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Greetings from FSP-LHCb meeting
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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

Trigger

4 TB/s
30 MHz non-empty pp
y

PARTIAL DETECTOR
FULL TB/s
DETECTOR | sy | RECONSTRUCTION
READOUT & SELECTIONS
(GPU HLT1)

from 4TB/s to 10GB/s
GPU partial reconstruction for HLT1
CPU full reconstruction for HLT2
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REAL-TIME

ALIGNMENT &
CALIBRATION

0.5-1.5
MHz

—

70-200
GB/s

FULL DETECTOR
. RECONSTRUCTION
& SELECTIONS
(CPU HLT2)

—

10
GB/s
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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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Start Of the Run'l " []_H(‘_b Upgrade] ‘- ; -'u«'MJS

Vertex detector is successfully reinstalled

LHC recover

Schedule:

* 6 March: cavern closed

* 11 March: first circulating beam

* 3 April: first stable beams

* 12-25 April: intensity ramp up

* 25 April: start luminosity production

Goal: 120 days (2024) + 140 days (2025)
+ 140 days (2026)

).é M Misha Mikhasenko "New hadronic decays" March 1, 2024 9


https://inspirehep.net/literature/2660905

Data taking at LHCb

Run 1: (2011-2012): " ; | | e 2{)24 (13.é TeV): 6[62 fb" 'E
L =171 @ 7Tev >  68F — 2023 (136 TeV): 0.37 fb"
Lyt =2fb™1 @ 8 TeV = - ) —— 2022 (136 TeV):0.82 6"
S . F =48 — 2018 (13 TeV): 2191”3
= » — 2017 (13 TeV): 1.81fb" o
Run 2: (2015-2018): 3 - — 2016 (13 TeV): 167"
Lyt =6T@13TeV s 4 2015 (13 TeV): 0.33 fb"
2 - — 2012 (8 TeV): 208" 7
o) 3 — 2011 (7 TeV) 1.11 16" —
Run 3: (2022-2026): S : 2010 (7 TeV): 0.04 o' -
rapidly growing @ 13.6 TeV % ol -
nominal u=5.5 % . -
g | E
= ol T ————, | ]
Target of 7 fb~! is archived in Apr May May Jun Jul Aug Sep Oct Nov Dec
September Month of the year
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CP violation | Rare decays | Electroweak |30 ALLER SNl R ¢-L A I 1) E-Ta o) BEETs [Fe1 o1 (e



Lepton Flavor Universality

[NP 18 (2022) 3, 277-282]
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LHCb
—— Data 9 fo'!
—— Total fit

B 3 - Jy(ete)Kt
[ Part. Reco.
Combinatorial

o 0.4
e
[
0.35
0.3
Rp
holds
0.2

6000

[PRL 131 (2023) 5, 051803]

m(K*eTe™) [MeV/c?

/)

Moriond 2024

LHCb®

" 68% CL bontours

4 HFLAV SM Prediction
R(D) =0.298 +0.004
R(D*) = 0.254 +0.005

R(D)=0.342 +0.026,,,,
R(D*)=0.287 £0.013,,,
p=-0.39

P(x?) =35% i

0.2

0.3
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[several papers by Belle]
[LHCb, PRL (2023) 111802]

'l T T T T T T T T [ T T T T I T
S Ry central-¢? ] 1.4
% ~ Data i
——= Total - I
= 200 - == Signal i 1.2
——> Combinaforial —
- [ Misidentification 4 m r
% I Partially Reconstructed < 10
=100 B B Kt J/3p(— ete) =
2 I '
g i 0.8
S) - ; I
O 0 == | 1 1 1 (i Y., L
5000 5500 6000 0.6
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[PRL 131 (2023) 5, 051803]

T

LHCbh
9fb!

