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uark model and exotic multiquark states
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A simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following
properties: spin %, z = -}, and t%a.ryorll numberlg.
We then refer to the members u3, d-3, and s~3 of
the tnplet as "quarks" 6) q and the members of the
2 as apti-quarks §. Baryons can now be

g tton (qqq) gives just the represen-
tatxons 1, 8, and 10 that have been observed, while
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AN SU, MODEL POR STRONG INTERACTION SYMMETRY AND ITS BREAKING
™
G. Zweig

CERN~-Geneva
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Version I is CERN preprint 8182/TH.401, Jan. 17, 1964.

6)

In general, we would expect that baryons are built not only from the product
of three aces, AAA, but also from :\'MAA, EAAAAA, etc,, where K
denotes an anti-ace, Similarly, mesons could be formed from :A, BAAA
etc. For the low mass mesons and baryons we will assume the simplest

possibilities, AA and AMA, that is, "deuces and treys",

Geor;qe Zweig

@ Tetraquark: qqqq ; pentaquark: gqqqq

@ Complicated inner structures

@ More stringent test of our understanding of strong interactions at low energies



Pentaquarks before the LHCb discoveries

Adopted from Wolfgang Lorenzon’s slide from his talk “Pentaquarks” on Oct 2005:

Pentaquark Vital Signs

Experimental signatures concentrated on >
baryonic matter with explicit heavy anti-flavor: E
— | qqqqQ, with @ =5,¢ (q = u or d), since unlike, T
g qqqqq, they cannot be confused with qqq states {’:3
() S
— w
‘E Frank Wilczek's twit on 7/14/15:
) “Pentaquarks rise from the ashes: a phoenix pair”
=
o ®+(1530)
= n
(>.<> and others Future ? P:(4450)
LLI New experiments \ -
- T
T Time Twilight Future ?
2003 Now  Zone 2015
LEPS (2005) LHCb

PRL 91 (2003) 012002, 1208 citations

Evidence for ©(1530) went away with better
measuements

In 2003, the field of baryon spectroscopy was almost revo-
lutionized by experimental evidence for the existence of baryon
states constructed from five quarks (actually four quarks and
an antiquark) rather than the usual three quarks. In a 1997

paper [1], considering only u,d, and s quarks, Diakonov et

To summarize, with the exception described in the previous
paragraph, there has not been a high-statistics confirmation of
any of the original experiments that claimed to see the OT;
there have been two high-statistics repeats from Jefferson Lab
that have clearly shown the original positive claims in those
two cases to be wrong; there have been a number of other high-
statistics experiments, none of which have found any evidence
for the ©7; and all attempts to confirm the two other claimed

pentaquark states have led to negative results. The conclusion
that pentaquarks in general, and the @, in particular, do not

exist, appears compelling.

PDG 2006




The LHCb experiment @ LHC

Originally designed to search for NP in precision frontier

| Vo | Vis| |Vis|e™"
@ Precise measurement of CKM elements Vekm (4, p, A,m) = (—IVch Vel [Vl
|Vile™  —|Visle™ Vi

@ Decay rate and angular observables of FCNC processes

LHCb physics project has been largely

EXPERIMENT® )

- ——— extended in the last 30 years
Heavy flavor production and spectroscopy
Precise charm mixing and CPV measurement
Precise EW measurements at WZ regions
Indirect search of NP in FCCC processes

Heavy lon physics

Fixed-target (SMOG) program




The LHCb detector (Runl-2)

@ Single-arm and forward spectrometer, optimized for reconstructing heavy-flavor signals

Tracking system:
Efficient tracking for
charged particle and
precise momentum

measurement 7
Sp/p~ 1% i
Y
Vertex Locator:

High precision vertexing;

ECAL HCAL
SPD/PS M3
Magnet M2
g RICH2 M =
~— T2
L=l T1 Imi=:
T.\ ‘
AN

separate production and
decay vertices for weakly
decaying b/c hadrons

Opv,x/y~10 pm, opy ,~60 um

JINST 3 (2008) S08005,
IIMPA 30:07 (2015) 1530022



The LHCb detector (Runl-2)

@ Single-arm and forward spectrometer, optimized for reconstructing heavy-flavor signals

>  Calorimeters:
Reconstructing neutral
objects and trigger

—" | o(E)JE~10%/VE @ 1%

JINST 3 (2008) S08005,
IIMPA 30:07 (2015) 1530022

-

Cherenkov detector: Muon system (M1-M5):
Efficient charged hadron identification  Efficiency muon identification and trigger
e(K - K)~95% e(u - uw~97%
@ misID rate (r = K)~5% @ misID rate (m - u)~1—-3% 6




Pentaquark studies @ LHCb Run 1-2

LHCDb Integrated Recorded Luminosity in pp, 2010-2018

- 2018 (6.5 TeV): 2.19 /fb : ;
290 . B017 18551 Tak 1.7 b + A0/ ................................... 2018201b
a 2016 (6.5 TeV): 1.67 /fb :

n
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....................................... .......................... AT, T, C T T— LHCb Run2:

e T L — s e — ~6fb-1 @ 13 TeV
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Integrated Recorzed Luminosity (1/fb)

ar 'a;r' - Jlul o Stlap T Nov
Month of year
Note: This talk by default use the new pentagquark name convention in PDG.
For plots from old publications they are still based on old convention.
P. = P.z: ccuud state
P, = P, : ccuds state !
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Observation/evidence of pentaquarks at LHCb

)
8

] +
o 3,” LHCb A% - ] /IIJP K = 180f Leich T E PRL 131 (2023) 031901
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Observation/evidence of pentaquarks at LHCb

Sci.Bull. 66 (2021) 1278-1287

Yield / (20 MeV)

40

20—

60 |-

..........

LHCb * ]
[ 9fb!
P“““‘“‘”)O”ﬂ *ii ?

Zp = J/YWAK™

Evidence of ccuds states
decaying into J /YA
(amplitude analysis)

—Tr—> _..




The £, — J/3PAK™ data sample

PRC 93 (2016) 065203

@ Search for predicted [udscc] pentaquark decaying into J /YA

@ Run 1+ Run 2 data: ~1750 signals, purity ~80% WU

Sci.Bull. 66 (2021) 1278-1287 Sci.Bull. 66 (2021) 1278-1287

N
S
o
m?w L, [GeV]

> . -
é’ i
P ‘

£ 100 = 1
= i
= ]

< 50 = -
O i

0 nmre e Y Al HHHH R 2T - A ~

5700 5800 5900 4 6
My p- (MEV) m2, [GeV]
Sub-dataset as example. Run2, A decay outside VELO Potential Fis contribution?

Amplitude analysis required.
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£, — J/WYAK™ amplitude formalism

Sci.Bull. 66 (2021) 1278-1287

[1]

@ Helicity formalism. Isobar model.

