21273
Mighty-Pixel 15994 11641
RICH 21450 18415
TORCH 12508 8756
PicoCal 27607 27607
Muon 9785 8266
RTA 18800 11700
Online 11800 9467
Infrastructure 14463 13284
Total 181515 156268
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Middle Middle

1.0 x 103*cm 257! 1.0 x 10**cm 257!
RICH1/2 VELO

inner:outer i:% 32 stations, n < 4.8

inner 2.0mm SiPM
outer 2.8 mm SiPM

module 0.8% X,
RF foil 75 um

new optics uP
469,000 channels as baseline
TORCH Magnet Stations

12 quartz bars
158,000 channels

as baseline

PicoCal
40 SpaCal-W
408 SpaCal-Pb
2864 Shashlik
double R/O
30,976 channels

Mighty-Pixel

6 planes pixel x1.3m?
Mighty-SciFi

12 planes fibres

shorter, 23.7 m?/plane

Muon
uw-RWELL in R1/R2
keep old MWPC in R3
keep old MWPC in R4
keep HCAL
608,256 channels

US contributors:

e MIT

* Los Alamos National Laboratory
* University of Maryland

* University of Michigan

* Ohio State University

* University of Cincinnati

* Syracuse University
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https://cds.cern.ch/record/2903094/files/LHCB-TDR-026.pdf

Summary on LHCb

A lot of exciting physics with open-flavor systems with D and DK
* D-spectroscopy, and D spectroscopy
* Exotic states (T,.; ~ “neutral D,”)

* more results to come!

The Run-3 for two more years:

* already more B mesons than in Run-2.
Run4: 2030-2033

Upgrade 2 operation time: 2036-2045
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Backup
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Radiative decays of y.1(3872)
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Radiative decays of y.1(3872)

[JHEP 11 (2024) 121]
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https://inspirehep.net/literature/2801947

[JHEP 11 (2024) 121]

Radiative X decays

Consistent picture of different measurement
excluding BESIII ]
. BaBar 2008  [20]
1 Belle 2011  [26]
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Pentaquarks
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(1D) [LHCb, PRL 122 (2019) 22, 222001]
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https://inspirehep.net/literature/1728691
https://inspirehep.net/literature/1382595
https://pdg.lbl.gov/2023/web/viewer.html?file=../reviews/rpp2023-rev-naming-scheme-hadrons.pdf

New search of Pentaquarks in open-flavor decays

Pentaquark states seenin /Y p
must leave traces in
Zg*)++D(*)_
2(*)+ QL
ZE*HD(*)_
E(g*)o DIGL
AFDM-
AFDI0

New search in prompt production is
performed in many systems of

AFD

combinations
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[LHCb-PAPER-2023-018, in preparation]
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https://cds.cern.ch/record/2878333/files/PentaquarksinOpenCharmStatesImplications2023.pdf?version=1

Search for pentaquarks: XD
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[Meng-Lin Du et al.]
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Statistically limited
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Candidates / (10 MeV/c?)

Candidates / (10 MeV/c?)
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[LHCb-PAPER-2023-018, in preparation]
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https://inspirehep.net/literature/1846689

Search for pentaquarks: A} D

[Meng-Lin Du et al.]
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No obvious peaks
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https://inspirehep.net/literature/1846689

[LHCb-PAPER-2023-018, in preparation]

Search for pentaquarks: AFD m
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https://inspirehep.net/literature/1846689

[LHCb-PAPER-2023-034]

A DY in b-decays

The decays A) —» A} D°K~ are
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https://inspirehep.net/literature/2725948

More on B -> DDH
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Charmonium and D;* mesons in Bt - D~ D? K{

Candidates / (0.035 GeV/c?)
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Candidates / (0.035 GeV/c?)
.
-

[PRL 134 (2025) 10, 101901]
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https://inspirehep.net/literature/2782517
https://inspirehep.net/literature/2782517

50p 11" T ' ]
[ LHCb 4+ Data ; e
o 9 fb~ — Total fit h > - ]
~ —— X(3960) : & 80 LHCD } .
5 | Xo(4140) 3
> 30F | == P(4260) . < 60
o f ---= 1 (4660) _ g
g N A1 Nonresonant Df Dy - og ol
o i = [
[PRL 125 (2020) 242001] & | + =H!
[Phys.Rev.D 102 (2020) 112003] ~ 10F 4 20f
[JHEP 08 (2024) 165] o JJ T

4.0 42 44 46 48
(D D;) [GeV]

r T T T T ' 1 - —~ 40 '
{\1;\ 1490 w(3770) — D* D 3 = )
; ™ 100(3930) - D*D LHCb N qu) :
O 120 X ,(3930) — D" D ( a) 4 - -
b C ———— Y(4040) - D* D 1 © 30
o 100 |~ — — - Y(4160) > D* D 4 & I
~ :_ w(4415) > D* D" _Z e -
— 80r X,(2900) - DK* 1 3 [
~ C - X,(2900) — DK* i = 20 i
3 6o H 11 Nonresonant = E -
- - 1 A B
S 40F - i
S 4of 1 kb
"g C N |
5 0F E :
U 0 C Y A . T : s > N n -
4 45 0

m(D*D") [GeV/c?]

),é @ LHCb spectroscopy status | Misha Mikhasenko 15/04/2025


https://inspirehep.net/literature/2782517
https://inspirehep.net/literature/1814318
https://inspirehep.net/literature/1814324

More on trigger
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Run2 (2014-2018)

LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

LO Hardware Trigger : 1 MHz
readout, high Ev/Pr signatures

450 kHz 400 kHz 150 kHz

oooooooooooooooooooooooooooooooooooo

. Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online

detector calibration and alignment

[ Full offline-like event selection, mlxture]h H LT 2

of inclusive and exclusive triggers

> I3 7

12.5 kHz (0.6 GB/s) to storage
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No level zero hardware trigger anymore

Run3 (2022-2026)

LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate
(full rate event building)

ooooooooooooooooooooooooooooooooooo

Software High Level Trigger

Full event reconstruction, inclusive and
/ exclusive kinematic/geometric selections

L

Buffer events to disk, perform online

detector calibration and alignment

L

a )
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

T I O
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