Rg  low-q* =0.99470%1
Ry central-¢> = 0.949t%:gi§
R low-¢% = 0.927+0(%

R central-g” = 1027471

—a—f

x> =16, p=0.812,0=0.2

I Data,
SM

Ry low-¢*> R central-¢> Ry low-¢> Ry~ central-g>



https://inspirehep.net/literature/2795519
https://inspirehep.net/literature/2629770
https://inspirehep.net/literature/1852846
https://inspirehep.net/literature/2615983
https://inspirehep.net/literature/2615983

Possible configurations of hadrons

@,
Conventional Quark Model: (qq, qqq)

J=L+S J
S =351+ 5
Bigger Quark Model (9397, 9qqqq, ...) o
)

Conventional Hadronic Molecules = Nuclei: (qqq)(qqq) g + excitations
Heavy-Flavor Hadronic Molecules: (Qqq)(Qqq), (Qg)(Qqq), -.. @‘V@

Admixed Molecules: qg - (qq)(qq) + nuclei chart
Hybrids: g~g~q
. 7
Glueballs: 9~9 z BESIII data]
§ 22 {BiG-analysis] o JW-vG6(>mm)
s 2w ETJPAC analysis] A
b ! Mass [G;i/uz 1 * E fﬁgg g: ﬁ;?’{ s%:: °:3g§iﬁi?° {%0 }J{r o Solution 1
P.Haas, 0 B i , Wl T P, SO
HADRON2023 * 1 Ma;:(non") [GeV/c] ’

[D. Spiilbeck, B3 /194]

).é M Misha Mikhasenko "Exotic Hadrons" June 23,2023 13


https://agenda.infn.it/event/33110/contributions/197414/
https://agenda.infn.it/event/33110/contributions/197414/
https://inspirehep.net/literature/1373915
https://arxiv.org/pdf/2110.00027.pdf
https://inspirehep.net/literature/1852069

“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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[G.S.Bali, PR 343 (2001) 1-136]

Effect of string breaking T —

r/fm
0.3 0.6 0.9 1.2 1.8
2 T T T T T 6
1]
1 i I 4.3
R .
oS T 0o 3
~ . |
o-af - 1 &
S . 1 &
5 = ] ~
s _,Ll ) . = -‘-.og
-3t . * 4-.9 A
hybrids : o
L — e 0 6 20 2'5—_‘ I
] _
shifts “quenched” QCD states &
] a-) ]
c
] LLI ]
Cornell
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https://inspirehep.net/literature/523467
http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/Nobel/index.html
https://inspirehep.net/literature/1719329

[HadSpec, JHEP 02 (2021) 214]

Pattern of meson excitation

Bottomonium from lattice my = 391 MeV
Same patter for all mesons: MoV | gat O -
. . . ) o @ 0 o
 Radial excitation 1500 - - - Q] ®
. c 1.90 |- 0 Exotic
e Orbital excitation O 0
. cLyis ey L s D-Wave 2mp
* Hyper-fine splitting within el S-Wave —_—
every multiplet e N F-Wave
e 2line for S-wave, 180 - - = = = P-Wave My, + 2Mer
 4lines for L>0 E D-Wave S
500-1.75 -_— T =
S-Wave
P-Wave
1.70 — dominant Z
) ~a
1651 S-Wave
0ct1 792 t9 =3 g4ty ott 1+— 1t+ ot+ g+— g++ 4++ 1-t oF— 2t
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https://inspirehep.net/literature/1810330

https://www.nikhef.nl/~pkoppenb/particles.html

New particles

11 5 . 1 1 1 1 1 1 1 1 1 1 1 1 1
bg cccé b
10 67 new hadrons at LHCb ® ™ ® « . o
' ® << ® <G cqq
10.5 cc(qq) ® <4qq B cCqqq
® ccqq
7.5 o
- Tezcz(6900) -
7.0 s
B
. Np(6152 iy i
> PRt RS T —
6.0 - Ab(5920)° Eb(5955)‘. B,(5970)*° = o g B W=, (6087)° i
' Ap(5912)° = (5935)" ‘B,(5840)+-° 35(6097)*  A,(6070)° B (6114)°
—cc =b 35(6097)~ B. (6063)°
NU .
>
5.0 - "
8 Xco(4700) Xc1(4685)
= 45 P.:(4450)* Xco(4500) Pcz(4457)* w(4630) b (433810
- . ) .
S . Xc1(4274) .Pce(4440)+ Tas(a220y  mreet4338) o/(4300)
L P:(4380) Pcz(4312) Tez51(4000)* Tcz51(4000)° _ Xc1(4010)
s 4.0 A w(3842) ° < he(4000) B
Ec*: . ch(3875)+ X(3960)
3.5 1 0.(3327)° -
N Q.(3119)° 0
DﬂBOOO% 0 D.;(2860)* « PE352%); Zc(2939)° T251(2900)° o
3.0 4 D)(3000)° @ 51 Ac(2860)*_17Qc(3066) =e ! Yoo @ 7::0(2900)* i
D,(2760)* o o Q.(3050)7 Z.(2923)° Tc50(2870)° T30(2900)°
D/(2740)° D1 (2760) Q.(3000) ® . cs0
2.5 A D,(2580)° 3 D+(2590) i