=, rest frame

¢:'= 0
0y : - i -~ P 1

, rest framei - o —

Y rest frame

- = 4 - > - < < W ; ) —=is
N W s frg;ne'4 Mo ' =" rest frame AMBP—M
— . A - P 5 p
=" chain: : " cCs chain: ¢~ P, rest frame/
/ ,,
lab frame lab frame
ME ~bﬁ*~n¢ 3 P., By Pes; K % Pou ok
)‘” AN, Ady T Z Z Z H/\—* s Ay 25 Az —Ay (0 Hﬂb’ ) MA— Ahes Apfes ZZ Z ’HAPM,O ’ ‘DAzsb,)\Pcs (¢PCS’95;J ,0)
n )\—-* Aw J APcs )\:ch
chj—)ll)/l JPcsj 1 Pes Pes
HAECS’Aics D’\Pcsa)\gcs _)\ics (qs'l/-'f'? 9P ) ) RP (m’!/)/l) DAgcs, A’\.SCS( i 78 0)

Hyr 3 MDE (64, 02-,0)" Rey (max) Dyl ax, (6,8, 0)",

Relativistic Breit-Wigner for resonance lineshapes

Wigner-D rotations to associate initial and
Align the final-state definitions of different decay nodes

final helicity states of two-body decay nodes
___________ | )
Total matrix element: =) D > IME +'em"“% Zd/\% WOOME e o
)\- Aa ANy )\Pcs |

The core of PDF for unbinned maximum likelihood fits that determines properties of resonances

(significance, J¥, lineshape: )
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Result of =, — J/PAK™ amplitude analysis

Sci.Bull. 66 (2021) 1278-1287

@ Adding a P.s, state improves —2InL by 43 units, ~4.30 statistical significance

@ 3.10 significance when systematic uncertainty considered

@ First evidence of hidden-charm pentaquark with strangeness
Adding a P.:s improves both mass and angular fit projections

15 - ——Data9fb™!
: LHCb [:l Pcr i

20; LHCb lmy,, s-Mp | <Tp _—

~ L e Fit without P,
= L —— Fit with P, E -1

S 1wf my>22GeV 1[ : 8 s O ]
= x = ‘ ——
% 5% + ‘{» * = E ot L= —
P JI_Q b T #_H% N e ]

O I L] L] Il —\—.‘l_._ T < 5_ -1 T ssessheaaat

T T S I——— T
T 440 445 450 Yo T s o0 05 1o

My, 4 (GeV) cosd,,
State MO (MBV) FO (MEV)

Ps(4459)° 44588 £2.9717 17.3+£6.5157  eommm—mp Narrow state, peaking at 19MeV below £2D*° threshold
Z(1690)~ 1692.0+£1.3%;7 25949.57 37

5(1820)~ 1822.7+15710 36.0+ 4'445;:3 ) Consistent with PDG with improved precision
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Understand internal dynamics of pentaquarks

@ Although many pentaquarks signals seen in experiment, their nature still under debate

Compact state

Loosely-bound hadronic molecule Kinematic effect

m
h= D" (A7) -

A
p
= J
PRL115(2015)122001, PLB753(2016)547-551, PRD92(2015)071502(R)...
JHEP12(2015)128, PLB749(2015)289-291, PRC85(2012)044002...
PLB793(2019)365-371, PRD95(2017)5...
) s D G >180F LHCb  <Dma 7
@ Although near-threshold peaks & narrow widths = > toop 9 | Nt
%1000 iilzoé | _“},'}(u"q’l’i)p CD
. . S 800| r ws =dn-
prefers molecular picture, further experimental ¢ EN ++---Ba°kgrwﬂ,l 2
- LA O eof ]
. ° L e i, P.(444a0) (P (4457 F E
inputs still needed for a solid conclusion of DR M 0 )
\ F T cCs\ 1990/ ]
4800 4250 4300 4350 4400 4450 J:is[& Je00 %2 ’%4‘25' - 4?bih 4.35

PRL 122 (2019) 222001

mJ/@A) [GeV]
PRL 131 (2023) 031901
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Experimental probes towards the nature of pentaquarks

@ Search for predicted pentaquarks

Broad states that favors the compact picture: missing Z:D ™) molecules ...

@ Spin-parity guantum numbers

Molecular picture prefers S-wave J© of its constituent system ...
@ Precise line-shape studies

Special peaking shape of triangle diagram differing from RBW ...
@ Measurement of couplings to

different channels

Test if strongly couplings to constituent channels of molecules ......

14



Experimental probes towards the nature of pentaquarks

@ Search for predicted pentaquarks

mmmp  AMplitude analysis of A) - J/YpK~ decays
using LHCb Runl-2 data CERN-THESIS-2021-314
@ Spin-parity quantum numbers

@ Precise line-shape studies

@ Measurement of couplings to

different channels

15



Amplitude analysis of A?, — J/YpK~ decay (Runl-2)

CERN-THESIS-2021-314

PRL 122 (2019) 222001

+ =0 . .
Z.D @ Motivation

eV)

| — data :
- — total fit
. — background

M
—h
)
o
=)

@ Measure spin-parity quantum numbers of

P.-(4312)% state

-
o
o
o

@ Search for broad pentaquarks

4
g

(e}
o
o
|

Weighted candidates/(2
0]
(@]
o
|

ik @ Main challenges

400?“ il

P .(4440)" -
P.(4312)° ) @ Huge data sample (0.3 million events) &
200} '
L JL I\\L | complicated fit model call for resource efficient
4800 4250 4300 4350 4400 4450 4500 4550 4600 .
M 1yp [MeV] data analysis
@ m(J/Yp) spectrum analysis performed using same dataset. @ Needs precise amplitude model to fully exploit
However no sensitivity to spin-parity quantum numbers & the high stat. precision
existence of broad pentaquarks Y

16



Speed up amplitude analysis using GPUs

e Idea: Let GPU to calculate |M;|?
— CUDA (GPU based C++) for computation of | M;|?
— CUDA memory transfers between CPU and GPU

To minimize

Data observables = GPU
(Global Memory)

Fitting parameters in CPU

A4

= GPU (Share Memory)

-
V'

Including all invariant terms in
minimization procedure
(for example, Wigner-D functions)

GPU calculate |M;|?

CUDA version | M |?

v

|M;|> = CPU calculate -InL

performance: 2 amplitude fits/GPU/day using

RTX 3090 GPUs

17



Improve the application of helicity formalism

Chinese Phys. C 45 (2021) 063103

* The conventional helicity formalism

(SU2) . Fully determine - (S03)
Decay angles rotating spin states < Rotations in momentum space
— T J ! £
M - Hf:f(v( Dm:AA,AR—)\(}(q)BT 9:‘11 0) .
Rest frame of A
¢p = atan2 (-p B{A}w pb{,‘d}m)
— G (?)0{,4} _ﬁéA}: '%O{A} ']TéA}) PRL 115 (2015) 072001 supplemental
— BEAHD ((QU{A} " :EO{A}) . F B{A}s ;EU{A} F B{A}) : Helicity frame of A
cosfy = :Z“O{A} - P ,LEA}.
l Quantum effects missing for baryons ? l
dﬁl,gz (04) =— 1% dﬁl,az (64 + 2m) Cannot set a preference between
piAdE —_ 1 x piM@p+2m) 0,& 0,4+ 21, P& Ppp+ 21

e Arbitrary “-1” terms in any single-chain amplitudes:
* Generate tricky behavior in interference of different chains 18



Improve the application of helicity formalism

Chinese Phys. C 45 (2021) 063103

* The A*, P, interference using the formula for P, observation

Interference
between P, and
A* decay chains

10000

5000 -

0

~5000 -

-10000

vvvvvvvvvvvvv

- Anunnatural “-1” sign 1
L impacting half events ]
- Total interference vanish 1

W\W H

|

M“#WW@

=5 0
o

\
2
A >pK

Impact of missing of the quantum effects
consistent with the statement in PRL 115
(2015) 072001

p 1 7

polarization of zero. Interferences between various A} and
ij resonances vanish in the integrated rates unless the
resonances belong to the same decay chain and have the
same quantum numbers.