2.0 I I 1 1 I 1 I 1 1 1 1 0 0
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

patrick.koppenburg@cern.ch 2024-09-27 Date of arXiv submission
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B — D D h studies

isa KT ormr® ] .
1 Studies of charmonium:

« Isospin — «SuUB3) - D*D~:D°D®:DJ Dy
<=0 2. excited D states:
[ D*n~:Df K~
*Belle (2008)
! | 3. exotic T, ; states:
(like D4 but double charged | neutral)
S=-1
DYK*:Df n™

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

T, : TS (CSﬁCZ) (unknow isospin)
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Ch ' [
[PRD 102 (2020) 112003] . -, — —
B+ —)D+ D—K+ r . T ' . . 4‘5 D+D . O++,1 ;2++13
& 140, =
S FE | verrg o' LHCD 1 4P D**D~: 11X 0%, 17X 27X 2%%
> 120 < g (3930) — D' D7 (a) - — 4 D
> S [ %,,(3930) - D* D" E ™ -
>~ oob — — - y(4160) > D* D E i AF D*+ D~ + eibdp*-p+
~ C y(4415) — D* D ] 3 Pl (2 2~ |D*D > >
> 60F X,(2900) — D'K* ] J 3D
3 : X (200) - D'K* . R fitresults  --=- Ag=0,m
-‘3 40 v /v Nonresonant - 77c 4L LHCbOM! B
5 . : ZS 1 . = $2 ]
C ] Em——mm e S - <=
g 20 - __' 0++ 2 I \E{) ;o_; |
U O : J— ) 4 . - ) g : 2r + ioﬁ/ B}
=T - : 1 2 Y v 1 F = 1
4 45 - 7 ; = . g
m(D*D™) [GeV/c?] - 0 ————&é-—;% e i: —————————— .
"3 1S 3 -
B* > DfDgK* T} Quantum numbers - State”
[ LHCb + Daa ] > (3930) n(3945)  —— (4040) e The(2870)0 —emee T3 (2900)0
40 F 9 fb-! — ;E%g%g; 3 - EFFj. SN 740000 W 31(4010) % hi(4300) NRi
~ [ —_— 1 NR;-- NRo-+ NRy-- e Reference fit
% | X0(4140) 1 © + L EEELERELE ~ FTTo T + + A— ot
S 30F —— P (4260) 1 % 100 BT - D" DK LHCb 9 fb~! = — {. BT > DT DK
o | —-—= 1 (4660) S = i i p= I : |
ISUNE S T | A N D+D— o0 ( ) (a)
< ob onresonant ] = i [hep-ex: 2406.03156] ] & i [hep-ex: 2406.03156] ]
=0 [PRL 131 (2023) 7, 0719011 = I ] < [ ]
= 10f g g 50
. = - = X
[ gl istd 1T §e) . = i
0 b 1 : g r S i g8 ; i - W
4.0 4.2 : : ‘ U O J N E—— - — U 0 PARYIE SN A AN A 4 TEE asgjasaeests e
m(D¢ D) [GeV] 4.0 4.2 4.4 4.6 4.8 4.0 4.2 4.4 4.6 4.8

M(D**D") [GeV] M(D"~D*) [GeV]
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https://inspirehep.net/literature/2690240
https://inspirehep.net/literature/2794793
https://inspirehep.net/literature/1814324
https://inspirehep.net/literature/2794793

D-m eson Spectroscopy _ [PRL 131 (2023) 4, 041902]

BO—>DS+DO7T_ R L

+ Data ]
50| LHCP (a) Background
9 fb-! — Total fit ]

—— D;(2460) D,
—— D, (2600) D}
—— D;(2750) D}

D, (2760) D}

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

Candidates / (0.014 GeV)

mass -
f— 4. A4+ A= 41— 9— o+ ook D(3000) D
4 gt 17,07, 10,2020 g gt b D*(2010)- D/}
, D S-wave D
50 T
[JHEP 08 (2024) 165] T T SRR .. T V" VU
[ ] o Data — 1,(2430) (L. = 2) — 1,(2740) (L =1) 0 2() 22 24 26 ’) 8 30 32 34
4P [ =oomemn Mo = o MD"77) (GeV)
4D — ~~ - l ")"2"3‘”"" ‘”' T 1.1 T 1 ‘I T T 1.1 .l = —
>80_I T T T T B+—>DS"'D7T+ —————————————
35 ) 3 F LHCb 7 ol Data ]
.]— 4F s - 9 fh— ! 1 = - Background ]
o+ 2= S - - D Total fit )
%1_ -Aam-;”i ; 60 - Bt > DiD*mt g 200 D, (2460) D -
6 . 0 ~ 1 = Dy (2600) D} ]
- - 2 40 1 S isof D;(2750) D
+1m' ”1 E L ]l = D, (2760) D
o= 2P SR 1 20} D(3000) D
20 - 1 = - D*(2007)° D+
I i = 5 Dx S-wave D ]
& : ] S
— 1S 0 CYT - 0 .
> m(D*~7t) [GeV] M(D-x*) (GeV)
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https://inspirehep.net/literature/2682593
https://inspirehep.net/literature/2782517

Exotic T, states

3

—

[PRD 102 (2020) 11200

[hep-ex: 2406.03156]

) 80 |

D+ —© % 1O

— = 60 F

_—® N

K o~ 505

® 40

LA =

Previous work ‘q;é 305

2866 =+ 7 = _20F

57 +13 ﬁf;’

2904 + 5 O F
110 4+ 12

BT -

Property This work
T%,(2870)° mass [MeV] 2914+ 11+ 15
T, (2870)° width [MeV] 128 £22 4+ 23
T%,(2900)° mass [MeV] 2887+ 8+ 6
T,(2900)° width [MeV] 924+ 16 + 16
BT - Dt D*K*
> 100 ' T o
O | LHCb 9 fb~! x
= |
o0 E
oy
< -
§ 50 j
<
:9 -
—O -
2.6 2.8 3:0
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M(D*~K*) [GeV]

B* > Dt D K* '
LHCb

N ~
- N

[\
N

Candidates /(18 MeV),

-

LSt T o441 S 1 LLTTYTTYPFRITT IR STRV 00 D) LR T P

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

D~ D*TK* [hep-ex: 2406.03156]

.....

ol
J &
=

26 2.8 3.0 30
M(D-K*) [GeV]
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https://inspirehep.net/literature/1814324
https://inspirehep.net/literature/2794793
https://inspirehep.net/literature/2794793

Exotic T, states

[PRL 131 (2023) 4, 041902]

B* > DD n*

T T T _I
~ LHCb (b) 1]
> 80b oo ]
3 91b
= ]
S 6of } -
S ]
o bl Bk
= | ]
g 1 } 1 H’ilmﬁ ‘ ]
g 20§ LA ]
i o, ]
05752 24 26 34 4
M(DS ) (V)
B® » DFD%n~
< '%F LHCb (a) ]
[
9 fb!
3 80
=
S 60
3
g 4
5
= I
S 20 p _ 1
22 32 34

rr.‘2.6
M(D; 77) (GeV)
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[JHEP 08 (2024) 165]

Bt > DiD*nmt

~
)

IIIIIIIIIIIIIIIII

Candidates /(18 MeV) )
W
()

B* —» D*~ DtK*+
LHCb 9 fb"!