* Impact on the first P, analysis:
* No impact on A*-only fit quality
* Reduce the flexibility of A* + P, model
e P, properties (to be) updated in Run1+2 analysis

PRL 122(2019)222001: Two-peak nature of P.(4450) observed;

Properties of P.(4380) to be updated in future amplitude analysis 19



Improve the application of helicity formalism

Chinese Phys. C 45 (2021) 063103

* Main idea:
* Origin of the issue is improper alignment of final-state definitions for
each decay chain due to arbitrary “-1” term

e Seek for new principles for final-state alignment

New method
Directly write down all rotation/boost operators
associating initial/final spin-state frames, using a
representation where 8 — 0 + 2m is visible

Conventional method
Rely on graphic picture
Use angles between particle momenta or
momentum planes to define alignment operator

A, rest frame Advances in High Energy Physics (2020) 6674595; Chinese Phys. C 45 (2021) 063103

A rest frame /2 0 ( /2) . ( /2)
_ e cos(a — sin(a
A — ( B e ) Ry() = ( sin(a/2) cos(a/2) )

p rest frame

The new method has been used in several LHCb
and BESIII amplitude analyses

arXiv.2603.05564; arXiv.2601.07617; JHEP02(2025)212; PRL134(2025)2,021901;
JHEP12(2022)033; PRL128(2022)6,062001; Sci.Bull.66(2021)1278-1287

20



Preliminary results (LHCb unofficial)

@ Adding a new P,; significantly improves fit quality; CE TR

® However similar fit quality accessible by introducing £.”D® coupled-channel effect

A* + 3 known P,z AN+ 3 knownP.+ 1P,z

5\ [ —71 r 1 '. ] 9 [ — T T T T -. T ]
S 400 LHCb unofficial m(lip) in (1.90,2.60) GeV — < 4001~ LHCb unofficial ~ m(Kp) in (1.90,2.60) GeV
Q B i ] S ]
> 300 — o — - 300 ]
g N ‘ ] g ]
> r N > i ]
= 200 ""-“."“ g I _ K .‘:‘,H: okl T —
100 Mg it bode oo 100 - __ Wottugsfe .k _.
: AT : B :

Y5 43 ai 45 4 47 42 43 44 45 46 47
m,,,, [GeV/c?] My [GeV/c?]

@ Spin-parity preference of P,s(4312)" is model-dependent. Cannot set up a preference with high

significance based on the current dataset and analysis strategy
21



Next step for Ag — J/YpK~ Am.An. (Runl-2)

@ Precise lineshape study of P.z(4312)*, P.-(4440)*, P.-(4457)* using coupled-channel K-Matrix

3500

3000

2500

Events/ (6 MeV)

CERN-THESIS-2021-314

IlllIII[llIIIIIIIII||ll|||||l||||l|

i i jl‘

|

my €( 1.40,2.60) Ge
All A

— All Pc
1 P.(4457)
— P,(4312)
] P.(4440)
--- P(1/2-)
— P,(3/2-)

-
l]l]lII[IIHIIIIIIIIIIIIIIIIIIII

15

5

my o [GeV/c?]

@ Start from the near-threshold + narrow peak phenomenal,

assume pentaquarks strongly couples to 257 D™ channels

--- An assumption dependent measurement

@ Further constraint the J¥assumption

Hierarchy (Hypothesis) | Pz(4312)" | P(4440)" | Ps(4457)%
Normal % N % N % B
Inverted % - % - % B

@ Open =D channels in the K-Matrix amplitude

22



Next step for Ag — J/YpK~ Am.An. (Runl-2)

@ Precise lineshape study of P.z(4312)*, P.-(4440)*, P.-(4457)* using coupled-channel K-Matrix

3500

3000

2500

Events/ (6 MeV)

CERN-THESIS-2021-314

IlIIIIIIIlIIIIIIIIIIIIII|IIIIIIIII|

i ¢ s

my €( 1.40,2.60) Ge

All A
— All Pc
1 P.(4457)
— P,(4312)
] P.(4440)
--- P(1/2-)
— P,(3/2-)

l]l]lll[llllllIIIIIIII]IIIIIIIII

15

5

my o [GeV/c?]

@ Precise measurement of pole positions
@ Physical/unphysical sheet => quasi-bound/quadi-virtual state

@ Effective range expansion

N 1 K(s)
R —ik(s)’ T =gt

Z=1-1/\/1+2rfa. X=1-Z=1/y/1+2r/a.
l

Quantify how strongly pentaquarks are built from %, — D™ configuration

T(s) =

+ O(r?k") .

23



Experimental probes towards the nature of pentaquarks

@ Search for predicted pentaquarks

S
. . Ewoo
@ Spin-parity guantum numbers 3
%500
@ Precise line-shape studies )
o -
% : —— weighted data]
g I, =50 MeV: “ — total fit
?81000_ ; — polynomial ] Th ]/'(/) t f t k
Q H g ] e P mMass spectrum OT narrow pentaquarks
Measurement of couplings to P.(4312)*, P,(4440)*, P.(4457)* cannot be
diff h | B 500, W modelled purely by using the triangle mechanism
irrere nt channeis § - PRL 122 (2019) 222001

4%00 4300 4400 4500 4600
m e [GeV]
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Experimental probes towards the nature of pentaquarks

@ Search for predicted pentaquarks

@ Spin-parity guantum numbers

@ Precise line-shape studies

@ Measurement of couplings to

mmm) Pentaquark search in AY - n.(1S)pK ™~ decays

different channels PRD 102 (2020) 112012

25



Pentaquark search in A}, — 17.(18)pK~ decay

PRD100(2019)034020; PRD100(2019)074007; PRD102(2020)036012

_ . I'(Pc—1cD) . . N
@ Prediction with HQSS: C s ) ~3if P.(4312)" is X.D molecule

@ Analysis with 2016~2018 data, £L~5.4fb~1,n, - pp PRD 102 (2020) 112012

P (4440)"
Ts LK | T 1

T | T T T T I Ll 1 T T
—— Data (a)
— Total fit

C LHCb 0 A ®
e s

- LHCb wb 2@ rasyLHCh
25; (a) —Data E

— Simulation 1

[am—,
)
]

g~170  Tic :_, ‘_‘]/‘/’

4

)

-

o
|

20}
15}

----- Ay = JppK -~
- Ay = [PPlGPK
- -~ [¢€] not from Al?

........................

[
o

----- Random comb.

.................................

[y
o
TTITT
W

100 ] "‘. --- Swapped protons ]

Candidates / ( 5 MeV/c2)

|
wn

Candidates / ( 8 MeV/c?)
ghted candidates / (30 MeV/c?)

] -
s A . < ‘ \ Do b
o - K ’ . ¢ s 1! [
P | . ’ A ' \ ]
------ Yt > .. -1 - . 2 . o P -
W mte ey P AL . . . . ' s I
00 e . ! e im st ki
- S L

SEvdep iy e Sais ettt SRty A tuttte iiet ettt Hatin ettt St ot ML ANttt tie Aalbiutite ! N .
5600 5650 5700 5750 2800 2900 3000 3100 3200 2000 24500 3000
m(pppK ) [MeV/c?] m(pp) [MeV/c?] m(n_p) [MeV/c?]

B(A) — P.(4312)TK")
B(AY — n.pK~)

8 times larger than molecule-based prediction. Need more data to better constrain theory. Run3 needed !

50500 B -5550

Wel

R

B(P.(4312)* — np) < 0.24 @ 95% C.L.
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Towards pentaquarks @ LHCb Run 3



Limitations of LHCb data collection until 2018

@ Data sample limited to ~2fb™! per year

-
o
)

LHCDb Integrated Recorded Luminosity in pp, 2010-2018

:; % LHC Fill 2651 N .‘ ‘
& 8 22f 017 650281 1oy 171 oe0t0ms | 2018 201b
2 [ > 2 2015 65 Tewy 030 ' /f ]
2 ATLAS & CMS @ 1.8 2012 (4.0 TeV): 208 b 20167, 2017
3 = bt = 2011 (3.5 TeV): 1.11 /b I‘ /
g é 1.6 ; 2010 (3.5 TeV): 0.04 /fb r'
> o . ° = l A
a 0 Leveling luminosity at S F
— . (0] =
£ 1 4x1032 cm2s1 since 2011 8 b B
£ LHCb 8 = ;
I el i DORSNGD. | A g osf-
= Beam 2 I T _— :8 0.6%
N S—— )t S—
g 02 ‘ f
L O e e SIS S I B S B T £ 02
° ° 0 - duration2[?1] Qe Sép e
— 3
= LHCb Trigger
. . . . . . . =
@ Limited LO efficiency for decays with hadronic final state  Zzsf wm
< A0y
© .
Runs 1 and 2 5 2 ,\g‘i’K
>, g
o)
(@)}
2
=

40 MHz 1vnz @R 12.5 KHz (0.6 GBIy) 15l
pp SOIELCY  Events on disk /I"ﬁi
collisions readout 1 y Hadronic

—

o
3]

Hadronic hardware trigger saturates fast

Would be a show stopper for high-lumi operation I TR TR R Y- BT
Luminosity (x 10%2c¢cm=2s1) 28

o




The LHCb Upgrade |

< 9 fb-1 ——mmp <] 50 fb-1 > <+—250 fb-1 —»
Upgrade 1 Enhancement Upgrade I1
Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5

2011 2012|2013 20142015 2016 2017 2018)2019 2020 2021|2022 2023 2024 2025 2026|2027 2028 2029

2030 2031 2032 2033]2034 2035— 2036 2037 2038 2039 2040 2041

t o
7

New Upstream Tracker
(UT) Silicon strips

Side View

SciFi RICYI2
: TrILkLr !

New VELO )
Pixel detector .

[JINST 19 (2024) P05065]

New SciFi Tracker
Scintillating fibres

New detectors for tracking system
Pixel VELO, UT, SciFi

New readout systems for all subdetectors

Installation during 2019-2021;
Commissioning during 2022-2023;
Achieved designed performance in 2024
L~2 x 1033 cm™2s71, roughly 5x than Run2

Hardware trigger removed
Hadronic channel efficiency X2
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The LHCb Upgrade |

< 9 bl ——mmm> < 50 fb-1 > <+—250 fb'!l ———»
Upgrade 1 Enhancement Upgrade 11
Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5
2011 2012|2013 2014|2015 2016 2017 2018§2019 2020 20212022 2023 2024 2025 202642027 2028 20292030 2031 2032 2033§2034 20352036 2037 2038 2039 2040 2041
t .

A

Total recorded luminosity — pp — 34.0 fb™

~— 40
2 Run 3 - 24.85/fb r.HCH
[ p— 2026 (126 TeV): 229110 nﬁlg_‘] f New detectors for tracking system
. v— E— (13.6 TeV): . - - -
R i— R e | Pixel VELO, UT, SciFi
é — 2022 (13.6 TeV): 0.82/1b
= 25 Run 2-590/fb N d f ” bd
8 — ZUIS(ISTEV)i 2.19/fb eW rea Out Systems Or a Su etectors
= 10 0063 TV 167115
% —— 2015 (13 TeV): 0.33/fb . .
k s Run 1-3.23/b Installation during 2019-2021;
3 T mne e Commissioning during 2022-2023;
— — 2010 (7 TeV): 0.04/fb - - -
g 10 — 71 = | Achieved designed performance in 2024
x 4

5

P L~2 x 1033 em™%s71, roughly 5x than Run2
%Q\Q r\9\\ S (\9\“’ r’9\5‘ (‘9\‘? "9\‘0 n%\/\ (\9\"b q’g\q %@9 fL@’\ %@"‘ qp"{f’ (&"b"‘ ﬂ@‘? m@v“’

Hardware trigger removed

o -1 | . . .
Run 3:~ 25 fb™" collected ! Hadronic channel efficiency X2 30



Open topics of pentaquark studies for Run3 LHCb

@ Natural extension of Runl-2 studies: confirm evidences; search for unobserved pentaquarks &

new decay modes with significantly improved precision

Test the two-peak hypothesis of Pczs(4459)0 Pentaquark search in A‘,’, > AID;K K~
sE et % 12F LHob 4 Data 1 %12F wLHow ~+ Data ]
—~ LHCb I;lﬁi(zwit.houtl’ ] E 10:_ 6fb_1 — Fit _: E 10:_ Gfb_l — Fit _:
> 9 — Fitwith P, g — P @338 1 & f — P (4459) ]
s 0 Me >2.2GeV | S 8F Phase space ] S 8F Phase space
e | T 3 24 :
S 5 . >~ ] = O ]
) - 3 - .
5: CRREbty o ¥z ot & 4- ] 4: ]
ﬂi = A TN T T

440 445 450 0 4300 '44|00' — ‘45100I 4600 0 '4366 T 4400 4500 4600
my, 4 (GeV) m(A:D;) [MeV] m(A:D;) [MeV]
Sci.Bull. 66 (2021) 1278-1287 PRD 112 (2025) 5, 052013

@ Enable coupled-channel analyses thanks to huge improvement of decays to hadronic final state

@ Femtoscopy studies to understand two-body interactions in meson-baryon systems
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Open topics of pentaquark studies for Run3 LHCb

@ Natural extension of Runl-2 studies: confirm evidences; search for unobserved pentaquarks &
new decay modes with significantly improved precision

@ Enable coupled-channel analyses thanks to large improvement of stat. of hadronic modes

o
(=]
-
an
Q
&

—_
(=]
L L B B B

Candidates/(14.83 MeV)
v
-
@
o — — )

(9]
—_——
——
——
Jrem—
—_—
P —

o
T
L Ty TR

I T . 1 . . | . L | .
gl 4400 4600 4800 5000
4200 4250 4300 4350 4400 4450 4500 4550 4600 D~
0 55t m(ZHD) [MeV]

PRL 122 (2019) 222001 PRD 110 (2024) 3, L031104

@ Femtoscopy studies to understand two-body interactions in meson-baryon systems
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Open topics of pentaquark studies for Run3 LHCb

@ Natural extension of Runl-2 studies: confirm evidences; search for unobserved pentaquarks &

new decay modes with significantly improved precision

@ Enable coupled-channel analyses thanks to huge improvement of decays to hadronic final state

@ Femtoscopy studies to understand two-body interactions in meson-baryon systems

a T T T 3
§ o ) LHCb 3
C
o 14 —1
= 5.7fb
- I2
C(k) > 1: attractive =~ 10
< 2 g
& C(k) = 1: no interaction 2 I
1 —— . S 6 I 3
P ool C(k) < 1: repulsive = ul ! | 4
50 100 150 200 S 'jl
k (MeV/c) 2] E
0 a L - L - .1 " 1 " n il | 2]
200 400 600

m(Z:*D’) - m(3***) = m(D’) [MeV/c?]
PRD 110 (2024) 3, 032001
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Preparation towards pentaguark @ Run3

@ For a successful Run 3 pentaquark program, we needed .....
@ Well covered by the trigger system
@ Good and stable data quality
@ Precise knowledge of tracking and particle-identification performance
@ Precise simulation for unfolding detector effects

@ Benchmark early measurements as global test of Run3 operation

Will present a few examples where | led or (co-)supervised the work
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Run3 B-hadron and Quarkonium (B&Q) triggers

@ Run3 pentaquark program is supported by B&Q trigger system

_— “full stream” for general spectroscopy
studies. For example, dimuon trigger.  Pentaquark — (= u u™) X ...