[hep-ex: 2406.03156]

TN SN T T NN TN S T S M

M(D*K*) [GeV] |

—
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|

S»IIIIIIIIIIIIIIIIIIIIIIIIIIII

m(D*K™*) [GeV/c?]

 fe ;
=F ] 25
& a0k ] PRE.
3 f 2.4 2.6 2.8
10 i
2.-0 3.0 [PRD 102 (2020) 112003]
m(Dn™") [GeV] | Bt > DtD K™t [
S °FLHCb
e [ (©
O— D + ©—/D; S wf
=\ S D i @ S N C
% N = 30F
®— |17 e ©— |77 3 E
@ —w— 3t
S 10F
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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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, but some are

120

100

0
(=]

Candidates/(10 MeV)

(o))
S

N
S

20

B* > Jip o K*

I [ I I I I | oy

oKt
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[PRD 95 (2017) 1, 012002]

LHCb

My [MeV]
[PRL 127 (2021) 8, 082001]

LHCb

_llIlllIllIllllIllllIlIllIlllIIlllIIll

4.4 4.6 48

my, 4 [GeV]

=== 1" X (4140)
== 1" X (4274)
%% 07X (4500)
A 07 X (4700)

—  X(4630)
—  X(4500)
—  X(4700)
— XNR

—  X(4140)
— X(4274)
—  X(4685)
—  X(4150)


https://inspirehep.net/literature/1472311
https://inspirehep.net/literature/1849524

New results on diffractive J/i ¢ production

[hep-ex: 2407.14301]

o PP2PPIY Y ——
2 LHCb e
For diffractive studies, = 70 i o o
the acceptance is extended with HeRSChel, 60 j[ ﬁm 4;
5 < |r|| <10 > o0 | x:,(4500)
=> Cross section measurement g 40 - ’,‘,13(4685) + ,(4700)
3 |
T Jjpe X B(J/’l,b —)/1,+/L_) X B(¢ — K+K_) - Zg 11 {‘ +
= (2.52 £ 0.08 & 0.12 + 0.05) pb, R | }
10 ,Q\"“w,s;'.’;JL.._, ++ ‘I’

R WYE 5150 By o rorarri s ) e e

4000 4500 5000 5500 " 6000
For selection, #track in VeLo is used M [MeV]
~9
) %80 \

only four tracks LHCb

570 5fb!
 with additional tracks —0F |
g pp = JY ¢ X pp
>
K30 +
o 20
Hm, strong couplings to gluons? 10 _
Moo 3000 6000 7000 2000

M, vé [MeV]
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https://arxiv.org/pdf/1801.04281
https://arxiv.org/abs/2407.14301

Future of LHCb
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Shown in the LHCb Tuesday meeting

Upgrade 1 Sept 17, 2024 (not official)

2021 2022 2023
[ FMAMO))) H[FMAM ) ) ASOND) ANHAT_ NG )|
Run Cd

The current Run is prolongated by 1y (2022-2026)

. b iomhi et et ot I Ao N s AR s S
L.S3: no major changes at LHCb f | | il |
Run4: 2030-2033 2039 2040 2041 This variant would imply 3y4m LS3, or 3y9m
° 3 33 ASIOND] ) [FMAM T 5 [FMAM ]3] b tob , plus th | of LS5 =
LS4: Upgrade Il, 2036-2041 start of data taking 1l fi B \ye are very much i favour of ]

Comparison courtesy Blake Leverington

LHCb-U2 | 30'MHZ Software trigger

Side View scaL HCAL

Side View

M MS

LHCb LO Hardware Trigger

SciFi RICH2

L=0.4 103 Goal: 10 fb1
1to2fblperyear; mu=1.1

L=210% Goal: +45 fb? Lyeax = 10-15 1033; +200-300 fb-L

~7-9 fb1 per year;, mu = 5.3 ~40-50 fb-1 per year; mu = 42
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Mighty Tracker: the main German project for U-II

Fiber part: #
* noise-free SiPM sensors at -100 deg. '

* new readout boards -

Pixel part:
« DMAPS technology (MightyPix),

(Depleted Fully Monolithic Active CMOS Pixel Sensors

* New technology for LHCb,
take experience of ALICE, ATLAS, Mu3e

* Large area: 12.6 m?

Germany is ~6% of the LHCb collaboration =4 Baseline Pixel :
(“fair-share” limits resources) Baseline & Middle Fibre
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https://cds.cern.ch/record/2641635

Summary

A lot of physics with Run-1,2 data (2012-2018)
* Charm spectroscopy
* D-spectroscopy

* New exotic state (“neutral Ds”)
The Run-3 has seriously started:
* already more B mesons than in Run-2 already.

* running for the next 2 years

Upgrade 2: 2036-2041
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