B&Q trigger —=<

—  “turbo” lines selecting exclusive signal decays Pentaquark —» n.X,2.D,AtD;,AfD™ ...
@ Main challenge: Physics output V.S. bandwidth limitation

@ Solutions:

@ Optimized bandwidth division using signal-driven priorities
@ Adaptive trigger strategy based on computing resource and operation condition

@ Selective event persistency strategy
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Physics-driven Data Quality validation using J /Y —» u™u

@ A good and stable data quality is essential for all physics analyses, including pentaquarks
@ UseJ/Y — u*tu~ asaclean & high-stat. benchmark channel to validate the Data Quality
@ Run-by-run scan of key observables to visualize the global data-taking condition

@ Direct input to offline Data Quality decision, help determine which data can be used for physics

200k signals per pb~* data J /1 mass resolution stability & improvement

with high purity — monitor of alignment condition Support DQ flagging
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Data-driven determination of track momentum resolution

@ Track resolution = mass/angular resolutions — input for pentaquark mass and angular analyses

@ //Y — utu~ as calibration sample. Decompose mass resolution into momentum and angular terms

LHCb-PUB-2024-009

Master formula:
2 0 : 2 Angular contribution estimated with Data-driven determination
o, Om, sin Boyg . : .
— = 2( =) — 2 ———7 data-driven correction of Up/P as a function of p
D m 2 —2cosf
. o ‘752,. cov(ty,, w) 0 0 Bty — . T T T T T T T T T
Be,; coV{tar ty,) ;fmt 0 0 B, S 13 = ! !
% = di ' 0 0 G’?x wv( ) ai — il mi
oi . . vt ) bzt % a 12 2 LHCb Preliminary 2024
From J /Y mass fit o N o " S E Data E
- = (6t_) a;: +2 (dt_“) (i_m cov(te,, ty,) + (dt_,ﬂ) L : E Simulation } E
e : 9\ [ 90 8 1E —
(2 . 2(2) (2 i (2 : ]
v 09 — -—}—' ]
i:: 250()():— T T T T T -E g 2 T T T + T T E ' 08 E_ i _E
5 C LHCb Preliminary 2024 i ] ~ 300F =-0036 = 0019 = o ++ -
E 20000 [~ ey — — b E 0=1378+0023 E 07 E #t -
=~ & - = ‘E 250F p €169.21,71.32] GeV/e “E . =
§ sl R g 5 ] 06 E- Input for MC tuning & = 3
_'9. : p“E[lO 500, 12.000] GeV/e : :— — - E . . . E
5 oo : N3 E 0sE call'bratlng. resolution 3
ook e | . E 04 s estimator in data 3
I 4 : } ! 50 E_ ”:ﬂ# 'ﬂ'} ““ _E 0 3 E 1 1 1 1 | 1 1 1 1 | 1 3
5 - F ] .
0wy _j-l- ! 0 by | ! ! ] 0 100 200 300
sk ) ) ) . -4 -2 0 2 4 p [GeV/c]
3000 3050 3100 3150 3200 pu 1
m., [MeV/c?]
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Validation of LHCb standard muonlID efficiency estimator

@ Wide-range of pentaquark analyses use muons. Good calibration of MuonlD efficiency critical

@ Standard LHCb tag-and-probe JI¥ =

) 3 tag Tight selections on one muon.
— | (including muoniID cuts)
method: "=k i 1 11 S .
- —— probe Check the efficiency of the other muon

@ Our concern: Potential bias due to correlated in-efficiencies

Potential global issues on muon stations, shared muon-station hits of tag and probe muons...

@ Strategy to quantify the effect:
@ Use tracker + RICH information to build exclusive B — J/Y(— u*u~)X signals. MuonID unbiased sample.
@ Existing calibration triggers do not support the study. Dedicated trigger lines are developed
@ Clean signals obtained for B* = J/p(—» u*u )K*,B° - J/Y(—» u*u )K*n~,B? - J/P(—» pu ) KTK~

decays
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Validation of LHCb standard muonlID efficiency estimator

@ Strategy to quantify the effect:
@ Compare ratios between probe muon efficiencies with & without muonlD cuts on tag muons
@ A ratio differing from 1 will indicate the existence of a bias

@ No significant bias observed @ 1% precision level. Confirm LHCb standard estimator is reliable.
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Search for missing material in LHCb simulation

@ Material mismodeling directly affect efficiency estimation
@ Tomography: use material interaction vertices to map the detector and simulated detector

@ Previously limited to VELO

@ Extend it to downstream and T-tracks, allowing probe the material in UT and further detectors

Track One

Detector structures clearly resolved in data
(downstream track)

Track Two

Track Th LHCDb Dat Run 3 (202

rac ree ’g‘ 400 : 1 1 a.la 1 I T ] 1 1 I T T 1 1 I 1 1 1 1 I 1 1 ] ] I 1 Iur| 1 ( 1 4; Q:E

...... S F Niracks = 2 LHCb unofficial Ut d ?E

Nyiracks _f 300 n 1 52 100§
Secondary hadronic interactions R Richis Lo
1200 Velo beampipe * e

Upstream track T S B 7] 10
100 =
ut — o — | ] T
O A bbb .. 1
3000

VELO Long track

0 500 1000 1500 2000 2500

§ Zye [Mm]

VELO track ownstream trac

L\

Hu, J., Wang, M., & Xu, M. (2025).
https://doi.org/10.17181/5rx2r-h2m98

Moritz Karbach summer student prize 2025 40



Search for missing material in LHCb simulation

LHCb Simulation Data vs. MC Secondary Veriex Distribution Run 3 (2024)
T —— ——— T
e

@ Downstream track tomography: O P TP T rna R B T T s
30.004 |- Slmloe . MC(Normah?ed) ] 3 . N MC(Normall'zed) j
E r s - {  Data (Normalized) 1 E Slml()f . - Data (Normalized) 1
3 r - ] 30.003 - 5 = |
. . . . . £0.003 |- : .
Observed missing material in UT region of sim10e - "
0.002 | . '
Clearly monitor the fix of the problem in sim10f 0001} : 7
O or e a0 o O%hos e o 20 A 00

yyyyyyyyyy
T

@ T-track tomography

Beam pipe geometry change from
Runl to Run3 simulation clearly
resolved

o
100 150
v, [mm)

Feasibility proved. Being further . vVC .
developed to merge into LHCb :
standard MC tuning procedures.

107!

Hu, J,, Wang, M., & Xu, M. (2025). |
https://doi.org/10.17181/5rx2r-h2m98 e RN : SRR
Moritz Karbach summer student prize 2025 —_— " Ximmi 41




Quarkonium production measurements

@ Quarkonium production measurements (J /Y, ¥ (2S5),Y (1S, 25, 35))
@ Sensitive to multiple detector and operation components simultaneously
@ Trigger, tracking, muonlD, lumi, simulation, data processing ......

@ A physics-driven probe of the full detector performance

LHCb-Figure-2024-025 LHCb-Figure-2024-024
~ >_<1(')3 ! | ' ' ' ! ! ! ' ' ! 1 ! ! ' ! | ! ' = ,U-J\ a I ! l I I l ! I 3
~, 450 ;— . Data —; =" 10° 'E . Data LHCb Preliminary 2024 _;]
> 400 — Fit Model LHCb Preliminary 2024 S T E —FitModel =
E aYas) \ E = [ --P 25 i
E 330 2 ~Yos) O<p;<14GeVic 3 - L F;gzp; $EZS; 4 S<py<6GeVie 5
N 300 3 ERY(3S) 2<y<45 IE it 3 - - - Wrong-PV associated {(2S) ';. b 25<y<30 .
::’ 250 = = Background = _"5 10 E- - - Background R <
3 200F = Tt 3
:-g 150 = O 10 Eg
S 100F = ]
g sob = 0
0 S 1 s —— {// . /’?\\\/ia/, L 1 . ) . . . T . ] N " .
5000 9500 10000 10500 -10 -5 0 5 10

m,,., [MeV/c?] t, [ps]

Y mass peaks: sensitive probe to alignment condition Y pseudo-lifetime spectrum: probe of time

resolution, lifetime bias, PV association accuracy



Quarkonium production measurements

@ Physics-driven debugging for operation

Find and fix a dimuon trigger bug

0y /y,prompt/ 07 jip,b—decay =) Find strongly asymmetric =) that removes all J /iy with P, < 0,
significantly differs from Run-2 distribution of J /1 pseudo-lifetime Save half of the signals for prompt
charmonium physics

Find a biased momentum Collaborate with simulation group
Mass fit of Y —» utu~ ‘ resolution in MC, leading to ‘ to identify the reason. Found issue
samples cannot converge biased mass-parameter fixed after an update of UT tracker

constraint in real-data fit geometry in simulation

@ Quarkonium production measurement has served a system-level diagnostic of Run 3 operation

@ Related physics analyses providing input to NRQCD is currently under internal review
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Summary

T T

1200

@ LHCb has made significant achievement on pentaquark discoveries

[ —data :
- — total fit |
| — background

-
(=]
(=]
o

@ 4 states observed; 2 evidences found

Weighted candidates/(2 MeV)
[e-]
(=]
T ? T

@ LHCb has an ongoing effort to understand the dynamic of these

4800 4250 4300 4350 4400 4450 4500 4550 4600

mJ,W[ eV]
discovered states From discovery to precise measurements
@ Lineshape, J¥ determination, search for new states, measure couplings to S350 — COPSE R TiE
= 300 2 == P\ =
different channels ...... 3 2500 f Sy -
. =

1500 |- i -

1000 | : 1,_..-":\ =

data offers new possibility of resolving the puzzles (‘ S B E—

4 15

@ Many topics limited by statistic precision. High-precision Run 3

My, [GeV/c?]
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@ We are well-prepared for Run 3 pentaquark studies
@ Trigger of pentaquark signals are being well supported by B&Q trigger system
@ / /Y - utu~ run-by-run property scan to support the data quality flagging
@ Track momentum resolution calibrated using real data
@ Independent validation of standard muonID efficiency estimator in LHCb
@ Feasibility study of using tomography to improve material description in LHCb simulation
@ Quarkonium cross-section measurement on going, acting as a system-level diagnostic of

Run 3 operation

Efforts have been made from all aspects to support pentaquark program @ Run3, many of which

have broader impact on hadron spectroscopy and the experiment as a whole

@ Stay tuned !
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hank you for your attention |
Any guestions or comments ?



Back up



A}, = J/YpK~ amplitude analysis (Run1+2)



Amplitude analysis of A?, — J/YpK~ decay (Runl+2)

PRL 122 (2019) 22, 222001

Performing a rigorous amplitude analysis of this new data sample is computationally
challenging. The m,, mass resolution must be taken into account, and the size of
the data sample to fit has greatly increased. Formulating an amplitude model whose
systematic uncertainties are comparable to the statistical precision provided by this larger
data sample is difficult given the large number of A* excitations [22,23], coupled-channel
effects [24], and the possible presence of one or more wide P} contributions, like the

C

previously reported P.(4380)* state. Fortunately, the newly observed peaks are so narrow
¢ A?, - J/YpK~ amplitude analysis with full LHCb Run1-2 dataset helps understand several
important questions (J©, missing broad states ...... ), but technically challenging
@ Efforts have been made to overcome those challenges
@ Updated formula for helicity formalism

@ Using GPU technique to speed up the fits
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More about helicity formalism

* Two decay chains: A" or P, as intermediate state

A* chain:
Mf},‘;‘,.,\,,.m,, :Z R,/g;('nz,;\'p)H}g_’sz el A, (0)
e
X ZHM ):\1' ¥

*PK 5 lr’
P dy A A4 Ay (().4;:) ’1,\4‘,.,\,,(0.4*)-
RBW-based lineshape

i\ ()¢P~ _.AP,. 4 Pe 1 P
gt A ANCEH i
gl § :RI’I:J(M"«"P) § :‘ v d/\,’iv’".A/\;.(H‘z,'! )

Pe
Ay

P_ chain:
M

1() /\’ A/\I

M=PeiK idpdle g3 P.
XZH L d’\.t‘,m\l (01")H

D D A

o
e M Bl
P

Wigner-D function to associate initial &
final spin states of each two-body decay
node

! I
] -
? = |
I ; I
L : ; A rest frame
I rest frame ® |
' '
|
i
! lah frame
. s A, rest frame o —!
| W rest frame ey, P
_K i
| e ,
I I
' I
| I
! I
I a

Use angles between particle
momenta/momentum planes to obtain
angular variables
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More about helicity formalism

* Combine two chains to get final matrix element
* Need a consistent definition of initial & final spin state

Rotations in A* chain A* chain final spin state

Initial spin state | Alignment rotation needed

Rotations in P chain P chain final spin state

A, rest frame

A rest frame
2

1
A* 1A\ 2
g e E d3% 0 ,
M/\AL}, )\p.Az\” + ,\1’)4-._)‘1'( IJ) MA_,\U\ )«:;“,Al\”
Ape .

M= ¥ X 2

/\15::2}:—5 Ap::t% A)‘.U =+1

Properly align the definition of final-state spin states in different chains

p rest frame
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Missing quantum effect ?

* The conventional helicity formalism

(SU2) . Fully determine - (S03)
Decay angles rotating spin states : Rotations in momentum space
M = /Hf,:'f\}(( 7‘7]11,/\,;—/\(_;(@37 04,0)".

Rest frame of A

¢op = atan2 ( ,; )y pgi}m>
{

— HtEi2 ( A} ]_).{A} /A}_ {A} _17I§A}) PRL 115 (2015) 072001 supplemental
— D ((~(){ } 3 0{,4}) _,{A}‘ i‘(){A} . [73{/‘}) ? Helicity frame of A
cosfy = ~{ I p,{; h
l Quantum effects missing for baryons ?
dﬁl,az (04) =—1x dﬁl,;lz (64 +2m) Cannot set a preference between
eirdB —_ 1 x piM(@p+2m) 0,&0,+ 2, P& Ppp+ 21

e Arbitrary “-1” terms in any single-chain amplitudes:

* Generate tricky behavior in interference of different chains 6



Impact on interference

* The A*, P interference using the formula for P, observation

10000
Interference

term 5000

0

-5000

-10000

ﬁ‘ whW‘WH#W#pﬂaq\
-I" An'unnatural “-1” sign

d impacting half events o
- Total interference vanish -

...............

Impact of missing of the quantum effects
consistent with the statement in PRL 115
(2015) 072001

D 1 oz
polarization of zero. Interferences between various A;, and
ij resonances vanish in the integrated rates unless the
resonances belong to the same decay chain and have the
same quantum numbers.

* Impact on the first P, analysis:
* No impact on A*-only fit quality
* Reduce the flexibility of A* + P, model
* P_. properties (to be) updated in Run1+2 analysis

PRL 122(2019)222001: Two-peak nature of P.(4450) observed;

Properties of P.(4380) to be updated in future amplitude analysis
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Recover the missing quantum effect

* Main idea:
e Origin of the issue is improper alignment of final-state definitions for
each decay chain due to arbitrary “-1” term

* Seek for new principles for final-state alignment

Conventional method
Rely on graphic picture
Use angles between particle momenta or
momentum planes to define alignment operator

A, rest frame

A rest frame

p rest frame
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Recover the missing quantum effect

* Main idea:
e Origin of the issue is improper alignment of final-state definitions for
each decay chain due to arbitrary “-1” term

* Seek for new principles for final-state alignment

New method Conventional method

Directly write down all rotation/boost operators Rely on graphic picture

associating initial/final spin-state frames, using a Use angles between particle momenta or
representation where 6 — 6 + 27 is visible momentum planes to define alighment operator

A, rest frame

Advances in High Energy Physics (2020) 6674595 A rest frame

R(aIWR WR w:e) (¢ O O)R (¢f6R0)|pf $5a /\'f>

ZZR"D:'.',/\I: (¢|,0f, ) ZDS‘R R(¢R 00 ZDm e

m,

( ,BYVR WR)|p, 51> m1> p rest frame

Advances in High Energy Physics (2020) 6674595; Chinese Phys. C 45 (2021) 063103
g2 P . [ cos(a/2) —sin(a/2)
) = ( B & ) Byla) = ( sin(a/2)  cos(a/2)
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Recover the missing quantum effect

* Main idea:
e Origin of the issue is improper alignment of final-state definitions for
each decay chain due to arbitrary “-1” term

* Seek for new principles for final-state alignment

New method Conventional method

Directly write down all rotation/boost operators Rely on graphic picture

associating initial/final spin-state frames, using a Use angles between particle momenta or
representation where 6 — 6 + 27 is visible momentum planes to define alighment operator

A, rest frame

Advances in High Energy Physics (2020) 6674595 A rest frame

R(aIWR WR w:e) (¢ O O)R (¢f6R0)|pf $5a /\'f>

ZZR"D:'.',/\I: (¢|,0f, ) ZDS‘R R(¢R 00 ZDm e

m,

( .BYVR WR)|P1 Sp m1> p rest frame
Advances in High Energy Physics (2020) 6674595; Chinese Phys. C 45 (2021) 063103 New method implemented in
By = © /2 ) R,(a) = cos(a/2) —sin(a/2) A} - pKn~ amplitude analysis
=(a) = D ee y\ &) = sin(a/2)  cos(a/2) arXiv:2208.03262

Ep = J/WYAK™ amplitude analysis for pentaquark search
Science Bulletin 66 (2021) 1278
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The GPU-based fit framework

To obtain a log-likelihood value:

InL = za(ln(l — :B)Pi,sig (a) -l_IB_Pi,bkg)

| M (@) |* XD x€;
Signal PDF: Pl;slg — lI(no)rm(B)l i

Norm. factor obtained numerically using MC:lorm —

Loop over all data events in signal region (~20K)

Parameterized using sideband data

Loop over uniform phase-space MC
events passing all event selections (400Kk)

2

M;(w)

2

Need to calculate matrix element for ~0.4M times

Amplitude computations for each data/MC events are independent on each
other. Use GPUs to handle the them in parallel
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The GPU-based fit framework

» Idea: Let GPU to calculate |M;|? for events of both data and MC
— CUDA (GPU based C++) for computation of |M;|?
— CUDA memory transfers between CPU and GPU

Data observables = GPU | Including all invariant terms in
Version 1 (Global Memory) minimization procedure
ﬂ (for example Wigner-D functions)

Fitting parameters in CPU

|

= GPU (Share Memory)

|

GPU calculate |M;|? {=—=| CUDA version |M;|?

|

|M;|? = CPU calculate -InL

To minimize

GPU type: RTA 3090 -



The GPU-based fit framework

e Optimization of the GPU sector
* Tools: Nsight Systems (nsys) and Nsight Compute (ncu) by Nivdia

Impact on GPU time calculating
one log-likelihood value

zhihong.shen@cern.ch

Malloc once and reuse the memory 8.8ms ->7.7ms

Double -> Float 7.7ms -> 3.7ms
Use less registers 3.7ms -> 3.4ms
Reduce branch structure 3.4ms -> 2.6ms

* Re-organize the task of GPU and CPU
e CPU part start to dominate the time consumption

N / GPU calculate |M;|? CUDA version |M;|?
GPU calculatw LCUDA version | M; |2

I )< l Technical Tricks by chen.chen@cern.ch
|M;|? = CPU gafculate -InL
v \ GPU organize | M;|? to form NLL

GPU forward NLL to CPU to do minimization (Minuit)
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The LHCb experiment @ LHC

Originally designed as a
precision-frontier experiment
indirectly searching for NP

LHCb
1.0 b7 '(7TeV) +1.1 fb”'(8TeV)
BDT>0.7
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Has been developed to a general
purpose experiment covering a
wide range of topics
Spectroscopy
heavy-ion
Exotica

LHG> 27k




Nature of the known pentaquarks ?

PLB793(2019)365-371 PRL122(2019)242001 PRD92(2015)071502(R)

e Different J¥

. . P.(4312)* 3 L r
interpretations o .
P.(4440)* 3* E 1
z > (5) -
P.(4457)* 5+ 34 r
2 2 "2 2

Compact model
e New peﬂtaqual’ks PLB793(2019)365-371

Molecule
JP Mass(MeV)
PRL122(2019)242001

1/2 3830 & 34 J? Width(MeV) Mass(MeV)

4150 =29 37 83-92 4376.1-4377.0|

1/2% 4030 + 39 17 25.7-26.5 4500.2 - 4501.0

* New decay patterns 4351 4 35 37 159 -16.1 4510.6 — 4510.8
3
2

{ { 3.2-3.5 4523.3 -4523.6
Branching fraction related to 4430 4+ 35

inner structure N
PRD100(2019)034020; PRD100(2019)074007; 3/2 4040 + 39

PRD102(2020)036012 4361 + 35 61



The LHCb Upgrade I

< 9 b1 ————mp < 50 fb-1 > <+—250 fb'l ——»
Upgrade 1 Enhancement Upgrade 11
Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5

2011 2012|2013 2014|2015 2016 2017 2018}2019 2020 20212022 2023 2024 2025 20262027 2028 2029)2030 2031 2032 2033§2034 2035)2036 2037 2038 2039 2040 2041
TE
@ LHCb Upgrade Il: Further upgrade to fully exploit HL-LHC

Scoping document

Expression of Interest Physics case Framework TDR Run 1 Run 2 Run3 Run 4 Run 5
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@ Peaking luminosity: (1.0 ~ 1.5) x 103* cm™?s~?!
@ 5~8 times higher than Run3
@ Aiming for 300 fb?

@ One order of magnitude higher than now. New opportunities for quarkonium physics 62



The LHCb Upgrade I

@ Major challenge: Extremely high pile-ups, ~ 40 visible collisions per event LHCb-TDR-026 (U2 scoping document)

@ Time information necessary. Provided by several new detectors

Timing information provided by
VELO, RICH, TORCH, PicoCal
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@ Two new subdetectors: Magnet Station & TORCH W L e 200 MRy
tracks

@ For Tracking and PID of low-momentum particles 63



Study of A) - AT D™®OK~ decay

EPJC 84 (2024) 575

1000 - -
A9 - AED*OK~
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Search of pentaquarks decaying into A Dy

@ No significant pentaquark contribution in background suppressed m(A7 Dy ) spectrum

@ Upper limit assigned on relative contribution from P,z.(4338)° and P,+.(4459)° states

PRD 112 (2025) 5, 052013

9 ‘_' L L e s 9 : L L
2 1?F LHCb - Data ] > 12 LHCb - Data ] |
E ob 6 — Fit E E ob 6 — Fit 1 Comb. BKG suppressed using sPlot
S — P (4338)" ] S | — P (4459)" ]
~ 8 |— — ~ 8 — —] . .
9 + 4 Phasespeed g T + Fhasespace "1 Pentaquarks described using RBW,
~ oF 7 = oF 37 mass & width fixed to known value

4F E 4 E

b E oF + 1 Uniform phase space MC used to

- | ] - | ‘i’ . ]  model non-Pcs component
0500 4400 4500 4600 RRET 4400 4500 4600
m(A;D;) [MeV] m(AD}) [MeV]
B(A)— P KYK- R 0o < 0.12 0
Rpo = (4 ) B(P. — A+*D7), P.c5(4338) ( ) @ 95(90) % CL

B(A— AFD-KTK")

2. (a459y0 < 0.20(0.17) @ 95(90) % CL
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The LHCb Upgrade |

« 9 fiyl —————» < 50 fb-1 > «— 250 fbl ——»
Upgrade 1 Enhancement Upgrade I1
Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5
2011 2012|2013 2014|2015 2016 2017 2018{2019 2020 20212022 2023 2024 2025 20262027 2028 2029 {2030 2031 2032 2033|2034 2035/2036 2037 2038 2039 2040 2041
'
RTA Alignment & Calibration .
REALTIVE ool
ALIGNMENT &
CALIBRATION
6%
: o 5 TB/s CALIB
Trigger efficiency for 30 MHz nion-empty pp B2
: v
had ronlcddecaRys X22 FULL TBS |, [PaRTiAL DETECTOR OI':;_L'S A FULL DETECTOR
compared to Run RECONSTRUCTION RECONSTRUCTION | 26% .
& ?2:1'5;:;3? == | & SELECTIONS > P | & seLecTIONS , FULL
(GPU HLT1) 70-200 (CPU HLT2) EVENTS
GB/s
No hardware trigger, CPU HLT?
software only GPU HLT1 68% FEEES
& ky TUREO FEPY.
EVENTS [
RunS 3—4 GB/s

Reconstruction & trigger selections

First purely software trigger in HEP & First software trigger on GPUs ! 66



Run3 trigger lines for hidden-charm pentaquark studies

Pentaquark decaying into Pentaquarks decaying into
J/¥, P (2S) + baryon hadronic final states

Promptly produced pentaquark Lifetime unbiased J/y, ¥ (2S) — Dedicated trigger lines to save

utu~ trigger. Require ¥ events where two open-charm
candidates with pt > 3GeV hadrons are found

Pentaquark from b-decays Detached J /¥, ¥(2S) — utu~ The general topological-b triggers
trigger. No pt requirement on ¥ save events with two or three
candidates detached tracks consistent with

originating from partially
reconstructed b-decays
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Example of impact on pentaquark study: Ag - N.pK~

e A promising Run 3 analysis !

e 1000 signals available for am. an.

 Feasibility:

Yield of b-hadton decays ~1750

Relative contribution from ~2.7% (measured)
pentaquark states

(Expected) achievements P.,(4459)° with 3, fit
fraction reported

For JP determination not determined. Need Run3
data

~1000
~3% (predicted)

Measurement (more precise
uppet limit) of P,(4312)"
fit fraction

not expected. Run4 data
would be required.
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£, — J/WYAK™ amplitude fit

Sci.Bull. 66 (2021) 1278-1287
@ Multi-dimensional unbinned-maximume-likelihood fit to extract properties of resonances

1
Paig(mar, 2|&) = @) (M(mar, /) ®(max)e(ma, 2),
_anﬁ(j) = — 28w Z W, In Psig(mAK . 'Qz|ﬁ) » Phase-space factor and efficiency
Single-event weight for suppressing i
combinatorial background = — 28y Z W;In |M(max i, QzIU)P 4+ 25 In I(ﬁ) Z W,

_EQSW Zﬂfiln[fb(m/lK Je(mak 4 8%)]. |

L L _____ 1 Constant. Neglected during minimization

@ Fit with a default model containing

State JE M, (MeV) Ty (MeV) Couplings used (max) J¥ examined

2(1690)~ 77 1690+10 < 30 4 (6) (1/2,3/2)*

=(1820)~ 3/2- 182345  24%18 3 (6) 3/2~ L . p
=(1950)~ 77 1950415 60 20 3 (6) (1/2,3/2,5/2p  With/without an additional Pes
Z(2030)~ 5/2° 2025+5 2072° 3 (6) 5/2%

NR AK~ 1/2- i - 4 (4) 1/2-
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X )+ + —_ —
Study of 419 - X" DO~k - decay
PRD 110 (2024) 3, L031104
@ Motivated by searching for pentaquarks in the potential constituent channels
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Based on LHCb Run2 dataset
For all channels significance > 5a.

100~500 signals collected for each decay

No significant ZX* D~ structures visible in mass
spectrum or Dalitz plot

Another example of calling for more data to
Improve the statistical precision

‘ Run 3 needed !
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Run3 trigger of B-hadron and Quarkonium (B&Q) physics

@ LHCb trigger & offline data processing

Selections designed by each Physics Working Group

RIA

REAL-TIME
ALIGNMENT &

CALIBRATION

5 TB/s
30 MHz non-empty pp ::"
y y

Trigger efficiency for

hadronic decays X2

0.5-1.5
> PARTIAL DETECTOR| "~ < > FULL DETECTOR

compared to Run?2 FULL 1B/s | LECONSTRUCTION RECONSTRUCTION
P ?2:1'5;;3: == | e SELECTIONS > P | & SELECTIONS
(GPU HLT1) 70-200 (CPU HLT2)
GB/s
No hardware trigger,
GPU HLTA1 CPU HLT2

software only

N 74

Runs 3-4 Reconstruction & trigger selections
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Improve the application of helicity formalism

o Develop new method to align final-state definitions of different decay chains

E'| HI|"| I" Hﬁ”"ﬂ H'\*I IIIII IIIIIIIIIII
R R ' T 1Y

arXiv.2603.05564; arXiv.2601.07617; JHEP02(2025)212; PRL134(2025)2,021901;
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